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

",2Timothy D. Warner, Harald H.H.W. Schmidt, *Jane Kuk, 'Jane A. Mitchell & *Ferid Murad

Northwestern University Medical School, Chicago, IL 60611, U.S.A. and *Abbott Laboratories, Abbott Park, IL 60064, U.S.A.

Incubation of big endothelin-1 (bET-1) with protein derived from the detergent-extracted 100,000g
pellet prepared from human brain tissue resulted in the formation of endothelin-1 (ET-1) at a rate of
90fmolmg-' proteinmin-'. This formation was inhibited in a concentration-dependent manner by
either phosphoramidon or EDTA, with half-maximal inhibitory concentrations of 2 and 201M, 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-i 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-
phoramidon; EDTA.

Introduction Endothelin-l (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-i) 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, 1 h). 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 jsg) from the
cytoskeletal fraction was incubated (37TC, 60 min), at pH 7.4
with bET-I (human) or bET-3 (human) (135 pmol) and
sometimes test inhibitors, in a total volume of 52.5 gl. All
samples were incubated in duplicate in the absence and
presence of phosphoramidon (100 giM). The reaction was
stopped by the addition of a mixture of protease/peptidase
inhibitors (phenylmethylsulphonyl fluoride, 1 mM; leupeptin,
2 AM; pepstatin A, 1 AM) and EDTA (1 mM), to a total

volume of 62.5 fil. The incubates were then rapidly frozen in
liquid N2 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 11a)
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 N2 (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-l 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-I/3(,7-21)) with ap-
proximately 0.01% cross reactivity with bET-I or bET-3.
Binding was detected by peroxidase-labelled goat anti-rabbit
IgG antibody using o-phenylenediamine-2HCl 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 1M).

Results The cytoskeletal fraction converted bET-l to ET-1
as detected by either PK,-bioassay or ELISA. The rate of
conversion was 90 fmol mg-1 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 - I mM, Figure la), or the metal ion
chelator, EDTA (300 nM - 10 mM, Figure Ib), with half-
maximal inhibitory concentrations of 2 and 201AM, respec-
tively. The maximum inhibition caused by phosphoramidon
was 88 ± 2%, at a concentration of I 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 PK1-bioassay or ELISA (n = 3
for each).

' Present address: The William Harvey Research Institute, St.
Bartholomew's Hospital Medical College, Charterhouse Square,
London, ECIM 6BQ, U.K.
2Author for correspondence.
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Figure 1 Phosphoramidon and EDTA inhibit in a concentration-
dependent manner the conversion of big endothelin-I (bET-1) to
endothelin-l (ET-1) by the cytoskeletal fraction prepared from
human brain. When incubated with protein (22.5 fig) from the
cytoskeletal fraction of human brain and bET-I (135 pmol) in a total
volume of 52.5 il the metalloprotease-inhibitor, phosphoramidon
(10 nm- I mm, a), or the metal ion-chelator, EDTA (300 nm- 10 mM,
b) inhibited the formation of ET-l with half-maximal inhibitory
concentrations of 2 and 20 gm, 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-I 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-

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 et 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-l in human brain (Lee et 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 et 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
'A. Wennmalm, G. Benthin & A.-S. Petersson

Department of Clinical Physiology, Gothenburg University, Sahlgrenska Hospital, S-413 45 Gothenburg, Sweden

Plasma or whole venous or arterialized blood from healthy human donors was incubated with NO (50-
300 AM), 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 (02 sat. 94-99%) NO was almost quantitatively converted to nitrate and
MetHb. No nitrite was detected and HbNO formation was low. In venous blood (02 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 HbO2 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.e. 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. 02
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
70 K 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 '5NO3-, conversion to nitrotuluene, negative ion-
chemical ionization, selective monitoring of m/e 136 for
endogenous nitrate and m/e 137 for the '5N-labelled internal
standard).

Results Basal plasma nitrate was 44 ± 3.8 pIM (mean ± s.e.,
n = 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 (02 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 JAM) nitrate in plasma reached
a level of 203 pAM, 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 AM NO. Prolongation of incubation time to 15 min
revealed mainly the same pattern: plasma nitrate was 237 jAM,
and MetHb and HbNO were 151 and 10 units, respectively
(Figure 1). Incubation of venous blood (02 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 JAM 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 JAM (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 JM 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 JM, 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 HbO2 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 NO3-
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 (U), methaemoglobin (0), and nitrosyl haemoglobin (A) in
whole arterialized (02 saturation 94-99%) or venous (02 sat. 36-
85%) blood incubated with nitric oxide (NO, 50-200 gtm is indicated
on the horizontal axis) for 2 or 15 mmn. Symbols indicate mean of
4-6 observations with s.e. shown by vertical bars. Concentrations on
vertical axis: nitrate in lAm, methaemoglobin and nitrosyl haemo-
globin in EPR units. One EPR unit corresponds to about I gM of
methaemoglobin and 0.1 AM 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(Fe2 +)02 + NO-* Hb(Fe3 +) + NO3,

The equilibrium of this conversion appeared shifted to the
right, inasmuch as incubation with NO yielded virtually
quantitative formation of nitrate. Thus, when NO (2001iM)
was incubated with arterialized blood for 15 min, plasma
nitrate increased from the basal average level of 41 gAM to a
final average concentration of 237 AM. 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 HbO2 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
HbO2/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 02 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.

This study was supported by The Swedish Medical Research Council,
and by The Swedish Heart Lung Foundation.
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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 (EC50 = 50.2 ± 1.6 jAM),
which, in common with responses to quisqualate and (1S,3R)-l-aminocyclopentane-1,3-dicarboxylate
((lS,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; (lS,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 et 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 (lS,3R)-l-aminocyclopentane-1,3-
dicarboxylate ((lS,3R)-ACPD) (Palmer et al., 1989) and
(2S,3S,4S)-xo-(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-p-
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, MgSO4 1.2, KH2PO4
1.2, CaC12 2.6, glucose 10, NaHCO3 25, pH 7.4), con-
tinuously gassed with 95% 02/5% CO2. Slices (0.3 x 0.3 mm)
were prepared on a McIlwain 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 37TC in 20 ml fresh buffer
containing 75 iLCi D-myo-[3H]-inositol (Amersham), the slices
were washed 5 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 gul buffer and 10 mM LiCI. The
antagonist L-AP3, if present, was added at this stage. Tubes
were gassed, capped and incubated at 370C for 20 min prior

' Author for correspondence.

to addition of agonists. The assay was terminated by addi-
tion of 1 ml CHCI3/CH30H (1:2 v/v), 0.3 ml deionised water
and 0.3 ml CHC13. After vortexing and centrifugation, 750,l
of the upper aqueous phase was removed, added to 2 ml
water and applied to minicolumns containing Dowex-1X8-
200 (formate form) columns. A further 5 ml water followed
by 5 ml 25 mM ammonium formate eluted residual free [3H]-
inositol, inositol glycerophosphates and cyclic inositol phos-
phates. Addition of 10 ml 0.2M ammonium formate eluted
[3H]-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 (lS,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 EC50 of 0.92 ± 0.4 LM. How-
ever, in agreement with other studies, the dose-response curve
was shallow and non-parallel with those generated upon
exposure to (lS,3R)-ACPD and ibotenate, which exhibited
high efficacy and EC50s of 18.6 ± 1.0 and 23.9 ± 1.1 LM,
respectively. In contrast to quisqualate, (S)-homoquisqualate
behaved as a potent full agonist (EC50 = 50.2 ± 1.6 gM), 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 IC50 = 1271M (Figure
2a), analogous to that found with quisqualate (IC50=
129 tM) and (IS,3R)-ACPD (IC50 = 120 gM) (Figure 2b).

Discussion The results described here demonstrate that (S)-
homoquisqualate, which differs from natural quisqualate
(also (S) configuration) only by an additional CH2 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 (lS,3R)-ACPD. The
selectivity of (S)-homoquisqualate for the metabotropic

P. [DT z {1100' l^- CAO ClA /^ nA----1 ir ,_.,a+I nn,1992
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Figure 1 Concentration-dependent accumulation of [3H]-inositol
monophosphate in 6 day old rat cerebral cortex slices in response to
quisqualate (0), (lS,3R)-ACPD (0), ibotenate (A), (S)-homoquis-
qualate (0) and L-AP3 (0) 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. EC50 values were deter-
mined from the logistic sigmoid plots fitted to the equation:
y = min + (max-min)/(l + 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, (lS,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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Figure 2 (a) (S)-homoquisqualate-stimulated accumulation of [3H]-
inositol monophosphate (A) and its antagonism by L-AP3, 100tiM
(A); 300 jiM (M) and 1 mM (*). Data points are mean with s.e.mean
(vertical bars) of 4 independent experiments. (b) Antagonism of
100 IM (1S,3R)-ACPD (0) and 10 iM quisqualate (E)-stimulated
accumulation of [3H]-inositol monophosphate by L-AP3. Data points
represent the mean of 3 independent experiments. For abbreviations,
see text.

the structure-activity profile of excitatory amino acid
metabotropic receptors.
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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 &
'James P. Morgan

Harvard-Thorndike Laboratory and Department of Medicine (Cardiovascular Division), Beth Israel Hospital, Harvard Medical
School, 330 Brookline Avenue, Cardiovascular Division, Brigham and Women's Hospital, Boston, MA, U.S.A., and Research
Department, Boots Pharmaceuticals, Nottingham, U.K.

1 In right ventricular papillary muscles from control ferrets, flosequinan (10-v- 1i0 M) produced a

concentration-dependent positive inotropic effect (10' M = 153 ± 24, 10-4 M = 198 + 44% increase in
isometric tension; control tension = 100%; n = 11) associated with a corresponding increase in amplitude
of the intracellular Ca2+ ([Ca2+]) transient recorded with aequorin (10-' M = 133 ± 11,

10-4 M = 187 ± 36% increase in [Ca2+], transient; n = 1 1).
2 The positive inotropic effect of flosequinan in control ferret ventricular muscle was neither blocked
by propranolol (6 x i-0 M), nor associated with the abbreviation of the [Ca2+], 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
Ca2+-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 1-100 gM (Falotico et al., 1989;
Greenberg & Touhey, 1990). In guinea-pig isolated atria,
positive inotropic effects were observed with flosequinan over
the concentration-range of 10-6M-1i-oM (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 (Ca2+j) 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).

'." Macmillan Press Ltd, 1992



512 C.L. PERREAULT et al.

Methods

Acquisition offerret 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% 02

and 5% CO2 to pH 7.4 and [Ca2+]0 of 1 or 2.5 mM. 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 5 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 2 h 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 Ca2" (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
[Ca2"] between 10-7 and 10-6 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 t 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- l -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 1-7M - 10-4M. A subset of ferret papillary
muscle experiments (n = 5) was performed at 380C to com-

0 3 x10-6 1 x 10-5

5 nA

1.8 g

50 ms
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. [Ca2+]0 = 2.5 mM; stimulation frequency = 0.33 Hz; pulse
duration = 5 ms; 30°C.
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pare the inotropic effectiveness of flosequinan at 380C to
300C. At 38WC, flosequinan produced a 108 ± 6% increase at
10-6 M, a 120 ± 5% increase at 10- M (P<0.05) and a
168 ± 21% increase at I0- M (P<0.05). This was similar to
the maximum increase in peak tension at 300C of 198 ± 44%
(P< 0.05). Therefore, 30C 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
Ca2+ simultaneously increased with tension; a maximum res-
ponse of 187 ± 36% (P<0.05) at the 10-4M 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 107 M propranolol
did not affect the positive inotropic action of flosequinan
(n = 5; 255 ± 91% increase at 10-5M, P<0.05, 336 ± 132
increase at 10-0M, P<0.0S). As shown in Figure 3, higher
concentrations of flosequinan (10-aM 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 10-6M- 10-4M, 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 [Ca2+]i 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 Sc). 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
5a).

Discussion

Light Tension

i 50 ms

Figure 2 Aequorin light and isometric tension responses elect-
ronically adjusted to equal amplitudes and superimposed to demon-
strate that flosequinan (3 x 10-1 M) does not alter the time course of
either 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. [Ca2"]. = 2.5 mM;
stimulation frequency = 0.33 Hz; pulse duration = 5 ms; 30°C.

01 / 0.1*1A

100 ms

Figure 3 Toxicity of 10-4 M flosequinan in an aequorin-loaded fer-
ret right ventricular papillary muscle as shown by after-glimmers and
after-contractions (indicated by arrows). [Ca2". = 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 10-6M lo-,M

PT (%)
TPT (ms)
TST (ms)

B

PT (%)
TPT (ms)
T5T (ms)

100±0
349±45
246 ± 20

105 ± 5
394 ± 57
268 ± 21

106 ± 5
367 ± 36
264± 19

BTS 53 554
0 10-6 M 10-5M

100±0
338 ± 26
245 ± 31

102 ± 6
323 ± 46
270 ± 46

102 ± 3
318 ± 46
252 ± 41

10-4 M

109 ± 6
268 ± 45
237 ± 16

10-4 M

103 ±4
344 ± 27
225 ± 31

Mechanism of inotropic effect
Most of the inotropic agents available for experimental or
clinical use predominantly act to increase the availability of

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; T5T = time to 50% relaxation;
[Ca2l]. = 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

PT (%)
PL (%)
TPT (ms)
TST (ms)
TPL (ms)
T5L (ms)

100 ± 0
100 ± 0
170 ± 17
123 ± 13
59 ± 7
47 ± 3

10-7 M

112 ± 7*
104±2*
195 ± 12
119±11
50±5
53 ± 8

Flosequinan
10-6 M

119 ± 10*
117 ± 6*
185 ± 12
123 ± 10
57 ± 5
46±4

10-5M

153 ± 24*
133± 11*
197±11
116±11
60± 5
47±4

10-4 M

198 ± 44*
187 ± 36*
176±4
112±11
55 ± 5
48±6

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 (T5L); [Ca2]i = I mM, 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.
[Ca2]0 = 2.5 mM; 30C; stimulation frequency = 0.33 Hz; pulse dura-
tion = 5 ms.

activator [Ca2"]i. Alternatively, a small number of experi-
mental agents may increase myofilament Ca2+ responsiveness
and increase contractility by mechanisms that are largely
independent of changes in [Ca2+], (Morgan, 1988; Morgan &
Morgan, 1989). Our results indicate that the positive ino-
tropic effect of flosequinan, when present, is associated with
an increase in [Ca2+]i.

There are several mechanisms by which inotropic drugs
may increase [Ca2+]i availability. In general, this occurs by
one or a combination of four main effects: (1) increased
transsarcolemmal Ca2+ entry; (2) decreased transarcolemmal
Ca2+ efflux; (3) increased release of Ca2+ from the sarcoplas-
mic reticulum; or (4) decrease re-uptake of Ca2+ 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
Ca2+ 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 P-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 Ca2+
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 (0) before
the addition of forskolin (n = 10) and after the addition of forskolin
(0, n = 10); (b) flosequinan (0) before forskolin (n = 12) and after
forskolin (0, n = 13) and (c) BTS 53 554 (0) before forskolin
(n = 6) and after forskolin (0, 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 Ca2" influx by increasing cellular
cyclic AMP concentrations. However, an effect mediated by
some other second messenger, such as IP3 or diacylgylcerol
(Yates & Holmes, 1988; Yates et al., 1989) or a direct effect
on the Ca2" 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 Ca2" channels, drugs
and intervention can produce a positive inotropic effect by
enhancing influx of Ca2+ via Na+/Ca2+ exchange (Morgan &
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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 Ca2+ 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+/
Ca2+ 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 Ca2+ 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 Ca2" 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 [Ca2+],
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 Ca2+. 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 Ca2+ entry either via the
voltage-dependent L-type channels or Na+/Ca2" exchanger
or by decreased transsarcolemmal Ca2+ efflux at the site of
the exchanger. Delineation of the precise mechanism by
which flosequinan increases [Ca2+]i and contractile force
awaits further studies.

Toxicity mediated by intracellular Ca" overload

The toxicity of positive inotropic drugs is often associated
with spontaneous oscillatory Ca2+ 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

recent years, considerable interest has developed in a broad
class of drugs generally referred to as inodilators (Opie,
1986). These agents possess both vasodilator and positive
inotropic properties and have been proposed as useful agents
in patients with heart failure in whom both afterload reduc-
tion and increased contractility are therapeutic goals. Examp-
les of this class include phosphodiesterase inhibitors, such as
amrinone and milrinone, and partial P-adrenoceptor agonists
such as xamoterol (Packer, 1988). However, this combination
of effects may be undesirable in patients with heart failure
who have impaired myocardial energy reserves and therefore
may not tolerate the increased demands imposed by
enhanced contractility. Patients with ischaemic cardio-
myopathy, in particular, might be expected to tolerate poorly
agents with this combination of effects, although recent
studies have questioned the wisdom of using agents directed
at increasing contractility in any patient with heart failure.
Preliminary results from the recent multicentre Promise Trial
of milrinone therapy for heart failure raise the possibility that
increased contractility may be associated with decreased sur-
vival despite symptomatic improvement, although this point
is far from completely settled (Packer, 1989).
Some (Burstein et al., 1990; 1991; Corin et al., 1991), but

not all (Fisher et al., 1990) clinical studies have reported
evidence to suggest that flosequinan or its metabolite may
produce a positive inotropic effect in patients that is not
explained on the basis of changes in pre-load or serum
catecholamine levels. Moreover, in view of the current ques-
tions about the value of positive inotropic therapy, it is
important to note that our results suggest that neither flose-
quinan nor its major sulphone metabolite directly affect the
contractile state of the heart, at least in patients with more
severe degrees of failure. The range of concentrations tested
(106--10-4M) correlated with clinically effective serum con-
centrations of flosequinan plus its metabolite, which are
around 10-5-3 x 10-5 M (Packer, 1988). Therefore, it should
be possible to use flosequinan safely as a mixed vasodilator
in these patients to produce afterload reduction without
enhancing metabolic demands on the heart.

It is of interest that some positive inotropic agents like
DPI 201-106 (Hajar et al., 1988) can differentially affect
normal versus myopathic human myocardium or may lose
their effectiveness as the severity of heart failure progresses
(Wilsmhurst et al., 1984; Erdmann & Bohm, 1989). Addi-
tional studies are warranted to determine if inotropic respon-
siveness to flosequinan is species-dependent, and/or affected
by the presence of cardiac hypertrophy or failure. Flose-
quinan appears to have a greater inotropic effect on myocar-
dium from ferrets than from guinea-pigs or dogs based on
currently available literature (Yates, 1991).
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In-Aid from the American Heart Association. The authors express
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Ionic mechanisms responsible for the antiarrhythmic action of
dehydroevodiamine in guinea-pig isolated cardiomyocytes

*Shih-Hurng Loh, **An-Rong Lee, **Wen-Hsin Huang & I *tCheng-I Lin

*Institute of Pharmacology and **School of Pharmacy, National Defence Medical Centre, Taipei and tNational Research
Institute of Chinese Medicine, Taiwan

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 jAM inhibited reversibly the time-dependent outward K current
(delayed rectifier, Ik) and the Na-dependent inward current ('Na).
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 (Ij) induced by 2 gM 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 jiM and above), the L-type Ca current (ICaL) 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 INa, Iti and, to a smaller extent, ICa. DeHE
may also exert class III antiarrhythmic effect through a reduction of outward K currents (Ik) across the
sarcolemma.

Keywords: Dehydroevodiamine; action potential; ionic currents; myocytes; atrium; ventricle; triggered activity; whole-cell
patch-clamp

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 tiM)
induced a development of early afterdepolarization (EAD)
but consistently decreased force of contraction only at con-
centrations higher than 3 J1M (Lin et 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

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 37TC. 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, CaCl2
1.8, MgCl2 0.5, HEPES 11.5 and glucose 22. The pipette
solution contained KCl 120, MgCl2 6, Na2ATP 5, HEPES 10,
EGTA 5, and CaCl2 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 (Ik) 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 (0.3-1.8 s), and outward tail currents
were measured at -30 mV (see Roden et al., 1989).

For determination of L-type calcium current (VCaL) of the
ventricular cell, a holding potential (Vh) of -50 mV was used
to inactivate T-type calcium current ('Ca T) (Tytgat et al.,
1990a). Currents were produced at clamped potentials from
-40 to +60mV in lOmV steps for 250ms every 2s. To
measure accurately ICaL 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, MgCl2 1, CsCl 20, CaC12 5.5 and glucose 27.5. The
standard internal solution in the micropipette (2-5MOhm
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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. ICaL 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 ICa,L (Belles et al., 1988), especially during the initial
15 min of internal cell perfusion. Thus experiments were
started after a 15 min period of internal perfusion when a
further decline of ICaL 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 jLM. For measurement of the Na-
dependent inward current (YNa), the experiments were per-
formed in a very low [Na]0 (2 or 12 mM) 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 JiM strophanthidin. The cells
were dialysed with a pipette solution containing (in mM):
KCl 120, Na2ATP 5, HEPES 10, EGTA 0.5, MgCl2 1, CaC12
0.01 and pH 7.2 (see Enous et al., 1990). The holding poten-
tial was set to -44 mV. A 1.2 s depolarizing pulse to
+ 20 mV was applied every 6 s for 10 steps. Each depolariz-
ing step elicited a time-dependent ICa. On returning to Vh, a
series of transient inward currents (Ii, see Kass et al., 1978)
were observed. After eliciting the Ii, for 10-15 min, DeHE
(0.1- 1 tiM) was added to the superfusate and changes in
amplitudes of the first Iti 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 et al., 1960). Other
chemicals were obtained from Sigma Chemicals (U.S.A.).

Values are expressed as mean ± s.e.mean. Student's t 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.

a Atrium

Control DeHE
0.1 JLM 0.3 RM

E _500 E t j _t-

0.2 s

b

-50 *

_0.1
0.1 s

13±4
23 ± 6*
5 ± 5

28 ± 5*
21 ± 10*

c Ventricle

DeHE
Control

0.3~ Lm 1 pM

0- *

0.5 s

d

0- L

0.5 s

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 gtM in a, 0.3 and I gm
in c). The oscillascope traces of action potential before (asterisk) and
during DeHE exposure were superimposed in (b) and (d). Duration
of each drug exposure was 10 min. 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

Condition n

DeHE 0.1 JiM 5

DeHE 0.3 JIM 4
Wash 4
DeHE I M 6
Wash 5

Ventricle
(change in %)

n APD50 APDo

7 9±3
6 14±3*
3 4±4
9 20 ± 6*
7 14± 12

9 ± 3
12 ± 3*
14 ± 14
24± 10*
11 ± 11

31 ± l1*
40± 8*
13±6
54± 11*
35 ± 18*

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 f.M
DeHE increased APD at 50% repolarization (APD50) of an
atrial myocyte by 22 and 41%, respectively (Figure la and
b). In ventricular myocytes (Figure Ic and d), the percentage
increases in APD50 induced by DeHE were relatively smaller
(22 and 26% by 0.3 and 1 JIM 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 (Ik) in the DeHE-
induced prolongation of action potential, depressant effects
of DeHE on Ik were determined. Figure 2b shows an example
in an atrial myocyte. DeHE (0.1 pM) reduced the outward
current tail, measured at -30 mV 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 JIM reduced further the Ik tail to about 25% of
the control value (left lower section of Figure 2b). Ik 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 I Mm DeHE reduced the Ik tail to a similar extent (50%

The atrial and ventricular cells were superfused in normal
HEPES-Tyrode solution. APD50 and APD%0, action poten-
tial duration measured at 50% and 90% repolarization,
respectively. Values are means ± s.e. 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
APD50 and APD90 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 Ik 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 kI,
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 Vh of -50 mV. Results showed that 0.1 -1 JIM DeHE
reduced Ik, 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.

Atrium
(change in %)
APD50 APD90
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Figure 2 Depressant effect of dehydroevodiamine (DeHE) on delayed rectified (Ik) 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 1.8 s) and then repolarized to -30 mV as indicated in (a). Upper (b) panels show the current traces of a single atrial
myocyte before (control) and during 8th min of DeHE (0.1ILM) superfusion. Lower (b) panels show the current traces during
0.3 m DeHE exposure and after washout of DeHE for 20 min (Wash). Note changes in the amplitude of tail of Ik 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 M) superfusion are shown in upper panels. The lower panels show traces during I FM 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 Ik 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 I gLM DeHE, respectively, for
10min. W, washout in DeHE-free superfusate for 20-30min.

a 250

Effects on inward Ca current

The prolongation of APDm 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 (ICa,L) was also determined in K- and
Na-free Tris solution in the presence of CsCl. As shown in
Figure 3, ICa were elicited in the ventricular myocyte by a
series of depolarizations from a holding potential of
-50 mV. The peak ICa 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 tM DeHE, respectively, for 10 min. The
depressant effect of DeHE on ICa was not reversible after
20 min washout. Lower concentrations of DeHE did not
induce a consistent effect on ICa. Table 2 summarizes results
obtained from 18 experiments with 0.1-1I IM DeHE.

Effect on Na-dependent inward current

Separation of the inward Na current ('Na) and T-type Ca
current ('CaT) was obtained by the different current method
of Tytgat et al. (1990b) in the presence and absence of 2 or
12 mM [Na]0. As shown in Figure 4a (column 1), step depola-
rizations were applied from a holding potential of -90 or
-50 mV and the different current obtained in the absence of
Nao (Figure 4b, column 1) is assumed to be CaT. The
difference current in the presence of Na0 contains a Na

e
250
pA

0 -60 60mV

-500

Control 3

Vh =-50 mV

d DeHEl M 17

0

DeHE 3 FM -750

Figure 3 Ca currents recorded from a single ventricular cell in the
absence (Control, b) and presence of I and 3 IM dehydroevodiamine
(DeHE) (c and d, respectively). Currents were recorded in K- and
Na-free external and internal solutions. Holding potential (Vh) was
- 50 mV and voltage step potentials were from -40 to + 60 mV in
10mV steps as indicated in (a). In (c) is shown the current-voltage
relationship of peak inward Ca currents before (C, 0), during I jtM
(U) and 3 jM DeHE (A) exposure for IO min.

n = 9

n = 4
n = 9

n = 5

n = 13

n = 4

n= 10

n = 5
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Table 2 Inhibition of L-type Ca current (ICaL) induced by
dehydroevodiamine (DeHE)

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

Condition
ICa.L

n (change in %)

DeHEO.1 pM 9 -8±4
DeHE0.3 laM 6 -18±5
DeHE IJAM 18 -19±4*
Wash 10 min 13 -27 7*
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 ICaL 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 ICaL with time (run-down) was about 10% for
30-60 min.

Condition

DeHE 0.1 JlM
DeHE 0.3 JAM
DeHE 1 JAM
Wash

2mM [Na]0 12mM [Na]0
INa (A%) INa (A%)

-41 + 12*
-54+ 11*
-68 + 12*
-41 + 7*

- 10± 3
-32+ 8*
-48 ± 16*
-28 ± 10*

The guinea-pig ventricular myocytes were superfused in 2 or
12 mm [Na]0 Tris solution. Values are means ± s.e. of the
percentage inhibition of INa as compared with the control
values before drug exposure. Number of preparations = 5.
*P<0.05, significantly different from control by one way
ANOVA.

3 4 5

L-- - ,

DeHE
0.1 ±M 1 1±M Wash

50
Ms

Figure 4 Depressant effect of dehydroevodiamine (DeHE) on Na-
dependent inward current. Column I 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 I (b). The difference current (fast inward Na
current) in 2 mm Na Tris (a panels) or 12 mm Na Tris (b panels)
before (Control, column 2), during 0.1 JIM (column 3) and I JM

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 ICaTT 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]0 (Figure 4a), 0.1 and
0.3 JAM DeHE induced a strong depressant effect on INa to
10% and 8%, respectively, of control value. Also the INa
remained depressed (36% of control value) after 20 min
washout in DeHE-free superfusate. In the presence of 12 mM
[Na]o (Figure 4b), however, 0.1 JM DeHE reduced only
slightly the INa and 1 JM DeHE reduced it to 48% of the
control value. The INa recovered to 90% of control value
after 4 min washout. Table 3 summarizes results obtained
from 5 experiments with 2 mM [Na]O and another 5 experi-
ments with 12 mm [Na]O.

Effects on afterpotentials

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

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 JAM strophanthidin. At a pacing fre-
quency of 0.67 Hz, 0.1 UM DeHE suppressed completely the
DADs within 10 min (Figure Sb, 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 gM.

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 ± 2 mV and 13 ± 4 mV, respectively. DeHE (0.1IJM)
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 JAM
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

a 5 s
1.25 Hz

5 s

E _50[J

b Control Control

0.1 tM DeHE 0.1 RM DeHE
c

Wash 0.3 IIM DeHE

Figure 5 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 JAM strophanthidin. Traces of action
potential in (a) and (b) were recorded before (Control) and during
superfusion with 0.1 JAM 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 JM DeHE superfusion.

1 2
a 2mMNa

200
mv 30Il350
-90

Control
b

12 mm Na

I
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Control

b

d

5

E
-50

0.3 pAM 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 ftM 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 0.1JIM DeHE for Omin. After
washout in DeHE-free superfusate (c), the myocyte was exposed to
0.3 pIM DeHE for 10 min (d). Panel (e) shows that, after washout of
0.3 jIM 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 0.3 JM 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 JIM DeHE (Figure 7b). When the concentration of
DeHE was increased to 0.3 JM, 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

a I

c

b

E -
-50

Control 0.1 FLM DeHE

d

0.3 FtM 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 JiM 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 [IM dehydroevodiamine (DeHE). Panel (c) shows that,
during the 6th min of superfusion with 0.3 jiM 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 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 JiM) 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 JIM
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 ± 4 s.

Effect on transient inward current

It has been demonstrated that generation of transient inward
currents (Ij) is responsible for the development of DAD and
the subsequent triggered action potentials (Kass et al., 1978).
Thus effects of DeHE on Itj were investigated in ventricular
myocytes superfused with low-K and high-Ca solution con-
taining 2 JiM strophanthidin. As shown in Figure 8a, a
1200 ms depolarizing pulse from a Vh of -44 mV to
+ 20 mV was applied every 6 s for 10 steps. Each depolariz-
ing step induced a slow inward Ca current (I) and on
repolarization to Vh a series of 'Si. Only traces obtained from
the first and tenth step (arrow) were superimposed in Figure
8b. Figure 8c shows the time-dependent reduction in Ij
induced by 0.1 jiM DeHE in all ten steps. It is evident that
0.1 JIM DeHE reduced significantly the amplitude of Ij after
2 min of DeHE exposure and more so after a longer period
of exposure. On the other hand, 'Si was only slightly inhibited
after 10min 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 Ij and Ij induced
by 0.1 JIM 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 (INa ) and the transient inward current (It)
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 It, (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 JM DeHE induced significant
inhibitory actions on Iti but not on ICa suggests that DeHE
has a selective effect on transport of Na across sarcolemma.
This concept is supported by our findings that 0.1-0.3JM
DeHE reduced markedly the INa measured by using the
difference current method (Tytgat et al., 1990b) in the
absence and presence of 2 mm or 12 mM [Na]0. Also the
depressant effect of DeHE was greater and lasted longer in
the presence of 2 mM [Na]0 than in 12 mM [Na]0 (Figure 6
and Table 3), in agreement with the antagonistic action of
DeHE on Na transport. A decrease in Na influx should

a

c
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result in a decrease in intracellular Na ion activity (Vassalle
& Lee, 1984). The fall in intracellular Na would in turn
decrease cellular Ca through the Na-Ca exchange mechanism

a mV
+20 1200

-44

(Mullins, 1979; Kimura et al., 1987; Beuckelmann et al.,
1989) and, as a consequence, suppress the Ij and DAD
induced by the cardiotonic steroid (Kass et al., 1978). How-

c

b

0

-1000
Cotl

0

DeHE 6 min

0

DeHE 10 min

d

-1000

z -500
-:-500

6.1

-200-

-100-

C
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0 4 8 2 6 10

t I Time (min)
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10

-250

'C
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Figure 8 Depressant effect of dehydroevodiamine (DeHE, 0.1 gM) on transient inward current (IAi) of a single ventricular myocyte
induced by 2 gM 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), hi 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 Ith on repolarization from first to the tenth steps. Curve C (open
(0) circles) indicates the values before DeHE exposure; (0) (2'), (A) (6') and (U) (10') indicate time-dependent reduction in Iti
during DeHE superfusion. W indicates that the value of Iti decreased to baseline after washout of DeHE for 2 min. Panel (d) shows
time course of changes induced by 0.1 gm DeHE in slow inward Ca current (Ii) on depolarization and transient inward current (Js)
on repolarization. Left ordinate scale gives amplitudes of Ii (X) and right ordinate values of Iti (*) 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 (Ij) and transient inward current (Iti) induced by dehydroevodiamine
(DeHE)

Step I Step 5 Step 10
Condition n Isi (A%) Iti (A%) hi (A%) Iti (A%) Si (A%) It. (A%)

DeHE
2 min
5 min
10 min

Wash
10 min
20 min
30 min

8 -6±2
8 -14 ± 5
8 -27±9*

6 -37± 11*
4 -34±9*
4 -41 ± 8*

-29± 13*
-56 ± 10*
-78 ± 10*

- 86 ± 13*
-100 + 0*
-100 + 0*

-12 ± 7
-10 ± 4
-15 ± 5*

-25 + 8*
-33 ± 11*
-41 ± 10*

-24 ± 5*
-57 ± 7*
-77 ± 7*

-86 ± 6*
-100±0*
-100 ± 0*

- 7± 1
-12 ± 3*
-17 ± 4*

-24 ± 8*
-39 ± 9*
-41 ± 8*

-33 ± 7*
-55 ± 8*
-78 ± 7*

-71 ± 10*
-87± 11*
-100 + 0*

The ventricular myocytes were superfused in high-Ca and low-K solution containing 2 gM strophanthidin. Values are means ± s.e. of
the percentage reduction in Isa or Iti as compared with control values before DeHE (0.1 gM) 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 LM) 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 tM 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 gM) 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 Ik and the lack of enhancement of ICa 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

against cardiac tachyarrhythmias as class III antiarrhythmic
drugs did (Singh & Nademanee, 1985). On the other hand,
DeHE at concentrations of 1 1LM and above consistently
induced arrhythmogenic EAD in rabbit ventricular tissues as
reported in our previous study (Lin et al., 1990). In the
guinea-pig myocytes, 0. 1-1 AM DeHE also could induce
EAD in the presence of low-K. This effect was correlated to
an inhibition of Ik and similar to that induced by quinidine in
canine Purkinje fibres (Roden & Hoffman, 1985).

In conclusion, DeHE at low concentrations (0.1-0.3jAM)
inhibited markedly the INa and depressed the arrhythmogenic
DADs and Ij, induced by cardiotonic steroid in low-K and
high-Ca superfusate. DeHE also may exert class III antiarr-
hythmic effect through a reduction of the time-dependent
outward K current (Figure 2) and the subsequent prolonga-
tion of APD (Figure 1) and effective refractory period.

The authors wish to thank Mr T.H. Cheng and Miss S.F. Huang for
technical assistance. The present work was supported in part by
grants from National Research Institute of Chinese Medicine and
National Science Council (NSC80-0412-B016-90), Taipei.
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Pharmacological characteristics of 5-hydroxytryptamine
autoreceptors in rat brain slices incorporating the dorsal raphe
or the suprachiasmatic nucleus

UJ.J. O'Connor & 2Z.L. Kruk

Department of Pharmacology, Queen Mary & Westfield College, Mile End Road, London El 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
5-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 5-hydroxy-
tryptamine overflow in the range 1 x 10-9 M to 3 x 10-6 M. The actions of 5-carboxamidotryptamine
and RU24969 were reversed competitively by methiothepin (10-8M to 10-6 M); Schild plots revealed
pKB 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 (10-6 M), the putative 5-HT1B receptor antagonist, blocked the responses to RU24969
(10-6 M) and 1-(m-trifluoromethylphenyl)piperazine (10-6 M) in the suprachiasmatic nucleus.
5 In the dorsal raphe nucleus, 8-OH-DPAT, ipsapirone, RU24969, 5-carboxamidotryptamine, and
sumatriptan (all 1 x 10-8M to 3 x 10-6 M) produced a concentration-dependent reduction in the
stimulated release of 5-hydroxytryptamine. The maximum effect observed was less than that seen in the
suprachiasmatic nucleus.
6 Methiothepin (1 10-7 M) blocked the effect of 5-carboxyamidotryptamine (10-8 M to 10-6 M) in the
dorsal raphe nucleus while propranolol (10-6 M) and NAN-190 (10-6M) but not isamoltane (10-6 M)
were found to block significantly the effect of ipsapirone (10-6 M).
7 We conclude, that drugs with 5-HTIA binding activity act as agonists in the dorsal raphe nucleus
while drugs showing some activity for 5-HTIB and 5-HTID 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.

Keywords: 5-HT autoreceptors; 5-HTIA agonists; 5-HTIB agonists; methiothepin; dorsal raphe nucleus; suprachiasmatic nucleus;
fast cyclic voltammetry

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-HT1,2,3)
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-HT4 receptors
(Schenker et al., 1987; Dumuis et al., 1989).

5-HTI receptors were originally characterized as having
selective affinity for 5-HT, and differentiated from 5-HT2
receptors which had selective affinity for spiperone (Peroutka
& Snyder, 1979). Subsequent studies divided 5-HTI 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-HTIA receptors. They were found postsynaptically in cortex

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 et al., 1984)
that RU24969, and TFMPP are selective ligands for 5-HTIB
receptors on 5-HT axon terminals in the rat (Pazos &
Palacios, 1985), and that 5-HT1B 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-HTID (Heuring & Peroutka, 1987; Waeber et al., 1988),
although Herrick-Davis & Titeler (1988) and Limberger et al.
(1991) suggest that both 5-HTIB and 5-HTID receptors may
coexist in the rat. Sumatriptan (GR 43175; Humphrey et al.,
1988) has been shown to be a selective agonist at 5-HTID
receptors. 5-HTc 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-HT2 receptors; propranolol has antagonistic actions
at 5-HTlA and 5-HT1B receptor types as well as at P-adreno-
ceptors (Gothert, 1990). NAN-190 has antagonistic activity at
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5-HTlA receptor subtypes (Glennon et al., 1988) and isamol-
tane (Schoeffter & Hoyer, 1989) has weak selectivity for
5-HTIB 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-HTIA receptor agonists applied to the
dorsal raphe nucleus, act on 5-HT autoreceptors which regu-
late firing of 5-HT neurones (De Montigny et al., 1984;
Dourish et al., 1986; Vander Maelen et al., 1986; Sprouse &
Aghajanian, 1986; Haj-Dahmane et 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-HTIA
selective agonists were applied either systemically or into the
dorsal raphe nucleus (Marsden & Martin, 1986; Sharp et al.,
1989) activation of 5-HT1A receptors in the raphe nuclei lead
to decreased 5-HT metabolism and release at axon terminals.
At 5-HT axon terminals, 5-HTlB agonists have been shown
to decrease 5-HT release and metabolism by acting at ter-
minal 5-HT autoreceptors (Middlemiss, 1985; Martin &
Marsden, 1986; Limberger et al., 1991).
The involvement of 5-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-HIT
receptors can be developed (Meltzer, 1990). Discovery of
such agents depends on qualitative and quantitative charac-
terization of 5-HIT 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 7 pm by 30 tm). 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-HIT
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

(O'Connor & Kruk, 1991a); only a brief outline is presented
here.

Preparation of brain slices

Male Wistar rats (150-250 g) were killed and the brain
gently and rapidly removed into ice cold oxygenated artificial
cerebrospinal fluid (ACSF; composition in mM: NaCl 125,
KCI 2.0, KH2PO4 1.25, MgSO4.7H2O 2.0, NaHCO3 25.0,
D-glucose 11.0, CaCl2 2.0) and saturated with 5% CO2 in
oxygen. Blocks of tissue, 3 mm thick containing either DRN
or SCN were dissected with a razor blade, and a single slice
(350 gm) 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 ml min'l with artificial oxygenated
ACSF maintained at 320C, and allowed to equilibrate for
1 h.

Fast cyclic voltammetry

Following a 1 h equilibration period, a single carbon fibre
microelectrode (8 gm diameter and 30-50 im exposed tip)
was located 80pm below the surface of the brain slice in
either brain region, and a bipolar stimulating tungsten micro-
electrode (tip separation 200 jnm) was implanted at the same
depth about 100-200glm 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 5-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; IP), 5 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 (108, 10' or 10-6 M) for 1 h
before a second agonist concentration-response curve was
performed. Concentration-ratios were calculated at the EC50
level and used to construct Schild plots (Arunlakshana &
Schild, 1959; Kennakin, 1984) in order to derive pKa values.
The maximum % inhibition of 5-HT overflow (Emax) caused
by each agonist was calculated. On occasion (for example see
Figure 6) a single concentration (10-6 M) of agonist was
perfused into the slice chamber for 30min. The slice was
then equilibrated with antagonist alone for 1 h 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) HCO (Sigma); TFMPP (l-(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)- I H-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 HCO (Bristol-Myers Company). We thank
Glaxo Group Research for the following drugs: 5-carbox-
amidotryptamine (5-CT) and sumatriptan (GR43 175; 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 t 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 lb
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 Ic). A single oxidation peak (0) is seen at
+ 600 mV and two reduction peaks (r, and r2) are observed
at 0 and -200 mV respectively. Figure Id 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 I X i0' M 5-HT in vitro.

Effect of5-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 2 h 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. EC50 values and maxi-
mum inhibition of release (Emax) 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 5-HT autoreceptors in both brain
regions, 5 pulse stimulation (see Introduction) was used in all

subsequent experiments to avoid this potentially confounding
effect.

Effects of5-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

a
+1.4V

-1 .OV

b

500 nA

0

0

20 nA

ri r2

0

d

15 nA

r, r2

12 nA

r, r2

10 ms

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/l00 Hz stimulation. (c) Faradaic
current produced after digital subtraction of the charging currents
(shown in b) following the 50 pulse/l00 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 pM 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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a

+ 10-6 M

10-7 M

5-CT 10-8M

10 min

l~h4,w'>KId.

5-CT 10-8M 10-7 M

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 5-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 5-HT at the concentrations indicated by the scale bar.

Table 1 Effect of 5-HT1 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)

25P/50 Hz
EC50 Eniax

21 ± 3
39± 19
25 ± 6
65 ± 35
NC
NC
NC

47.2 ± 7.8
29 ± 5.8

44.2 ± 4.3
42.7 ± 7.8
NC
NC
NC

DRN
5P/100 Hz

ECso Emax

25± 11
23 ± 13
35± 19
NC

12 ± 10
180 ± 80
NC

48 ± 7
51 ± 7.5
43±9
NC

50 ± 6
36 ± 8
NC

SCN
25P/50 Hz

EC50 Emx

67± 16
14±2
36± 18
140 ± 85
NC
NC
NC

5P/100 Hz
EC,50 Emax

64.4 ± 6.5
50.7 ± 6
24.2 ± 3.2
24 ± 9.5
NC
NC
NC

5.6 ± 3.1
3.8(2.5)

NC

42± 29
5.0 ± 3.4

86 ± 6
89 ± 5
12±4
NC

-4±5
70±6
90± 5

EC50: concentration of agonist (nM) required to reduce 5-HT to 50% control values. Em_: 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 10-9 to
1 X 10-6 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 5 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 ofmethiothepin and isamoltane on the response to
5-HT, receptor agonist in the SCN

Addition of the non selective 5-HTI/5-HT2 receptor anta-
gonist, methiothepin, had no significant effect on 5 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 5a,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 Sd 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 pKB for methiothepin with RU24969 was 7.9 and with
5-CT was 8.1.

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

Effects of S-HT, receptor agonists on stimulated S-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
10-9 M to 10-6 M (Figure 7b). These compounds proved to

30 nM
5-HT

40 nM
5-HT

Agonist

5-CT
RU24969
8-OH-DPAT
Buspirone
Ipsapirone
Sumatriptan
TFMPP
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be less potent in the DRN than in the SCN, and even when
the concentration of agonists was increased above 10-6 M in
no case was it possible to obtain a complete inhibition of
5-HT release. Table 1 (columns 3 and 4) summarizes the
ED50 and maximum effect of each agonist on 5 pulse stimu-
lated 5-HT overflow in the DRN. Control 10-8M
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Figure 3 The effects of 5-HTI receptor ligands on stimulated 5-
hydroxytryptamine overflow ([5-HT]ex) evoked by trains of 25 pulse/
50Hz in (a) the dorsal raphe nucleus or (b) the suprachiasmatic
nucleus. The effects of 5-carboxamidotryptamine (@), RU24969 (0),
buspirone (0) and 8-hydroxy-2(di-n-propylamino)tetralin (U) 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.

1o-10 o 10- 8 10 - 7 10 6 1o - 5

Concentration of agonist (M)

Figure 4 The effects of 5-HTI receptor ligands on stimulated 5-
hydroxytryptamine overflow ([5-HT]ex) evoked by 5 pulse 100Hz
stimulation in the suprachiasmatic nucleus (SCN). (a) Sample and
hold output, set at the peak oxidation potential for 5-HT
(+ 600 mV), for a single experiment during application of RU24969
at the concentrations indicated. Vertical bar: 10 nM 5-HT; horizontal
bar: 10 s. (b) The effects of 5-carboxamidotryptamine (M), RU24969
(0), sumatriptan (A),. TFMPP (0), ipsapirone (U) 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 5 min. Each point shows the mean with s.e.mean

indicated by vertical bars; n = 4-5.

Effect ofS-HT receptor antagonists on the response to
S-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 10-7 M and 10-6 M 5-CT; n =

4-5).
Isamoltane the putative 5-HTIB 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 10-6 M) the putative 5-HTIA antagonist

when perfused in the presence of ipsapirone (10-6 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 10-8 M 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 (10-6 M) was

attenuated after pretreatment with 10-6 M propranolol
(results not shown; P< 0.5; n = 4, compared to controls).

10-7 M 10-6M
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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 (0) or in the presence of 0.1 LM methiothepin (0) or 1.0 LM 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 gM 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 5-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 5-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 5-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 [3H]-noradrenaline (Valenta et al., 1988;
Singer, 1988), [3H]-dopamine (Mayer et al., 1988), endogenous
dopamine (Trout & Kruk, 1991) and [3H]-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 ([5-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 pM) 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 tiM) on RU24969 (1 gM)-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 5-HT release elicited by trains of 25
pulses applied at 50Hz (500ms 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 jAM; O'Connor & Kruk, 1991 b) 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 ECm values observed in the SCN when compared to the
EC50 values obtained with stimulations of 5 pulses at 100 Hz
(Table 1 columns 5 and 7).

Five pulse stimulation was used in all subsequent experi-
ments to avoid the potentially confounding effects of the
endogenous 5-HT inhibiting its own release or preventing
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Figure 7 The effect of 5-HTI 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-HTI 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 *),
5-carboxamidotryptamine (5-CT, 0), ipsapirone (A), sumatriptan
(A) and RU24969 (0); each point shows the mean (s.e.mean shown
by vertical bars; n = 4-7). (c) The effect of 0.1 gM methiothepin (@)
on the concentration-response curve to 5-CT (0) 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 I AM 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
5-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 5-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

a
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Limberger et al. (1991) who measured the ability of 8-OH-
DPAT, 5-CT and RU24969 to inhibit [3H]-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 10-6 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 (EC50 110 nM; Emax 82%; O'Con-
nor & Kruk, unpublished observations). 5-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 pM 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 EM) 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-HTlA 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 pKB 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 Kd value of 7.3 in ligand binding studies in rat brain
(Hoyer & Middlemiss, 1989). Isamoltane, the putative 5-HTIB
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.

It is interesting that agonists of the 5-HTlB receptor with
distinct potency and differing efficacy in the SCN, appear to
be approximately equipotent and equally efficacious in the
dorsal raphe nucleus. In the DRN, antagonist studies could
only at best be qualitative, because full agonist action could
not be obtained. Methiothepin blocked the effect of 5-CT in
the DRN, and this is in accord with it having affinity for
5-HTIA receptors (Hoyer & Middlemiss, 1989). Isamoltane
(see above), was not an antagonist of the effect of ipsapirone
in the DRN, while NAN 190 (Glennon et al., 1988), a
putatively selective 5-HTIA antagonist, did antagonize the
inhibitory effect of ipsapirone on stimulated 5-HT overflow.
Sprouse & Aghajanian (1986) reported that (-)-propranolol
could antagonize the inhibition of spontaneous firing in the
DRN caused by 5-HT. In this study, (-)-propranolol while
having no effect on stimulated 5-HT overflow on its own,
could block the effect of ipsapirone in preventing release of
endogenous 5-HT. Further characterization of the 5-HTlA
receptor may require the development of more selective anta-
gonists of 5-HT receptor subtypes.

Conclusions

We have shown that 5-HT autoreceptors in the SCN can be
characterized by measuring agonist potency and antagonist
affinity, at an anatomically precise location in slices prepared
from rat brain. Our results are in good agreement with
quantitative studies with radiolabelled 5-HT when these are
made in the absence of reuptake inhibitors. Our results con-
firm that a wide range of agonists is available for charac-
terization of 5-HTIB receptors on axon terminals, but we
conclude that characterization of somatodendritic 5-HT
autoreceptors in the rat requires further study.

We thank Glaxo Group Research for financial support.
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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 mg kg-', i.v.) was administered just before tPA infusion (100 pg 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 (1.0mg 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
tPA alone and provides greater protection against reocculsion after reperfusion.

Keywords: Vapiprost; thromboxane receptor antagonist; antithrombotic effect; tissue-type plasminogen activator; reperfusion;
patency of reperfused vessel

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 A2 (TXA2) production by
platelets and prostaglandin 12 (PG12) production by endothe-
lial cells may be a trigger to ischaemic disease because TXA2
subsequently causes powerful platelet aggregation and con-
traction of blood vessels, while PG12 counteracts TXA2
(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 et 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
TXA2 may play a role in reocclusion following tPA-induced
thrombolysis (Shebski et 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 260g) 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 5 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 5 mm 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 mg kg-') 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 10mg kg-') and vapiprost (0.1, 0.3 and
1.0 mg kg-') 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 pig 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 u kg-') 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 (1.0mg
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- 1). Blood samples (5 ml each) were collected
into plastic tubes containing 300 p1l 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 t test.
Comparison among groups was carried out by use of Wilcox-
on's test for the time to occlusion and x2 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 mg kg-' 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 lb and c 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 mg kg-1, the time
required to occlude the artery was only slightly prolonged
(341.5 ± 32.6 s). At 10.0mg kg-' 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 gM 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 2 Time to occlusive femoral arterial thrombosis in the indi-
vidual experiments. The solvent group was divided into 2 groups of
animals receiving the vehicle of either vapiprost (0) or aspirin (A).
**P< 0.01 versus control group.
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Figure 1 (a) Simultaneous records of typical changes in blood
velocity of the irradiated femoral artery and, pulse rate and blood
pressure from the contralateral femoral artery. (I) Baseline measure-
ments; (2) change before and after the i.v. injection of Rose Bengal
(RB, 10mg 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 1.0mgkg-' (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
1.5 h observation period was 38.5% for tPA (100 jg 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 jig
kg-' min-' alone produced reperfusion in 5 of 12 rats

whereas in the presence of vapiprost, 11 of 13 rats reper-
fused. Likewise, femoral arterial blood flow of reperfusion
(Figure 3) and the time to reperfusion (Table 1) also indicate
the greater effectiveness of tPA in the presence of vapiprost.

Inhibition of reocclusion with vapiprost

The incidence of reocclusion with animals reperfused (n = 5)
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

Table 1 Frequency of femoral artery reperfusion and reocclusion in the photochemical induced thrombosis model in the rat

Reperfusion Reperfiusion Reocclusion
n incidence time incidence

(min) 90 min 24 h I week

12 5/12
13 11/13*
6 5/6

70.8 ± 11.6
55.7 ± 8.7*
52.8 ± 11.2*

2/5 1/3 0/2
1/11 2/10 4/8
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 Il: vapiprost (p.o.) 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.

Groups

tPA alone
Group I
Group II
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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 I 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 igkg-') was started 30min 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 (I mgkgI 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 (0); Group I (0);
Group 11 (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). TXA2, although relatively labile, is
synthesized in large quantities by platelets in response to a
variety of stimuli (Best et al., 1980; Ambler et al., 1985).
Thromboxane receptor antagonists (TRAs) such as vapiprost
(Lumley et al., 1989), sulotoroban (Shebuski et al., 1988;
Fujita et 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 TXA2 or the cyclic endoperoxides intermediate,
PGH2. By preventing the recruitment of platelets and the
secondary release reaction, TRAs may effect a moderate
reduction in TXA2 levels (Ashton et al., 1986), but their
mechanism of action is almost entirely through their anta-
gonism of the TXA2-PGH2 receptor (Ogletree et al., 1985;
Hanasaki et al., 1988). Vapiprost (GR32191) prevents stimu-
lation of platelet aggregation both by TXA2 and its less
potent but longer-lived precursor, PGH2, 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 20jm.

rost (1.0 mg kg-') 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 TXA2 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 PGH2
and TXA2 synthesis (Folts et al., 1988). Although concurrent
inhibition of endothelial cell PGI2 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 5 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 mg kg-' i.v.), platelets on the surface of the vessel
decreased as compared with the tPA only treatment (b). The bars in
both photographs denote 5Sm.

TXA2-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 TXA2 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 4 h (Gold et 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 I 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 I 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 5 jm.

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 TXA2 generation may be activated limiting
the response to fibrinolysis as TXA2-mediated platelet activa-
tion occurs simultaneously with clot dissolution. The inhibi-
tion of TXA2-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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03671097 from the Ministry of Education, Science and Culture in
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Receptor-coupled shortening of x.-toxin-permeabilized single
smooth muscle cells from the guinea-pig stomach

Teruaki Ono, JMitsuo Mita, Osamu Suga, $Takao Hashimoto, 'Kazuhiko Oishi &
Masaatsu K. Uchida

Department of Molecular Pharmacology and IDepartment 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 LM Ca2", but not to 0.3 LM Ca2 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 LM) resulted in a marked decrease
in the concentration of Ca2+ required to trigger a threshold response from 0.6 JAM to 0.2 jM, and I mM
guanosine 5'-diphosphate (GDP) blocked this decrease. Moreover, treatment with 100 gM guanosine
5'-triphosphate (GTP) mimicked the action of ACh.
4 Addition of 100 JAM inositol 1,4,5-trisphosphate (InsP3) with 0.2 JM Ca2+ did not cause cell shorten-
ing, whereas 10 JM ACh with 0.2 JAM Ca2" did, suggesting that InsP3-induced Ca2+ release is not

involved in ACh-operated cell shortening.
5 The present study demonstrates an ac-toxin-permeabilized single smooth muscle cell preparation
which retains its receptor function and also provides an insight into mechanisms leading to augmenta-

tion of Ca2+ sensitivity by stimulation of muscarinic receptors or GTP-binding proteins.
Keywords: Ca2+ 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. at-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 (Fissle 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 cc-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 Ca2'-sensitivity induced by stimulation of
muscarinic receptors or guanosine 5'-triphosphate (GTP)-
binding proteins.

Methods

Preparation of ac-toxin

ax-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 ac-toxin was checked with
rabbit erythrocytes. Purified ac-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 [3H]-adenine but did not per-
mit release of lactate dehydrogenase. Protein was determined
according to Lowry et 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 Ca2'-free HEPES-Tyrode
solution (Ca2"-free solution) bubbled with air at 37°C for
75 min. The normal solution had the following composition
(mM): NaCl 137, KCl 2.7, CaCl2 1.8, MgCl2 1.0, glucose 5.6
and HEPES 4.2 (pH 7.4 at 37°C). The Ca2"-free solution had
the same composition as normal HEPES-Tyrode solution
except that CaC12 was omitted. The tissue was then minced
and incubated with 0.5 mg ml-' collagenase (127.5 unit ml-'),
0.125 mg ml-' elastase and 0.1 mg ml1- trypsin inhibitor in
2 ml of Ca2'-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 Ca2'-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 Ca2'-free solution and dispersed with a
wide-bore* pipette. The viability of isolated single cells,

.;J'kf--"Macmillan Press Ltd, 1992
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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 jum (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
Ca2'-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 Ca2", individual cells were perfused before
permeabilization with the cytosolic substitution solution con-
taining an ascending concentration of free Ca2" buffered at
10 nM to 30 .LM. The cytosolic substitution solution had the
following composition (mM): potassium propionate 114,
glycoletherdiamine-N,N,N',N'-tetraacetic acid (EGTA) 1,
MgCl2 4, ATP 4, creatine phosphate 10, and piperazine-N,N'-
bis (2-ethanesulphonic acid) (PIPES) 20 (pH 7.1 at 30°C).
Free Ca2+ concentrations were determined according to the
method of Harafuji & Ogawa (1980). After washing the cells
with the Ca2'-free cytosolic substitution solution (the free
Ca2+ concentration was estimated to be 2.5 nM), permeabil-
ization was achieved by perfusing with the solution contain-
ing 10 fLg ml-' a-toxin and 0.1 JiM Ca2+ for 3 min. -Toxin
was then washed out by perfusing with the Ca2'-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 Ca2" buffered at 10 nM to 3 giM, and observing
shortening. After extensive washing with the Ca2'-free cyto-
solic substitution solution for 20 min, responding cells were
isolated and used for experimentation. Since the contractile
response occurred within 90 s in all cases, the time of
exposure at each concentration of Ca2+ was 120 s. The first
shortening was evoked by perfusion with the cytosolic sub-
stitution solution containing an ascending concentration of
free Ca2+ buffered at 10 nM to 3 jiM. After extensive washing
with the Ca2+-free cytosolic substitution solution for 20 min,

a second shortening was evoked with an ascending concen-
tration of Ca2" 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 (InsP3) 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 a-toxin-perme-
abilized isolated smooth muscle cell from the fundus of the
guinea-pig stomach induced by increasing free Ca2+ in the
cytosolic substitution solution. In most cases, 0.6jM Ca2"
caused maximal shortening although 0.3 tM or lower Ca2"
did not. In all experiments, the contractile response occurred
within 90 s and reached a steady state within 60 s. The cells
were relaxed again by washing with the Ca2"-free cytosolic
substitution solution. In a control study in which the same
procedure was carried out without a-toxin, Ca2" in concent-
rations up to 30 M 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 Ca2" for a period of 3 h, but incom-
plete relaxation in the presence of the Ca2"-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 Ca2+
were reduced to 0.2 ,UM from 0.6 jM in the presence of ACh
(10 jiM) (Figures 2 and 3). The normalized concentration-
response relationships to Ca2+ 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 Ca2" induced by ACh (10jiM) (Figure 3).
In order to determine if this effect was evoked as a result of

iXd $ 50 aim
0.1 0.2 0.3 0.6 1

Calcium (p.M)
3 1

Wash

Figure 1 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 Ca2+. After permeabilization and extensive washing with the
Ca2+-free cytosolic substitution solution for 20 min, cell shortening was evoked by perfusion with the cytosolic substitution solution
containing an ascending concentration of free Ca2+ buffered at 10 nm to 3 jiM. The cell was re-extended after washing with the
Ca2+-free cytosolic substitution solution for 20 min. The bar represents 50 im.
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Figure 2 Responses of an o-toxin-permeabilized smooth muscle cell to repeated addition of free Ca2l in the presence (@) and
absence (0) of acetylcholine (ACh, 10JM). (A) After washing the cx-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 Ca2' buffered at 10 nm to 3 pM. The cell was allowed to re-extend by washing with the Ca2-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; c, 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 Cal'-induced shortening
of ot-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 Cal'-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 Ca2+ buffered at 10 nm to 3 pM (0).
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 JIM ACh (0). After
washing for 20 min, the next shortening was evoked in the presence
of IO JM 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 by Student's t test (paired): *P< 0.02;
**P<00.0.
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Figure 4 Effect of guanosine 5'-triphosphate (GTP) on Ca'+-induc-
ed shortening of o-toxin-permeabilized single smooth muscle cells.
After washing the a-toxin-permeabilized smooth muscle cell with the
Ca2`-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 Ca2' buffered at
10 nm to 3 JM (0). The cells were allowed to re-extend by washing
with the Ca2-free cytosolic substitution solution for 20 min, and the
next shortening was evoked by an ascending concentration of Ca2
in the presence of 100 JiM GTP (0). GTP alone without Ca2' 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 ± s.e.means
from six independent experiments. Statistical significance was deter-
mined by Student's t test (paired): *P<0.05; **P<0.001.

A a
_ 501

s 40-

- 30
0

.C 20-
a)
co
co.) 10-
a)
0

B

0)

-

Co

0)
-C)

3

Calcium (>M)

-

3



542 T. ONO et al.

activation of a GTP-binding protein(s), the effect of GTP
was investigated. As shown in Figure 4, 100 LM GTP
decreased the threshold concentration for Ca2" from 0.6[iM
to 0.2.M.

Discussion

To date, there have been no reports of isolated single smooth
muscle cells being permeabilized with x-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.

ox-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 juM free Ca2" resulted in cell shortening
and the removal of Ca2" resulted in relaxation, directly
supporting the general idea that contractile activity is deter-
mined by increasing the level of intracellular free Ca2+ (Bol-
ton, 1979). Our results reported here are in agreement with
the calcium sensitivity (half-maximal contraction in the range
from 0.3 to 1 IAM) reported by others using o-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 Ca2+ 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 Ca2` required
for the threshold response and consequently, converted it to
a graded rather than an all-or-none response. Furthermore,

addition of GTP mimicked the ability of ACh to enhance
sensitivity to Ca2". These findings suggest that a GTP-
binding protein(s) regulates the sensitivity of the contractile
proteins to Ca2". Nonhydrolyzable GTP analogues such as
GTPyS are commonly used to activate GTP-binding proteins
because GTP is promptly hydrolyzed by endogenous GTPase
activity. However, in the present system, GTP itself was
sufficient for activation, probably because it was supplied
continuously in the perfusate. The increase in sensitivity to
Ca2" reported here has also been observed in a-toxin-
permeabilized intact smooth muscles (Nishimura et al., 1988;
Kitazawa et al., 1989; 1991).
The heterotrimeric signal transducing GTP-binding pro-

teins are now well known to couple cell surface receptors to
target enzymes such as phospholipase C and adenylate cyc-
lase (Verghese et al., 1987; Freissmuth et al., 1989). It has
been shown that stimulation of various cell surface receptors
leads to an activation of phospholipase C via a GTP-binding
protein (Cockcroft & Gomperts, 1985; Ashkenazi et al.,
1989). The degradation of phosphatidylinositol 4,5-bisphos-
phate by phospholipase C leads to the production of two
second messengers InsP3 and diacylglycerol. InsP3 releases
Ca2" from intracellular Ca2" storage sites in various types of
smooth muscle (Suematsu et al., 1984; Bitar et al., 1986),
whereas diacylglycerol activates protein kinase C in a con-
certed manner with membrane phospholipids and Ca2". We
found that addition of 100 JM InsP3 in the presence of
0.2 1M free Ca2" did not cause cell shortening (data not
shown) although 10jAM ACh in the presence of 0.21JM free
Ca2+ did (Figure 2). These results suggest that InsP3-induced
Ca2+ release is not involved in the receptor-coupled shorten-
ing of the permeabilized cells. Our observation is therefore
different from those obtained with rabbit permeabilized pul-
monary and mesenteric arteries and pig portal vein, where
InsP3 in the range 0.5-301JM caused tension development
(Somlyo et al., 1985; Itoh et al., 1985; Kitazawa et al., 1989).
The phasic contractions of these smooth muscles were report-
ed to be dependent on Ca2" release from intracellular Ca2+
stores (Itoh et al., 1985; Eino et al., 1988). Therefore, there is
some dispute as to the contribution of intracellular stored
Ca2+ to contraction. However, at present, we cannot elimin-
ate an alternative possibility that the lack of response to
InsP3 is simply due to the inability to produce a significant
rise in the Ca2+ level because of the diffusion of Ca2+ out of
permeabilized cells.

In conclusion, our present study using a-toxin-permeabil-
ized single smooth muscle cells provides direct evidence that
receptor-operated augmentation of Ca2+ sensitivity is a cellu-
lar event. This preparation may prove valuable in investi-
gating further the mechanisms underlying receptor-operated
augmentation of Ca2+ sensitivity.
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Pharmacological characterization of 5-hydroxytryptamine-
induced excitation of afferent cervical vagus nerve in
anaesthetized rats

'Mitsuhiro Yoshioka, Toshiya Ikeda, Masayuki Abe, Hiroko Togashi, *Masaru Minami &
Hideya Saito

First Department of Pharmacology, Hokkaido University School of Medicine, Sapporo 060, Japan and *Department of
Pharmacology, Higashi-Nippon-Gakuen University Faculty of Pharmaceutical Sciences, Ishikari-Tobetsu, Hokkaido 061-02,
Japan

1 An excitatory response to 5-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 ig kg-') evoked a dose-dependent excitation of
afferent vagus nerve activity. This response was blocked not only by a selective 5-HT3 receptor
antagonist, GR38032F (10 and 100 jig kg-'), but also by a 5-HT2 receptor antagonist, ketanserin (10
and 100 jg kg-').
3 Both a 5-HT3 receptor agonist, 2-methyl-5-HT (3.12-100tLg kg-'), and a 5-HT2 receptor agonist,
a-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 (10Ig kg-') and ketanserin (10 ig kg-'),
respectively.
4 A 5-HT, like receptor agonist, 5-carboxamidotryptamine (50 fig kg-'), and a putative 5-HT4 receptor
agonist, 5-methoxytryptamine (100 jig kg-'), failed to produce excitatory effects on the afferent vagus

nerve.

5 These results suggest that the 5-HT-induced excitatory response of the afferent vagus nerve might be
mediated not only via 5-HT3 receptors but also via 5-HT2 receptors in anaesthetized rats. It is unlikely,
however, that either 5-HT,-like or putative 5-HT4 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, 5-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 5-HT in vitro is blocked by 5-HT3 receptor
antagonists but not by the cholinoceptor antagonists,
atropine, hexamethonium or the 5-HT2 receptor antagonists,
methysergide or ketanserin (Neto, 1978; Higashi & Nishi,
1982; Ireland et 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-HT3
receptor antagonist, MDL 72222. On the other hand, the
delayed excitation is substantially reduced by a 5-HT2 recep-
tor antagonist, ketanserin. These findings suggest that in vivo

Author for correspondence.

responses cannot be extrapolated from in vitro responses
because 5-HT2 receptors as well as 5-HT3 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 5-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-
ticv 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 mg kg-' of
urethane and 50 mg kg-' of a-chloralose. After immobiliza-
tion with gallamine triethiodide (1Omg kg-', i.v.), respiration
was maintained through a tracheal cannula connected to a
rodent respirator (Harvard apparatus, model 683). End tidal
02 and CO2 concentrations were measured with an expired
gas monitor (Nippondenki San-ei, Tokyo, Japan, 1H26).
Ventilation was adjusted to maintain an end tidal 02 and
CO2 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 380C with a heating pad.

'." Macmillan Press Ltd, 1992
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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 0.001 s, 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 2 s 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-5-hydroxytryptamine maleate (2-methyl-5-
HT, Nippon Glaxo Ltd., Tokyo, Japan); a-methyl-5-
hydroxytryptamine maleate (o-methyl-5-HT, Sandoz Ltd.,
Basel, Switzerland); 5-carboxamidotryptamine maleate (5-CT,
Glaxo); 5-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, CaC12 1.08, NaHCO3 7.98 and glucose 5.55

5-HT (6.25 ,ug kg-1)

(pH = 7.3). The volume injected was kept constant at 500 fil
kg-'. Dose-response curves for 5-HT, 2-methyl-5-HT and
x-methyl-5-HT were constructed noncumulatively with a dose-
cycle greater than O 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 (ED50). Data were expressed as the mean ± s.e.mean.
Analysis of variance followed by the Student's t 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 fig kg-') pro-
duced a dose-dependent increase in afferent cervical vagus
nerve activity (Figure 1). The ED50 was 28.0 ± 2.1 pg kg-'
(n = 36). Vehicle (saline) did not affect the 5-HT dose-
response curve and the ED50 value was 28.9 ± 4.8 jg kg-'
(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-HT3 receptor antagonist, GR38032F (10 and
100[Lg kg-'), caused a rightward shift in the 5-HT dose-
response curve. The ED5sO were 50.4 ± 7.8 (P< 0.05 vs saline,
n= 11) and 63.5± 13.4pgkg-' (P<0.05 vs saline, n=6),
respectively (Figure 2a). However, GR38032F itself did not
alter the discharge of the nerves significantly.
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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 fig 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 2 s, 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 (0); saline (0); GR38032F 1O pg kg-' (A)
and 100 pgkg-' (A). (b) Effect of ketanserin on the 5-HT-induced
increase in cervical vagus nerve activity. Symbols indicate control
response (0); saline (0); ketanserin g kg-' (A) and 1I00 jg kg-'
(A).

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

A 5-HT2 receptor antagonist, ketanserin (10 and 100 jig

kg-'), caused a rightward shift in the 5-HT dose-response
curve. The ED50s were 88.2 ± 26.4 lAg kg-' (P< 0.05 vs saline,
n = 6) and 163.9 ± 32.6 jig kg-' (P<0.00I 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-HT3 receptor agonist, 2-methyl-5-HT (3.12-100 jig

kg-'), also produced a dose-dependent but not marked in-
crease in cervical vagus nerve activity. The ED_, was

18.3 ± 2.4 jig kg-' (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 jig

kg-') caused a significant rightward shift in the 2-methyl-5-
HT dose-response curve. The ED50 was 50.7 ± 11.3 jig kg-'
(P<0.05, Figure 5a).
A 5-HT2 receptor agonist, x-methyl-5-HT (3.12-50 jig

kg-'), produced a marked and dose-dependent increase in
cervical vagus nerve activity (Figure 4b). The ED50 was

13.6 ± 2.9 jAg kg-' (n = 5, Figure Sb). The maximum res-

ponse to o-methyl-5-HT reached 162.8 ± 5.4% as compared
with the pre-injection level. Ketanserin (1O jig kg-') caused a

significant rightward shift in the o-methyl-5-HT dose-

response curve. The ED50 was 41.2 ± 9.0 igkg-' (P< 0.05 vs
saline, Figure 5b).

Both a 5-HT1 receptor agonist, 5-carboxamidotryptamine
(50 jig kg-'), and a putative 5-HT4 receptor agonist, 5-
methoxytryptamine (100 jig kg-'), failed to increase cervical
vagus nerve activity (Figure 6a and b).

In addition to being a potent 5-HT2 receptor antagonist,
ketanserin also has al-adrenoceptor blocking effects (Fozard,
1982; McCall & Schuette, 1984). In order to exclude the
involvement of the axl-adrenoceptor mechanism, we have
examined the effect of the al-agonist, methoxamine, on cer-
vical vagus nerve activity. Methoxamine (100jg 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-HT3 receptor antagonist,
GR38032F (Butler et al., 1988), and a 5-HT2 receptor
antagonist, ketanserin (Van Nueten et al., 1981), caused a
significant rightward shift in the 5-HT dose-response curve.
A selective 5-HT3 receptor agonist, 2-methyl-5-HT (Hoyer &
Neijt, 1988), and a selective 5-HT2 receptor agonist,
x-methyl-5-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-HT3 recep-
tors but also 5-HT2 receptors might play an important role in
the excitatory effect of 5-HT on the afferent vagus nerve in
vivo. In terms of 5-HT3 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-HT3 receptor as well as the rat
isolated vagus nerve.

It is also of interest to note that 5-HT2 receptors were
involved in the 5-HT-induced excitatory effect on cervical
vagus nerve activity. In the present study, a-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 5-HT-induced activation of afferent cervical
vagus nerve activity might be mediated mainly by 5-HT2
receptors rather than the 5-HT3 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-HT3 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-HT3
receptor-mediated apnoea was abolished by vagotomy above,
but not below, the nodose ganglia (Yoshioka et al., 1992).
The location of the responsible 5-HT2 receptor is still

unknown; however, 5-HT2 receptors generally exist in vas-
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Figure 3 Effect of ketanserin on the 5-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 100ttgkg-', 5min before
the next injection regime of 5-HT. A minimum of 10min 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 2 s, blood pressure (BP, mmHg) and heart rate (HR, b.p.m.). All records are from the same animal.
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cular and nonvascular smooth muscles such as the rat caudal
artery, jugular vein, uterine and tracheal tissue etc. (Cohen et
al., 1985). The 5-HT2 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-HT2 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-HT4 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-HT4 receptor is likely to be involved in 5-HT-induced
excitation of cervical vagus nerve activity in vivo.

5s

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 or 2 s, blood pressure (BP, mmHg) and heart rate (HR,
b.p.m.). Each record is from a different animal.

Ketanserin inhibited both 5-HT- and a-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 x.,-adrenoceptor-
mediated mechanism, we have examined the effect of a,-
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
a,-adrenoceptor. This result may exclude the possibility that
the (x-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 oc-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 ED50 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 (10gkg-'), the dose-ratio (the means of
the quotients: ED% in the absence of antagonist/ED% 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 = 5).
Similarly, with ketanserin (10 Ag kg-'), the ratio against 5-
HT was 3.1 ± 0.8 (n = 6) and that against x-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

is a substrate for uptake and the agonists are not. However,
the ED" against 5-HT is always smaller than that against
selective agonists. These results might support the possibility
that more than one receptor is responsible for the 5-HT-
induced excitatory effect on cervical vagus nerve activity in
vivo.
The most noteworthy conclusion of this investigation is

that the 5-HT-induced excitatory effect on the afferent vagus
nerve in vivo may be mediated not only by the 5-HT3 recep-
tor mechanism but also by the 5-HT2-receptor mechanism.
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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 gM) (Method I), and the appearance of vasoconstrictor responses to 5-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 gM), was partly depressed
by 5-HT2-receptor antagonists in high concentrations (ketanserin 0.511M, LY53857, 1.OgM), and was

abolished by a non-selective antagonist of 5-HT, and 5-HTI2 receptors (methiothepin, 0.01 SAM).

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 LY53857 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-HT2, but are almost identical with reported contractile
potencies in the dog saphenous vein where the receptor is 5-HTI-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.

Keywords: Rabbit ear artery; amplifying interactions; 5-hydroxytryptamine,-like receptors; 5-carboxamidotryptamine;
sumatriptan

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
o-adrenoceptor (Apperley et al., 1976); sensitivity to prazosin
(Purdy et al., 1981) implies that the receptor is of the aj-
subtype. However a 5-HT2-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 5-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 fiM) that was considered to be indicative of a role for
the 5-HT2 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 ac-
adrenoceptor blockade by prazosin, of 5-HT2 receptor block-
ade by ketanserin and LY53857 (for references see Myle-
charane, 1990), and of non-selective 5-HT, and 5-HT2 recep-
tor blockade by methiotepin, were examined. In the other,
the amplifying actions of 5-HT were compared with those of
a 5-HT2 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-HTI-
like and 5-HT2 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,

'PI Macmillan Press Ltd, 1992
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were used in all experiments. Ear artery segments (1-2 cm
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 et al. (1966) reflected higher flow
rates (6-8 ml min l).

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 jM). 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 mol). The
5-HT was added 5-10min 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 5-HT.

In experiments where 5-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 5-HT was extremely
rapid (less than S min), it was followed by a period of
depressed sensitivity to methoxamine which lasted about
30min.

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 [M).

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 JiM. 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 jiM)
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-

tion of agonist which elicited a constrictor response of
60mmHg in the presence of methoxamine was estimated
from the agonist concentration-response (CR) curve. When
the second method was used, cocaine (3 pM) 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 gM) 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 gM)
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 jimol) or was
applied extra-luminally in a high concentration (30 jM). 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 t 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);
x-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); 5-carb-
oxamidotryptamine maleate, sumatriptan (Glaxo); LY53857
(Lilly Research Laboratories).

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

Results

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

Ketanserin (0.05 JM and 0.5 JM) 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 lb.
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 JM, the inhibitory
effects of LY53857 on amplification were comparable with
those of ketanserin 0.05 and 0.5 JM respectively (Table 1,
Figure I b).

Methiothepin (0.01 JM) 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-HT2 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 o-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 JM) and of LY53857 (1.0 gM) 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.

In the absence of methoxamine, none of the four agonists
displayed vasoconstrictor activity when tested in concentra-
tions ranging up to 0.4 JM (for 5-HT and 5-CT) and 1.4 JiM
(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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Effect ofmethoxamine on vasoconstrictor activities of
5-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.

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 5-HT (0.03 tM): (0)
Control (n = 17); (0) prazosin (0.08 JAM, n = 5); (O) LY53857
(1.0 gM, n = 6); (A) ketanserin (0.5 JAM, 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 5-carboxytryptamine (5-CT)
on responses to methoxamine

Sensitivity ratio geometric mean
(with 95% confidence limits)

Antagonist (gM)
Ketanserin
(0.05)
Ketanserin
(0.5)
LY53857
(0.1)
LY53857
(1.0)
Methiothepin
(0.01)
Ketanserin
(0.5)
LY53857
(1 0)

* p<o.oS. a 0.1 >P>0.05.

5-HT-receptor
agonist

5-HT' (0.03 JAM)

5-HT (0.03 JAM)

5-HT (0.03 JAM)

5-HT (0.03 JM)

5-HT (0.03 JAM)

5-CT (0.03 JAM)

5-CT (0.03 JM)

n Control
Antagonist
present

5 4.6 (3.8-5.5) 2.8 (2.0-3.9)a

6 3.6 (3.0-4.3) 1.8 (1.3-2.4)*

5 4.6 (3.7-5.6) 2.8 (1.7-4.6)a

6 3.7 (2.9-4.8) 1.3 (0.9-1.9)*

4 4.5 (2.3-8.7) 1.1 (0.7-1.7)*

5 4.8 (3.5-6.6) 2.3 (1.2-3.4)*

5 5.2 (3.2-8.7) 1.8 (1.1-3.0)*

- 9
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Figure 2 Amplifying potencies of 5-hydroxytryptamine (5-HT), 5-
carboxamidotryptamine (5-CT) and a-methyl 5-HT: (@) 5-CT; (0)
5-HT; (A) ax-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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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> (-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 AM, 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 AM) were compared with those to intraluminal ACh
(0.5 AM); physostigmine (3.0 AM) 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

d

*
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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 15-30mmHg.

log [Ml 5-HT agonist

Figure 4 Concentration-response (CR) curves to 5-hydroxytrypt-
amine (5-HT) receptor agonists in the presence of methoxamine. The
increased steady-state levels of perfusion pressure due to methox-
amine (0.2-0.4pM) at the time the agonists were added were (in
mmHg): 5-HT (27 ± 3, n = 6), 5-carboxamidotryptamine (5-CT,
31 ± 5, n = 6), sumatriptan (28 ± 5, n = 5), oa-methyl 5-HT (20 ± 7,
n = 4). Symbols: (@) 5-CT; (0) 5-HT, (A) sumatriptan; (A) ca-
methyl 5-HT. Values shown are means with s.e.mean (vertical bars)
from n experiments.
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greater than that of at-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 cc-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-HTI-like
receptors (Feniuk & Humphrey, 1989; Schoeffter & Hoyer,
1990). On the other hand, the relative amplifying potencies
contrast markedly with those for 5-HT2 receptor-mediated
contraction in the rabbit aorta, where the rank order
is 5-HT> c-methyl 5-HT> 5-CT> sumatriptan (inactive)
(Feniuk et al., 1985; Humphrey et al., 1988).

In view of evidence that the 5-HTI-like receptor in the pig
coronary artery is very similar to the 5-HTlD 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 IC50s for binding to
5-HTlD 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-HTI-like category.

Effects of antagonists

Criteria for the presence of a 5-HT1-like receptor include
insensitivity to 5-HT2 selective antagonists (e.g. ketanserin)
and sensitivity to antagonists which do not discriminate
beween 5-HT, and 5-HT2 receptors e.g. methysergide, meth-
iothepin (Bradley et al., 1986).
At first sight, the ability of the 5-HT2 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 pA2 for the
5-HT2 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
pA2 for the 5-HT2 receptor namely 0.4-40nM (Fenuik &
Humphrey, 1989; Mylecharane, 1990). Secondly, the finding
that both ketanserin (0.5tM) and LY53857 (1.0 M) 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-HTI-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 gM. 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-HT1-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-HTI-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-HT2 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-HT1-
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 5-hydroxytryptamine (5-HT) receptor agonists

Receptor Tissue Response 5-CT

Rabbit ear amplifn. 2.5
art

5-HT1-like Dog saph.
vein

5-HT1-like Pig cor. art.
5-HT2 Rabbit aorta

contrn. 3.3

relaxn* 1.0
contrn. 0.04

Agonist
5-HT Sumatr

1.0 0.09

1.0 0.20

1.0 0.03
1.0 nil

tConcentration 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).

cc-Me 5-HT

0.04

0.08

0.06
0.5
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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-HTI-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 5-HT interaction with NA is inhibited by

prazosin and ketanserin (see de la Lande, 1989), while ampli-
fication in the 5-HT interaction with histamine is potentiated
by histamine H2-receptor activation (de la Lande et al.,
1989).

The author wishes to thank Sarah Wing and Maureen Newlyn for
skilled technical assistance.
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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 SEl 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 E4 (LTE4)
in vitro increased the subsequent maximal response of the tissues to histamine. The sensitivity of the
tissues to histamine was unaffected by LTE4 pretreatment.

3 Pretreatment of the epithelially-denuded tissues with the LTE4-analogue, 20-COOH LTE4, did not
affect the maximal response to histamine.
4 LTE4 pretreatment increased the maximal response of the epithelially-denuded tissues to substance P
(SP) but did not affect the maximal response to carbachol, KCI nor to the P-adrenoceptor agonist,
isoprenaline.
5 LTE4-induced airway histamine hyperresponsiveness was blocked by indomethacin (5 tM), GR32191
(3 ftM) and atropine (1 SAM).
6 Both LTE4 and U46619 pretreatment increased the contractile response of tracheal smooth muscle to
electrical field stimulation.
7 It is proposed that LTE4 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 LTE4 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, LTC4, LTD4 and LTE4,
comprise the activity previously recognised as slow-reacting
substance of anaphylaxis. LTC4, LTD4 and LTE4 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 LTE4 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 LTE4 (Lee et al.,1984). The enchancement
of histamine responsiveness was dependent upon both the
concentration of LTE4 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
A2 antagonist, GR32191, also blocked LTE4-induced hista-
mine hyperresponsiveness suggested that the TP-receptor was

involved (Jacques et al., 1991). Finally, the production of
histamine hyperresponsiveness by LTE4 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

I 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 LTE4 on epithelially-intact tracheal
strips, by studying the capacity of LTE4 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 FT03D 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 5 ml organ baths containing
modified Krebs solution (composition, mM: NaCl 118,
KH2PO4 1.2, KC1 4.7, NaHCO3 15.4, glucose 5.5, MgCI2 1.2
and CaCl2 1.3). The tissues were aerated with 95% 02;
5%CO2 and maintained at 37°C. Each tissue was loaded with

17" Macmillan Press Ltd, 1992
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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 LM in order to construct a cumulative histamine dose-
response curve. The degree of contraction elicited by 100 tM
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 E4 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 15 nM leukotriene (LT) E4, 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 LTE4 on histamine responsiveness. The concentra-
tions of LTE4 were selected as representing 10% and 30%
respectively of the contractile response seen with 100 FM
histamine. After incubation, the tissues were washed every
15min for 60min, 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
LTE4, 20-COOH LTE4 (Samhoun et al., 1989), was used in
place of LTE4.

Synthetic LTE4 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 E4-induced
hyperresponsiveness
LTE4-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 LTE4 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 jLM, substance P (0.1 nM to 10 pM) and to KCI
(1 mM to 60 mM). In the experiments using substance P,
phosphoramidon (1 jiM), a metallopeptidase inhibitor, was
added to all tissues.

In addition, the ability of LTE4 to influence tracheal re-
sponsiveness to a relaxant agonist was studied. After
pretreatment with LTE4, tracheal strips were contracted with
100 i1M histamine and dose-response curves to isoprenaline
were then constructed over the concentration range 0.1 nM to

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

Pharmacological modulation of the effect ofLTE,
pretreatment on histamine responsiveness

The ability of various inhibitors or antagonists to block the
effect of LTE4 pretreatment on histamine responsiveness was
investigated in separate experiments.

Indomethacin (5 JLM), atropine (1 tLM) or the TP-receptor
antagonist, GR32191 (3 pM) (Humphrey et al., 1990), were
added to the Krebs solution at the beginning of the experi-
ment for both the test (LTE4-treated) and the control (buffer-
treated) tissues. Neither atropine nor GR32191 caused any
change in the smooth muscle baseline tension.

Electricalfield 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 lO 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 gM) in order to antagonize the effect of released sympa-
thetic neurotransmitters. The contractions to EFS were
blocked by tetrodotoxin (1ILM), showing that the response
was of neural origin.
LTE4 (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 !LM), tissues were pretreated
with the thromboxane A2-mimetic, U46619 (11, 9a -epoxy-
methano-PGH2). 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 ([l-R-[lo(z), 2P,3p,56]]-(+)-7-[5-([l,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 (EC50) 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 (T.,). For the
analysis of data, Student's t test for paired data was used.
Values are given as mean ± s.d.

Results

Effect of epithelium removal on responsiveness to
histamine ofguinea-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 EC50 values for the intact and
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Figure 1 The effect of epithelium removal on tissue response to
histamine. Intact tissues (0) and epithelially-denuded tissues (A),
(mean with s.d. as vertical bars, n = 4).

denuded tissues were 3.2 ± 1.4 1AM and 0.9 ± 1.1 1AM, respec-
tively (mean ± s.d., n = 4). The threshold concentrations of
histamine eliciting contraction of intact and denuded tissues
were 100 nM and 10 nM, respectively. There was no

significant difference between intact and denuded tissues in
terms of the maximal response to 100 1AM 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 1001AM. 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
(EC50) on the first and second histamine curves in the same

tissues were 1.0 ± 0.8 1AM and 1.2 ± 0.9 1AM (n = 25), respec-

tively. Randomly selected, paired tissues, taken from the
same trachea, had EC50 values derived from the second hista-
mine dose-response curves of 0.9 ± 1.1 1AM and 1.0 ± 1.5 1AM

(n = 12), respectively.

The effect of leukotriene E4 pretreatment on histamine
responsiveness

LTE4 dose-response curves were constructed on epithelially-
intact guinea-pig tracheal strips over the concentration range
1 nM to 1 1AM. Concentrations of LTE4 eliciting 10%, 30%
and 50% contraction were 4 ± 2.1 nM, 15 ± 3.8 nM and
29 ± 7 nM (n = 4), respectively. Concentrations of LTE4 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 34.5 ± 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 LTE4. The histamine EC50 values of tissues treated with
either buffer or LTE4 (4 nM or 15 nM), for 15 min, were

0.6 ± 0.3 1AM, 0.3 ± 0.2 1AM and 0.5 ± 0.2 1AM (n = 5), respec-
tively (Figure 2). Thus there was no significant difference
between control and test tissues in terms of tissue sensitivity
(EC50) to histamine after incubation with LTE4.

There was a significant (P <0.01) 60% increase in the
maximal response to 100 1AM histamine of denuded tissues
treated with LTE4 (4 nM), for 15 min, when compared with
control tissues. These values were 197 ± 15% for the LTE4-
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 LTE4 (15 nM)
(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 (0), 4 nM
leukotriene E4 (LTE4, A) or 15 nM LTE4 (0), for 15 min.

Kinetics of leukotriene E4 incubation on the histamine
maximal response (Tmax)
There was no significant difference between buffer-treated
and LTE4 (4 nM)-treated tissues in terms of sensitivity (EC;O)
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 (Tma.) to histamine (100 gM)
after 10 min preincubation with 4 nM LTE4 (Figure 3). How-
ever, when tissues were pretreated with LTE4 (4 nM) for
15 min, there was a significant (P <0.01) increase of 60% in
Tma. When compared with controls, the corresponding in-
crease in Tmax after 20 min incubation was 35%, which was
also statistically significant (P <0.05) (Figure 3).

Effect of the 20-COOH LTE4-analogue on histamine
responsiveness
There was no significant difference between buffer- and 20-
COOH LTE4 (4nM and 4 AM)-treated tissues, in terms of
sensitivity to histamine (Figure 4), the EC50 values being
1.9 ± 0.6 gM, 1.7± 0.6 gM and 2.6 ± 1.7 gM (n = 4), respec-
tively.

After pretreatment of test tissues with either 4 nM or 4 g1M
20-COOH LTE4, for 15 min, the corresponding Tm¢a, 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 E4-induced
hyperresponsiveness
Carbachol The EC50 values for carbachol in control tissues
and tissues treated with either 4 nM or 15 nM LTE4 were
34 + 13 nM, 39 ± 17 nM and 39 ± 17 nM (n = 4), respectively.
Similarly, LTE4 pretreatment of tracheal strips was without
effect on the maximal response to carbachol (1O1M); the
maximal responses of control tissues and tissues treated with
LTE4 were 166 ± 61%, 141 ± 13% and 149 ± 13% (n = 4),
respectively, of the initial response to histamine (1001AM).

Potassium chloride The ECm values for KCI in control tis-
sues and in those tissues preincubated with either 4nM or
15 nM LTE4 were 20 ± 4 mM, 14 + 10 mM and 15 ± 10 mM
(n = 4), respectively. Additionally, preincubation of tracheal
strips with LTE4 did not affect the maximal response to KCI
(60 mM), the maximal responses of control tissues and tissues
treated with LTE4 being 87 ± 19%, 103 ± 17% and 105 ±
33% (n = 4) of the initial response to histamine (100 1M).
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Figure 3 Plot of the maximal response to 100I1m histamine versus
incubation time for tissues treated with either buffer (0) or 4nm
leukotriene E4 (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 (0), 4nm
20-COOH LTE4 (A) or 4 jm 20-COOH LTE4 (0), for 15 min.

Substance P The EC50 values for SP in 4nM- and 15nm
LTE4-treated tissues were 13± 6nm, 11 ±8nm (n =4),
respectively; these did not differ significantly from the EC5o of
15 ± 18nm (n = 4) in the controls. However, there was a
significant (P <0.05) increase of 40% in the Tm. value of
4 nm LTE4-treated tissues (169 ± 23%, n = 4) compared with
control tissues (I131 + 1I%, n = 4). Those tissues pretreated
with 15nm LTE4 did not differ significantly (I122+±11%,
n = 4) from control values in terms of the maximal response
to 10 AM SP.

Isoprenaline LTE4 pretreatment did not affect epithelially-
denuded tracheal smooth muscle responsiveness to iso-
prenaline. The concentrations of isoprenaline producing 50%
inhibition (ICl)of histamistineduced contraction of control
tissues and tissues pretreated with either 4 nm or 15 nm LTE4
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 LTE4 in terms of
the maximal response;TTe values for control and LTE4-
treated tissues were 93 12%, 94 6% and 91 10%
(n = 4), respectively. These results were corrected for decay
of contraction with time.

Phnrmac)fomonitrlmvdueationtf tho offtetmfaximktriepne
Ed on histamine responsiveness

The enhanced maximal response to histamine after pretreat-
ment with LTE4 (4nM) was inhibited by the presence of

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

Indomethacin Addition of indomethacin (5gM) 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 EC50 values
obtained in the absence or presence of indomethacin were
0.7 ± 0.3 ItM and 2.0 ± 0.9 gM (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 Tm., with values for buffer- and
indomethacin-treated tissues being 110 ± 14% and 104 ± 20%
(n = 4), respectively, of the initial response to histamine
(100 gLM)-
However, preincubation of tissues with indomethacin

(5 ItM) inhibited the increased maximal response to histamine
elicited by LTE4 (Figure 5). The histamine ECm for control
tissues and tissues treated with 4 nM and 15 nM LTE4 was
1.3 ± 0.5 LM, 1.0 ± 0.3 LM and 1.5 ± 0.7 gM (n = 4). The cor-
responding maximal contractile responses to 1000M hista-
mine were 106 ± 6%, 112 ± 14% and 111± 5% (n = 4),
respectively. There was no significant difference between
these values.

GR32191 In separate experiments, GR32191 (3 JM) was
shown to inhibit the TP-receptor-mediated contraction of
epithelially-denuded guinea-pig tracheal smooth muscle
induced by the thromboxane A2-mimetic, U46619 (results not
shown). Addition of GR32191 (3 tM) did not affect tissue
sensitivity to histamine; the histamine EC.. values for buffer
and GR32191-treated tissues were 0.52 ± 0.41M and 0.78 +
0.6 gLM (n = 4), respectively. However, incubation of tissues
with GR32191 (3 gAM) inhibited LTE4-induced increase in the
maximal response to 100 gIM histamine. Histamine EC50
values for control preparations and tissues treated with 4 nM
LTE4 were 0.47 ± 0.1 gIM and 0.27 ± 0.2 gM (n = 4), respec-
tively. The equivalent Tma. values, in the presence of
GR32191 (3gM), 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 LTE4
or buffer, and in the presence or absence of atropine (1 gIM).
The incubation time was 15 min (Figure 6). Histamine
curves, in the absence of atropine, were located with EC50
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Figure 5 A single representative experiment (from n = 4) showing
histamine dose-response curves constructed, in the presence of 5 IM
indomethacin, on guinea-pig epithelially-denuded tracheal smooth
muscle pretreated with buffer (0), 4 nm leukotriene E4 (LTE4, A) or
l5nM LTE4 (0), for 15min.
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Figure 6 A single representative experiment (from n =4) showing
histamine dose-response curves constructed, either in the absence
(0) or presence (0) of I plM atropine, on guinea-pig epithelially-
denuded tracheal smooth muscle pretreated with either buffer (0,O)
or 4 nM leukotriene E4 (A,A), for 15 min.

values of 9.8 ± 4.4 gM and 3.4 ± 3.3 IM (n =4) with and
without treatment with LTE4 (4 nM). The locations of these
curves were not significantly different. The Tmax 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 LTE4 (4 nM).

Addition of atropine (1 AM) to tissues did not affect their
sensitivity to histamine, with EC50 values for buffer and
atropine-treated tissues being 9.8 ± 4.4 LM and 6.1 ± 4.2 ItM
(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 gM), preincubation of tissues with LTE4 (4 nM)
for 15 min did not alter either sensitivity or maximal re-
sponses to histamine, when compared with control tissues;
the histamine EC50 for control tissues and tissues treated with
LTE4 (4 nM) were 6.1 ± 2.4 gM and 5.2 ± 3.1 LM (n = 4) and
the Tmax values for control and LTE4-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
electricalfield stimulation (EFS)
The capacity of LTE4 to influence guinea-pig tracheal re-
sponse to EFS was investigated. Pretreatment of tissues with
LTE4 (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 ± 3 Hz and 4 ± 2 Hz
(n = 4).

Since GR32191, the TP-receptor antagonist, had been
previously shown to block the increase in Tmax to histamine,
the effect of the thromboxane A2-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 (0) or
4 nM leukotriene E4 (0), 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 (0) or 4 nM U46619 (0), for 15 min and then subjected to
electrical field stimulation.

Discussion

Previous work has established that preincubation of guinea-
pig epithelially-intact tracheal smooth muscle with LTE4
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 LTE4 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 LTE4 that were used in

these studies were 4 nM and 15 nm. 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 LTE4-
induced contractions.
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LTE4 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 LTE4 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 LTE4 from 4 nM to 15 nM had
no effect on tracheal smooth muscle sensitivity to histamine
in epithelially-denuded tissues. Similarly, 20-COOH LTE4, a
structural analogue of LTE4, 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 4 nM or 15 nM LTE4 did not significantly affect
the maximal response to histamine, exposure of epithelially-
denuded tissues to LTE4 (4 nM) elicited significant increases
in the Tmn, 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 Tmax in the absence of epithelium
might be explained by the loss of an epithelium-derived
relaxant factor (EpDRF) (Flavahan et 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 LTE4 (15 nM) might possibly be explained
by the stimulated production of a suppressive factor (clearly
not EpDRF as the epithelium has been removed) or, alterna-

LTE4

Smooth muscle

TxA2

tively, the higher concentration may be interacting with
receptors distinct from those activated by the lower concen-
tration (4 nM). LTE4 (15 nM) was only investigated for a
15min incubation time, the optimal incubation time for
LTE4 (4nM) to elicit an increase in maximal response, and
further investigation with a variety of incubation times may
show that the higher LTE4 concentration is capable of
enhancing the maximal response to histamine.

Actions of LTE4 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, LTE4, 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, LTE4 did not influence
the maximal response of epithelially-denuded tissue to car-
bachol (1O MM). However, in the presence of a metalloendo-
peptidase inhibitor, pretreatment of epithelially-denuded
tissues with LTE4 (4nM), for 15min, significantly increased
the maximal response to SP (10Mm). However, raising the
concentration of LTE4 to 15 nm produced no increase in the
Tma, in the test tissues. The lack of effect of LTE4 treatment
on 'denuded' tissue responsiveness to KCl may be due to the
fact that contraction to KC1, 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 LTE4, remained un-
altered. This suggests that the effect of LTE4 pretreatment on
epithelially-denuded tissue is selective for contractile agents.
The cyclo-oxygenase inhibitor, indomethacin, blocked the

LTE4-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 LTE4 sensi-
tivity. This was not observed in our study. Hay et al. (1987)

Substance P
Histamine

'Prime'

Epithelium

t
Cholinergic
nerve terminal

ACh release

Increased maximal
response

Figure 8 A proposed mechanism for leukotriene E4 (LTE4)-induced increase in the maximal response of guinea-pig central airway
smooth muscle denuded of epithelium. It is suggested that LTE4 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 M3 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 LTE4, in the
presence of indomethacin, whereas in the present experi-
ments, only single concentrations of LTE4 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 LTE4.
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 LTE4. Thus, the LTE4-induced increase in Tma,, 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 LTE4,
for 15min. This suggests that the increased Tma, elicited by
LTE4 is via a cholinergic mechanism.
The contractile response of epithelially-denuded tissue to

electrical field stimulation (EFS) was increased by prior
exposure to LTE4. 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

to those seen in the previous EFS studies on epithelially-
intact tracheal smooth muscle (Jacques et al., 1991). This
suggests that epithelium removal is without effect on EFS in
the guinea-pig trachea and confirms previous findings (Barnes
et al., 1985; Holroyde, 1986).

In conclusion, LTE4 pretreatment of epithelially-denuded
tracheal muscle increased the maximal contractile responses
obtained with histamine and SP. This increase was blocked
by both atropine and indomethacin, suggesting the involve-
ment of both cholinergic and prostanoid mechanisms. A
possible explanation for these findings is shown in Figure 8.
LTE4 acts on the epithelially-denuded smooth muscle to
provoke release of a prostanoid, possibly TxA2 or PGF2.,
which then activates TP-receptors located on cholinergic
nerve terminals. Activation of these receptors partially
depolarizes or 'primes' the nerves without firing them. Low
affinity receptors for histamine and SP could similarly be
located on the nerve terminals and their activation might lead
to the release of acetylcholine, which then acts postjunc-
tionally to increase the maximal response (Figure 8).

In epithelially-intact tissues, the epithelium may release a
relaxant factor that counteracts the increased Tmax and as a
result an increased maximal response is not observed. The
inability of the LTE4 analogue, 20-COOH-LTE4, to increase
the maximal response indicates the necessity of structural
integrity of the LTE4 molecule in order to produce this effect.

This work was supported by Glaxo Group Research, Ware, Herts.
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Effects of nitric oxide synthesis inhibition on the goat coronary

circulation under basal conditions and after vasodilator
stimulation
J.L. Garcia, N. Fernaindez, A.L. Garcia-Villalon, L. Monge, B. Gomez &
1G. Dieguez

Departamento de Fisiologia, Facultad de Medicina, Universidad Autonoma, Arzobispo Morcillo 1, 28029 Madrid, Spain

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 NG-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 8-10mg kg' injected
i.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, 5 goats).
3 Acetylcholine (0.001-0.1 lg), 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
ischaemia of the myocardium.

Keywords: Endothelium; NG-nitro-L-arginine methyl ester (L-NAME); vasodilator tone; reactive hyperaemia; acetylcholine;
nitrovasodilators; supersensitivity

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 et 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, N0-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.

'." Macmillan Press Ltd, 1992
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Methods

Twelve female goats (32-49 kg) were anaesthetized with an

intramuscular injection of 10 mg kg-' 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:

P02 = 85-110 mmHg; Pco2 = 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 i.v. bolus of L-NAME (3-4 mg kg-' within
5 min), and 5 min after the haemodynamic variables had
reached a new steady state, animals received an additional
i.v. infusion of L-NAME (0.05-0.08 mg kg-' min-1 over

70-90 min). L-NAME was dissolved in isotonic saline
(5 mg ml'), and each animal received in total 8-Omg kg-'.
In five of these goats 200-300mgkg-' 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 (50mgml-'),
was administered over 10-20min; (2) the effects of acetyl-
choline (0.001, 0.003, 0.01, 0.03 and 0.1 fig), 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 ml min'.
Drugs used were: NG-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 t test for paired data.

Results

Effects of NG-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 (3-4mg kg-' within 5 min) 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 (0.05-0.08mgkg-1 over 70-90min);
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 1 h 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 5-10 min 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 pg), 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 I h (7 goats) after i.v. administration of
N0-nitro-L-arginine methyl ester (L-NAME) and after i.v. administration of L-arginine following
L-NAME (5 goats)

L-NAME
Control 3-4mgkg-' 8-l0mgkg-'

CBF
(ml minm-)
CVR
(mmHg ml-' min -')
MAP (mmHg)

HR (beats min-')

L-Arginine
1 h later (200-300 mg kg-')

39± 3.1 31 ±2.5* 28± 1.5* 27± 1.8*

2.3 ± 0.2 3.4 ± 0.2* 3.8 ± 0.21

84 ± 3.4 103 ± 4.9* 109 ± 3.71

84±4.7 87±4.9 90±6.2

'*,t 3.9 ± 0.3*

36 ± 2.2#

2.2±0.2#
* 105 ± 3.2* 80 ± 7.4#

88 ± 5.7 80 ± 10.8

*P<0.001 compared with the control; tP<0.05 compared with 3-4mg kg-' of L-NAME;
#P<0.01 compared with L-NAME alone.

0-0c) C') '-CY) c0)996C 6;6600

Sodium
nitroprusside

(mg)

Diazoxide (mg)

Figure 1 Effects of intracoronary injections of acetylcholine, sodium
nitroprusside and diazoxide on coronary blood flow obtained in 6
goats in the absence (0) and in the presence (0) of N0-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 ± s.e.mean): 0 ± 0
vs. 9 ± 2 (0.03 mg), 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 20 s. 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).
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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 (0) and in the presence (0) of N0-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-lO 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 N0-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; Luischer 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

soluble guanylate cyclase (Gardiner et al., 1991; Moncada et
al., 1991) and this phenomenon might also occur in the
coronary circulation as suggested from our study. Supersen-
sitivity to exogenous nitric oxide also seems to develop in the
systemic circulation of the goat as indicated by the increased
hypotensive effects to sodium nitroprusside during treatment
with L-NAME.

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 et al., 1988;
Ueeda et al., 1990; Chu et al., 1991). Using guinea-pig heart
Langendorff preparations, it was observed that N6-nitro-L-
arginine (an inhibitor of nitric oxide synthesis) reduces cor-
onary blood flow by 40%, but did not affect the peak
hyperaemic response, although the duration of reactive
hyperaemia to 30 s coronary occlusion was shortened (Ueeda
et al., 1990). In dogs, endothelium denudation (Hayashi et
al., 1988) or treatment with L-NMMA (Chu et al., 1991) did
not affect peak reactive hyperaemic flow, but reduced the
flow-mediated vasodilatation after ischaemia following 20s
coronary occlusion. Our observations show that in the
presence of L-NAME the hyperaemic responses (peak
hyperaemic flow to control flow ratio, and repayment-to-debt
ratio) to 5, 10, and 20 s of coronary occlusion were increased
compared to those found before administration of L-NAME.
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).
The possibility that coronary vasodilator reserve to transient
ischaemias is augmented by an increased vascular tone dur-
ing treatment with L-NAME may be excluded since an in-
creased vasodilator reserve was not observed to diazoxide in
those conditions. Thus, inhibition of basal nitric oxide prod-
uction with L-NAME augments the hyperaemic responses
after short ischaemias in the coronary circulation as seen
with the vasodilator responses to sodium nitroprusside. This
issue raises several questions that may deserve to be inves-
tigated, for example (1) is the increased hyperaemic response
of the same nature as supersensitivity to nitrovasodilators,
and (2) are the coronary vessels supersensitive to factors
released from the myocardium and/or the endothelium dur-
ing ischaemia when endothelial nitric oxide production is
reduced?

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 oi- and x2-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 lNY 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 tim) 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 EM) was highly variable but unrelated to vessel calibre. Contractile responses to both
continuous and intermittent stimulation were abolished by 1 pLM tetrodotoxin.
2 Prazosin (100 nM and 1 pLM, ax-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 TuM prazosin. Rauwolscine (100 nM, X2-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 pLM) 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 SiM.
3 Prazosin and rauwolscine inhibited responses to intermittent stimulation in a concentration-
dependent manner. The IC50 for this action of prazosin was 3.7 ± 1.6 nM and the maximum inhibition
induced by 100 nM prazosin was 78 ± 6%. The IC_0 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 a,- and M2-adrenoceptors postjunctionally.

Keywords: Prazosin-pharmacology; peripheral-nerves-drug-effects; peripheral-vascular; rauwolscine; a-adrenoceptors;
resistance-vessel

Introduction

Studies using exogenously applied agonists and antagonists
have demonstrated functional postjunctional al- and a2-
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 X2-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 a2-adrenoceptors to

neurally evoked responses is not yet clarified. It was
originally proposed that the x2-adrenoceptors would only be
activated by circulating catecholamines and not by neuronally
released noradrenaline; i.e. an extra-synaptic location of the
x2-adrenoceptor (Timmermans & Van Zwieten, 1982; Jie et
al., 1987). Studies using terminal arterioles of the rat
cremaster muscle, however, have suggested that the x-adeno-
ceptor being stimulated postjunctionally by neurally-released
noradrenaline is mainly of the M2-subtype (Ohyanagi et al.,
1991) and results from investigations on human isolated
digital arteries indicate that both a,- and M2-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 al- and
M2-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 X2-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 5 s 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 m internal diameter) were
dissected out from each biopsy and mounted as ring
segments (approximately 2 mm long) in a microvascular
isometric myograph by threading the vessels onto two 40 gm
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 L100, where
L100 is the circumference they would maintain when relaxed
and exposed to a transmural pressure of 100 mmHg (Mulvany
& Halpern, 1977). At 0.9 L100, the contraction produced is
close to maximal (Mulvany & Warshaw, 1979), and internal
diameters of the arteries were calculated as 100= LIoo/i. After
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normalisation, the arteries were initially exposed three times
to 10 gM 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.

Electricalfield stimulation

The mounting supports contained two 200 Elm 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 Elm 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
I h interval between the two FRCs, the vessels were challenged
three times, once every 15 min with 1O LM 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 (ml-adrenoceptor antagonist),
(b) in the presence of rauwolscine alone (a2-adrenoceptor
antagonist), (c) in the presence of the two antagonists in
combination, (d) in the presence of tetrodotoxin (1 gM), or
(e) in the absence of any drugs (i.e. time-control curves).
When antagonists were used, the arteries were preincubated
for 15 min 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 O min preincubation with
1 jM 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 1 h 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 5 s every 2 min for 50 min. Stable responses were
obtained within O min and, unless time-control experiments
were performed, three cumulative concentrations of either an
M2-adrenoceptor agonist (rauwolscine or yohimbine) or an
ax-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, IC50 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 t 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, CaCI2.2H20 2.5, MgSO4.7H20
1.17, NaHCO3 25, KH2PO4 1.18, Na2EDTA 0.026 and glu-
cose 5.5, bubbled with 95% 02 and 5% C02. Noradrenaline
bitartrate, prazosin HCI, and tetrodotoxin were obtained
from Sigma Chemical Co. (U.S.A.). Doxazosin-HCl was a
gift from Pfizer, U.K. Rauwolscine HCl 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 fAM 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 lb).

In the absence of any drugs, the maximum response of the

Continuous nerve
a 10 FLM NA stimulation (Hz)

|2 1 2 4 6 8
V V V vv V

E
E

E
2 min WashoutA wasnout
b

150 r

u)
cloo

O1000.CLcn
a)

Z 50

0-

0

00

* es*e 0
a- A14 00 a

0.

0@

0

@0

150 200 250
Internal diameter (,urm)

0

0
0

300

Figure 1 The upper panel (a) shows the response to exogenously
applied noradrenaline (NA, 10 laM) 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 IM) plotted against nor-
malised internal diameter (1100, 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 pM 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 liM) 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 fiM)
and prazosin (1 jAM) 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 5). The IC50 values
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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 (0, 6 vessels), (b) 1 JM prazosin alone (U, 10
vessels), (c) 100 nM prazosin and 100 nM rauwolscine in combination
(O, 10 vessels), (d) 100 nm rauwolscine alone (0, 8 vessels), (e) I JAM
rauwolscine alone (@, 12 vessels), and (f) I .LM prazosin and 1 JM
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 2 (a) Two consecutive frequency response curves (FRCs) in
response to continuous field stimulation and in the absence of drugs
(12 vessels), (0) first FRC; (0) 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 pM) on

the second FRC (U, 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.

2 min

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 ± 1.5 nm 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, (IC50= 12+ 1 nM,
11 vessels) and doxazosin (IC50 = 5 ± 2 nM, 9 vessels) as
selective M2- and a,-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 nrm,
(b) 10 nm, and (c) 100 nM. All responses are expressed relative to the
responses obtained in the 10min 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 lb) could be due to
differences in innervation density of the vessels. This varia-
tion was apparently not dependent on vessel calibre (Figure
lb) 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
a,- and a2-adrenoceptors. This conclusion depends, however,
on the selectivities of prazosin and rauwolscine for
a-adrenoceptor subtypes in this tissue. Prazosin has a much
higher affinity for a,- than for M2-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
a,-adrenoceptor agonist, phenylephrine, are antagonized
competitively by prazosin (Nielsen et al., 1990) and that
responses to the selective M2-adrenoceptor agonist B-HT 933
(Timmermans & Van Zwieten, 1980) are unaffected by 1 Mm

prazosin. These findings indicate that prazosin at concentra-
tions up to 1 pM is selective for al-adrenoceptors in human
subcutaneous resistance arteries. Rauwolscine is generally
accepted to be a selective antagonist for 02-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 (pA2 7.6, Nielsen unpublished data). We
have no data regarding the al-antagonist properties of
rauwolscine in human resistance arteries, but in other species
these are generally seen at concentrations above or around
1 pM (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 a2-adreno-
ceptors, respectively. However, although the higher concen-
tration of prazosin used in these studies can also probably
be regarded as selectively antagonizing a,-adrenoceptor-
mediated responses, 1 MM 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 a2-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 MM)
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 a2-adrenoceptor-mediated responses completely,
we would suggest that the more profound effect of 1 pM
rauwolscine may represent al-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 a,- and
M2-adrenoceptors, respectively. These findings appear to
indicate that the response to intermittent stimulation involves
postjunctional a2-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
a2-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 a2-adrenoceptors.
Clearly further work is needed in this context, possibly using
uptake-i blockers, such as cocaine to increase extrajunctional
'spillover', antagonists selective for pre- vs. postjunctional
adrenoceptors, or future highly selective M2-adrenoceptor
antagonists.

It is not possible to estimate the relative contributions of
these receptors to neurally evoked responses accurately, since
concurrent blockade of presynaptic a2-adrenoceptors by
rauwolscine may enhance neuronal release of noradrenaline.
This action will, if anything, lead to an underestimation of
the contribution by postjunctional a2-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 at,- and a2-adrenoceptors to neurally evoked responses
in human subcutaneous resistance arteries cannot be deduced
from our data, the substantial inhibition by both x-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 a,- and
M2-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 al-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 M2-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 x2-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 a2-
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

intermittent perivascular nerve stimulation (Sundlof & Wal-
lin, 1978). Although our study has addressed noradrenergic
neurotransmission, the near total abolition of the responses
to perivascular field stimulation by z-adrenoceptor antagonists
does not support a substantial role for purines in mediating
contractile responses of subcutaneous resistance arteries. On
the other hand, our data on the effect of prazosin and
rauwolscine in combination do not totally exclude a modest
non-a-adrenoceptor-mediated contractile response of human
resistance arteries to nerve stimulation.

In conclusion, the data from this study strongly suggest
that neurally evoked responses of human isolated sub-
cutaneous resistance arteries are mediated postjunctionally
not only by a,- but also by M2-adrenoceptors. Arteries of the
size examined in this study contribute substantially to
precapillary resistance (Mulvany & Aalkjaer, 1990). The
postjunctional x2-adrenoceptor may consequently be an
important target for sympatholytic therapy in the manage-
ment of essential hypertension, particularly in view of recent
observations suggesting that postjunctional M2-adrenoceptors
can be differentiated pharmacologically from those located
prejunctionally (Ruffolo et al., 1987; Akers et al., 1991).
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Phenytoin potentiates interleukin-l -induced prostaglandin
biosynthesis in human gingival fibroblasts
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1 The effect of phenytoin (PHT) on prostaglandin E2 (PGE2) biosynthesis in human gingival fibroblasts
stimulated by interleukin-l (IL-la, IL-11) or by tumour necrosis factor a (TNFa) was studied.
2 IL-la (1.5-6.0 ng ml-') and IL-1p (30-300 pg ml-'), dose-dependently, stimulated PGE2 formation,
in 24 h cultures, with IL-P being the most potent agonist.
3 PHT (2.5-20 fg ml-') did not induce PGE2 formation itself but potentiated IL-la- and IL-1p-
induced PGE2 formation in the gingival fibroblasts in a manner dependent on the concentrations of both
IL-l and PHT.
4 IL-1IP (0.1-1.0 ng ml-') induced release of [3H]-arachidonic acid ([3H]-AA) from prelabelled fibrob-
lasts that was potentiated by PHT (20 ftg ml-').
5 TNF-cc (> 0.01 flg ml-') significantly stimulated the biosynthesis of PGE2 by a process that was

potentiated by PHT.
6 Addition of exogenous arachidonic acid (AA) (> 1 tM) caused an increase of PGE2 formation in the
fibroblasts that was not potentiated by PHT (20 jig ml-').
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
A2 activity.

Keywords: Interleukin-1; tumour necrosis factor; phenytoin; gingival fibroblasts; prostaglandin E2

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; Dahll6f 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 (Dahll6f & Hjerpe, 1987). However, the mechan-
ism(s) by which PHT treatment results in gingival over-
growth is still unclear.

Interleukin-lt (IL-lo) and IL-1p are closely related plei-
tropic cytokines produced in inflammatory lesions, mainly by
macrophages (Dinarello, 1988). IL-lo and IL-lp have been
found to stimulate bone resorption as well as prostaglandin
E2 (PGE2) 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 & Modeer, 1991). IL-1g3 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 PGE2 and PGI2 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 (Modeer 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 25 cm2 Falcon tissue culture flasks containing
5 ml of Eagle's basal medium (BME) medium. The fibro-
blasts were obtained by trypsinisation of the primary out-
growth of cells as previously described (Modeer et al., 1982).
The cells were grown in BME medium supplemented with
sodium-glutamine (4 mmol 1'), foetal calf serum (5%),
penicillin (100 iu ml-') and streptomycin (100 pg ml '). The
fibroblasts were incubated at 37°C in a humidified incubator
gassed with 5% CO2 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 104 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;p) 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 PGE2 bio-

'." Macmillan Press Ltd, 1992
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synthesis was tested. In these experiments, the medium was
withdrawn for analysis of PGE2 after 24 h.
The amounts of PGE2 in the media were determined by

radioimmunoassays with a commercially available kit with
['251I]-PGE2 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 [3H]-arachidonic acid release

Fibroblasts (2 x 104 cells) were seeded in Linbro multiwell
dishes (24-well plate) in medium containing 5% foetal calf
serum and grown for 24 h at 370C. Then the cell layers were
rinsed once with serum-free medium and incubated in 0.5 ml
serum-free medium per well containing 1 jpCi ml- i [3H]-
arachidonic acid ([3HI-AA). After 24 h, the medium was
withdrawn and the cells washed three times with serum-free
medium (37QC). Subsequently, 0.5 ml HEPES-buffered (20
mmol 1') media, with different concentrations of IL-1p in
the presence or absence of PHT, was added and the cells
were further incubated for 24 h at 37TC. Samples of the
media were withdrawn and analysed for 3H in a scintillation
counter. The 3H-activity found in the supernatant represents
free [3H]-AA as well as 3H-labelled metabolites.

Statistics

Student's t 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-lx and P (specific activity
1.0 x 107umg 1) from Boehringer, Mannheim, Germany;
recombinant human tumour necrosis factor a (specific activ-
ity 2 x 107 u mg-1) from Genzyme, Boston, U.S.A.; PGE2
radioimmunoassay kit and [3H]-arachidonic acid (specific
activity 79.9 Ci mmol-') from Du Pont/New England Nuclear
Chemicals, Germany.

Results

IL-1p, in 24h cultures, dose-dependently stimulated PGE2
formation in human gingival fibroblasts (Figure 1). Treat-
ment of the cells with PHT (20 pg ml1') did not affect PGE2
formation. When PHT (20 gLg ml-') was added simultane-
ously with IL-1p, the stimulatory effect of IL-1,B on PGE2
formation was potentiated (P<0.07) (Figure 1). The syner-
gistic interaction between PHT and IL-1p (300pgml-') on
PGE2 formation in gingival fibroblasts was dependent on the
concentration of the anticonvulsant drug (2.5- 20#igml-')
(Figure 2). IL-la (> 1.5 ng ml-'), in 24 h cultures, dose-
dependently stimulated PGE2 formation but was considerably
less potent than IL-1P (Figure 3). When the fibroblasts were
treated with IL-la (1.5-6.0ngml-') together with PHT (20
jig ml-'), the stimulatory effect of IL-la on PGE2 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 (a, P)-
induced PGE2 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-1P on PGE2 formation in fibroblasts was
therefore tested at different cell densities (7.5-30 x 103 cells
cm-2). At all cell densities tested, PHT potentiated IL-lP
induced PGE2 formation in the gingival fibroblasts (data not
shown).
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Figure 1 Effect of IL-lU (24 h) at different concentrations, in the
absence (open columns) or presence of phenytoin (20 jig ml-')
(hatched columns) on prostaglandin E2 formation in human gingival
fibroblasts (N-21). Cell density was 1.3 x 104 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 E2 formation in gingival fibroblasts (N-21), in the
absence (open columns) or presence of (interleukin-1,) (IL-1p, 300 pg
ml-') (hatched columns). Cell density was 1.2 x I04 cells cm2. Mean
value of triplicates with s.d. shown by vertical bars.

In another series of experiments, the fibroblasts (N-2 1)
were treated with TNFa (0.01-0.1 jIg ml-') for 24 h, in the
presence or absence of PHT (20 jLg ml-'). The TNFa-induced
PGE2 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-lP to stimulate PGE2 formation in human gingival fibro-
blasts may, at least partially, be due to an enhanced release
of arachidonic acid (Lerner & Modeer, 1991). We therefore
studied whether PHT may potentiate IL-lp-induced release
of [3H]-AA from prelabelled fibroblasts. The cytokine IL-1P
( 0.1 ng ml-'), in agreement with previous findings (Modeer
et al., 1992) caused a dose-dependent, significant (P<0.05)
increase in the release of [3H]-AA (Figure 5). When PHT
(20 ttg ml-') was added simultaneously with IL-1P (> 0.3 ng
ml-') the anticonvulsant drug potentiated (P<0.05) the IL-
IlP-induced release of [3H]-AA (Figure 5). When PHT was
added in the absence of IL-1p, the drug itself did not increase
the release of [3H]-AA from the prelabelled fibroblasts.
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Figure 3 Effect of interleukin-la (IL-la; 24 h) at different concen-
trations, in the absence (open columns) or presence of phenytoin
(20plgml-') (hatched columns), on prostaglandin E2 formation in
human gingival fibroblasts (N-21). Cell density was 1.3 x 104 cells
cm- . Mean value of triplicates with s.d. shown by vertical bars.
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Figure 4 Effect of tumour necrosis factor a (TNFa; 24 h) at differ-
ent concentrations, in the absence (open columns) or presence of
phenytoin (20 jig ml-') (hatched columns), on prostglandin E2 for-
mation in human gingival fibroblasts (N-21). Cell density was 1.3 x
104 cells cm-2. Mean value of triplicates with s.d. shown by vertical
bars.

vitro. The PHT-induced upregulation of PGE2 formation was
seen in cells challenged not only with IL-la and IL-1P but
also with TNFa indicating that the level of upregulation of
prostaglandin biosynthesis is not related to receptor number
or receptor affinity of IL-l 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 PGE2 and PGI2 in vitro as compared to the
amounts produced by fibroblasts isolated before the treat-
ment with the anticonvulsant drug (Modeer 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 PGE2 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-1p (IL-1p; 24 h) at different concentra-
tions, in the absence (open columns) or presence of phenytoin (20 fig
ml-) (hatched columns), on the release of [3H]-arachidonic acid
([3H]-AA) and 3H-labelled metabolites from gingival fibroblasts (N-
21) prelabelled with [3H]-AA (I pCi ml- '). Cell density was 1.2 x IO'
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 PGE2 in gingival fibroblasts in
the presence or absence of PHT. In the absence of PHT,
exogenous AA (>1.0 tM) caused a dose-dependent increase
in PGE2 formation (Figure 6). Addition of AA in the
presence of PHT (20gtgml-') did not result in an increased
PGE2 formation in 24 h cultures of fibroblasts compared to
the cultures not treated with PHT (Figure 6).

Discussion

In agreement with previous observations (Lerner & Modeer,
1991; Modeer et al., 1992) we have found that IL-la and
IL-1IP, in 24 h cultures, dose-dependently stimulate PGE2 for-
mation in human gingival fibroblasts, with IL-l, 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-lp-
induced PGE2 biosynthesis in human gingival fibroblasts in
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Figure 6 Effect of different concentrations of exogenous unlabelled
arachidonic acid added to the cells (24 h) in the absence (open
columns) or presence of phenytoin (20 #g ml-') (hatched column),
on the prostglandin E2 formation in human gingival fibroblasts
(N-28). Cell density was 1.0 x 104 cells cm-2. Mean value of triplic-
ates with s.d. shown by vertical bars.
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due to an increased phospholipase A2 (PLA2) activity, result-
ing in increased release of arachidonic acid. This assumption
is based on the findings that IL-i-induced significantly higher
release of [H]-AA in the presence of PHT. The enhancement
of PLA2 activity also seems to occur as a consequence of
PHT medication since we earlier demonstrated that the
release of [3H]-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 (Modeer et al., 1992). The enzyme PLA2 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 (Modeer
et al., 1991).

Addition of exogenous AA to the gingival fibroblasts
results in enhanced PGE2 formation. When the cells were
treated with exogenous AA and PHT simultaneously, the
PHT-treated cells did not produce larger amounts of PGE2
than the fibroblasts in the absence of PHT. This finding
indicates that the upregulation of the IL-I-induced PGE2
formation seen in the presence of PHT is not due to
upregulation of cyclo-oxygenase activity but to enhancement
of PLA2 activity.
However, we found earlier that an enhanced level of cyclo-

oxygenase activity also contributes to the upregulation of
PGE2 formation, found in fibroblasts isolated during PHT
medication (Modeer 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-I induced release of

[3H]-AA in the fibroblasts is less than would be expected
compared to the large degree of PHT-induced enhancement
of IL-i-stimulated PGE2 biosynthesis. This discrepancy may
indicate that PHT also affects the metabolism of other meta-
bolites of arachidonic acid (thus favouring PGE2 biosyn-
thesis) or that the drug may inhibit the degradation of PGE2.
Another possibility could be that PHT affects the reacylation
of arachidonic acid. The fact that PHT did not potentiate
TNFz-induced PGE2 formation as much as IL-i-induced

PGE2 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
PGE2 biosynthesis indicates that PHT specifically potentiates
the mechanism of action for IL-l-induced PGE2 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-PGFI., 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 PGE2 (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 et al., 1986).

It has been reported that the cyclo-oxygenase inhibitor,
acetylsalicylic acid, reduces the incidence of foetal cleft palate
in CD-l mice treated with PHT (Wells et al., 1989). In
animals treated with both PHT and 12-0-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 PLA2
activity.

This study was supported by grants from the Swedish Medical
Research Council (Projects No. 7211 and 7525), the Swedish
Association Against Rheumatic Diseases, the Royal 80 Year Fund of
King Gustav V and A-L Craaford Foundation.
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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), 5-hydroxytryptamine (1 to 100 jtmol/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 (3-4 h) 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 (300prg/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 4 h. 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 et 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 (Ohlen et al., 1989), rabbit tenuissimus muscle
(Ohlen 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.,

^ +^r 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 5-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 ofpaw oedema

The subplantar surface of one hind paw of mice was injected
with 501al NaCl solutions containing one of the following
substances bradykinin (1-100 nmol/paw), 5-HT (1-100 pmol/
paw), histamine (1-100 timol/paw), PAF (0.9-3.8 nmol/paw),
and zymosan (500 pg/paw) or carrageenin (300 fg/paw). The

'." Macmillan Press Ltd, 1992
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contralateral paw received the same volume of saline (50 p1)
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 (p1l) 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 p1) to serve as controls.

Induction ofpleurisy

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 ji) 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 1 ml
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 (jtg) recovered per cavity.

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
Id). To ensure that these findings were reproducible, the
effects of ET-l 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 ± 5.0 jil to 42.6 ± 7.8 jil (23.4% of inhibition;
P<0.05) and 22.5 ± 6.2 jil (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-l caused significant interval-depen-
dent attenuation of oedema. However, no detectable anti-
inflammatory effect was seen in mice given ET-1 4 h or 8 h
before PAF.

Paw oedema induced by zymosan and carrageenin

Zymosan (500 jig/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 4 h
after the stimulus was markedly inhibited in ET-l-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 gig/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).

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 t test for
unpaired samples (Snedecor, 1953) with P . 0.05 considered
significant.
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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

Figure 1 Paw oedema produced in mice by subplantar injection of
histamine (a), 5-hydroxytryptamine (b), bradykinin (c) or PAF (d),
either alone (0) or mixed with 0.5 pmol/paw of endothelin-1 (0).
Only peak oedematogenic responses are shown, which occurred
either I h (a, b and c) 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 t test).
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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 5 min 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-I (O min) is also shown. Oedema is expressed as the difference
between ET-l-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 t test).
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Figure 4 Pleural exudation stimulated by intrathoracic injection of
PAF (1.9 nmol/paw) either alone (0) or together with (0.5 pmol/
cavity) endothelin-l (-) in mice. The volume of exudate was quanti-
fied either as pI of pleural wash (a) or by total Evans blue leakage
(pig/cavity) into the pleura (b). The basal values found in control
mice treated only with saline are also shown (0). 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 t test).

O0 rat skin (Chander el al., 1988; 1990). It is also in contrast to
0 1 2 3 the report of Brain et al. (1989) showing that, in rabbit skin,

Time (h) ET-1 suppressed plasma exudation induced by CGRP in
Figure 3 Paw oedema induced in mice by subplantar injection of combination with BK or FMLP. Thus, the selectivity of the
zymosan (500 pg/paw) either alone (0) or together with (0.5 pmol/ anti-inflammatory actions of ET-1 appears to exhibit con-
cavity) endothelin-l (@). Oedema is expressed as the difference siderable species variation.
between volumes of drug-injected and saline-injected paws. Each The mechanism(s) involved in the attenuation by ET-1 of
value represents the mean of 7 mice and vertical lines indicate the PAF-induced mouse paw oedema is as yet unclear. However,
s.e.means. *P< 0.05 when compared to corresponding value obtain- it is possible to rule out that such an effect was mediated
ed with zymosan alone (Student's t test). solely by microvascular vasoconstriction, as this should have

also affected oedema caused by the other inflammatory
mediators. Moreover, the substantial evidence accumulated

Pleural exudation induced by PAF from functional, binding and autoradiographic studies, show-
ing that ET-1 interacts with specific ET-receptors or binding

Intrathoracic injection of PAF (1.9 nmol/cavity) caused a sites in many tissues (Yanagisawa et al., 1988; Gu et al.,
pronounced increase in pleural exudate volume and in Evans 1989; Davenport et al., 1989) argues against a possible block-
blue pleural accumulation. This response remained relatively ade of PAF receptors by the peptide.
constant between 15 and 60 min after PAF administration Because PAF has been proposed as an important mediator
and decreased thereafter (Figure 4). Mice receiving combined of inflammation induced by zymosan in the rat (Martins et
treatment with PAF plus ET-1 (0.5 pmol/cavity) exhibited al., 1989) we also tested whether ET-1 could affect paw
significantly less pleural exudation and Evans blue accumula- oedema triggered by this agent in the mouse. Though the
tion at 15, 30 and 60 min than animals injected only with peptide did not modify the early stages of the oedematogenic
PAF (PS 0.05, Figure 4). 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

Discussion oedema detected in the time course experiments, and its
sustained pressor action in rats (Yanagisawa et al., 1988).

The main finding of this study was that, in the mouse, ET-1 In contrast, ET-1 failed to affect both the early and late
caused a prolonged dose-dependent and reproducible inhibi- components of oedema caused by carrageenin. This was a
tion of paw oedema induced by PAF, without affecting that rather unexpected finding, as paw oedema induced by this
induced by 5-HT, BK or histamine. This selective anti- agent in mice has been shown to be sensitive to blockade by
inflammatory action of ET-1 contrasts markedly with the WEB 2170, a selective PAF receptor antagonist (Henriques et
reported nonselective inhibition by the peptide of vascular al., 1990). Carrageenin-induced paw oedema in the rat, which
leakage induced by all four inflammatory mediators in the 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

results indicate that the inhibitory effect of ET-l against
PAF-induced effects is not restricted to the paw oedema
model of inflammation.
The results of the current study demonstrate that, in addi-

tion to its previously reported profound effects on vasomotor
tone, ET-1 can modulate selectively microvascular leakage
triggered by PAF in the mouse. The mechanism(s) involved
in this selective anti-inflammatory effect of ET-1 is possibly
unrelated to its vasoconstrictor action, but remains to be full
characterized.

The present study was supported by FINEP, FAPERJ and CNPq
(Brazil).
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3-Adrenoceptor agonist stimulation of acid secretion by rat
stomach in vitro is mediated by 'atypical' ,B-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 P-adrenoceptor agonists stimulated acid secretion by rat stomach in vitro.
The receptors could not be classed as either the ,B,- or P2-subtype. This study examines the effect of 2
'atypical' P-agonists on acid secretion.
2 Basal and isoprenaline-stimulated acid secretion were compared in tissues bathed either in HEPES/
02- or HCOT/CO2-buffer. Basal secretion was underestimated in HCOT 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 5861 1A stimulated acid in a concentration-related way (0.1-5 !M). Maximum response at 1 JM

was equal to the response to a maximal concentration of isoprenaline. BRL 37344 (1 LM) also stimulated
to the same extent.
4 Responses to isoprenaline (5 gM) and SR 5861 1A (1 !LM) were reduced by propranolol (1O rM) but
not by alprenolol (10 tM) or by practolol (12.5IM) plus ICI 118551 (1 tM).
5 Exposure to SR 5861 1A (1 AM) led to desensitization to isoprenaline but not to bethanechol (1 1M)
or histamine (50 gM).
6 We conclude that a HEPES/02-buffer is advantageous when measuring gastric acid secretion in vitro
and the stimulatory effect of P-adrenoceptor agonists is mediated by 'atypical' receptors.

Keywords: Gastric acid secretion; 'atypical' P-adrenoceptors; stomach in vitro; 'atypical' P-agonists; SR 5861 IA; BRL 37344;
propranolol; alprenolol; SCH 28080

Introduction

Isoprenaline stimulates acid secretion in the rat stomach in
vitro by an action at P-adrenoceptors. These responses were
antagonized by non-selective but not by selective P-
antagonists (Canfield & Price, 1981) suggesting that the
receptors could not be designated as belonging to either the
Pj- or 132-subtypes. A similar lack of effect of selective
P-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 5861 1A
(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): NaCI 136, KCI 5, MgSO4 1.2, CaCl2 2.4 and glucose
11.7, gassed with 100% 02. The tube was suspended in a
bath containing 30ml of a similar solution in which either
26mM NaHCO3 or 10mM HEPES replaced an equivalent
amount of NaCl and maintained at 36C. The HCO3-con-
taining saline was gassed with 95% 02/5% CO2 and the
HEPES with 100% 02; 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%
02/5% C02. 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 5 ml 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 5 ml HCO titrant).

Expression of results

Acid secretion is expressed either as p.mol cm 2 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 ± s.e.mean with n 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-

0 Macmillan Press Ltd, 1992
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pylaminobutan-2-ol; ICI Pharmaceuticals, Cheshire), BRL
37344 (sodium4[2[2-hydroxy-2(3-chlorphenyl)ethylamino] pro-
pyl]phenoxyacetate; SmithKline Beecham, Great Burgh),
SR 5861 1A (N-[(2R)-7-hydroxy-1,2,3,4-tetrahydronapth-2-yl]-
(2R)-2-hydroxy-2-(3-chlorphenyl) ethanol hydrochloride;
Sanofi Recherche, Milan, Italy), SCH28080 (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 HCOT/CO2. 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/02 buffered serosal saline in the
present study. It was therefore necessary to compare the
preparation in this buffer with previous work in HCOjyCO2.
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 6 h 1.9 ± 0.13 gmol cm 2 h-' (n = 6). Addition of the
proton pump inhibitor SCH 28080 (50 gM) at the peak of
response to isoprenaline (5 JM; 3.75 ± 0.25 jimol cm'2 h-')
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 HCOj-buffered serosal saline
shown in Figure 1 described below. We made the following
predictions for the HEPES-buffered tissue compared with
HCOj-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 HCO- 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 HCOT (1.98 ± 0.23
and 0.76 ± 0.07 jimol cm-2 h-', n = 6). Response to iso-
prenaline (5 fiM) in HEPES was not different from HCO3

(1.21 ± 0.15 and 1.57 ± 0.16 pmol cm-' h-1) 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 jimol cm' h-') was not different from the rate
of alkalinisation measured in the presence of SCH 28080
(1. 12 ± 0.12 jmol cm-2 h- l). 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/O2-buffered saline.

Effect of SR 58611A

Each stomach was first exposed to isoprenaline (5 iM) for
60 min; this was washed out and when acid had returned to a
steady rate (usually 60 min), SR 5861 lA was added at one of
the selected concentrations (0.1-55 M). When the peak re-
sponse had been obtained (60-75 min) SR 5861 1A was
washed out and isoprenaline (5 sM) was added again. The
concentration-response data for SR 5861 lA is shown in
Figure 3. The maximum response was at 1 AM 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 pLM) (Isop) in rat stomach bathed with HEPES/02 buffered serosal
saline in vitro. Values are mean with s.e.mean shown by vertical bars,
n = 6.
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Figure 1 Effect of changing from a HEPES/02- to a HCOQ/CO2-
buffered (both pH 7.4) serosal saline on basal and isoprenaline
(Isop)-stimulated (5 pM) acid secretion by rat stomach in vitro.
Subsequent addition of the proton pump inhibitor SCH 28080
(50 pIM) 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.

Figure 3 Concentration-response curve for the stimulatory effect of
the 'atypical' P-adrenoceptor agonist, SR 5861 1A, on acid secretion
by rat stomach in vitro bathed in HEPES/02 buffered serosal saline.
Data shown as secretory ratio (plateau response to drug/preceding
basal secretion). Each tissue was first exposed to isoprenaline (5 AM)
(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 HCOT/C02-buffered serosal
solution containing SCH 28080 (50 IM), the rate of bicar-
bonate secretion was 1.31 ± 0.09 and, following exposure to
SR 58611A (1 pM), was 1.38 ± 0.14 Amol cm-2 h-' (n = 6)
showing that there was no effect of SR 5861 IA on alkaline
secretion. Similar results were obtained with isoprenaline
(5 pM, data not shown).

and responses to isoprenaline were well maintained (Figure 1).
Additionally, changing from HEPES/O2 to HCOT/CO2 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 et al., 1983).

Effect of P-antagonists
The effects of pretreatment of tissues with either propranolol
(10 gM), alprenolol (10 ,M) or a combination of ICI 118551
(1 jM) plus practolol (12.5 jM) for 60 min was compared
with control tissues that had not received antagonist. Tissues
were exposed first to isoprenaline (5 jM) and subseqeuntly to
SR 5861 lA (1 jM) as above and the results are shown in
Table 1. Only propranolol resulted in a significant inhibition
of response to either agonist.

a
1.81

1.6-

1.4-

1.2-
Desensitization following SR 58611A

It was apparent from the initial concentration-response
studies that the response to isoprenaline following
SR 5861 1A 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 jM), then to SR 58611A (1 jiM) as before and finally to
either isoprenaline again, bethanechol (1 IBM) or histamine
(50 iM). 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.
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HEPES/02-buffered preparations

When the serosal saline was buffered with HCOT/CO2 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/O2 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
HCO3-buffered system, drug-induced changes in measured
acid secretion could be due to either changes in proton pump
activity, changes in HCOy 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 CO2 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
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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/O2 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 (5 pM, open
columns). This was washed out and all were exposed to the 'atypical'
P-adrenoceptor agonist SR 5861 1A for 60 min (1 LM, hatched col-
umns). Following washout of SR 5861 1A, tissues were exposed as
follows; (a) isoprenaline (5 aM); (b) histamine (50 IaM) and (c)
bethanechol (1 pM) 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 P-adrenoceptor antagonists on acid secretory response to isoprenaline and SR 58611A in rat stomach in vitro

Treatment

Control
+ Propranolol (10 AM)
+ Alprenolol (10 aM)
+ Practolol (12.5 AM) +
ICI 118551 (1 AM)

Isoprenaline (5 aM)

1.50 ± 0.02
1.18 ± 0.03*
1.49 ± 0.08
1.56 ± 0.05

SR 5861 1A (1 aM)

1.53 ± 0.07
1.22 ± 0.06*
1.58 ± 0.04
1.60 ± 0.08

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 5861 1A 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' P-adrenoceptor agonists

The 'atypical' P-adrenoceptor agonists SR 58611A and
BRL 37344 were able to stimulate acid secretion to the same
maximum extent as isoprenaline. Responses to SR 5861 IA
and isoprenaline were unaffected by the selective
P-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' P-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 M (Canfield & Abdul-Ghaffar, 1992). This
may indicate that the 'atypical' P-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 5861 IA on

gastric bicarbonate secretion is consistent with the reported
lack of effect of P-adrenoceptor agonists on this activity
(Flemstr6m, 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 5861 A

Following the first application of SR 5861 1A, tissues subse-
quently showed a very reduced response to either a second

application or to isoprenaline but did respond to bethanechol
or histamine. It is not possible to say that responses to
bethanechol or histamine were totally unaffected by the
previous exposure SR 5861 lA as we do not have repeat
control data for these drugs in HEPES/02 but the size of
responses was comparable with the earlier study (Canfield &
Price, 1981). These findings suggest that homologous desen-
sitization of the adrenoceptors may be occurring (Leflcowitz
et al., 1990). BRL 37344 also reduced the response to subse-
quent application of isoprenaline (data not shown).
BRL 37344 has been reported to cause desensitization in
gastrointestinal muscle preparations (Coleman et al., 1987;
McLaughlin & MacDonald, 1990) and SR 58611A has been
used only as a single concentration in each tissue (Guidice et
al., 1989). We have also found similar results indicating
desensitization following application of these 'atypical'
agonists on bicarbonate secretion in rat caecum (Canfield &
Abdul-Ghaffar, 1992). Desensitization may thus be a feature
of the action of currently available 'atypical' P-agonists.
In summary, the previously reported in vitro stimulation of
rat gastric acid secretion by P-adrenoceptor agonists
(Canfield & Price, 1981) appears to be mediated by so called
'atypical' 13-receptors.
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Analysis of the depressant effect of the endothelium on

contractions of rabbit isolated basilar artery to
5-hydroxytryptamine
1D.J. Trezise, *G.M. Drew & A.H. Weston

Smooth Muscle Research Group, Department of Physiological Sciences, University of Manchester Medical School, Oxford
Road, Manchester M13 9PT and *Department of Peripheral Pharmacology, Glaxo Group Research Ltd, Ware, Hertfordshire,
SG12 ODP

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 M).
3 L-N0-nitro-arginine (L-NOARG, 1-30 AM), 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 AM). L-NOARG
(30 AM) also augmented contractions of endothelium-intact tissues to noradrenaline, prostaglandin Fk,
and to a lesser degree endothelin-1.
4 Neither glibenclamide (3 AM) nor N-ethylmaleimide (1I AM), 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 AM), 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; 100JM), 5-HT did
not evoke relaxation but rather caused further contraction. Under the same conditions acetylcholine
(0.01-10JM) 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 5-HT stimulates the production of EDRF
per se, and L-NOARG caused endothelium-dependent contraction and augmented contractions to other
vasoconstrictor agents, it seems likely that a basal release of EDRF underlies this phenomenon.

Keywords: 5-Hydroxytryptamine; rabbit basilar artery; endothelium; nitric oxide; L-NG-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 et al. (1986) demonstrated that
removal of the endcothelium augmented the contractile res-
ponse of rat aorta to ac-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 cz-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-NG-monomethyl
arginine (L-NMMA) and L-NG-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

'." Macmillan Press Ltd, 1992
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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 mg kg- ') 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 UFi), whose signal was
amplified (Grass 7P1) and recorded on a Grass Polygraph
(model 79C). Tissues were continually bathed in Krebs-PSS,
maintained at 37 ± 0.1C by a Grant water circulator (model
W6), and gassed with 95% 02/5% CO2. In all studies tissues
were placed under a resting force of 3 MN, and after an
equilibration period of 45 min, 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 5 min 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 F20 (3 gM)
or uridine 5'-triphosphate (UTP, 100 gM) and examining the
relaxant response to the endothelium-dependent vasodilator
acetylcholine (10 PM). 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 PM),
glibenclamide (3 EM), indomethacin (3 tM) or N-ethylmale-
imide (1-1OI1M) 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 (I gM). 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 gM) using the vasoconstrictor
agents prostaglandin Fu, noradrenaline and endothelin-l.
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. EC50
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 t 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, KH2PO4 1.2, MgSO4 1.2, CaCI2 2.5, NaHCO3 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 F2, tris salt, noradrenaline bitartrate,
L-NG-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
F20, 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 40mM KCI 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
KCl gives rise to any undue artefacts.

Pharmacological modulation of
5-hydroxytryptamine-induced contraction

5-HT-evoked concentration-related contractions of endo-
thelium-intact rings of rabbit isolated basilar artery with an
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EC50 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 EC50 value of 21.9 nM (16.2-29.5,
n = 8; 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 IM)-evoked a

slowly developing contractile response (1.5 ± 0.4 MN, n = 22),
and augmented and potentiated the contractile response to
5-HT (EC" 26.3 nM (15.8-43.6) and Em., 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 jAM) was without effect on either rest-
ing tone or the contractile response to 5-HT (EC50 14.8 nM
(10.7-20.4) and Ema, 102.7 ± 8.9%; not significantly different
from endothelium-denuded control curve values; Figure 1).
At a lower concentration (1 gM) L-NOARG also evoked
contraction (0.5 ± 0.2 MN, n = 12), and potentiated and
augmented the contractile response to 5-HT in endothelium-
intact tissues (EC" 43.9 nM (29.5-65.0) and Em. 112.2 ±
6.6%). These effects were abolished by prior incubation with
L-arginine (1 mM; ECo 203 nM (118-348) and Em.,, 32.0±
7.3%, P< 0.05 compared to endothelium-intact curve in the
presence of L-NOARG (1 gAM); 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 (EC50
75.8 nM (32.0-177) and Ema,, 125.0 ± 16.0%; Figure 2).

Neither glibenclamide (3 jAM) nor NEM (1 jM) altered rest-
ing tone or the contractile response to 5-HT in endothelium-
intact tissues (respective EC.% values of 56.2 nM (24.9-126)
and 56.5 nM (29.8-107) and Em,, 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 jM) NEM abolished the contractile response to 5-HT. In
most cases indomethacin (3 jAM) 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 5-HT.
When taken together indomethacin had no overall significant
effect on the 5-HT concentration-response curve (EC_%

5-HT [ILMI

Figure 1 Effect of L-N0-nitro-arginine (L-NOARG, 30 jiM) on the
contractile response of rabbit isolated basilar artery to 5-
hydroxytryptamine (5-HT). Control responses to 5-HT in endo-
thelium-intact and endothelium-denuded tissues shown by (0) and
(0) respectively. Responses to 5-HT in the presence of L-NOARG
shown by (0) in endothelium-intact tissues and (U) in endothelium-
denuded tissues. L-NOARG was added to the organ bath 25 min
before construction of the 5-HT concentration-response curve. Abs-
cissa scale: 5-HT concentration expressed as micromolar concentra-
tion. Ordinate scale: contractile response to 5-HT expressed as a
percentage of the initial contractile response of the tissue to 40 nm
KCI. Each point represents the arithmetic mean value and the ver-
tical bars the s.e.mean, n = 9-12.
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Figure 2 Inhibition of the effects of L-NG-nitro-arginine (L-
NOARG, 1 pM) on the 5-hydroxytryptamine (5-HT) concentration-
response curve in endothelium-intact rabbit isolated basilar arteries
by (a) L-arginine (1 mM), but not by (b) D-arginine (1 mM). The
responses to 5-HT in the presence of either L-NOARG alone (U),
L-NOARG and L-arginine (A), L-NOARG and D-arginine (A) are
compared with the control (0). Either L- or D-arginine was given
10 min before L-NOARG, which itself was given 25 min before
construction of the 5-HT concentration-response curve. Abscissa
scale: 5-HT concentration expressed as micromolar concentration.
Ordinate scale: contractile response to 5-HT expressed as a percent-
age of the initial contractile response of the tissue to 40 mm KCI.
Each point represents the arithmetic mean value and the vertical bars
the s.e.mean, n = 9-12.

75.1 nM (31.3-171) and E.,,, 46.3 ± 16.3%, not significantly
different from endothelium-intact control curve; Figure 3).

In an attempt to reveal a possible direct relaxant effect of
5-HT, endothelium-intact vascular rings were precontracted
with UTP (100 gIM) and then exposed to 5-HT (1 nM- 10 jAM)
which only evoked further increases in tension. Under the
same experimental conditions acetylcholine (0.01-10 AM)
produced endothelium-dependent relaxation.

Effect of L-NG-nitro-arginine on responses to other
vasoconstrictor agents

Noradrenaline, prostaglandin F2t and endothelin-l all evoked
concentration-related contraction of rabbit isolated basilar
artery. The responses to noradrenaline and prostaglandin F20,
were small compared with that of 40 mM KCl (respective
E.. values of 31.7 ± 6.7% and 25.3 ± 8.5%) whilst the res-
ponses to endothelin-1 were larger than that of KC1,
although an E.,, value could not be calculated due to limited
availability of the peptide. In the presence of L-NOARG
(30 gM) responses to all three vasoconstrictors were aug-
mented (see Figure 4); the effect on the endothelin-1 contrac-
tion was much less marked than that on the noradrenaline
and prostaglandin F2, contractions.

Discussion

5-HT evoked concentration-related contractions of endo-
thelium-intact rabbit isolated basilar artery, with a threshold
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Figure 3 Lack of effect of (a) glibenclamide (3 Mm), (b) indo-
methacin (3Mm) and (c) N-ethylmaleimide (NEM, 1-1O Mm) on the
contractile concentration-response curve to 5-hydroxytryptamine (5-
HT) in endothelium-intact rabbit isolated basilar artery. Control
responses shown by (0) and in the presence of drug by (0). In (c)
the effect of 1OMm NEM is represented by (0). The test drug was
administered 25 min before construction of the 5-HT concentration-
response curve. Abscissa scale: 5-HT concentration expressed as

micromolar concentration. Ordinate scale: contractile response to
5-HT expressed as a percentage of the initial contractile response of
the tissue to 40 mM KCI. Each point represents the arithmetic mean
value and the vertical bars the s.e.mean, n = 4-8.

concentration and potency very similar to values previously
reported (Parsons & Whalley, 1987; Cain & Nicholson,
1988). Removal of the endothelium reduced the size of the
contraction to 40 mM KCl, but increased the absolute mag-
nitude of the contractile response to 5-HT. The smaller
contractile response to 40 mM KCl in endothelium-denuded
tissues is probably the result of a degree of smooth muscle
damage produced by the method of endothelium removal.
We have tried other methods to remove the endothelium
from these small arteries without damaging the smooth mus-
cle (e.g. Triton-X detergent perfusion, air perfusion) but
found the simple mechanical technique described here to
cause the least reduction of KCI-induced responses. The
augmentation of the contractile response to 5-HT by
endothelium removal is very similar to that described in
basilar arteries of the dog (Connor & Feniuk, 1989) and
indicates that the endothelium exerts a depressant effect on

the contractility of these vessels to 5-HT. In the present study
endothelium-removal also potentiated the response to 5-HT,
as shown by the significant difference in the ECmf values
between endothelium-intact and endothelium-denuded tis-
sues; such a phenomenon was not observed in the dog basilar
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Figure 4 Augmentation by L-NG-nitro-arginine (L-NOARG, 30 MM)
of the contractile responses of endothelium-intact rabbit isolated
basilar artery to (a) noradrenaline, (b) prostaglandin F2. and (c)
endothelin-1. Control responses shown by (0) and in the presence of
L-NOARG (0). L-NOARG was added to the organ bath 25 min
before construction of the concentration-response curve to the
respective vasoconstrictor. Abscissa scale: vasoconstrictor concentra-
tion expressed as micromolar concentration. Ordinate scale: contrac-
tile response to the vasoconstrictor expressed as a percentage of the
initial contractile response of the tissue to 40 mm KC1. Each point
represents the arithmetic mean value and the vertical bars the
s.e.mean, n=9-12.

artery (Connor & Feniuk, 1989). Using pharmacological
agents known to modify endothelial cell function, we
examined in detail the mechanisms underlying this depressant
effect of the endothelium on contractile responses of rabbit
isolated basilar artery to 5-HT.
L-NOARG, at a concentration previously shown to inhibit

endothelium-dependent vasodilatation maximally (30 MlM;
Moore et al., 1990) both augmented and potentiated the
contractile response of endothelium-intact arterial rings to
5-HT. Interestingly, the concentration-response curve to 5-
HT in the presence of the endothelium and the presence of
L-NOARG was superimposable on the curve to 5-HT in the
absence of the endothelium and absence of L-NOARG. Thus,
removal of the endothelium or incubation with L-NOARG
had almost identical effects on the response to 5-HT. L-
NOARG had no further effect on the 5-HT concentration-
response curve in endothelium-denuded tissues. These data
collectively suggest that the depressant effect of the
endothelium can be fully accounted for by the release of an
L-NOARG-sensitive EDRF. Since L-NOARG inhibits the
formation of nitric oxide from its precursor L-arginine in
vascular endothelial cells (Mulsch & Busse, 1990), it seemed
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probable that the nitric oxide/L-arginine pathway was
involved. Such a conclusion is based on the assumption that
L-NOARG and related compounds are specific inhibitors of
nitric oxide synthase. Although this has yet to be un-
equivocally demonstrated, such a view seems reasonable in
the absence of data to the contrary.
To test further the involvement of the nitric oxide/L-

arginine pathway, we studied the effect of prior incubation
with L-arginine on the action of L-NOARG. Addition of
excess L-arginine to the system generally prevents the actions
of nitric oxide synthase inhibitors by competing for the same
enzyme (Palmer et al., 1988b; Mulsch & Busse, 1990), pro-
vided that the concentration of inhibitor is not too high
(Amezcua et al., 1989; Moore et al., 1990). Thus, we reduced
the concentration of L-NOARG to 1 pLM for these experi-
ments. At this concentration L-NOARG still markedly
augmented and potentiated the contractile response of
endothelium-intact tissues to 5-HT. This action was com-
pletely prevented by a 1000 fold excess of L-arginine, but
unaffected by a similar excess of the stereoisomer, D-arginine.
Taken together these observations strongly suggest that
endothelium-derived nitric oxide formed from L-arginine fully
accounts for the depression of 5-HT-induced contractions in
this vessel.

In accordance with this are the observations that both
glibenclamide and indomethacin were without significant
effect on either resting tone or the response to 5-HT. These
data demonstrate that neither glibenclamide-sensitive EDHF
nor cyclo-oxygenase products play a major role in this
depressant phenomenon. In rabbit cerebral arteries, acetyl-
choline-evoked endothelium-dependent hyperpolarization to-
gether with part of the associated relaxation, is reportedly
attenuated by glibenclamide (Brayden, 1990; but see Parsons
et al., 1991). If, in the present study, there was a release of
EDHF either spontaneously or in response to 5-HT, a
glibenclamide-induced contraction or augmentation of the
response to 5-HT could have been anticipated. This was
clearly not the case. Interestingly, we have previously shown
that glibenclamide depolarizes endothelium-intact rabbit
basilar arteries (Trezise & Weston, 1992), and thus it remains
a possibility that there is an ongoing release of EDHF.
However, this seems of little importance with respect to
maintenance of resting vascular tone. The most likely ex-
planation of this finding is that the glibenclamide-sensitive
smooth muscle K channel is open under the experimental
conditions irrespective of the presence or absence of the
endothelium (see McPherson & Angus, 1991). The overall
lack of effect of indomethacin is in support of the findings of
Connor & Feniuk (1989) who showed that flurbiprofen,
another inhibitor of cyclo-oxygenase, was similarly inactive
in the dog isolated basilar artery. The reason for the appar-
ent sensitivity of 2 out of 9 animals to indomethacin is
presently unclear.
Having identified the primary mediator, we attempted to

determine whether the depression of contractions to 5-HT
was a consequence of a basal or a 5-HT-stimulated produc-
tion of endothelium-derived nitric oxide. Several lines of
circumstantial evidence suggest that the former is true. First-
ly, L-NOARG (1-30 tM) evoked concentration-dependent
contractions of endothelium-intact, but not endothelium-
denuded basilar arterial rings, as has previously been des-
cribed in bovine pulmonary artery (Gold et al., 1990) and
rabbit femoral artery (Mulsch & Busse, 1990). Such contrac-
tions were prevented by L-arginine but not by D-arginine,
again implying the involvement of the nitric oxide/L-arginine
pathway. It seems probable that the contractile response to
L-NOARG reflects the inhibition of an on-going, basal
release of nitric oxide from the endothelium which permits
the contractile effects of an endogenously liberated mediator,
or possibly the development of a spontaneous 'myogenic'
tone. Such a basal release of nitric oxide might play an
important role, under the experimental conditions, in main-
taining the artery in a dilated state, and also serve generally

to depress contractility to exogenous vasoconstrictor agents.
In support of this proposal is the fact that the augmenta-

tion of contractile responses by L-NOARG was not restricted
to 5-HT; L-NOARG also augmented contractions to prosta-
glandin F2C, noradrenaline and endothelin-1. Our findings of
differential modification of vasoconstrictor-evoked responses
by L-NOARG parallel those of others that endothelium
removal differentially modifies the response to various
vasoconstrictor drugs (Martin et al., 1986; Connor & Feniuk,
1989). In both rat aorta and dog basilar artery, removal of
the endothelium markedly enhanced contractions to agonists
of relatively low intrinsic activity, but had less effect on
agonists with high intrinsic efficacy. In the present study
contractions to prostaglandin F2, and to noradrenaline were
markedly enhanced by L-NOARG, whilst responses to
endothelin-1 were little affected. We have discussed earlier
the similarity between the effects of L-NOARG and endo-
thelium removal on the 5-HT concentration-response curve.
Taken together these data add weight to the argument that
nitric oxide release underlies the general depressant effect of
the endothelium.

Secondly, we could find no evidence that 5-HT stimulates
the production of endothelium-derived nitric oxide per se. In
endothelium-intact preparations precontracted with UTP, 5-
HT did not evoke relaxation but rather caused further con-
traction. Under these experimental conditions acetylcholine
still evoked relaxation, demonstrating that endothelium-
dependent relaxation was possible. In several other isolated
blood vessels 5-HT induces endothelium-dependent relaxa-
tion, via activation of 5-HT1-like receptors that bear some
similarities to the 5-HTjc binding site (see Mylecharane, 1990
for review). These observations, however, do not disprove
that 5-HT does not release EDRF in the rabbit basilar
artery; it is possible that any relaxant action was simply
masked by the accompanying contractile response. We could
have attempted to discriminate between the contractile and
possible relaxant effects of 5-HT using selective agonists and
antagonists for 5-HT receptor subtypes. Connor & Feniuk
(1989) adopted this approach in dog basilar arteries and even
after abolition of the contractile component, could demon-
strate no inhibitory effects of 5-HT, or of selective 5-HT
receptor agonists. Indeed, similar studies have recently been
performed in rabbit isolated basilar arteries and only a small
endothelium-dependent, indomethacin-sensitive contraction
to 5-HT and related 5-HT receptor agonists in partially
contracted vessels was apparent (Seager et al., 1992).

Finally, NEM (1 gM), a sulphydryl alkylating agent, failed
to increase resting tone or to augment the contractile res-
ponses to 5-HT in rabbit basilar arteries with a functionally
intact endothelium. This is consistent with the hypothesis
that 5-HT does not release EDRF directly, since, in cultured
vascular endothelial cells, NEM inhibits agonist-stimulated
but not basally released EDRF (Siegle et al., 1991). In the
present study we used lower concentrations of NEM (1 gM)
than Siegle and coworkers since at higher concentrations
NEM (10-30pM) abolished the contractile response to 5-
HT, and to subsequently administered KCI (data not shown).
The reason for this remains unclear, but possibly reflects a
nonspecific effect of alkylation of cell sulphydryl moieties by
NEM.

In summary, the strength of evidence suggests that the
endothelial cell layer of rabbit basilar artery supresses con-
tractions of the underlying smooth muscle to 5-HT, and
probably other vasoconstrictors, by spontaneously liberating
nitric oxide formed from L-arginine. Inhibitors of nitric oxide
synthesis (e.g. L-NOARG, haemoglobin) may sensitize the
cerebrovasculature to the actions of circulating or locally
released vasoconstrictor agents.
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Calcium-activated currents in cultured neurones from rat dorsal
root ganglia
'Kevin P.M. Currie & Roderick H. Scott

Department of Physiology, St. George's Hospital Medical School, London SW17 ORE

1 Voltage-activated Ca2+ currents and caffeine (I to 10 mM) were used to increase intracellular Ca2+ in
rat cultured dorsal root ganglia (DRG) neurones. Elevation of intracellular Ca2" resulted in activation
of inward currents which were attenuated by increasing the Ca2" buffering capacity of cells by raising
the concentration of EGTA in the patch solution to 10 mM. Low and high voltage-activated Ca2"
currents gave rise to Cl tail currents in cells loaded with CsCl patch solution. Outward Ca2" channel
currents activated at very depolarized potentials (Vc+ 60 mV to + 100 mV) also activated Cl- tail
currents, which were enhanced when extracellular Ca2" was elevated from 2 mM to 4 mM.
2 The Ca2'-activated Cl- tail currents were identified by estimation of tail current reversal potential by
use of a double pulse protocol and by sensitivity to the Cl- channel blocker 5-nitro 2-(3-phenyl-
propylamino) benzoic acid (NPPB) applied at a concentration of 10 J1M.
3 Cells loaded with Cs acetate patch solution and bathed in medium containing 4 mM Ca2" also had
prolonged Ca2"-dependent tail currents, however these smaller tail currents were insensitive to NPPB.
Release of Ca2+ from intracellular stores by caffeine gave rise to sustained inward currents in cells
loaded with Cs acetate. Both Ca2+-activated tail currents and caffeine-induced inward currents recorded
from cells loaded with Cs acetate were attenuated by Tris based recording media, and had reversal
potentials positive to 0 mV suggesting activity of Ca2'-activated cation channels.
4 Our data may reflect (a) different degrees of association between Ca2+-activated channels with
voltage-gated Ca2+ channels, (b) distinct relationships between channels and intracellular Ca2" stores
and Ca2+ homeostatic mechanisms, (c) regulation of Ca2+-activated channels by second messengers, and
(d) varying channel sensitivity to Ca2 , in the cell body of DRG neurones.

Keywords: Chloride currents; cation currents; caffeine; voltage-activated calcium currents

Introduction

Ca2"-activated Cl- currents (ICI(Ca)) have been recorded from
a number of cell types including a variety of different neur-
onal preparations. In cells loaded with Cl-, ICl(ca) can be
observed as slowly decaying inward tail currents following
activation of Ca2" currents (ICa) by step depolarization.
These Cl- tail currents have been recorded in cultured spinal
neurones of the mouse (Owen et al., 1984), cultured dorsal
root ganglion (DRG) neurones of the rat (Mayer, 1985; Scott
et al., 1988), quail cultured sensory and parasympathetic
neurones (Bader et al., 1987) and rabbit pelvic parasym-
pathetic ganglia neurones (Akasu et al., 1990), amongst other
cells.

In addition to being activated by Ca2" entry, ICj(ca) can be
activated in xenopus oocytes (Barish, 1983), exocrine gland
cells (Evans & Marty, 1986), hepatocytes (Ogden et al., 1990)
and ear artery cells (Amedee et al., 1990) by liberation of
Ca2" from intracellular stores. Both Ca2l-induced Ca2"
release (Barish, 1983; Miledi & Parker, 1984) and inositol
(1,4,5) trisphosphate-induced Ca2" release (Evans & Marty,
1986; Dascal et al., 1986; Nomura et al., 1987; Oosawa &
Yamagishi, 1989; Ogden et al., 1990) can give rise to activa-
tion of Ic'(Ca) In DRG neurones Ba2+-induced Cl- tail cur-
rents were found to depend on Ba2+-induced Ca2" release
from caffeine-sensitive stores (Scott et al., 1988). Furthermore
in GH3 pituitary cells (Rogawski et al., 1988) and DRG
neurones (Scott et al., 1988) intracellular guanosine 5'-0(3-
thio) triphosphate (GTP-7-S) promotes ICica) suggesting roles
for both intracellular Ca2+ stores and second messengers in
the regulation of neuronal ICI(Ca). It remains to be determined
if GTP-y-S has its effect by direct action on the Ca2+-
activated Cl- channels, an indirect action involving release of

I Author for correspondence.

Ca2l from stores, or by attenuating Ca2" homeostatic
mechanisms.

In addition to ICj(ca), other Ca2"-activated conductances
have been identified including Ca2"-activated K+ conduc-
tances (Blatz & Magleby, 1987) and Ca2"-activated non-
selective cation currents (ICAN) (Partridge & Swandulla,
1988). In this study to simplify the situation we have inhib-
ited Ca2"-activated K+ currents and other K+ currents by
using Cs' based patch solution and including tetraethyl-
ammonium (TEA) in the extracellular recording medium.
'CAN has been studied in molluscan neurones where it is
involved in the depolarizing phase of bursting pace-maker
activity. In DRG neurones, Ca2"-activated non-selective
cation channels have been identified. These cation channels
have a unitary conductance of around 20 pS and are perme-
ant to Na+, K+, Cs' and TEA (Simonneau et al., 1987). In
this study we have compared ICI(Ca) and ICAN activated in
DRG cell bodies by both Ca2" entry through voltage-acti-
vated channels and caffeine-induced release of Ca2+ from
intracellular stores.

Methods

One or 2 day-old rats were killed by decapitation, the dorsal
root ganglia were dissected out and the neurones dissociated
and plated on polyornithine-laminin coated cover slips. The
DRG neurones were maintained in culture at 37°C in
humidified air containing 5% CO2 for between 2 days and 3
weeks before being studied. For some experiments cells which
had been in culture for up to 1 week were replated. This
involved the removal of DRG neurones from the coverslips
by careful washing with culture medium and then replating
on other polyornithine coated coverslips (Dolphin & Menon-
Johanssen, personal communication). The replated cells

'." Macmillan Press Ltd, 1992
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attached to the substrate and recordings were made from 2
to 4h later. The freshly replated cells have the advantage
that they have no processes extending from the cell body
which can present space clamp problems. Furthermore repla-
ted cells offer another approach to isolating currents gener-
ated solely and unequivocally in the cell body.
The whole-cell recording variant of the patch clamp tech-

nique (Hamill et al., 1981) was used to examine voltage-
activated and Ca2+-activated currents. Experiments were
carried out at room temperature (-230C) and inward Ca2"
currents were evoked at a frequency of 0.03 Hz. Low resis-
tance patch pipettes (3-7 MQ) were used, and cells were
voltage-clamped with an Axoclamp-2A switching amplifier,
operated at a sampling rate of 25-35 kHz. The recording
medium contained (mM): choline chloride 130, KCl 3.0,
MgCl2 0.6, NaHCO3 1.0, HEPES 10, glucose 4.0, tetraethyl-
ammonium bromide (TEA) 25, tetrodotoxin (TTX, Sigma)
0.0025 and CaCl2 2.0 or 4.0. The pH and osmolarity were
adjusted to 7.4 and 320 mOsm with NaOH and sucrose
respectively. Patch electrodes were filled with a solution con-
taining (mM): either CsCl or Cs acetate 140, MgCI2 2.0,
ATP-Na 2.0, HEPES 10, CaCl2 0.1 and EGTA 0.1, 1.1 or 10.
The pH was adjusted to 7.2 with Tris and osmolarity to
310mOsm with sucrose. The pCa of these patch solutions
were calculated by use of a computer programme supplied by
Dr A. Hughes, the values were 1.32 X 10-6 M, 1.6 x 10-8 M
and 1.6 x 10-9M for the solutions containing 0.1 mM,
1.1 mM and 10 mM EGTA respectively. To study the cation
current some experiments were carried out with a Tris-based
recording medium which contained in (mM): Tris-Cl 145,
CaCl2 4.0, MgCl2 0.6, glucose 5.0, HEPES 10.0, TTX 0.0025
and Tris/sucrose based recording medium which contained in
(mM): Tris-Cl 72.5, sucrose 154, CaCl2 4.0, MgCl2 0.3,
glucose 2.5, HEPES 5.0 and TTX 0.0025. The pH of these
solutions was adjusted to 7.4 with HCl. Drugs (caffeine,
Sigma; dimethylsulphoxide (DMSO), Sigma; and 5-nitro 2-
(3-phenylpropylamino) benzoic acid (NPPB) SmithKline and
French), were applied by low-pressure ejection (-7 kPa)
from micropipettes (tip diameter of about 10lm) placed
about 100 tm from the cell. The Cl- channel blocker NPPB
(Wangemann et al., 1986) was dissolved in DMSO to give a
100 mM stock solution. The NPPB stock solution was diluted
in recording medium to give a test solution containing 10 pM
NPPB and 0.01% (or 1.41 mM) DMSO. Although 0.01%
DMSO had no significant action on the peak voltage-acti-
vated Ca2+ current, 0.1% DMSO produced a varied but
significant increase of 19 ± 6% (n = 7). The DMSO effect on
Ca2+ currents did not readily reverse over 10 min and subse-
quent decline in current may reflect rundown rather than
recovery. Preliminary experiments with KCI rather than CsCl
based patch solution revealed that 0.1% DMSO inhibited
outward TEA-insensitive K+ current, suggesting that at least
in part, DMSO enhancement of Ca2" currents involves a
reduction in residual K+ conductance. These findings led us
to limit the concentration of NPPB used in this study to
!01M.

Electrophysiological data were stored on a digital audio
tape recorder (Biologic) and analysis was performed with a
Tandon personal computer and Cambridge Electronic Design
(CED) voltage clamp software, or a PDP 11/23 computer.
All Ca2+ channel current data are shown following subtrac-
tion of scaled linear leakage and capacitance currents (unless
stated otherwise), and all data are given as mean ± standard
error of the mean (s.e.mean). The significance of the differ-
ence in data observed in this study was determined by paired
or independent Student's t test, where appropriate.

Results

ICI(Ca) tail currents

Prolonged tail currents activated by Ca2" entry through
voltage-activated Ca2" channels were not observed in all

cultured sensory neurones studied. As previously reported
(Mayer, 1985; Scott et al., 1988; Schlichter et al., 1989) only
a percentage of cells expressed prolonged tail currents. The
expression of tail currents was not only dependent on the
type of DRG neurones, but also the stage of cell develop-
ment (Bernheim et al., 1989). In this study we found that the
time spent in culture altered the percentage of cells expressing
tail currents with a chloride component following high
voltage-activated Ca2" currents: 50% (30 out of 60 cells) of
rat DRG neurones loaded with CsCl patch solution and
maintained in culture for up to 1 week had Ca2"-activated
tail currents. The percentage of cells expressing Ca2+-activ-
ated tail currents increased to 64% (54 out of 84 cells) when
recordings were made from cells in culture for between 1 and
2 weeks.

In some cells low threshold T-type Ca2+ currents activated
from a holding potential (Vh) of -90 mV by step depolariza-
tion to a clamp potential (Va) of -30 mV supported pro-
longed tail currents (Scott et al., 1992). The mean T-type
current amplitudes were -0.30 ± 0.1 nA (n = 4) and - 1.16 ±
0.49 (n = 5) for extracellular Ca2" concentrations of 2 mM
and 4 mM respectively. Inspite of the difference in Ca2"
current amplitude the mean amplitude of the tail currents
measured 20 ms after the end of voltage step were not
significantly different with values of -0.21 ± 0.07 nA (n = 4)
and -0.29 ± 0.04 nA (n = 5) following elevation of extracel-
lular Ca2+. The tail currents activated by T-type ICa and
recorded from cells bathed with recording medium contain-
ing 2 mm Ca2" all deactivated with a single exponential
decay, which had a mean time constant (Tdeact) of 114 ± 13
ms (n = 4). In contrast the tail currents which followed the
larger T-type currents (with 4mM extracellular Ca2") had
more complex deactivation kinetics with several exponentials,
and decayed by 69% of maximum in 348 ± 185 ms (n = 5).
However, even with 4 mM extracellular Ca2+ in 6 out of 11
cells T-type Ca2+ current did not support tail currents
although high voltage-activated Ca2+ currents in the same
cells were followed by prolonged tail currents.

Similar results were obtained studying high voltage-acti-
vated Ca2+ currents evoked at a V, of 0 mV (Figure la,b). In
2 mM Ca2", the mean peak Ca2" current and tail current
were - 1.13 ± 0.10 nA and -0.89 ± 0.13 nA (n = 19), and in
higher Ca2" (4 mM) the Ca2` currents were significantly
larger with a mean amplitide of - 1.96 ± 0.21 nA (P<0.005),
but the tail current amplitude was not increased and had a
mean value of -0.86 ± 0.12 nA (n = 29). In recording medium
containing either 2 mm or 4 mM Ca2+ the tail currents fol-
lowing high voltage-activated Ca2+ currents deactivated with
2 or more expontentials the mean times to decay by 69% of
maximum were 726 ± 247 ms (n = 19) and 1201 ± 317 ms
(n = 28) respectively.

In contrast a different relationship between outward Ca2"
channel currents and tail currents was observed. Outward
Ca2" channel currents are carried by K+ and Cs' leaving the
cell through Ca2" channels at very depolarized clamp poten-
tials (Bean, 1989; Dolphin & Scott, 1990). Ca2+-dependent
tail curents were observed following outward Ca21 channel
currents (Figure la,b) suggesting that significant Ca2+ entry
occurs even at a V, of 100 mV, although the resultant current
is masked by the dominant outward movement of monova-
lent cations (the equilibrium potential for Ca2+ was 149 mV
and 158 mV for 2 mM and 4 mM extracellular Ca2+ respec-
tively). In recording medium containing 2 mM or 4 mM Ca2+
the outward Ca2+ channel currents were not significantly
different with values of + 1.14 ± 0.16 nA (n = 12) and
+ 1.35 ± 0.31 nA (n = 24). However, increasing extracellular
Ca2+ concentration significantly enhanced tail current ampli-
tude, without significantly changing the rate of tail current
deactivation. With 2 mM and 4 mM external Ca2", the mean
tail current amplitudes were -0.26 ± 0.07 nA (n = 12) and
-0.50 ± 0.09 nA (n = 24; P <0.05) and corresponding times
to decay by 69% were 370 ± 195 ms (n= 10) and 305 ±
108 ms (n = 23).
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Figure 1 Current-voltage relationships for Ca2+ currents (ICa) and accompanying tail currents (I tail) in 2 cells loaded with CsCI
based patch solution. Cells were held at a Vh of -90 mV and peak Ca2" channel current (@) and tail current (V. A) measured
20 ms after the end of the voltage step are plotted. (a) The current-voltage relationship for a cell bathed in medium containing
2 mm Ca2 . Inset traces show voltage steps, Ca2+ currents and accompanying tail currents. The Ca2+ currents associated with each
tail current are indicated by symbols (U * A 0). (b) Current-voltage relationship for a cell bathed in medium containing 4 mm
Ca2+. Below are traces of two voltage step commands and resultant Ca2+ currents and associated tail currents.

The tail currents recorded from cells loaded with CsCl
patch solution were predominantly due to activation of Ic(ca).
Two lines of evidence support this conclusion: firstly, double
pulse experiments have revealed that the mean estimated
reversal potential for the tail currents is the same as the
chloride equilibrium potential (Ec). The double pulse experi-
mental protocol involved primary test voltage step com-
mands to activate Ca2" and leak currents, these were
followed by second steps to clamp potentials between
- 180 mV and -40 mV (Figure 2). The current-voltage rela-
tionship of the tail current was linear between V. - 180 mV
and -40 mV, and could be extrapolated to give an estima-
tion of the tail current reversal potential. Potentials positive
to -40 mV activated Ca2" currents and therefore could not
be used to calculate reversal potentials. From 3 experiments
the mean apparent reversal potential was - 1 ± 6 mV, com-
pared with Ec1 of -1 mV calculated using the Nernst equa-
tion. Because Ec, under our conditions was close to the
reversal potential for the non-selective cation current (see
below) we shifted Ea to -32 mV, by combining CsCI and Cs
acetate based patch solutions in a ratio of 1:3. Double pulse
experiments showed that using this modified patch solution
the apparent reversal potential of the tail current shifted to
- 14 ± 4 mV (n = 4). We limited our voltage steps to clamp
potentials between -90 mV and -30 mV. Hyperpolarizing
steps from a Vh of -90 mV gave currents which did not have
a linear current-voltage relationship, possibly because at
increasingly negative potentials, impermeant acetate ions
block the Cl- channels to a gradually greater extent. This
may also be a factor which reduced the predicted shift in tail

current reversal potential. The second approach to determin-
ing IA(c.) involvement in the tail currents was to use the Cl-
channel blocker NPPB. Application of 10 jM NPPB did not
significantly reduce the mean tail current amplitude measured
20 ms after the voltage step command. With 2 mM extracel-
lular Ca2" the mean control tail current amplitude was
-0.75±0.2nA and in the presence of 1O0M NPPB the
mean tail current amplitude was -0.57 ± 0.13 nA (n = 13).
In spite of this result substantial reductions in tail current
amplitude up to 54% were observed (Figure 3a) although 4
of 13 cells showed no change or an increase in tail current
amplitude. These data suggest that a Cl--independent com-
ponent contributes to some tail currents, this component is a
cation conductance (see below). However NPPB did signifi-
cantly reduce the duration of the Cl- tail currents. Two to
5 min applications of NPPB (10 fLM) reduced the time for the
tail currents to decay by 69% from 1769 ± 532 ms to 479 +
133 ms (n = 13, P <0.03). These results indicate that NPPB
may act as a slow open channel blocker. In all 13 cells NPPB
reduced the mean integrated tail current by 33 ± 12.5%.
Analysis of the 9 cells which were sensitive to NPPB showed
that the mean integrated tail current was reduced from
3.83 ± 1.84 nA.s to 0.82 ± 0.52 nA.s (nC) (mean ± s.e.mean).
Although this is not statistically significant (P = 0.13) we feel
that this reflects the problem of variation in the amplitude of
the integrated tail currents (range 15.3-0.03 nA.s (nC)).
However, the reduction of tail current is readily seen in
the mean percentage reduction, which was 57 ± 10%. The
actions of NPPB were partially reversible, 5 to 10 min after
removal of the drug pipette. Additionally, ICj(ca) gives rise to
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Figure 2 Current voltage relationship for the Ca2+-activated tail
current. The net tail current amplitudes are plotted against the
voltage amplitude at steps applied during the initial decay of the tail
current. This current-voltage relationship is linear (regression
analysis r = 0.991), and has been extrapolated (dotted line) to show
the estimated reversal potential of -3.6 mV for this cell. Below are

traces showing the voltage protocols and current responses. Leak
currents on the left were subtracted from ICa and currents activated
on top of the tail current (right) to give net currents.

the after depolarization which follows a prolonged action
potential (Dichter & Fischbach, 1977). The mean after
depolarization was markedly reduced by M NPPB. The
mean amplitude measured 20 ms after the end of the plateau
Ca2+ component of the prolonged action potential was

reduced from 22 ± 3 mV to 13 ± 3 mV (n = 4) and duration
by about 77% (Figure 3b). The prolonged action potentials
were not significantly altered by NPPB and had a mean

duration of 861 ± 240 ms (n = 5). NPPB was not applied at
concentrations greater than 10 LM because of effects on

voltage-activated Ca2+ currents.

Caffeine-induced ICI(Ca)

Only in cells in which a Cl- tail current was observed did
caffeine produce a rapid transient IG(ca) (Figure 4a,b). This
caffeine activated Im(c.) deactivated by 69% of maximum in
6.4 ± 2.7 s (n = 8). The caffeine (10 mM) induced Ic(c.) was

activated with a delay of less than 30 s following the start of

caffeine application. There was good correlation (0.94, using
Pearson's product moment correlation (r) matrix) between
tail and caffeine-induced peak current amplitudes, with mean
values of -1.01±0.13nA and -0.84±0.14nA (n=8)
respectively. Repeated applications of caffeine gave progres-
sively smaller but longer lasting currents, so the action of
NPPB was studied in different cells from controls. It was not
possible to refill caffeine-sensitive Ca2" stores (Neering &
McBurney, 1984) by repeatedly activating voltage-activated
Ca2" currents because the tail currents were enormously
prolonged after application of caffeine in some cases lasting
tens of seconds. Repeated activation of Ic. therefore in-
creased holding current and Ca2" channel inactivation. When
caffeine was applied in the presence of NPPB the mean
amplitude of the transient ICI(Ca) was attenuated by 60% to
-0.34 ± 0.08 nA (n =9, P<0.01) (Figure 4b). Continuous
application of NPPB to reduce the Cl- tail current prior to
simultaneous application of NPPB and caffeine ensured iden-
tification of Icl(ca). Furthermore the relatively slow activation
of these transient caffeine responses which under control
conditions had a mean time to peak of 2.4 ± 0.5 s, improved
the efficiency of NPPB block of the Cl- channels.

C-+-activated cation tail currents

Ca2"-activated tail currents were also observed when Cs
acetate patch solution was used. These smaller tail currents
were more easily observed when the extracellular Ca2` con-
centration was increased to 4 mM. As with IClpa) these C1-
independent tail currents were not seen in all cells, but were
more prevalent in cells maintained in culture for more than 7
days. In the first week of being cultured 59% (30 out of 51)
of cells had tails. In the second week in culture the propor-
tion of cells with tail currents increased to 80% (82 out of
102) of cells. These tail currents were small and had a mean
amplitude of -0.31 ± 0.03 nA (n = 57) measured 20 ms after
the end of the 100 ms voltage step command, inspite of the
large Ca2` loads, as reflected by large Ca2` currents. The
current-voltage relationships for 'Ca revealed that the tail
current was supported by Ica-activated over a wide voltage
range (Figure 5). In several cases low voltage-activated T-
type currents were followed by tail currents. The tail current
deactivation was slow and variable and composed of two or
more exponentials, the mean time taken for the current to
decay by 69% of the maximum was 856 ± 104 ms (n = 55).
Unlike ICl(ca) the tail currents recorded with Cs acetate patch
solution were very sensitive to changes in Ca2" current amp-
litude. Microperfusion of recording medium containing 2 mM
rather than 4 mM Ca2' resulted in a 27 ± 5% and 23 ± 7%
reduction in Ic. measured at the peak and end of the voltage
step command respectively, but a larger 50 ± 4% (n = 4)
reduction in tail current amplitude. The Cl--independent tail
currents were not due to acetate leaving the cell through
Ca2"-activated Cl- channels because these currents were
completely insensitive to 10 pM NPPB (n = 6), applied for 1
to 3 min or included in the bath solution (Figure 6a). Two
lines of evidence point to this Ca2`-activated tail current
being a non-selective cation current (ICAN). Firstly, double
pulse experiments revealed that the tail current had an esti-
mated (extrapolated from -40 mV) reversal potential of
14± 6mV (n = 6). Secondly low pressure ejection of Tris/
sucrose or Tris based recording media, which contained only
very low levels of monovalent cations, attenuated these tail
currents (Figure 6b). The mean tail current amplitudes
measured 20 ms after the end of the voltage step command
were reduced by 53 ± 7% (n = 9) and 37 ± 5% (n = 9) for
Tris/sucrose and Tris based recording media respectively. The
residual tail currents were not still present due to inefficient
applications of the modified recording media, because small
tail currents were also observed when Tris/sucrose (3 out of 7
cells) or Tris (6 out of 8 cells) recording media were bath
applied. These data suggest that the tail currents are sup-
ported by cations including choline and that Tris does to
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Figure 3 The Cl- channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) attenuated Ca2+ activated tail currents
and action potential after depolarizations. (a) Shows IC1(Ca), following inward and outward Ca2+ channel currents, inhibited by
3 min application of NPPB (10 JM). The cell was held at a Vh of -90 mV and Ca2+ channel currents activated at 0 mV and
100 mV. The change in outward current produced by NPPB may reflect inhibition of outward Cl- current flowing during the
voltage step to + 100 mV. At this very depolarized potential there is a large driving force for Cl- to enter the cell, through
Ca24-activated Cl- channels. (b) Prolonged action potentials evoked by 1O is, 600 pA depolarizing current steps, had action
potential after depolarizations in some cells loaded with CsCl patch solution. Cells were current clamped at -80 mV and action
potentials activated at a constant frequency of 1 min-. Application of 10 M NPPB for I min markedly inhibited the action
potential after depolarization. Five minutes after removal of the pipette containing NPPB, partial recovery was observed, although
in this cell the action potential was more prolonged, this was not significant (note the change in time scale).

0 mV
-90 mV I Caffeine responses

a Control cell
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s

Figure 4 5-Nitro-2- (3-phenylpropylamino) benzoic acid (NPPB)
inhibits Ic'(ca) activated by ICa and caffeine induced release of Ca24
from intracellular stores. (a) Traces from a control cell illustrating
the 'C1(Ca) activated by ICa and 10mM caffeine. (b) Traces from a cell
bathed in 1O JsM NPPB with ICl(ca, activated by ICa and 1O mm
caffeine. Cells were held at a Vh of -90 mV. Note: leak subtraction
has not been performed on these currents.

some degree pass through some of these channels. We found
in some cells that application of Tris recording media shifted
the voltage-dependence of ICa to the right and reduced the
leak current, however the peak ICa amplitudes were similar to
controls. The contribution of Ca24 influx to 'CAN could not
be studied using Ca24 dependent tail currents, but was inves-
tigated using caffeine to release Ca24 from intracellular stores
and thus activate ICAN (see below).

Caffeine-activated ICAN

Application of 1 to 10 mM caffeine produced large inward
currents when pipettes containing Cs acetate patch solution

were used. The reversal potential of the caffeine evoked
current was estimated from difference currents measured
between - 160 mV and -30 mV. Families of 30 ms voltage
step commands were activated prior to application of caffeine
and during the caffeine response (Figure 7a,b). The difference
current, current-voltage relationship was linear and could be
extrapolated to give an estimated reversal potential of
+ 8.3 ± 1.8 mV (n = 7). Improving the Ca2l buffering capa-
city of the cell by increasing the intracellular EGTA concen-
tration from 1.1 mM to 1OmM markedly attenuated the
caffeine-evoked current and delayed its onset (Figure 7c).
This suggests that the caffeine-evoked currents were activated
by Ca24 release from intracellular caffeine-sensitive stores. In
addition to the reversal potential, the action of Tris and
Tris/sucrose recording media suggests that the caffeine evok-
ed current was 'CAN. Tris/sucrose recording medium (Tris,
72.5 mM) reduced 'CAN to a greater extent than Tris recording
medium (Tris, 145 mM). However Tris based recording with
no added Ca24 or Mg24 did not attenuate 'CAN to any greater
degree than Tris based recording medium with normal levels
of Ca24 and Mg24. These data suggest that Tris but not Ca2+
passes through some cation channels activated by Ca2+
released from stores by caffeine. Tris has previously been
found to permeate through Ca2+-activated non-selective
cation channels in Helix neurones (Partridge & Swandulla,
1987).
The nature of caffeine-activated ICAN was dependent on the

intracellular anion. With Cs acetate patch solution the
caffeine responses were very long lasting (Figure 7b). Some-
times transient responses were observed and these were
subsequently dominated by the development of the sustained
current. It was noted in some cells that considerable delay
occurred (10 min) between applying caffeine (10 mM) and
activation of transient currents greater than 100 pA when Cs
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Figure 5 (a) Current-voltage relationship for ICa and accompanying
tail currents activated in a cell loaded with Cs acetate patch solution
and bathed in a recording medium containing 4 mm Ca2". The cell
was held at a Vh of -90 mV and peak Ca2" channel current (@)
and tail current (A) measured 20 ms after the end of the voltage step
are plotted. (b) Traces of some of the voltage steps and resultant
Ca2"-channel currents and cation tail currents used to produce the
current-voltage plot shown above (a).

acetate patch solution was used. In contrast when CsCl patch
solution was used only transient oscillating inward cation
currents were activated (Figure 7d), these currents were
insensitive to the Cl- channel blocker NPPB. Two minutes
application of caffeine (10 mM) also reduced the peak ICa
activated at a V, of 0 mV by 26 + 6% (n = 4) and increased
inactivation, furthermore activating ICa greatly enhanced the
subsequent inward ICAN (Figure 7d). This is consistent with
previous studies which have linked Ca2" entry through
voltage-activated channels and caffeine-sensitive Ca2" stores
with the control of intracellular Ca2+ transients (Lipscombe
et al., 1988). The oscillating ICAN activated by Ca2+ released
from intracellular stores were also attenuated by Tris record-
ing medium (Figure 7e).

Freshly replated cells

Both ICI(Ca) and ICAN tail currents were observed in freshly
replated DRG neurones which did not have processes. These
observations support the contention that Ca2"-activated C1-
and cation channels are present in the cell body membrane,
and that the tail currents are not primarily due to spread of
current from neuronal processes. However, we cannot dis-
count the possibility that in cells which have not been freshly
plated, Ca2+-activated channels could also be expressed on

neurites.

I 5 min recovery

Figure 6 Action of 5-nitro-2-(3-phenylproylamino) benzoic acid
(NPPB) and Tris/sucrose recording medium on tail currents recorded
from cells loaded with Cs acetate patch solution. (a) Traces show
that 2 min application of NPPB (1OIM) had no effect on ICa or tail
current. (b) Replacement of choline chloride recording medium by
microperfusion of Tris/sucrose recording medium attenuated the
Ca2l-activated tail current. Partial recovery was observed 5 min after
removal of the pressure ejection pipette containing Tris/sucrose
recording medium. Cells were held at a Vh of - 90 mV and bathed in
recording medium containing 4 mM Ca2".

Increasing the concentration ofEGTA in the patch
solution attentuated cIl(ca) and ICAN

ICI(ca) and ICAN activated either as tail currents following
voltage-activated ICa, or by release of Ca2+ from caffeine
sensitive intracellular stores, were attenuated by increasing
the concentration of the Ca2" chelator EGTA in the patch
solution. Ica and accompanying tail currents were activated
immediately (within 10 s) upon entering the whole cell re-
cording configuration. These initial currents were compared
with the currents activated 3 to 10 min later, which allowed
time for the patch solution to equilibrate with the cell cyto-
plasm. Increasing intracellular EGTA to 10 mM in conjunc-
tion with actions of K+ channel blockers resulted in marked
enhancement of ICa but also significant reduction in both
ICl(ca) and ICAN tail currents (Table 1, Figure 8a,b). Both IC1(ca)
(n = 3) and ICAN (n = 3) activated following outward Ca2"
channel currents evoked by strong depolarizations were
abolished within 5 min in cells containing patch solutions
with 10 mM EGTA present. ICAN activated by caffeine (1 to
10 mM) induced release of Ca2" from stores was also atten-
uated by increasing intracellular EGTA. Both transient and
sustained responses to caffeine were significantly attenuated
by increasing the concentration of intracellular EGTA (Table
2, Figure 7c).

a nA
21

b

80 mV

-90mV

)0 mVI

1 nAL
100 ms



Ca2" - ACTIVATED CURRENTS 599

-200 -160

Voltage (mV)

-120 -80 -40 0

1250 mV

,C j 1250 pA

b

500 pA
1 min

1 mM Caffeine

- 0.0

--0.8

--1.6 r
0

--2.4 "

--3.2

--4.0

b
0 mV

= -0m

a
0 mV

-i 1-90 mV

1 nAI

20 ms

50 mV

1 mm Caffeine 10 mM EGTA in cell
C

500 pA I. _
1 min

0 mV

j_-99mV

10 mM Caffeine
d l

250 pA
30 s

Tris/sucrose
10 mm Caffeine

500 pAl_
1 min

Figure 7 Sustained and oscillating caffeine responses recorded from
cells loaded with Cs acetate or CsCl patch solutions respectively. All
cells were held at a Vh of -90 mV. (a) Difference current I/V
relationship for caffeine (n = 7). The linear relationship extrapolated
(dotted line) to give an estimated reversal potential of +8 mV. The
inset traces show a family of difference currents generated in the cell
illustrated below (b). (b) A sustained response to I mm caffeine in a

cell loaded with Cs acetate patch solution. A family of 30 ms voltage
step commands were activated before application of caffeine and
during the sustained response. The patch solution contained 1.1 mm
EGTA. (c) The caffeine (1 mM) response was delayed and attenuated
by increasing the EGTA (10 mM) concentration in the Cs acetate
patch solution. (d) Trace from a cell recorded with a patch pipette
containing CsCl patch solution, and bathed in choline chloride
medium. Caffeine (10 mM) was applied for 1.5 min and there was a

I min delay before the first inward oscillating current was generated.
Activation of ICa (shown in the inset as a leak subtracted current on

an expanded time base and marked with an arrow), after the third
inward current, greatly enhanced the subsequent oscillation. (e)
Trace from a cell recorded .with a pipette containing CsCl patch
solution and bathed in Tris based recording medium. The first fast
transient current activated after the start of caffeine application is
typical of ICI(Ca). Oscillating inward currents were then observed and
attenuated by microejection of Tris/sucrose recording medium, sug-
gesting the involvement of ICAN. Tris/sucrose only partially inhibits
'CAN and no further reduction was observed when Tris/sucrose
medium was bath applied. These findings are consistent with those
for the 'CAN tail currents.

Figure 8 Intracellular EGTA (1O mM) attentuated 'CI(Ca) and 'CAN

tail currents. (a) Cell recorded with a pipette containing CsCl patch
solution. Initial ICa and ICI(Ca) recorded within 10 s of entering the
whole cell configuration and currents activated after 5 min are illus-
trated. (b) Cell recorded with a pipette containing Cs acetate patch
solution. Initial IC, and ICAN and currents activated 5 min later are
shown. Note that in both cells ICa increases after 5 min recording but
the tail currents are reduced.

The effect of replacing extracellular Ca2" with Ba2+ on

ICI(Ca) and ICAN
We observed that replacing extracellular Ca2" with Ba2" by
low pressure ejection reversibly abolished Cl- and cation tail
currents following both inward and outward voltage-acti-
vated Ca2" channel currents in 4 out of 5 cells and 3 out of 4
cells respectively. Ba2" does not directly activate Ca2+-acti-
vated C1- currents and cells bathed with recording medium
containing Ba2+ do not have ICAN tail currents following 1Ba.
However Cl- tail currents have previously been observed in
cells bathed in recording medium containing Ba2+, but this
activation of ICI(Ca) involves release of Ca2+ from a caffeine
sensitive intracellular store (Scott et al., 1988). It appears that
different results are obtained studying Cl- tail currents when
Ca2+ is replaced by Ba2+ compared with when Ba2+ is
replaced by Ca2+ (Mayer, 1985; Scott et al., 1988; Akasu et
al., 1990). This may reflect sensitization of the Ca2+-induced
Ca2+ release store, with prolonged exposure to different
extracellular divalent cations.

Discussion

In this study we have shown that an increase in intracellular
Ca21 can activate Cl- currents and Cl--independent non-
selective cation currents. The Cl- channel blocker NPPB
(Wangemann et al., 1986) inhibited ICl(ca) but did not reduce
ICAN activated by Ca2+ entering through voltage-gated chan-
nels or by release from a caffeine-sensitive store. The insen-

a
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Table I Actions of intracellular EGTA (10 mM) on ICa and ICI(Ca), 'CAN tail currents

Current

Peak Ica
End Ica
ICl(Ca)

Peak ICa
End Ica
ICAN

Patch solution

CsCI
CsC1
CsCI

Cs acetate
Cs acetate
Cs acetate

Current amplitude (nA)

Initial
- 1.66 ± 0.19
-0.77 ± 0.23
-0.62 ± 0.15

-2.06 ± 0.23
- 0.86 ± 0.38
-0.24 ± 0.03

3 to 10 min
-2.33 ± 0.41
- 1.67 ± 0.32
-0.22 ± 0.05

- 3.05 ± 0.31
- 2.29 ± 0.5
- 0.10 ± 0.02

(n = 7)*
(n = 7)**
(n = 4)*

(n = 6)*
(n = 6)t
(n = 6)t

Peak and end IcJ were the maximum IC. and the 'Ca measured at the end of a 100 ms voltage step command to a clamp potential of
0 mV respectively. Significance of the difference compared to initial current determined by Student's t test.
*P<0.05; tP<0.01; **P<0.005.

Table 2 Actions of intracellular EGTA on caffeine-induced ICAN

0.1 mM EGTA 1.1 mM EGTA 10mM EGTA

-0.64± 0.13 (n = 6) -0.23 ± 0.05 (n = IO)**
-2.73 ± 0.35 (n = 9) -0.67 ± 0.10 (n =9)*

The CsCI data were calculated from the maximum transient ICAN produced by caffeine in each cell. The significance of the difference
was determined by Student's t test: *P<0.005; **P<0.001.

sitivity of ICAN evoked by caffeine, indicates that NPPB did
not effect Ca2+ release from intracellular stores and that its
action was restricted to the Cl- channel. 'CI(Ca) was partic-
ularly sensitive to entry of Ca2" through voltage-activated
Ca2l channels. We found that Cl- tail currents were sup-
ported by outward Ca2l channel currents at very depolarized
potentials, and as previously described in vascular smooth
muscle cells (Pacaud et al., 1989), this was more apparent
when the extracellular Ca2l concentration was increased.
These findings suggest that Ia(Ca) is a good physiological
indicator of Ca2" levels close to the cell membrane and
reveals Ca2" entry which had been masked by other conduc-
tances under very depolarized conditions. This Ca2l entry
did not arise from voltage-mediated reversal of the Na+/Ca2"
exchanger which has a minor role on DRG cell bodies
(Benham et al., 1989) because choline chloride based record-
ing medium was used in these experiments. Two other possi-
bilities need to be considered: Cl- tail currents activated
following very strong depolarization (Vc + 100 mV), could be
contaminated by a Ca2" tail current, or a voltage-activated
Cl- current. However the Cl- tail currents described here
were not observed in all cells, were attenuated by NPPB,
abolished by increasing the Ca2" buffering capacity of the
cell with EGTA, and were dependent on extracellular Ca2`
concentration. The combination of these results suggests that
when a Cl- tail current is identified following an inward
Ca2l current, I'(Ca) is also activated following outward Ca2`
channel currents evoked by stronger depolarizations. Raising
the extracellular Ca2+ concentration (2 to 4 mM) increases the
driving force for Ca2+ entry. As a result there is an increase
in activation of Iol() which follows outward Ca2+ channel
currents. This does not occur at all potentials because follow-
ing the maximum inward ICa, ICI(Ca) is already fully activated
in cells bathed in medium containing 2 mM Ca2 . Ca2+ entry

through T-type Ca2+ channels was also able in some cells to
activate ICI(Ca). However the T-type ICa only activated a modest
'C1(Ca), the total available population of Ca2'-activated C1-
channels were only fully activated by high voltage-activated
Ca2+ currents, or release of Ca2+ from caffeine-sensitive
intracellular stores. Doubling the extracellular Ca2+ concen-

tration (2 mM to 4 mM) markedly increased the T-type Ich
but did not increase the amplitude of Icj(ca)' suggesting no

recruitment of Cl- channels to increase the peak current
occured. However, increasing the T-type current did slow the
deactivation of 'l(Ca), with greater Ca2+ entry the deactiva-
tion of Cl- tail currents no longer following a single expon-

ential. This is similar to what is observed when the duration
of high voltage-activated 'Ca is reduced, less Ca2+ entry
results in Cl- tail currents which decay with a single expon-

ential (Mayer, 1985). Researchers in a previous study failed
to show 'CI(Ca) activated by T-type ICa (Akasu et al., 1990) and
in some cells in this investigation similar results were obtain-
ed. Therefore not all Ca2" channels are associated with func-
tional Ca2"-activated Cl- channels, in cells which express

'CI(ca,. The relationship between Cl- tail currents and inward
low and high voltage-activated ICa data may be due to the
close association between Ca2` and Cl- channels. If colocal-
ization occurs between Ca2` and Cl- channels this may

ensure rapid and complete activation of the Cl- channels
when the increases in intracellular Ca2+ are restricted to
microscopic 'domains' round the Ca2+ channels (Chad &
Eckert, 1984; Simon & Llinais, 1985). Ca2+-activated C1-
channels have also been shown in a number of preparations
to be highly sensitive to changes in Ca2+ concentration
(Evans & Marty, 1986; Taleb et al., 1988).
The deactivation of 'CI(Ca) tail currents also provides in-

formation on how cells handle Ca2+ loads. The slowing and
changes in kinetics of 'C1(c.) deactivation resulting from in-
creasing Ca2' (Mayer, 1985), changing the extracellular diva-
lent cation (Scott et al., 1988), or reduced regulation of
intracellular Ca2' due to impaired metabolism (Duchen,
1990), have previously been described. In this study changes
in ICl(ca) deactivation were found even when small tail cur-
rents were activated by T-type ICa of different amplitudes.
However, interpretation of Ic,(c.) deactivation has recently
been made more complex by observations in Xenopus oocytes
which suggest Ca2+-dependent inactivation may possibly
involve protein kinase C (Boton et al., 1990). This form of
'CI(ca) inactivation involves very large Ca2+ loads and awaits
study in neurones.
The second type of tail current investigated, ICAN, was

small but long lasting and only easily studied following large
Ca2+ currents. This may be because Ca2+-activated non-
selective cation channels are diffusely distributed on the
DRG neurone cell bodies, and that DRG neurones efficiently
buffer Ca2+ and restrict 'CAN activation. However, differences
in channel sensitivity to Ca2+ and possibly regulation of
Ca2+-activated channels by second messengers may account
for our observations.

Caffeine induced Ca2+ mobilization can activate a variety
of Ca2'-dependent conductances in neurones (Smith et al.,
1983; Neering & McBurney, 1984; Lipscombe et al., 1988;

CsCI
Cs acetate
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Akaike & Sadoshima, 1989), including Ic1(ca) and ICAN* In
contrast to activation of ICAN by voltage-activated 'Ca,
caffeine-evoked currents were large suggesting more wide-
spread elevation of Ca2" round the cell membrane and so
more efficient activation of the non-selective cation channels.
Ca2" imaging studies have shown that caffeine produces
transient increases in intracellular Ca2" throughout neuronal
cell bodies (Lipscombe et al., 1988; Hernadez-Cruz et al.,
1990). The time course of the single transient Ici(ca) activated
by caffeine, was similar to the duration of Ca2" transients (6
to 8 s) measured with Ca2" dyes (Hernandez-Cruz et al.,
1990). The duration of ICAN evoked by caffeine was in part
determined by the intracellular anion, with transient oscil-
lating currents being recorded with intracellular Cl- and
more sustained currents dominating when cells were loaded
with Cs acetate. Transient rather than sustained Ca2" res-
ponses have been more usually observed when Ca2" sensitive
dyes were used to study caffeine responses (Lipscombe et al.,
1988; Thayer et al., 1988). However, different anions affect
inositol triphosphate evoked Ca2"-activated K+ currents

(Cloues & Robbins, 1991). A number of factors may contri-
bute to the different anion effects, these include: (1) anions
effecting the Ca2" release process; (2) anions altering Ca2"
homeostatic mechanisms; (3) anions acting as Ca2" buffers;
(4) anions acting on the Ca2" - activated non-selective cation
channels, to alter their activity or responsiveness to Ca2".

In conclusion our data suggest that Icl(ca) is efficiently
activated by ICa and that ICAN is more dependent on Ca2"
release from intracellular stores which may give more wide
spread elevation in Ca2". ICAN can generate large currents in
response to Ca2+ release from intracellular stores and in
some cases cell swelling and damage may occur. This raises
the possibility that ICAN may play a role in Ca2"-mediated
cell injury. The physiological role of ICI(Ca) remains to be
determined in neurones but both voltage-activated ICa and
Ca2+ release from stores may be involved.

We thank the Medical Research Council and the Nuffield Found-
ation for supporting our work. We also thank Dr A. Hughes for the
computer programme for calculating free Ca2+ levels.

References

AKAIKE, N. & SADOSHIMA, J.-I. (1989). Caffeine affects four
different ionic currents in the bull-frog sympathetic neurone. J.
Physiol., 412, 221-244.

AKASU, T., NISHIMURA, T. & TOKIMASA, T. (1990). Calcium-depen-
dent chloride current in neurones of the rabbit pelvic parasym-
pathetic ganglia. J. Physiol., 422, 303-320.

AMtDEE, T., LARGE, W.A. & WANG, Q. (1990). Characteristics of
chloride currents activated by noradrenaline in rabbit ear artery
cells. J. Physiol., 428, 501-516.

BADER, C.R., BERTRAND, D. & SCHLICHTER, R. (1987). Calcium-
activated chloride current in cultured sensory and parasympathe-
tic quail neurones. J. Physiol., 394, 125-148.

BARISH, M.E. (1983). A transient calcium-dependent chloride current
in the immature xenopus oocyte. J. Physiol., 342, 309-325.

BEAN, B.P. (1989). Neurotransmitter inhibition of neuronal calcium
currents by changes in channel voltage dependence. Nature, 340,
153-155.

BENHAM, C.D., EVANS, M.L. & MCBAIN, C.J. (1989). Inhibition of
Ca-ATPase slows recovery from voltage-gated Cai load in cul-
tured neurones from rat dorsal root ganglia. J. Physiol., 415, 21P.

BERNHEIM, L., BADER, C.R., BERTRAND, D. & SCHLICHTER, R.
(1989). Transient expression of a Ca2"-activated C1- current
during development of quail sensory neurones. Devel. Biol., 136,
129-139.

BLATZ, A.L. & MAGLEBY, K.L. (1987). Calcium-activated potassium
channels. Trends Neurosci., 10, 463-467.

BOTON, R., SINGER, D. & DASCAL, N. (1990). Inactivation of cal-
cium-activated chloride conductance in Xenopus oocytes: roles of
calcium and protein kinase C. Pflzigers Arch., 416, 1-6.

CHAD, J.E. & ECKERT, R. (1984). Calcium domains associated with
individual channels can account for anomalous voltage relations
of Ca-dependent responses. Biophys. J., 45, 993-999.

CLOUES, R. & ROBBINS, J. (1991). Dependence of the inositol tri-
phosphate evoked potassium current on anions in whole cell
recordings from rodent neuroblastoma x glioma hybrid cells. J.
Physiol., 438, 222P.

DASCAL, N., IFUNE, C., HOPKINS, R., SNUTCH, T.P., LUBBERT, H.,
DAVIDSON, N., SIMON, M.I. & LESTER, H.A. (1986). Involvement
of a GTP-binding protein in mediation of serotonin and acetyl-
choline responses in Xenopus ococytes injected with rat brain
messenger RNA. Mol. Brain Res., 1, 201-209.

DICHTER, M.A. & FISCHBACH, G.D. (1977). The action potential of
chick dorsal root ganglion neurones maintained in culture. J.
Physiol., 267, 281-298.

DOLPHIN, A.C. & SCOTT, R.H. (1990). Activation of calcium channel
currents in rat sensory neurones by large depolarizations: effect of
guanine nucleotides and (-)-baclofen. Eur. J. Neurosci., 2,
104-108.

DUCHEN, M.R. (1990). Effects of metabolic inhibition on the mem-
brane properties of isolated mouse primary sensory neurones. J.
Physiol., 424, 387-409.

EVANS, M.G. & MARTY, A. (1986). Potentiation of muscarinic and
a-adrenergic responses by an analogue of guanosine 5'-triphos-
phate. Proc. Natl. Acad. Sci. U.S.A., 83, 4099-4103.

HAMILL, O.P., MARTY, A., NEHER, E., SAKMANN, B. & SIGWORTH,
F.J. (1981). Improved patch-clamp techniques for high-resolution
current recording from cells and cell-free membrane patches.
Pflugers Arch., 391, 85-100.

HERNANDEZ-CRUZ, A., SALA, F. & ADAMS, P.R. (1990). Subcellular
calcium transients visualized by confocal microscopy in a voltage-
clamped vertebrate neurone. Science, 247, 858-862.

LIPSCOMBE, D., MADISON, D.V., POENIE, M., REUTER, H., TSIEN,
R.W. & TSIEN, R.Y. (1988). Imaging of cytosolic Ca2+ transients
arising from Ca2+ stores and Ca2l channels in sympathetic
neurones. Neuron, 1, 355-365.

MAYER, M.L. (1985). A calcium-activated chloride current generates
the after-depolarization of rat sensory neurones in culture. J.
Physiol., 364, 217-239.

MILEDI, R. & PARKER, I. (1984). Chloride current induced by injec-
tion of calcium into Xenopus oocytes. J. Physiol., 357, 173-183.

NEERING, I.R. & MCBURNEY, R.N. (1984). Role of microsomal Ca
storage in mammalian neurones? Nature, 309, 158-160.

NOMURA, Y., KANEKO, S., KATO, K.-I., YAMAGISHI, S.-I. & SUGI-
YAMA, H. (1987). Inositol phosphate formation and chloride
current responses induced by acetylcholine and serotonin through
GTP-binding proteins in Xenopus oocyte after injection of rat
brain messenger RNA. Mol. Brain Res., 2, 113-123.

OGDEN, D.C., CAPIOD, T., WALKER, J.W. & TRENTHAM, D.R.
(1990). Kinetics of the conductance evoked by noradrenaline,
inositol triphosphate or Ca2" in guinea-pig isolated hepatocytes.
J. Physiol., 422, 585-602.

OOSAWA, Y. & YAMAGISHI, S. (1989). Rat brain glutamate receptors
activate chloride channels in Xenopus oocytes coupled by inositol
triphosphate and Ca2+. J. Physiol., 408, 223-232.

OWEN, D.G., SEGAL, M. & BARKER, J.L. (1984). A Ca-dependent
Cl- conductance in cultured mouse spinal neurones. Nature, 311,
567-570.

PACAUD, P., LOIRAND, G., LAVIE, J.L., MIRONNEAU, C. & MIR-
ONNEAU, J. (1989). Calcium-activated chloride current in rat
vascular smooth muscle cells in short-term primary culture.
Pflugers Arch., 413, 629-636.

PARTRIDGE, L.D. & SWANDULLA, D. (1987). Single Ca-activated
cation channels in bursting neurons of Helix. Pflugers Arch., 410,
627-631.

PARTRIDGE, L.D. & SWANDULLA, D. (1988). Calcium-activated
non-specific cation channels. Trends Neurosci., 11, 69-72.

ROGAWSKI, M.A., INOUE, K., SUZUKI, S. & BARKER, J.L. (1988). A
slow calcium-dependent chloride conductance in clonal anterior
pituitary cells. J. Neurophys., 59, 1854-1870.

SCHLICHTER, R., BADER, C.R., BERTRAND, D., DUBOIS-DAUPHIN,
M. & BERNHEIM, L. (1989). Expression of substance P and of a
Ca2'-activated Cl- current in quail sensory trigeminal neurones.
Neurosci, 30, 585-594.

SCOTT, R.H., CURRIE, K.P.M., SUTTON, K.G. & DOLPHIN, A.C.
(1992). Modulation of neuronal Ca2+-dependent currents by
neurotransmitters, G-proteins and toxins. Biochem. Soc. Trans.,
27fl 443-449.



602 K.P.M. CURRIE & R.H. SCOTT

SCOTT, R.H., MCGUIRK, S.M. & DOLPHIN, A.C. (1988). Modulation
of divalent cation-activated chloride ion currents. Br. J. Phar-
macol., 94, 653-662.

SIMON, S.M. & LLINAS, R.R. (1985). Compartmentalization of the
submembrane calcium activity during calcium influx and its signi-
ficance in transmitter release. Biophys. J., 48, 485-496.

SIMONNEAU, M., DISTASI, C., TAUC, L. & BARBIN, G. (1987). Potas-
sium channels in mouse neonate dorsal root ganglion cells: a
patch-clamp study. Brain. Res., 412, 224-232.

SMITH, S.J., MAcDERMOTT, A.B. & WEIGHT, F.F. (1983). Detection
of intracellular Ca2l transients in sympathetic neurones using
arsenazo III. Nature, 304, 350-352.

TALEB, O., FELTZ, P., BOSSU, J.-L. & FELTZ, A. (1988). Small-
conductance chloride channels activated by calcium on cultured
endocrine cells from mammalian pars intermedia. Pflagers Arch.,
412, 641-646.

THAYER, S.A., PERNEY, T.M. & MILLER, R.J. (1988). Regulation of
calcium homeostasis in sensory neurones by bradykinin. J.
Neurosci., 8, 4089-4097.

WANGEMANN, P., WIHTNER, M., DISTEFANO, A., ENGLERT, H.C.,
LANG, H.J., SCHLATTER, E. & GREGER, R. (1986). Cl--channel
blockers in the thick ascending limb of the loop of Henle, struc-
ture activity relationship? Pflagers Arch., 407, S128-S141.

(Received November 14, 1991
Revised March 9, 1992

Accepted March 11, 1992)



Br. J. Pharmacol. (1992), 106, 603-609

Evidence for postsynaptic mediation of the hypothermic effect
of 5-HT1A receptor activation
'M.T. O'Connell, 2G.S. Sarna & 3G. Curzon

Department of Neurochemistry, Institute of Neurology, Queen Square, London WC1N 3BG

1 The 5-HTIA ligand BMY 7378 (8-[2[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]8-azaspirol [4,5]-decane-
7,9-dione dihydrochloride, 0.032-2 mg kg ', s.c.) caused hyperphagia, a response to the activation of
presynaptic 5-HTlA receptors.
2 BMY 7378 (8 mg kg-', s.c.) and the 5-HTIA agonist (8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-
DPAT), 0.10 and 0.25mgkg'I s.c.) also caused hypothermia. This was inhibited by (-)-pindolol
(1 mg kg-', i.p.) and not prevented by pretreatments with p-chlorophenylalanine which grossly depleted
5-hydroxytryptamine (5-HT) from terminal regions. The hypothermic effects are explicable by activation
of postsynaptic 5-HTIA receptors. Infusion of BMY 7378 (8-64 pg) into the dorsal raphe was without
convincing hypothermic effect.
3 BMY 7378 (8 mg kg-', s.c.) inhibited another effect of activation of postsynaptic 5-HTA receptors,
i.e., the induction of components of the 5-HT syndrome by 8-OH-DPAT (0.5, 1.0 mg kg', s.c.) which
suggests that BMY 7378 has antagonistic as well as agonistic effects at these sites.
4 Partial agonist properties of BMY 7378 at postsynaptic sites were also indicated by doses for
hypothermia being much greater than those for hyperphagia i.e., EDM (hypothermia) >2 mg kg-, ED50
(hyperphagia) = 0.0O0 mg kg'. This contrasts with the similar ED5o values for both the hypothermic
(ED5 = 0.08-0.10 mg kg-') and hyperphagic (ED50 = 0.06-0.10mg kg-') effects of 8-OH-DPAT.
5 The evidence obtained for mediation of the hypothermic response to 5-HTIA agonists by postsynaptic
sites is relevant to the interpretation of the effects on it of antidepressant treatments and depressive
illness.

Keywords: Feeding; 5-HTIA agonists; 5-HTA antagonists; 5-HT behaviour; temperature

Introduction

The rat brain contains both pre- and postsynaptic 5-HTIA
binding sites (Gozlan et al., 1983). The presynaptic sites
mostly occur in the dorsal and median raphe nuclei (Verge et
al., 1985; Weissman-Nanopoulos et al., 1985). They act as
somatodendritic autoreceptors which on activation by 5-
HTA agonists (e.g. 8-hydroxy-2-(di-n-propylamino) tetralin
(8-OH-DPAT)) decrease the release of 5-hydroxytryptamine
(5-HT) at terminals (Hjorth & Magnusson, 1988; Hutson et
al., 1989; Sharp et al., 1989). Behavioural consequences occur
including hyperphagia in freely feeding rats (Dourish et al.,
1985; 1986a; Hutson et al., 1986) and altered motor activity
(Hillegaart, 1990). Activation of postsynaptic 5-HTIA recep-
tors causes at least two components of the 5-HT behavioural
syndrome, reciprocal forepaw padding and flat body posture
(Tricklebank et al., 1984).

5-HTIA agonists also cause hypothermia but, as reviewed
by Martin & Heal (1991), evidence on whether this occurs via
a pre- or postsynaptic mechanism is conflicting. Thus, Good-
win et al. (1987a) reported that the hypothermic effect of
8-OH-DPAT was mediated presynaptically as it was attenu-
ated when 5-HT was depleted by repeated i.p. administration
of p-chlorophenylalanine (pCPA) or by injection of 5,7-
dihydroxytryptamine (5,7-DHT) into the third ventricle.
Similar results were obtained in mice (Goodwin et al., 1985;
Heal et al., 1989). However, other workers found that' pCPA
tended to increase the hypothermic effect of 8-OH-DPAT in
both rats (Hjorth, 1985; Hutson et al., 1987) and mice (Mat-
suda et al., 1990). Similar effects occurred when rats were
pretreated with either pCPA or 5,7-DHT and given the 5-

HTlA agonist LY 165163 (Hutson et al., 1987) and a very
recent paper reported the above pretreatments opposed the
hypothermic response to 8-OH-DPAT in mice but not in rats
(Bill et al., 1991). These findings suggest that 5-HTlA agonists
cause hypothermia in the rat by activating not presynaptic
but postsynaptic receptors. On the other hand, Higgins et al.
(1988) and Hillegaart (1991) induced hypothermia by inject-
ing 8-OH-DPAT into the dorsal raphe, which is consistent
with the data of Goodwin et al. (1985, 1987a).

This discrepancy is of some importance, especially as 8-
OH-DPAT induced hypothermia has been taken as a model
of presynaptic 5-HTlA function (Goodwin et al., 1985; Lesch
et al., 1990a). We have therefore attempted to elucidate it by
use of the buspirone analogue BMY 7378, (8-[2-[4-(2-meth-
oxyphenyl) -1-piperazinyl] ethyl]-8-azaspirol [4,5] -decane-7,
9-dione dihydrochloride which is an agonist at 5-HTA recep-
tors in the dorsal raphe (VanderMaelen et al., 1987; Sharp
et al., 1990) but has mainly antagonist properties at post-
synaptic 5-HTA sites and relatively weak affinity for 5-HT
receptors of other types (Yocca et al., 1987; Chaput & De
Montigny, 1988; Sharp et al., 1990). The above dual action
of BMY 7378 was confirmed by determining its effects on
feeding and on the 5-HT behavioural syndrome. Its effects on
temperature were then used to investigate the mechanism of
the hypothermia.

Methods

Animals

Male Sprague-Dawley rats (Charles River, U.K., weight
200-250 g) were housed individually under a 12 h light-dark
cycle (lights on 06 h 00 min) at 22 ± 1C for 5 days before
experimentation. Rat diet (Labsure, Poole, Dorset) and water
were freely available.

' Present address: Department of Clinical Neurology, Institute of
Neurology, Queen Square, London WCIN 3BG.
2MRC Cyclotron Unit, Hammersmith Hospital, 150 DuCane Road,
London W12 OHS.
3Author for correspondence.

'." Macmillan Press Ltd, 1992
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Food intake

BMY 7378 (0.002, 0.008, 0.032, 0.125, 0.5 and 2.0mg kg-')
or 0.9% NaCl vehicle (1.0 ml kg-', s.c.) was given s.c.
between 12 h 00 min and 13 h 00 min to freely feeding rats in
their home cages. A weighed amount of food was placed in
the hopper, the amount of food remaining at 2, 4 and 24 h
weighed and food intakes calculated.

S-Hydroxytryptamine syndrome

Animals were tested in their home cages but after the
removal of most of their bedding in order to facilitate the
observation of behaviour. BMY 7378 (8 mg kg-1) or 0.9%
NaCI vehicle was administered s.c. into the right flank 30 min
prior to injecting 8-OH-DPAT or 0.9% NaCI s.c. into the
left flank. Behaviour was recorded on video tape from 10 to
70 min after the final drug injection and subsequently
analysed by use of a micro-computer as described by Dourish
et al. (1986a).

Temperature measurements

The rectal temperature of rats briefly retained in a 6 cm i.d.
perspex tube was measured with a lubricated digital thermo-
meter probe (Philip Harris Scientific, London) inserted 3 cm
into the rectum. Readings were taken 15 min before and 30,
60, 120 and 300 min after giving BMY 7378 (2, 8 or 32 mg
kg-', s.c., n = 6 or 7 per group) or 0.9% NaCI vehicle
(n= 13).

p-Chlorophenylalanine pretreatment

In view of disagreements in the literature on the effect of
pretreatment with pCPA on the hypothermic responses of
rats to 5-HTlA agonists (Hjorth, 1985; Goodwin et al., 1987a;
Hutson et al., 1987) three different pCPA procedures were
used. Initially the method of Hutson et al. (1987) was app-
lied. Rats were injected i.p. with pCPA (150mg kg-') on
three consecutive days and 24 h later given BMY 7378 (8 mg
kg-', n = 6) or 0.9% NaCl vehicle (n = 6). Control groups
were given 0.9% NaCl instead of pCPA but otherwise treat-
ed as above. Rectal temperature was measured 15 min before
and 30 and 60 min after final drug administration. The rats
were then immediately killed by decapitation and their brains
rapidly removed, dissected into regions (see later) and stored
at - 70°C for subsequent determination of 5-HT.

In a second experiment, the pCPA treatment of Goodwin
et al. (1987a) was used in which the doses were larger than
those used by Hutson et al. (1987) and the drug was given 4
times instead of 3. Effects on the hypothermic responses to
BMY 7378 and 8-OH-DPAT were determined. pCPA (200
mg kg', i.p.) was given on days 1, 2, 6 and 12. Twenty-four
h after the final injection, BMY 7378 (8 mg kg-'), 8-OH-
DPAT (0.1, 0.75 mg kg-') or 0.9% NaCl was given s.c.
(n = 5-6 per group) and temperature measured as before.
Control animals were given 0.9% NaCl instead of pCPA.
The rats were killed and their brains removed, dissected,
stored and analysed as before.

Finally rats were pretreated with pCPA as in the previous
experiments but, following the procedure of Goodwin et al.
(1987a) exactly, 8-OH-DPAT (0.1 and 0.75mgkg-') were
given twice (days 4 and 14) and rectal temperature recorded
on both days. This experiment was performed to determine
whether the first treated with 8-OH-DPAT used by these
authors affected the hypothermic response to the second
treatment (see discussion). Brain 5-HT was not determined.

(- )-Pindolol pretreatment
Rectal temperatures were measured immediately before i.p.
injection of (-)-pindolol (1 mg kg-') or 0.9% NaCl. The
rats were injected 15 min later with 8-OH-DPAT (0.25 mg

kg-'), BMY 7278 (8 mg kg-') or 0.9% NaCl (n = 5-7 per
group). Temperatures were measured again 30 min after the
second injection.

Infusion ofBMY 7378 into the dorsal raphe

Rats were anaesthetized with Sagatal (sodium pentobarbitone
B.P., RMB Animal Health Ltd., U.K., 20-30mg kg-', i.p.)
and stereotactically implanted at coordinates: AP -7.8 mm,
L 0.0 mm and V 5.0 mm, relative to bregma (Paxinos &
Watson, 1982), with guide cannulae (26 G, Plastics One Inc.,
Virginia, U.S.A.) so that the tip of the indwelling stylet was
flush with the guide which terminated 1 mm superior to the
dorsal raphe and just before the cerebral aqueduct. Dental
acrylic and two screws firmly secured the guide cannula. The
rats were allowed to recover for five days with daily handling
and rotation of the stylet.
On the sixth day the rectal temperature was measured and

15 min later the stylet was replaced by a stainless steel
infusion needle that protruded 1 mm beyond the guide: 0.9%
NaCI or BMY 7378 (8, 32 or 64 gg) were infused in 1 tl
0.9% NaCl over 1 min with the needle remaining in situ for
an additional 1 min, to allow for diffusion from the tip.
Rectal temperature measurements were made after 15, 30, 45,
60, 90 and 120 min.
The rats were then overdosed with Sagatal and cardiac

perfusion performed with 10% formalin in 0.9% NaCl as a
brain tissue fixative. The brains were removed and stored
refrigerated before histological determination of the injection
site.

Biochemical analysis

Brains were placed in an ice-cold rat brain slicer (Henry &
Yashpal, 1984) and dissected as follows with Paxinos &
Watson (1982) as a guide. Frontal cortex material was
obtained by use of a 2 mm anterior transverse cut with
subsequent removal of the olfactory lobes. Further cuts made
2.5 mm anterior to and on the interaural line gave a slice
from which a 3 mm i.d. punch was taken with the cerebral
aqueduct and the pontine nuclei as upper and lower limits.
This contained the dorsal and medial raphe nuclei, some of
the caudal linear raphe nucleus and also some extraneous
material. The hippocampus, hypothalamus and 'rest of brain'
(minus the cerebellum) were then dissected out freehand.

Tissue samples were treated and 5-HT and 5-hydroxy-
indoleacetic acid (5-HIAA) determined by high performance
liquid chromatography (h.p.l.c.) as described by Adell et al.
(1989) except that the mobile phase was 0.1 M KH2PO4,
0.16 mM octyl sodium sulphate, 0.4mM Na-EDTA, (adjusted
to pH 3.6 with phosphoric acid) and 15% methanol. Typical
retention times (min) were: 5-HT, 2.45; 5-HIAA, 3.25. Pro-
tein was determined in the raphe samples by the method of
Lowry et al. (1951).

Drugs

Drugs used were as follows: 8-[2-[4-(2-methoxyphenyl)-1-
piperazinyllethyl]8-azaspirol[4,5]-decane-7,9-dione 2HC1 (BMY
7378), Bristol-Myers Co., Evansvill, IN, U.S.A.; 8-hydroxy-2-
(di-n-propylamino)tetralin HBr (8-OH-DPAT), Research
Biochemicals Inc., Semat, St. Albans, U.K.; DL-p-chloro-
phenylalanine methyl ester HCl (pCPA) (Sigma Chemical
Co., Poole, Dorset); (-)-pindolol (Sandoz, Basle, Switzer-
land). All drugs except (-)-pindolol were freshly dissolved in
0.9% NaCl and injected (s.c. for 8-OH-DPAT or BMY 7378,
i.p. for pCPA) in a volume of 1.0 ml kg-' between 12 h
00 min and 14 h 00 min. (-)-Pindolol was dissolved in a few
drops of 0.1 M HCI, brought to neutrality with 0.1 M NaOH
and made to volume with 0.9% NaCl.
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Data analysis

Differences between the effects of various doses of BMY 7378
on food intake were evaluated by Mann-Whitney U-test after
significant Kruskal-Wallis ANOVA. The ED50 value was cal-
culated by linear regression. Effects of BMY 7378 on 8-OH-
DPAT-induced behaviour were also assessed by this
method. Effects of BMY 7378 at different dosage on tem-
perature were assessed by Duncan's test after significant
parametric one way ANOVA. The effects of pCPA and
(-)-pindolol pretreatment on the temperature response to
BMY 7378 and the effects of pCPA on brain 5-HT and
5-HIAA were analysed by Student's t test.

Results

Effect ofBMY 7378 on feeding

Food intake over 2 h by freely feeding animals was increased
by BMY 7378 (Figure 1) in a dose-related manner with
significant effects at 0.032 mg kg-', s.c. and above. Maximum
response occurred at 0.5 mg kg-'. The dose-response curves
for 2 and 4 h intakes were parallel i.e. BMY 7378 caused
hyperphagia during the first but not the second 2 h after
injection. Food intake over 24 h was unaffected (results not
shown).

Effect ofBMY 7378 on the S-HT syndrome induced by
8-OH-DPAT

Table 1 shows that BMY 7378 (8 mg kg-', s.c.) did not elicit
any components of the 5-HT syndrome and almost complete-
ly prevented its induction by 8-OH-DPAT (0.5 and 1.0mg
kg-', s.c.). 8-OH-DPAT at the higher dose increased walking
but this was suppressed in rats pretreated with BMY 7378.
None of the groups of rats showed significant differences of
grooming frequency but the duration of grooming episodes
was much decreased in all groups given 8-OH-DPAT (not
shown).

Effects ofBMY 7378 and 8-OH-DPAT on body
temperature

BMY 7378 (8, 32 mg kg-' s.c.) caused significant and com-
parable hypothermia 30 min after giving either dose (Figure
2). The response to the 8 mg kg-' dose then declined while
the effect of the larger dose was somewhat more prolonged.
BMY (2 mg kg-') did not decrease temperature but prevent-
ed the initial slight transient hyperthermia of animals injected
with vehicle.

3.0

.2 2.0

ca

Co0
0LL 1.0

Vehicle 0.002 0.008 0.032 0.125
BMY 7378 (mg kg-)

0.5 2.0

Figure 1 The effect of BMY 7378 on feeding in rats. Intakes are
shown as means (s.e.mean shown by vertical bars) over 2 h (S) and
4 h (O) after injection s.c. (n = 6/group). Differences from rats
treated with 0.9% NaCI vehicle: *P<0.05; **P<0.02 (Mann-
Whitney U-test after Kruskal-Wallis ANOVA).
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Figure 2 The effect of BMY 7378 on rectal temperature. Rats were
given BMY 7378 s.c.; 2mgkg' (@), 8mgkg-I (A), 32mgkg-'
(U), n = 6/group. Temperatures are differences from values 15 min
before drug injection and are shown as means with s.e.mean shown
by vertical bars. Differences from rats given 0.9% NaCI (0, n = 13);
*P <0.05; **P <0.01 (Duncan's test after significant one way
ANOVA).

Table 1 Effect of BMY 7378 on motor activity and components of the 5-hydroxytryptamine (5-HT) syndrome induced by
8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT)

0.9% NaCl
0.9% NaCl 8-OH-DPAT

(0.5mg kg-')

4 5

8-OH-DPAT
(1.0mg kg-')

4

BMY 7378 (8mgkg-')
0.9% NaCl 8-OH-DPAT 8-OH-DPAT

(0.5mg kg') (1.0mg kg-')

4 4 4

Forepaw treading (FRQ)
Wet-dog shakes (FRQ)
Hindlimb abduction (FRQ)
Flat body posture (DUR)
Walking (DUR)
Grooming (FRQ)

0

0

0

0

3.4± 1.7
6.8 ± 2.5

15.2 ± 2.3
1.8 ± 0.4
8.4± 1.6

24.7 ± 2.9
3.3 ± 0.7
2.4± 1.2

12.3 ± 0.2
4.8 ± 3.3
9.3 ± 1.9

29.9 ± 1.6
9.0 ± 0.6t
3.7 ± 1.2

0

0

0

0

0.4 ± 0.1
2.8 ± 0.6

0

0

0

0

0.4 ± 0.2*
3.0 ± 1.5

0

0.3 ± 0.3
0.3 ± 0.3

0

1.2 ± 0.4*
1.5 ± 0.9

Values are means ± s.e.mean. DUR = duration in min. FRQ = frequency. Observation over 1 h (see 'Methods'). Differences from rats
given 0.9% NaCl instead of BMY 7378: *P<0.05. Differences from rats given 0.9% NaCI instead of 8-OH-DPAT: tP<0.05.
Mann-Whitney U-test after significant Kruskal-Wallis ANOVA.

First injection
Second injection
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pCPA pretreatments Rats depleted of 5-HT by pretreatment
with pCPA (150mg kg-', i.p.) on days 1, 2 and 3 showed a
hypothermic response to BMY 7378 (8 mg kg-', s.c.) on day
4 which was essentially identical to that of animals pretreated
with 0.9% NaCl (Table 2, experiment 1).

Pretreatment with pCPA (200 mg kg- ', i.p.) on days 1, 2, 6
and 12 led to an essentially unaltered hypothermic response
to BMY 7378 (8 mg kg-', s.c.) at 30 min after injection and a
moderately but not significantly increased hypothermia at
60 min (Table 2, experiment 2). The response to 8-OH-DPAT
(0.1 mg kg-', s.c.) was however substantially and significantly
increased by the pCPA pretreatment.

In experiment 3, the same pCPA treatment was used but
8-OH-DPAT was given on day 4 and then on day 14. The
hypothermic response to 8-OH-DPAT (0.10 mg kg-') was the
same on both days but less marked on day 14 than in
experiment 2. The response to 8-OH-DPAT (0.75 mg kg-') at
30 min after injection was somewhat lower on day 14 than
on day 4 but the response at 60 min was somewhat higher.

Temperatures 15 min before final drug treatments of rats

Table 2 Effect of p-chlorophenylalanine (pCPA) pretre
8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT)

pretreated with pCPA were marginally higher than those of
animals pretreated with 0.9% NaCl.

Effect of (- )-pindolol The decreases of temperature 30 min
after injection of BMY 7378 (8 mg kg-', s.c.) or 8-OH-
DPAT (0.25 mg kg-', s.c.) were substantially attenuated
when (-)-pindolol (1 mg kg-', i.p.) was given 15 min before
the above drug treatments (Table 3). (-)-Pindolol pretreat-
ment had negligible effects on temperature in the absence of
BMY 7378 or 0.9% NaCl.

Infusion of BMY 7378 into the dorsal raphe Infusion of
0.9% NaCl vehicle into the dorsal raphe caused a rise in
temperature which was maximal at 30 min (Table 4). BMY
7378 (8 1g) caused a marginally smaller rise and BMY 7378
(32 jig) caused slight hypothermia at 15 min so that the
temperature was significantly below that of rats infused with
0.9% NaCl. A higher dose (64 fig) had an effect which was
slightly less than that of 32 fig and did not attain significance.

catment on hypothermic responses to BMY 7378 and

Temperature
15min before
treatment

Treatment

Day 4
37.6 ± 0.2 0.9% NaCl
37.4 ± 0.2 BMY 7378 (8mgkg-')

Change of temperature
30 min after 60 min after
treatment treatment

+0.3 ± 0.2
-0.8 ± 0.3**
A-1.1

+0.1 ± 0.2
- 0.7 ± 0.2*
A-0.8

5 pCPA (150 mg kg-')
6 pCPA (150 mg kg-')

37.6 ± 0.3
38.1 ± 0.2

0.9% NaCl
BMY 7378 (8mgkg-')

Expt. 2

6
5

6

Days 1,2,6,12
0.9% NaCl
0.9% NaCl

0.9% NaCl

4 pCPA (200 mg kg-')
5 pCPA (200 mg kg- ')

5 pCPA (200 mg kg-')

Day 14
37.5 ± 0.1 0.9% NaCl
37.7 ± 0.2 BMY 7378 (8mgkg-')

37.6 ± 0.2 8-OH-DPAT (0.1 mg kg-')

37.6 ± 0.2
38.1 ± 0.2

38.2 ± 0.2

0.9% NaCl
BMY 7328 (8mgkg-')

8-OH-DPAT (0.1 mg kg-')

+0.7 ± 0.1
-0.5 ± 0.3**

A- 1.2

- 0.6 ± 0.3**
A- 1.3

+0.6 ± 0.2
- 0.7 ± 0.2**

A-1.3

- 1.8 ± 0.3**t
A-2.4

Days 1,2
pCPA (200 mg kg- ')
pCPA (200 mg kg-')

8 pCPA (200 mg kg-')

38.1 ± 0.2
38.1 ± 0.1

38.1 ± 0.2

Day 4
0.9% NaCl
8-OH-DPAT (0.1 mg kg- ')

+0.2 ± 0.2
-0.7 ± 0.2*

A-0.9

8-OH-DPAT (0.75 mg kg-') -2.4+ 0.4**
A-2.6

Day 6,12
Continued experiment

8 pCPA (200 mg kg-')
8 pCPA (200 mg kg-')

on above three
37.9 ± 0.2
37.8 ± 0.2

Day 14
groups

0.9% NaCI
8-OH-DPAT (0.1 mg kg- ')

8 pCPA (200mg kg-') 37.9 ± 0.1 8-OH-DPAT (0.75mg kg- ')

Values are means ± s.e.mean.
Mean differences from rats treated with 0.9% NaCl instead of BMY 7378 or 8-OH-DPAT is indicated by A. Significance of differences
from rats treated with 0.9% NaCl. *P<0.05; **P<0.01 by Duncan's multiple group comparison after significant one-way ANOVA.
Significances of difference from rats pretreated with 0.9% NaCl instead of pCPA: tP<0.02 (Student's t test).

n

Expt. 1

5
5

Pretreatment

Days 1,2,3
0.9% NaCl
0.9% NaCl

+0.3 ± 0.1
- 0.8 ± 0.4*
A-1.1

+0.2 ± 0.1
- 0.8 ± 0.3*
A-1.0

Expt. 3

8
8

+0.6 ± 0.2
- 0.4 ± 0.3*
A- 1.0

- 0.2 ± 0.2*
A-0.8

+0.6 ± 0.3
-0.8 ±0.1**
A- 1.4

-1.1 ±0.4**
A-1.7

-0.1 ± 0.2
-0.1 ± 0.1

A-0.0

-1.0±0.3**
A -0.9

+0.1 ± 0.1
- 0.8 ± 0.2**
A-0.9

-0.1 ± 0.1
-0.2 ± 0.2

A-0.1

- 1.8 ± 0.1**
A- 1.9

- 1.5± 0.3**
A- 1.4
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Depletion of brain S-HT by pCPA treatments

Both pCPA treatments (see Table 2, experiments 1 and 2)
grossly reduced 5-HT concentrations in brain regions with
the exception of the raphe where considerable amounts of
5-HT were detectable (Table 5) especially in experiment 2,
i.e., when the conditions of Goodwin et al. (1987a) were
used. Relative decreases of 5-HIAA were consistently some-
what greater than those of 5-HT.

Table 3 Effect of (-)-pindolol (I mg kg-') on hypothermic
effects of BMY 7378 (8 mg kg-') and 8-hydroxy-2-(di-n-
propylamino) tetralin (8-OH-DPAT, 0.25 mg kg-')

n Pretreatment

5 0.9% NaCl
7 (- )-Pindolol

5 0.9% NaCl
6 (-)-Pindolol

Treatment Changes of temperature
(30 min after treatment)

0.9% NaCl
0.9% NaCl

BMY 7378
BMY 7378

6 0.9% NaCl 8-OH-DPAT
6 (-)-Pindolol 8-OH-DPAT

+0.1 ± 0.1
+0.1 ± 0.2

- 1.2 ± 0.3
-0.3+ 0.15**

- 1.8 ± 0.1
- 0.8 + 0.3*

Changes of temperature are from values determined immed-
iately before pretreatment i.e., 15 min before treatment.
Values are means ± s.e.mean. Differences from rats not
given (- )-pindolol: *P<0.05; **P <0.01 (t test).

Table 4 Effect of infusing BMY 7378 into the dorsal raphe
on temperature

Chan
n BMY 7378 15 min

qig)

6 0 +0.7±0.1
6 8 +0.4±0.1
5 32 - 0.2± 0.2*
5 64 +0.2±0.2

nge of temperature
30 min 45 min

+0.9 ± 0.2
+0.6 ± 0.1
+0.2 ± 0.1
+0.6 ± 0.2

+0.8 ± 0.2
+0.6 ± 0.1
+0.5 ± 0.1
+0.8 ± 0.2

Changes of temperature are from values determined 15 min
before infusing the drug. Values are means ± s.e.mean.
Difference from rats given vehicle: *P<0.05 (Duncan's test
after significant one way ANOVA).

Discussion

BMY 7378 caused both hypothermia and hyperphagia in the
rat. The hyperphagic response, a well authenticated effect of
activation of presynaptic 5-HTIA receptors (Dourish et al.,
1985; 1986a; Hutson et al., 1986); had an ED50 value of
0.010 mg kg-'. The hypothermic potency of BMY 7378 is
more than two orders of magnitude weaker as a dose of
2mgkg'I had only marginal effect. Unlike BMY 7378, the
5-HTIA agonist 8-OH-DPAT, has comparable potencies for
both hyperphagia (ED5, values calculated from Dourish et al.
(1985) and Pregalinski et al. (1990) = 0.06 and 0.10mg kg'
respectively) and hypothermia (ED50 values calculated from
Aulakh et al. (1988) and Bill et al. (1991) = 0.08 and
0.10 mg kg- respectively).

These findings are consistent with evidence that 8-OH-
DPAT has strongly agonistic properties at both presynaptic
and postsynaptic 5-HTIA receptors but that while BMY 7378
has comparably agonistic properties at presynaptic sites it is
mainly an antagonist with no more than weak agonist pro-
perties at the postsynaptic sites (VanderMaelen et al., 1987;
Yocca et al., 1987; Chaput & De Montigny, 1988; Sharp et
al., 1990). This suggests that 5-HTlA agonists cause hypother-
mia by activating 5-HTA receptors at which BMY is, at most
weakly effective i.e., at postsynaptic sites. That 5-HTA sites
mediate this response to BMY 7378 is consistent with its
blockade by (-)-pindolol (Table 3). The hypothermic effect
of 8-OH-DPAT in both man (Lesch et al., 1990a) and rats
(Millan, 1991) is also blocked by pindolol. In the latter
species, blockade by a range of other antagonists strongly
indicates the involvement of 5-HTA sites (Millan, 1991).
Whether the weakly hypothermic effect of BMY 7378 is due
to action at these or at other sites e.g. DA2 receptors for
which it has some affinity (Yocca et al., 1987) would not
affect the main argument of the present paper, i.e., that when
activation of 5-HTA receptors mediates hypothermia, the
responsible sites are located postsynaptically.

Antagonistic effects of BMY 7378 at postsynaptic 5-HTIA
receptors explain its inhibition of the hypothermic effect of
8-OH-DPAT (Moser, 1991). They also may explain why it
inhibits the 5-HT behavioural syndrome induced by 8-OH-
DPAT (Table 1) as some components of the latter (i.e.,
forepaw treading and flat body posture) result from activa-
tion of postsynaptic 5-HTA sites (Tricklebank et al., 1984). It
is also conceivable that the syndrome was inhibited due to

Table 5 Effect of p-chlorophenylalanine (pCPA) on brain
(5-HIAA) concentrations

regional 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid

i.p. days 1,2,3; killed day 4
pCPA (S50 mg kg-') %

n = 9 decrease

Injected i.p.
0.9% NaCl
n= 10

days 1,2,6,12; killed day 14
pCPA (200 mg kg-') %

n = 8 decrease

91 445±39
95 330 ± 27

93 162±7
95 503 ± 18

91 1544± 172
93 546±41

56 47.3 ± 3.0
61 38.2 ± 3.1

91 896 ± 64
93 439 ± 14

56 ± 6
27 ± 5

28 ± 3
34±4

150 ± 24
38±4

30.5 ± 1.7
20.4 ± 1.4

161 ± 16
49±4

87
92

83
93

90
93

36
47

82
89

Values are means ± s.e.mean in ng g- ' of wet weight tissue except for the raphe where results are given as ng mg-' protein. Difference
from rats treated with 0.9% NaCl: P<0.001 in all cases (Student's t test).

Injected
0.9% NaCl
n= 10

Frontal cortex
5-HT
5-HIAA

Hippocampus
5-HT
5-HIAA

Hypothalamus
5-HT
5-HIAA

Raphe
5-HT
5-HIAA

Rest of brain
5-HT
5-HIAA

471 ± 39
336 ± 36

215± 24
576 ± 68

1529 ± 129
572 ± 33

47.0 ± 2.7
38.9 ± 1.0

751 ±69
392 ± 21

44±4
18± 1

16± 1
27 ± 6

145 ± 29
40 ± 5

20.6 ± 2.4
15.2± 1.4

67 ± 8
26 ± 1
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sedation as Table 1 suggests that BMY 7378 may have
suppressed walking (albeit not to a statistically significant
extent). However, the lack of effect of BMY 7378 on fre-
quency of grooming and the resistance of the p-chloroam-
phetamine-induced 5-HT syndrome to the sedative reserpine
(Adell et al., 1989) suggest otherwise. In our hands, BMY
7378 (8 mg kg-') did not elicit the syndrome though Sharp et
al. (1990) report that a dose of 5mgkg-' weakly induced
two components of it i.e. hindlinb abduction and flat body
posture.
Our results, and those of Moser (1991) show that BMY

7378 is hypothermic only at high dosage when its agonist
properties presumably become manifest. The finding that
depletion of brain 5-HT by either pCPA or 5,7-DHT did not
decrease the hypothermic effects of the 5-HTlA agonists 8-
OH-DPAT and LY 165163 in the rat (Hjorth, 1985; Hutson
et al., 1987; Bill et al., 1991) agree with the involvement of a
postsynaptic site. Similarly, the present results show that
hypothermias induced by 8-OH-DPAT and BMY 7378 were
largely unaffected by pretreatments with pCPA according to
dosage schedules used by Hutson et al. (1987) and Goodwin
et al. (1987a) which depleted 5-HT in regions rich in 5-HT
axon terminals by about 90% (Table 5).
As availability of 5-HT for release falls in proportion with

its depletion by pCPA (O'Connell et al., 1991), a hypother-
mic effect of 5-HTIA agonists due to decreased release at
axon terminals following activation of presynaptic receptors
would be unlikely to survive the above pCPA treatments.
Incidentally, Satinoff et al. (1991) found that pCPA was
acutely hypothermic but, in agreement with our findings,
temperature was normal on the day after injection. As 5-HT
would have still been depleted, this suggests that compen-
satory changes opposed the hypothermia. It is relevant that
Larsson et al. (1990) found that the hypothermia effect of
8-OH-DPAT was readily attenuated on repeated injection of
the drug.
Although as previously shown (Aghajanian et al., 1973;

Deguchi et al., 1973; Steinman et al., 1987), raphe 5-HT
largely survived pCPA treatment (Table 5) a presynaptic
mechanism of 5-HTIA hypothermia mediated by a decrease of
raphe 5-HT release is improbable as Artigas et al. (1991)
report that 8-OH-DPAT did not decrease extracellular 5-HT
in the raphe. Furthermore, although 5-HT also resists deple-
tion by pCPA in a few small terminal regions (Tohyama et
al., 1988), these do not include the anterior hypothalamus,
where 5-HT has been implicated in temperature control
(Myers, 1975; Cox et al., 1980). Another indication that
5-HTIA hypothermia is mediated postsynaptically is that 5-
hydroxytryptophan and fenfluramine did not decrease 8-OH-
DPAT-induced hypothermia (Bill et al., 1991). As these
drugs increase 5-HT at postsynaptic sites they would be
expected to oppose the hypothermia if it was due to activa-
tion of presynaptic receptors and resultant decreased release
of 5-HT.

A possible explanation of why Goodwin et al. (1985;
1987a) and Heal et al. (1989) but not Hjorth et al (1985),
Hutson et al. (1987), Bill et al. (1991) and the present
authors, prevented the hypothermic effects of 5-HTIA agon-
ists in rats with pCPA and 5,7-DHT is suggested by the
downregulation of 8-OH-DPAT hypothermia by a single
pretreatment with the drug (Larsson et al., 1990) as when
Goodwin et al (1987a) reported that pCPA prevented the
hypothermia, the rats had already been given a previous dose
of 8-OH-DPAT. However, pCPA did not prevent the hypo-
thermic effect of a second dose of 8-OH-DPAT in the present
study (Table 2, Experiment 3). Lecci et al. (1990) suggest an
alternative explanation i.e., that the results of Goodwin et al.
were due to pCPA preventing a presynaptically mediated
anxiolytic effect of 8-OH-DPAT which opposed a hyperther-
mic response to the stress of removal from group housing.
However, Bill et al. (1991) used group housing and obtained
similar results to those of the present study in which individ-
ual caging was used.
Another problem is posed by the hypothermia on injecting

8-OH-DPAT into the rat dorsal raphe (Higgins et al., 1988;
Hillegaart, 1991). BMY 7378 was not convincingly hypother-
mic when given by this route as although it decreased the
slightly hyperthermic effect of injecting vehicle into the raphe
(Table 4) the decrease was marginally significant and lacked
clear dose-dependence. Diffusion of the drug to postsynaptic
receptors may well have been responsible as Higgins et al.
(1988) reported appreciable diffusion of 8-OH-DPAT to
adjacent tissue and noted that hypothermic doses of 8-OH-
DPAT were subsequently greater than those needed for a
response thought to involve activation of presynaptic 5-HTIA
sites i.e. anxiolysis (Dourish et al., 1986b). Injection into the
median raphe did not affect temperature (Hillegart, 1991).

The present findings and earlier work suggest that, despite
some conflicting data, the balance of evidence favours a
postsynaptic mechanism for the hypothermic effects of 5-
HTIA agonists in the rat. This is relevant to the interpretation
of reports that the hypothermic response of rats to 8-OH-
DPAT was attenuated by repeated electroconvulsive shock
(Goodwin et al., 1987b) and by some chronic antidepressant
drug treatments (Goodwin et al., 1987b; Wozniak et al.,
1988; Martin & Heal, 1991)) and that the hypothermic effect
of the 5-HTlA agonist ipsapirone was low in depression and
decreased further after chronic amitriptyline treatment (Lesch
et al, 1990b). What these findings indicate about the role of
5-HT in depression is critically dependent on whether the
hypothermia is due to activation of presynaptic or postsynap-
tic 5-HTlA sites with resultant decrease or increase of post-
synaptic 5-hydroxytryptaminergic activity respectively.

We thank the MRC for financial support and Bristol-Myers and
Sandoz for samples of BMY 7378 and (-)-pindolol respectively.
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P2y purinoceptor responses of cells and vascular bed are

preserved in diabetic rat pancreas

'D. Hillaire-Buys, R. Gross, J. Chapal, G. Ribes & M.M. Loubatieres-Mariani

Faculte de Medecine, Laboratoire de Pharmacologie, CNRS, URA 599, Montpellier Cedex, France

1 To investigate the effect of experimental diabetes on the P2y purinoceptor responses of pancreatic
P-cells and vascular bed, we used adenosine-5'-O-(2-thiodiphosphate) (ADPPS), a potent and stable P2y
agonist. This work was performed in the isolated perfused pancreas of the rat.

2 Diabetes was induced by streptozotocin (66 mg kg-', i.p.). Five weeks after the induction of diabetes,
on the day of pancreas isolation, the animals displayed marked hyperglycaemia (37.6 ± 2.7 mM).
Age-matched rats were used as controls.
3 Insulin response to a glucose stimulation from 5 to 10 mM was completely lost and stimulation of
insulin release by the sulphonylurea, tolbutamide (1855 M), was drastically impaired in the diabetic
pancreas (maximum responses were 1.5 ± 0.4 and 7.0 ± 1.4 ng min-' for diabetic and age-matched rats
respectively).
4 In contrast, in the diabetic pancreas ADPPS (15 JLM), infused in the presence of glucose 5 mM,
elicited an immediate and significant insulin release similar to that observed in the age-matched pancreas

(maximum responses were 7.6 ± 1.5 and 6.7 ± 1.3 ng min ' respectively). This ADPPS stimulating effect
occurred independently of the glucose concentration (5, 8.3 and 28 mM) in the diabetic pancreas. On
pancreatic vascular resistance, ADPI3S induced a similar vasodilatation in diabetic and age-matched rats.
5 In conclusion, ADPI3S retains its insulin stimulatory and vasodilator effects in experimental diabetes;
P2y purinoceptors could therefore be considered as a new target for the development of antidiabetic
drugs.

Keywords: P2y purinoceptors; adenosine-5'-O-(2-thiodiphosphate) (ADPPS); streptozotocin; diabetic rats; insulin; pancreatic
vessels

Introduction

The impairment of insulin secretion in non insulin-dependent
diabetes mellitus has been extensively studied; in various
models of experimental diabetes, insulin response to glucose
is lost whereas that to other secretagogues, such as arginine
and carbachol, appears to be less affected, preserved or even
increased depending on the experimental conditions (Weir et
al., 1981; Giroix et al., 1983; Okabayashi et al., 1989). In
addition, vascular dysfunctions altering the responses to
various vasodilator or vasoconstrictor agents develop during
the diabetic state (Kamata et al., 1989a,b; Mulhern &
Docherty, 1989).

Purine nucleotides or nucleosides are widely known to
affect many cellular processes via two types of purinoceptors:
P. receptors for adenosine and P2 receptors for ATP and/or
ADP (Burnstock, 1978; Gordon, 1986; White, 1988). Concer-
ning pancreatic endocrine function, we have shown that A
cells possess PI and P cells P2 receptors, the stimulation of
which evokes glucagon and insulin secretion respectively
(Loubatieres-Mariani & Chapal, 1988). Adenosine receptors
on A cells were shown to belong to the A2 subtype. P2
purinoceptors have also been subclassified into P2X and P2y
subtypes (Burnstock & Kennedy, 1985). A previous study has
demonstrated that the purinoceptors of the pancreatic P cells
were of the P2y subtype (Bertrand et al., 1987). In addition, it
has been recently shown in rat isolated perfused pancreas
that adenosine-5'-O-(2-thiodiphosphate) (ADPPS), a stable
P2y purinoceptor agonist, elicited both insulin release and
vasodilatation (Bertrand et al., 1991) via the activation of P2y
receptors on P cells and vessels; this substance was about 100
times more potent than ATP. In pancreas from rats with

streptozotocin-induced diabetes (STZ-D), we have shown
that P,-mediated glucagon secretion and blood vessel dilata-
tion responses to adenosine were abolished and strongly
reduced respectively (Gross et al., 1989). In the present study
we wished to obtain further insight into possible other
diabetes-induced disturbances of the purinergic control of
pancreatic endocrine and vascular functions. We therefore
investigated whether STZ-D could modify the insulin res-
ponse as well as the vasodilatation evoked by the stable
agonist ADPPS via activation of P2y purinoceptors.

Methods

Animals

Our study was carried out with adult male Wistar rats that
had free access to food and water. All rats were housed in
individual cages; a 10-day acclimatization period was allowed
before the experiments began; the rats weighed from 320 to
350 g. Diabetes was induced by an i.p. injection of strep-
tozotocin (66 mg kg-'). A group of normal rats served as
age-matched controls. Thereafter, daily glucosuria measure-
ments were made to ensure the diabetic state of the animals
over 5 wk; their glucosuria was higher than 10 g per 24 h. On
the day of the experiment, just before the pancreas was
removed, blood was sampled by intracardiac puncture for
measurement of glycaemia and plasma insulin and glucagon
concentrations.

Pancreas isolation

Animals were anaesthetized with 60 mg kg-' i.p. pentobar-
titone sodium. The procedure of Loubatieres et al. (1969)
was used to isolate the pancreas completely from all neigh-
bouring tissues. The pancreas was then transferred into a

' Author for correspondence at: Laboratoire de Pharmacologie,
Faculte de M6decine, Institut de Biologie, Boulevard Henri IV,
34060 Montpellier Cedex, France.
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plastic chamber maintained at 37.5°C. The perfusion
medium, which was not allowed to recirculate, was Krebs-
Ringer buffer containing 2 g '-l bovine serum albumin (frac-
tion V, Sigma, St. Louis, MO, U.S.A.) and 5mm glucose,
and was continuously bubbled with 95% 02/5% CO2 to
maintain the pH between 7.35 and 7.40.
A peristaltic pump was used for the circulation of the

perfusion medium. Perfusion pressure was maintained con-
stant, and the excess of medium not accepted by the organ at
the given pressure, returned to the origin reservoir. The
pressure was selected to provide a basal vascular flow rate of
about 2.5 ml min-' at the beginning of the experiment. Any
change in pancreatic vascular bed resistance due to drug
administration resulted in changes in outflow rate; the latter
was measured by collecting outflow samples in graduated
tubes during 1 min.
For determination of insulin concentration, a 1 ml aliquot

of pancreatic effluent was immediately frozen. For determina-
tion of glucagon concentration, a 500 pl aliquot of pancreatic
outflow was collected in chilled tubes containing 50 pl of a
mixture of 32 mM EDTA and 10,000 KIU ml-' aprotinin
(Antagosan, Hoechst, Puteaux) and immediately frozen.

Experimental protocol

The first sample was taken after a 30 min equilibration
period (time measured from beginning of pancreas per-
fusion). Another sample was collected 15 min later. Drugs,
ADPPS (Boehringer, Mannheim, FRG) or tolbutamide (Sig-
ma, St. Louis, MO, U.S.A.), were then administered for
30 min, and samples were collected every min for 5 min and
then, 8, 10, 15 and 30 min after the beginning of drug
infusion. The effects were studied simultaneously in age-
matched and diabetic rats.

In a separate set of experiments, we investigated the effect
of 5-wk diabetes on glucagon and insulin contents in islets.
Batches of 10 islets were prepared, from normal and diabetic
rat pancreas, according to the isolation technique of Lacy &
Kostianowski (1967); for the extraction of peptides, they
were incubated for 24 h at 40C in 1 ml acid ethanol (pure
HCI and 75% ethanol (1:65 vol/vol)).

Assay methods

Blood glucose and glucosuria were measured by the potas-
sium ferricyanide method with a Technicon autoanalyser
(Alric et al., 1965). Insulin concentration was determined
according to the method of Herbert et al. (1965). We used rat
insulin as a standard and the anti-insulin serum supplied by
Miles Laboratories (Paris). The sensitivity of the method was
0.1 ng ml-1. Glucagon concentration was measured according
to the radioimmunological method described by Unger et al.
(1970). We used the BR 124 antiglucagon serum supplied by
the Institut de Biochimie Clinique of Geneva. The sensitivity
of the method was 15 pg ml1-. Results are given as picogram
equivalents of porcine glucagon.

Data analysis

Results are given as mean ± s.e.mean. Insulin and glucagon
outputs were calculated by multiplying the hormone concen-
tration (ng ml-' or pg ml-') by the vascular flow rate (ml
min-'). Insulin and glucagon outputs are expressed as abso-
lute values; vascular outflow rate is expressed as a percentage
of the 45 min value (100%). Kinetic data were submitted to
analysis of variance with the multiple-comparison test (Zar,
1974).

Results

Characteristics of diabetic state

In Table 1 are shown various parameters recorded just before
removal of the pancreas, 5 wk after STZ injection. Diabetic
animals were markedly hyperglycaemic and glucosuric and
their mean body weight had not increased. They were
strongly hypoinsulinaemic and the determination of islet
insulin storage showed that insulin content was drastically
decreased.

Insulin response

We first tested the effect of a glucose infusion and of an
insulin secretory agent, tolbutamide. Basal insulin secretion
with a non-stimulatory glucose concentration (5 mM) was
similar in normal and diabetic rats (0.8 ± 0.1 and 0.7 ± 0.1
ng min -' respectively). Increasing glucose concentration from
5 to 10 mM elicited an immediate and biphasic insulin res-
ponse in age-matched rats (P<0.001), whereas the insulin
response was totally abolished in diabetic rats (Figure 1). The
insulin response to the sulphonylurea, tolbutamide (185 SAM),
in the presence of 5 mM glucose was drastically impaired in
diabetic rats (Figure 2). The maximum insulin release observed
was 7.0 ± 1.4 (P< 0.001) and 1.5 ± 0.4 ng min' (P< 0.05)
for age-matched and diabetic rats respectively (respective
basal values being 1.0 ± 0.3 and 0.6 ± 0.2 ng min-'). Insulin
output was stable throughout the experiment in the presence
of glucose (5 mM) alone in age-matched and diabetic rats
(Figure 3).
ADPPS (15 tiM) infused in the presence of 5 mM glucose

increased insulin secretion both in age-matched and diabetic
animals (Figure 3). The insulin stimulating effect of ADPI3S
occurred immediately and insulin release peaked at 6.7 ± 1.3
(P<0.001) and 7.6± 1.5 ngmin-' (P<0.001) in age-mat-
ched and diabetic rats respectively (basal values being
1.0 ± 0.1 and 0.8 ± 0.2 ng min-'). Thereafter insulin secretion
remained slightly higher than the basal values in both
groups. The kinetics of insulin output was similar in age-
matched and diabetic rats. In the diabetic pancreas, ADPPS
was then tested in the presence of different glucose concen-
trations: 8.3 and 28 mM. The stimulatory effects on insulin
secretion were comparable to those obtained in the presence

Table 1 Various parameters recorded in non-fasting diabetic or normal rats just before pancreas extirpation: islet insulin and
glucagon contents obtained in a separate set of experiments are given

Body
weight

(g)
Glucosuria

(g per 24 h)

Plasma
Glycaemia insulin
(mM) (ng mlh')

Plasma
glucagon
(pg ml-')

Islet
insulin
content

(ng per islet)

Islet
glucagon
content

(pg per islet)

Age-matched rats

Diabetic rats

471
± 8
309
± 10

0 9.6 2.80
±0.3 ± 0.30

14.1 37.6 0.30
± 1.0 ±2.7 ±0.05

144
± 7
297
± 15

27.7
± 5.8

3.0
±0.5

1217
± 266
1609
±447
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Figure 1 Insulin secretion in response to an increasing glucose
concentration (5 to 10 mM), from the isolated perfused pancreas
from 5-wk streptozotocin-induced diabetic (0) and age-matched (0)
rats. Each point represents the mean with s.e.mean shown by vertical
bars from 6 experiments.
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Figure 2 Insulin secretion in response to tolbutamide (185 JiM) from
isolated perfused pancreas from 5-wk streptozotocin-induced diabetic
(-) and age-matched (0) rats. Each point represents the mean with
s.e.mean shown by vertical bars from 6 experiments.
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Figure 3 Insulin secretion in response to adenosine-5'-O-(2-thio-
diphosphate) (ADPPS, 15 gM) from isolated perfused pancreas from
5-wk streptozotocin-induced diabetic (0) and age-matched (0) rats.
Controls perfused with glucose 5 mm alone are shown: age-matched
(A) and diabetic (A) rats. Each point represents the mean with
s.e.mean shown by vertical bars from 6 experiments.

of 5 mM glucose (Figure 4) (the maximum insulin release
being 6.1 ± 1.6 and 9.1 ± 1.2 ng min-' respectively for dia-
betic pancreas perfused with 8.3 or 28 mM glucose).

Glucagon response (Figure 5)

Under basal conditions, in the presence of glucose 5 mM,
glucagon output was stable during the whole experiment in
normal as well as in diabetic rats. However, it was observed
that the basal glucagon release was lower in diabetic than in
normal rats. ADPPS (1I5 M) caused an immediate but slight
and transient rise in glucagon output (P <0.01 versus 45 min
value within 2 min of infusion) in age-matched rat pancreas.
This effect of ADPPS was not observed in 5 wk diabetic rats.

Vascular response

In control experiments performed in the presence of glucose
5 mM alone, the vascular flow rate was not significantly
modified during the entire 90 min experiment, although there
was a very slight and progressive but not significant decrease
to 97 ± 2 and 96 ± 4% of the 45 min values, which were

2.43 ± 0.04 and 2.49 ± 0.03 ml min-' for age-matched and
diabetic rats respectively. ADPPS (15 pM) induced a dual
effect on pancreatic vascular flow rate in age-matched rats: a

first transient vasoconstriction, significant only at the second
min, (P <0.01 versus 45 min value) followed by a long las-
ting and sustained vasodilatation (Figure 6). In the diabetic
rat pancreas, an immediate and significant vasodilatation was

observed which persisted throughout the ADPPS infusion
(P<0.001 versus 45 min value). From 65 min on, the max-

imum vasodilator effect was similar in age-matched and
diabetic rats ( + 16 ± 4 and + 16 ± 3% respectively).

Glucose 5 mM

ADPPS 15 pM

1-

0-

§
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Figure 4 Effects of adenosine-5'-O-(2-thiodip
15 IM) on insulin secretion from isolated perf
5-wk streptozotocin-induced diabetic rats in p
glucose concentrations: (0) 5 mM; (0) 8.3 m
glucose. Each point represents the mean with
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Figure 6 Effects of adenosine-5'-O-(2-thiodiphosphate) (ADPPS,
15 JtM) on vascular flow rate in isolated perfused pancreas from 5-wk
streptozotocin-induced diabetic (0) and age-matched (0) rats in
presence of 5 mm glucose. Each point represents the mean with
s.e.mean shown by vertical bars from 6 experiments.

Go Discussion
75 90

Our results show that (1) the pancreas from adult STZ-
diabetic rats with impaired responses to glucose and tol-

)hosphate) (ADPPS, butamide, retain their ability to secrete insulin under ADPPS
Fused pancreas from stimulation; (2) ADPPS remains fully active in inducing vaso-

?resence of different dilatation in diabetic rats.
m; and (*) 28 mM The glucose insensitivity of the diabetic that

s-e-mean shown by observed in our model of STZ-D rats, is in total agreement
with other data obtained with animals rendered diabetic by
STZ in lower dosage (Okabayashi et al., 1989) or as neonates
(Weir et al., 1981; Giroix et al., 1983). The same results were

reported in spontaneously diabetic BB rats (Grill & Herberg,
1983) where the cells were not destroyed by diabetogenic
substances like STZ or alloxan, but by immunological factors
(Marliss et al., 1982). In another model with reduced P cell
mass by partial pancreatectomy (pancreatic remnant being
approximately 12% of the whole pancreas), a poor but
significant response to glucose was preserved (Leahy et al.,
1984).
The most striking observation of the present study is that

the remaining P cells of this diabetic rat model are extremely
sensitive to ADPl3S, since we obtained a comparable response
in the age-matched and diabetic pancreas, despite a 10 times
lower pancreatic insulin content in the latter. In our study,
this P2y purinoceptor agonist evoked a similar pattern of

T1I I insulin response in the presence of higher glucose concentra-
tions, 8.3 and 28 mm (the latter concentration mimicking
glycaemia observed in these diabetic rats), thereby confirming
P cell insensitivity to glucose in the diabetic pancreas. The

I results obtained with ADPPS contrast with those obtained
_- --------- with the antidiabetic sulphonylurea, tolbutamide, the insulin

secretory effect of which was drastically decreased in our

diabetic model. This finding is in agreement with the work of
Weir et al. (1981) showing that tolbutamide, at the same

concentration, was ineffective in eliciting an insulin response
in neonatal STZ-D rats in the presence of glucose 7.8 mM;

75 90 however, it is at variance with other data obtained in the
same diabetic model, but in the absence of glucose (Giroix et

o adenosine-5'O-(2- al., 1983; Serradas et al., 1989). It is noteworthy that, in
:d perfused pancreas addition to their responsiveness to cholinergic, P-adrenergic
and age-matched (0) and amino acid stimulation (Weir et al., 1981; Giroix et al.,
ne are shown: age- 1983; Grill & Herberg, 1983; Okabayashi et al., 1989),
represents the mean diabetic P cells retain their ability to respond to purinergic
experiments. stimulation.

Glucose

ADPIS 15 pM
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Confirming our previous study (Gross et al., 1989) basal in
vitro glucagon output was found reduced in diabetic pan-
creas; this contrasted with the marked hyperglucagonaemia
that occurred in vivo, suggesting that the high plasma
glucagon levels measured originate from extrapancreatic
sources. ADPJ3S elicited a slight and transient response of A
cells in the age-matched rat. The rapidity of onset and tran-
sient nature of the glucagon response to ADPPS is in favour
of an action via a PI site (on A cells) rather than a break-
down of this stable compound into adenosine. Such an
action of ADP3S on a P1 site has been described in rabbit
jugular vein (Wood et al., 1989). This glucagon response to
ADPPS was completely suppressed in 5-wk-diabetic rats and
is in agreement with our previous study showing that the A
cell response to P1 receptor activation was abolished in the
diabetic state (Gross et al., 1989).
Concerning our data on pancreatic vascular resistance in

the diabetic state, ADPPS induced only a relaxing effect
which contrasts with the biphasic response observed in age-
matched rats: a transient vasoconstriction followed by a
vasodilatation. The biphasic pattern of pancreatic vascular
bed response obtained in our control group, could be ex-
plained by the existence of 2 types of receptors previously
shown to regulate pancreatic tone (Hillaire-Buys et al., 1991):
P2y and P2h purinoceptors inducing vasodilator and vasocon-
strictor effects respectively. As the contractile properties of
rat aorta and mesenteric artery are in part dependent upon
the smooth muscle mass of the preparation (Cohen & Ber-
kowitz, 1974), ADPPS failure to induce vasoconstriction in
diabetic rats could be ascribed to diabetes-induced reduction
of the mass of smooth muscle. With this in mind, we per-
formed a set of experiments with weight-matched (but not
age-matched) rats, and the vasoconstrictor effect of ADPPS
could no longer be observed (data not shown) confirming

previous results obtained in normal rats weighing about
330-350 g (Bertrand et al., 1991). In this regard, it has been
reported that the adrenergic contractile response of aortic
and mesenteric artery strips is age-dependent (Cohen & Ber-
kowitz, 1974); our results with ADPPS in normal rats may
suggest that the purinoceptor-induced constrictor effect in
pancreatic vascular bed could also be age-dependent. An
alternative explanation for the failure of ADPI3S to induce
vasoconstriction in diabetic rats could be the impairment of
P2X, receptors by experimental diabetes. This is unlikely since
the P2, selective agonist, aj-methylene ATP, induced similar
transient vasoconstrictor responses both in diabetic and age-
matched rats (respective maximal decrease of vascular flow
rate reaching - 60 ± 8 and - 69 ± 5% at 2 min with 0.5 gM
a, P-methylene ATP). Whatever it may be, it is noteworthy
that, the vasodilator effect due to P2y purinoceptors is pre-
served and prevails in diabetic rats. These data are interesting
when compared with our previous studies which showed that
in diabetic rats, vasodilator responses to adenosine,
isoprenaline and forskolin were decreased (Gross et al., 1989;
1991), suggesting an impairment of the adenylate cyclase
pathway. Thus the retained ability of ADPI3S to induce a
vasodilator response in diabetic rats suggests that the mech-
anisms underlying the effect of the P2y agonist are unaffected
by the diabetic state.

In conclusion, ADPPS retains its insulin stimulatory and
vasodilator effects in experimental diabetes; P2y purinoceptors
should therefore be considered as a new target for the
development of antidiabetic drugs.

The expert technical assistance of M. Tournier, M.F. Courty, R.
Puech, M. Roye and V. Montesinos is gratefully acknowledged. This
study was supported by Grant N 882008 from INSERM.
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The non-adrenergic, non-cholinergic response counteracts
changes in guinea-pig airway tone with and without
sympathetic activation

'A. Linden, *A. Ullman, B.-E. Skoogh & C.-G. Lofdahl

Divisions of Pulmonary Medicine, Renstromska Hospital, University of Goteborg, PO Box 17301, S-40264 Gothenburg and
*Clinical Pharmacology, Sahlgrenska Hospital, University of G6teborg, S-413 45 Gothenburg, Sweden

1 We examined whether the non-adrenergic, non-cholinergic (NANC) neural response can counteract
changes in smooth-muscle tone with and without simultaneous sympathetic activation in guinea-pig
airways.
2 Isolated airway preparations were pretreated with indomethacin (1OjM) and incubated with either
atropine (1 AM) and guanethidine (10 jLM) or atropine (1 pM) alone. The response to electrical field
stimulation (EFS: 1200 mA, 0.5 ms, 3 Hz for 240 s) was studied at various levels of tone prior to EFS:
first without induced tone, then at a moderate tone induced by histamine (0.3 AM) and finally at a high
tone induced by histamine (6 JAM).
3 The response to EFS was a contraction when the tone prior to EFS was low and a relaxation when
the tone prior to EFS was high. These responses converged towards a similar level of tone, in the distal
trachea and in the main bronchus, with and without guanethidine.
4 The mean (s.e.mean) level of tone towards which the responses to EFS converged was lower after
incubation with atropine alone compared with incubation with atropine and guanethidine, both in the
distal trachea [8 (1)% compared with 30 (6)% of maximum tone] and in the main bronchus [28 (4)%
compared with 57 (2)% of maximum tone]. In separate experiments, the guanethidine-induced effect on

the responses to EFS was imitated by propranolol (I JAM) but not by prazosin (0.3 JIM) and yohimbine
(1 AM).
5 These findings indicate that the NANC neural response can counteract changes in airway smooth-
muscle tone via a contraction or via a relaxation, depending on the tone prior to activation. This
stabilizing effect on tone does not appear to depend upon adrenergic activation per se. The level of tone
towards which the NANC responses converge can, however, be reduced by P-adrenoceptor activation,
thus suggesting an interaction which provides protection from severe airway smooth-muscle contraction.

Keywords: Guinea-pig; airway tone; in vitro; neural regulation; non-adrenergic, non-cholinergic neural responses; smooth-
muscle tone; sympathetic

Introduction

In contrast to the extensive documentation of non-adren-
ergic, non-cholinergic (NANQ) neural responses in the air-
ways of several species including man, there is still a limited
understanding of the role played by these responses (Barnes,
1986; 1991; Andersson & Grundstrom, 1987). Recent data on
guinea-pig airways do, however, demonstrate that contractile
and relaxant NANC neural responses can change smooth-
muscle tone by as much as 40% of maximum tone (Linden et
al., 1991a), thereby suggesting that NANC activation can
produce a significant regulatory power.
The point of having both contractile and relaxant NANC

responses may be illustrated by the observation that, in
guinea-pig isolated airways, contractile and relaxant NANC
responses converge towards a similar level of airway smooth-
muscle tone (Linden et al., 1990; 1991b). A NANC 'conver-
gence effect' is thus exerted by either a contraction or a
relaxation, depending on the level of tone prior to NANC
activation, thereby indicating that the direction of the NANC
response is determined by the level of tone prior to activa-
tion. These findings are also compatible with the idea that
the role of contractile and relaxant NANC responses is to
counteract changes in airway smooth-muscle tone. It is not
known, however, how the NANC convergence effect relates
to the activation of the adrenergic, sympathetic system in
guinea-pig airways (Kamikawa & Shimo, 1976).

' Author for correspondence.

In the present study, we examined the ability of contractile
and relaxant NANC responses to counteract changes in
smooth-muscle tone prior to NANC activation, with and
without simultaneous sympathetic activation, in guinea-pig
isolated airways. We also characterized the interaction
between NANC and sympathetic responses.

Methods

Airway preparation

Twenty-eight female Dunkin-Hartley guinea pigs (300- 500 g)
were killed by cervical dislocation and exsanguination. The
thoracic contents were removed and placed in a 200 ml
dissection bath filled with oxygenated (94% 02:6% CO2)
Krebs-Ringer solution (mM: NaCl 118, KCI 5.9, CaC12 2.5,
MgSO4 1.2, NaH2PO4 1.2, NaHCO3 25.5 and glucose 5.6) at
room temperature. The intermediate (cervical) trachea, the
distal (intrathoracic) trachea and the main bronchi were
dissected free and two airway rings were cut transversely
from each airway segment, each ring containing four to five
cartilaginous rings. The airway rings were opened longitu-
dinally along the anterior, cartilaginous part and connected
to steel hooks as isolated strips. These preparations were
mounted vertically in warmed (37C) and oxygenated 8 ml
organ baths, which were continuously flushed with fresh
Krebs-Ringer solution (0.4 ml min'). The histological evalu-

'." Macmillan Press Ltd, 1992
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ation of the mounted preparations showed intact epithelial
and smooth-muscle cells (Linden et al., 1991a).

Tension recordings

The isometric tension was continuously recorded by connec-
ting the preparations to Grass force transducers (FT03). The
signals from these transducers were transformed in an NB-
MIO-16 analogue/digital converting board and registered in
a Macintosh II computer with the signal-processing software
LabVIEW (National Instruments, Austin, Texas, U.S.A.)
(Ullman et al., 1990).

Electricalfield stimulation

Constant current generators provided electrical field stimula-
tion (EFS) via rectangular platinum electrodes (5 x 30 mm)
mounted in parallel (10 mm apart), with the airway prepara-
tions in between. For all responses, square biphasic electrical
impulses of 0.5 ms pulse duration were delivered at a current
of 1200 mA (Linden et al., 1991a;b). Control contractions
were evoked at a stimulation frequency of 12 Hz with a total
duration of 20 s. Selective NANC activation was performed
with a frequency of 3 Hz and a total duration of 240 s with
cholinergic blockade by atropine (1 tiM) and adrenergic
depletion by guanethidine (10 14M) (Kamikawa & Shimo,
1976; Andersson & Grundstr6m, 1983; Brock & Cunnane,
1988) which produces pronounced tetrodotoxin-sensitive res-
ponses (Linden et al., 1991a). Simultaneous NANC and sym-
pathetic activation was performed with the same stimulation
parameters but with cholinergic blockade by atropine (1 SAM)
alone. When atropine and guanethidine were added, they
were present continuously throughout the experiments.

Protocols

General procedures In all experiments, the spontaneous air-
way tone was abolished by indomethacin (1OIOM) (Linden et
al., 1991c) which was present continuously in the Krebs-
Ringer solution. A passive tension of 1.2 g was applied to the
preparation, followed by 25 min of initial equilibration and a
control contraction induced by EFS. A wash-out was per-
formed and the applied passive tension was re-adjusted to
1.2 g, which is near the optimum level for contractile res-
ponses to EFS (12 Hz for 20 s), in both the trachea and the
main bronchus (data not shown). After this adjustment of
passive tension, the protocols differed (see below). All the
experiments ended, however, with a flushing period of 25 min
followed by a maximum histamine-induced (0.1 mM) contrac-
tion without flushing.

Frequency-response characteristics for the NANC relaxant res-
ponse with and without simultaneous sympathetic activation In
these experiments only, the responses were related to and
expressed as the percentage of the maximum response to EFS
in each airway preparation. The additional relaxant effect
induced by simultaneous sympathetic activation did thus not
affect the results.

Preparations from the intermediate trachea were used. We
did this because the intermediate trachea has a very weak
contractile NANC response (data not shown) and this con-
tractile response, with its slightly different frequency-response
characteristics, could have confused the results (Linden et al.,
1991a). After the initial control contraction, atropine and
guanethidine or atropine alone was added; 70 min of drug
incubation followed. A histamine-induced (6 ILM) tone (app-
roximately EC90) was established during the last 20 min of
the incubation period. After this increased level of tone had
stabilized, a series of EFS (240 s) was performed in the
following order: 0.3, 1, 3, 10, 30 Hz in two experiments and

stimulatory level during a period of 60 min prior to the
subsequent EFS.

Effects induced by the NANC response with and without simul-
taneous sympathetic activation In these experiments, we
examined the effect of simultaneous sympathetic activation
on the ability of the NANC response to counteract changes
in tone prior to activation.

Preparations from the distal trachea and the main bronchi
were used (Linden et al., 1990; 1991a,b). After the initial
control contraction, atropine and guanethidine or atropine
alone was added; 70 min of drug incubation followed, after
which the first EFS (3 Hz for 240 s) was performed without
any induced tone prior to activation. This EFS was followed
by a wash-out and 25 min of flushing. A moderate level of
tone was then induced (approximately EC40) by histamine
(0.3 IAM) prior to EFS. The tone stabilized over a period of
20 min and a second EFS (3 Hz for 240 s) was performed.
Another wash-out and 25 min of flushing followed and a
high level of tone was then induced (approximately EC90) by
histamine (6 pM) prior to EFS. The tone stabilized over a
period of 20 min and a third EFS (3 Hz for 240 s) with
subsequent wash-out followed.

Interactions between sympathetic and NANC responses mediat-
ed by a-adrenoceptors These experiments were performed in
order to determine whether there is an interaction between
sympathetic and NANC responses which is mediated via
x-adrenoceptors.
The protocol was identical to the previous one on the

convergence effect (above) with one exception: after the
initial control contraction and adjustment of the applied
passive tension, atropine and prazosin (0.3 gM) and yohim-
bine (1 pM) or atropine alone was added. Prazosin and
yohimbine were present continuously in order to establish al-
and M2-adrenoceptor blockade (Starke et al., 1975; Cambridge
et al., 1977).

Interactions between sympathetic and NANC responses mediat-
ed by P-adrenoceptors In these experiments, we determined
whether there is an interaction between sympathetic and
NANC responses which is mediated via 13-adrenoceptors.
The protocol was identical to the one on the convergence

effect (above) with one exception: after the initial control
contraction and adjustment of the applied passive tension,
atropine and propranolol (1 ;LM) or atropine alone was add-
ed. Propranolol was present continuously in order to estab-
lish P-adrenoceptor blockade (Bilski et al., 1983; Ellis &
Farmer, 1989).

Data analysis

Tone levels For all but the frequency-response experiments,
the tone levels were presented as follows. The total (active
plus passive) tension (Linden et al., 1991c) was measured
immediately before and at the end of each EFS and, in some
experiments, 25 min after each EFS. The tension level before
the first EFS, and thus before any addition of histamine, was
regarded as purely passive tension (Linden et al., 1991c).
Separate experiments demonstrated that the level of this
passive tension was stable after the initial drug incubation
period (data not shown). Within each airway preparation, the
difference in tension between the level before the first EFS
(240 s) and the peak level during the maximum histamine-
induced contraction (0.1 mM) was regarded as the maximum
active tension. Within each preparation, all the levels of
active tension (tone) were then related to and expressed as
the mean percentage (s.e.mean) of this maximum active ten-
sion (% of maximum tone).

30, 10, 3, 1, 0.3 Hz in two experiments. A wash-out followed
each EFS and the tone was allowed to return to the pre-

Convergence effect This term describes the added magnitude
of the converging contractile and relaxant responses to EFS
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(Linden et al., 1991b). The convergence effect was defined on
the basis of the difference between the lowest level of tone
(no histamine) and the highest level of tone (histamine 6 jaM)
which were established prior to EFS. The convergence effect
was calculated as the decrease of this difference in tone
induced by the converging contractile and relaxant responses
to EFS.

Tonus equilibrium This estimation of the level of tone
towards which the responses to EFS converged (Linden et al.,
1991b) reflects the balance between the contractile and relax-
ant responses to EFS. The tonus equilibrium was calculated
within each preparation as the mean of the tone levels at the
end of the three EFS evoked at different levels of tone.

Statistical evaluation The data are presented as the arith-
metic mean (s.e.mean). Differences between the means of
paired data were evaluated by Student's t distribution (two-
tailed) determined at 95% confidence intervals (Colton,
1974). These confidence intervals are presented immediately
after each comparison in the text (95% confidence interval
for difference). n equals the number of guinea-pigs (indepen-
dent observations).

Drugs

Atropine sulphate (Sigma), guanethidine sulphate (Ciba-
Geigy), histamine dichloride (E. Merck) and (± )-propranolol
hydrochloride (Sigma) were dissolved directly in Krebs-
Ringer solution. Prazosin hydrochloride (Pfizer) and yohim-
bine hydrochloride (Sigma) were initially dissolved in ethanol
(50%) producing less than 0.08% of ethanol in the organs
baths after dilution. Indomethacin (Dumex, Confortid, 5 mg
ml-') was diluted in Krebs-Ringer solution. All the concent-
rations (mM) refer to the final organ bath concentration.

Results

Characteristics of responses to electricalfield stimulation

Without induced tone prior to EFS, in the presence of
indomethacin, atropine and guanethidine, a contractile
NANC response with one dominant phase was demonstrated
in the main bronchus (Figure la). An increase in the tone
prior to EFS, as a result of the addition of histamine
(0.3 rIM), reduced the magnitude of this NANC contraction.
A further increase in the tone prior to EFS, produced by the
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Figure 1 Original tracings from the guinea-pig isolated main bron-
chus showing the monophasic response to electrical field stimulation
(EFS; 1200 mA, 0.5 ms, 3 Hz for 240 s) in the presence of atropine
(1 gM), at a gradually increased histamine-induced (0-0.3-6 )AM)
tone prior to EFS within two airway preparations from the same
guinea-pig, with (a) and without (b) adrenergic depletion by guane-
thidine (1O0M). Indomethacin (1O0M) was continuously present.

addition of more histamine (6 pM), reversed the NANC con-
traction into a relaxation in 8/8 preparations. The config-
uration of the response to EFS was similar for the selective
NANC activation and for the simultaneous NANC and sym-
pathetic activation (Figures la and b). The simultaneous
sympathetic activation did, however, modify the response to
EFS towards more relaxation and less contraction. The distal
trachea demonstrated a pattern similar to the main bronchus
but tended to relax more (tracings not shown).

Frequency-response characteristics for the NANC
relaxant response with and without simultaneous
sympathetic activation

At 3 Hz, the added NANC and sympathetic relaxant res-
ponse demonstrated a slightly higher degree of activation
than the NANC response but this difference was not statis-
tically significant (95% confidence interval for difference:
-21-38% of maximum response to EFS, n = 4) (Figure 2).
At the frequencies lower than 3 Hz, the corresponding differ-
ence tended to be more pronounced.

Effects induced by the NANC response with and without
simultaneous sympathetic activation

Convergence effect During the selective NANC activation, a
contractile response was evoked when the tone prior to EFS
was low and a relaxant response was evoked when the tone
prior to EFS was high. These NANC responses converged
and this pattern was observed both with and without simul-
taneous sympathetic activation (Figure 3). In both these
groups, the difference between the lowest and the highest
level of tone prior to EFS was approximately 90% of max-
imum. The converging contractile and relaxant responses
markedly reduced this difference in tone - a 'convergence
effect'. The selective NANC activation and the simultaneous
NANC and sympathetic activation did not display any pro-
nounced difference in the magnitude of this convergence
effect (Table 1). The small difference between the two treat-
ment groups was not statistically significant in either the
distal trachea (95% confidence interval for difference: - 12-
11% of maximum tone, n = 8) or the main bronchus (95%
confidence interval for difference: - 14-19% of maximum
tone, n = 8). After EFS, the tone returned to a level similar
to that prior to EFS (Figure 3).
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Figure 2 Frequency-response characteristics for the relaxant NANC
response alone (continuous line) and with (dashed line) simultaneous
sympathetic activation in the guinea-pig isolated intermediate
trachea. Responses to electrical field stimulation (EFS; 1200 mA,
0.5 ms, for 240 s) were evoked at a histamine-induced (6 JAM) tone in
the presence of atropine (1 gAM) with (continuous line) and without
(dashed line) guanethidine (10 JM). Indomethacin (10 JM) was con-
tinuously present. The responses are presented as the mean (with
bars indicating s.e.mean) percentage of the maximum relaxation
induced by EFS in each airway preparation. NS = P > 0.05. n = 4.
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Figure 3 The effect on guinea-pig airway smooth-muscle tone induc-
ed by NANC activation only (continuous lines) and with (dashed
lines) simultaneous sympathetic activation at various levels of tone
prior to activation by electrical field stimulation (EFS; 1200 mA,
0.5 ms, 3 Hz for 240 s). The various tone levels prior to EFS were
established by indomethacin (1OM) only (@), histamine (0.3;1M)
(A) and histamine (6 iM) (U). EFS was performed in the presence
of atropine (I gM) with (continuous lines) and without (dashed lines)
guanethidine (10 AM). The tone levels prior to (Pre EFS), at the end
of (EFS) and after (Post EFS) electrical field stimulation are present-
ed as the mean (with bars indicating s.e.mean) percentage of the
maximum histamine-induced (0.1 mM) tone (% of maximum tone).
n = 8.

Tonus equilibrium The mean (s.e.mean) level of tone
towards which the contractile and relaxant NANC responses
converged, the 'tonus equilibrium', was lower with simul-
taneous sympathetic activation than without it: 8 (1)% com-
pared with 30 (6)% in the distal trachea and 28 (4)% com-
pared with 57 (2)% in the main bronchus (% of maximum
tone). This difference was statistically significant in the distal
trachea (95% confidence interval for difference: 9-34% of
maximum tone, n = 8) and in the main bronchus (95%
confidence interval for difference: 21-36% of maximum
tone, n = 8).

Interactions between sympathetic and NANC responses
mediated by cx-adrenoceptors
Convergence effect During the simultaneous NANC and p-
adrenoceptor activation, a contractile response was evoked
when the tone prior to EFS was low and a relaxant response
was evoked when the tone prior to EFS was high (Figure 4).
These contractile and relaxant responses converged and this
pattern was observed both with and without simultaneous
a-adrenoceptor activation. In both these treatment groups,
the convergence effect thus markedly reduced the difference
in tone established prior to EFS, without any pronounced
difference in the magnitude (Table 1). The small difference
between the two treatment groups was not statistically signi-
ficant in either the distal trachea (95% confidence interval for
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Figure 4 The effect of guinea-pig airway smooth-muscle tone induc-
ed by NANC and P-adrenoceptor activation only (continuous lines)
and with (dashed lines) simultaneous a-adrenoceptor activation at
various tone levels prior to electrical field stimulation (EFS - see
Figure 3). EFS was performed in the presence of atropine (1 jsM)
with (continuous lines) and without (dashed lines) prazosin (0.3 jaM)
and yohimbine (I AM). The tone prior to (PreEFS) and at the end of
(EFS) electrical field stimulation is presented as in Figure 3. n = 8.

difference: -11-9% of maximum tone, n = 8) or the main
bronchus (95% confidence interval for difference: - 8-26%
of maximum tone, n = 8).

Tonus equilibrium The mean level of the tonus equilibrium
towards which the contractile and relaxant responses to EFS
converged did not display any pronounced difference with
and without a-adrenoceptor activation: 8 (2)% compared
with 6 (1)% in the distal trachea and 35 (3)% compared with
30 (5)% in the main bronchus (% of maximum tone). The
small differences between the two treatment groups were not
statistically significant in either the distal trachea (95% confi-
dence interval for difference: -6-3% of maximum tone,
n = 8) or the main bronchus (95% confidence interval for
difference: - 10-20% of maximum tone, n = 8).

Interactions between sympathetic and NANC responses
mediated by p3-adrenoceptors
Convergence effect During the simultaneous NANC and a-
adrenoceptor activation, a contractile response was evoked
when the tone prior to EFS was low and a relaxant response
was evoked when the tone prior to EFS was high (Figure 5).
These contractile and relaxant responses converged and this
pattern was observed both with and without simultaneous
P-adrenoceptor activation. In both these treatment groups,
the convergence effect thus markedly reduced the difference

Table I Convergence effect [mean (s.e.mean) % of maximum tone] induced by contractile and relaxant responses to electrical field
stimulation in guinea-pig isolated airways

Atropine plus
n guanethidine Atropine

Atropine
prazosin &
yohimbine

Atropine plus
Atropine propranolol Atropine

Distal trachea
Main bronchus

8
8

62 (3)% 61 (4)% 74 (4)% 73 (2)% 49 (5)% 62 (4)%
65 (3)% 68 (6)% 61 (7)% 70 (4)% 61 (4)% 66 (7)%

Convergence effect: the difference (70-90% of maximum tone) between the highest and lowest level of tone prior to electrical field
stimulation was reduced by the converging contractile and relaxant responses to electrical field stimulation (1200 mA, 0.5 ins, 3 Hz for
240 s). Maximum tone: induced by histamine (0.1 mM). Drug concentrations: atropine (1 gM), guanethidine (10 JM), prazosin (0.3 JM),
yohimbine (1 JM) and propranolol (1 AM). Treatment by atropine alone represents the paired control group.
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in tone established prior to EFS, without any pronounced
difference in the magnitude (Table 1). The small difference
between the two treatment groups was not statistically signi-
ficant in either the disal trachea (95% confidence interval for
difference: - 4-30% of maximum tone, n = 8) or the main
bronchus (95% confidence interval for difference: -6-17%
of maximum tone, n = 8).

Tonus equilibrium The mean level of the tonus equilibrium
towards which the contractile and relaxant responses to EFS
converged was lower with P-adrenoceptor activation than
without it: 2 (1)% compared with 20 (4)% in the distal
trachea and 25 (4)% compared with 46 (3)% in the main
bronchus (% of maximum tone). This difference was statis-
tically signifiant in the distal trachea (95% confidence inter-
val for difference: 7-29% of maximum tone, n = 8) and in
the main bronchus (95% confidence interval for difference:
11-30% of maximum tone, n = 8).

Effects on the tone before electricalfield stimulation

The histamine-induced (0.3 gM) tone prior to EFS tended to
be increased by treatment with guanethidine (Figure 3). A
similar effect was produced by prazosin and yohimbine
(Figure 4) but not by propranolol (Figure 5).

Maximum tension levels in experiments on the
convergence effect

For all the treatment groups, the maximum active tension
induced by histamine (0.1 mM) were within a limited range,
both in the distal trachea and the main bronchus (Table 2).

Discussion

Our previous studies on the role of NANC responses in the
regulation of airway smooth-muscle tone have demonstrated
that contractile and relaxant NANC neural responses con-
verge and thus tend to adjust tone towards a similar level, a
tonus equilibrium (Linden et al., 1990; 1991b). The present
data on guinea-pig airways extend the previous findings and
indicate that simultaneous sympathetic activation does not
significantly alter the magnitude of the convergence effect
induced by contractile and relaxant NANC responses. The
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Figure 5 The effect on guinea-pig airway smooth-muscle tone induc-
ed by NANC and x-adrenoceptor activation only (continuous lines)
and with (dashed lines) simultaneous P-adrenoceptor activation at
various tone levels prior to electrical field stimulation (EFS - see
Figure 3). EFS was performed in the presence of atropine (I JM)
with (continuous lines) and without (dashed lines) propranolol
(1 gM). The tone prior to (PreEFS) and at the end of (EFS) electrical
field stimulation is presented as in Figure 3. n = 8.

level of tone towards which the NANC responses converge
appears, however, to be reduced by simultaneous sympathetic
activation via a P-adrenoceptor mechanism.
The magnitude of the NANC convergence effect was not

significantly altered by simultaneous sympathetic activation.
This lack of a significant sympathetic effect could not be
attributed to an inadequate stimulation frequency for the
sympathetic system as indicated by the frequency response
experiments. These experiments demonstrated that 3 Hz, the
stimulation frequency which was used in the convergence
experiments, tended to favour slightly sympathetic activation
rather than NANC activation although there was no statis-
tically significant difference in the degree of activation.
Separate experiments (data not shown) did not reveal any
tachyphylaxis for contractile and relaxant NANC responses
or sympathetic responses that could explain the constancy of
the NANC convergence effect. Thus the lack of sympathetic
effect on the magnitude of the NANC convergence effect
cannot be attributed to methodological errors. The present
finding therefore indicates that the ability of NANC res-
ponses to counteract changes in tone is not per se dependent
upon sympathetic mechanisms. The stabilizing effect on tone
might therefore be exclusive for the NANC neural response,
at least in relation to sympathetic activation in guinea-pig
airways.
The NANC convergence effect abolished the major part of

the difference between the lowest and the highest level of
tone established before electrical field stimulation. This
means that the NANC responses counteracted variations in
tone ranging from 0% of maximum to approximately 70 to
90% of maximum. NANC neural activation can thus pro-
duce a significant regulatory power and in this respect, the
present study confirms our previous studies on NANC res-
ponses in guinea-pig airways (Linden et al., 1990; 1991b).
The level of the tonus equilibrium towards which the

contractile and relaxant NANC responses converged was
significantly reduced by sympathetic activation and this
modulation of the NANC responses towards more relaxation
was mediated by P-adrenoceptors. The sympathetic response
thus appears to interact functionally with the NANC res-
ponse which might provide additional protection from severe
airway smooth-muscle contraction. According to another
study on guinea-pig airways (Verleden et al., 1991a), the site
of this type of P-adrenoceptor interaction is both pre- and
postjunctional and also offers a pathway accessible for
exogenous P2-agonists.

Prejunctional m2-adrenoceptor activation can inhibit the
contractile NANC response in guinea-pig airways (Grund-
strom et al., 1984). We therefore examined whether a-adreno-
ceptor blockade alters the level of the tonus equilibrium
towards which the NANC responses converge. The lack of a
significant a-adrenergic effect on the tonus equilibrium does,
however, militate against prejunctional X2-adrenoceptors hav-
ing any functional importance in the modulation of the
contractile NANC airway response.
The histamine-induced tone prior to electrical field stimula-

tion tended to be increased by adrenergic depletion with
guanethidine. It could therefore be argued that the increase
of the tonus equilibrium seen after treatment by guanethidine
was not directly related to its sympatholytic effects. This
seems unlikely, however, since both guanethidine and the
P-adrenoceptor blocker, propranolol, significantly increased
the tonus equilibrium but propranolol induced only a very
small increase of the histamine-induced tone prior to elect-
rical field stimulation. Further evidence against an indirect
effect of guanethidine is provided by the observation that
x-adrenoceptor blockade by prazosin and yohimbine marked-
ly increased the histamine-induced tone but tended to
decrease the tonus equilibrium slightly.

Relaxant responses to sympathetic neural activation by
electrical field stimulation have previously been demonstrated
in the trachea but not in the main bronchus of the guinea-pig
(Kamikawa & Shimo, 1976; Taylor et al., 1984; Ellis &
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Table 2 Maximum histamine-induced active tension [mean (s.e.mean) in g] in guinea-pig isolated airways

Atropine Atropine, Atropine
plus prazosin & plus

n guanethidine Atropine yohimbine Atropine propranolol Atropine

Distal trachea 8 2.56 (0.19) 3.00 (0.23) 3.13 (0.31) 2.52 (0.22) 2.65 (0.30) 2.98 (0.30)
Main bronchus 8 2.51 (0.25) 2.62 (0.31) 2.79 (0.39) 2.97 (0.32) 3.50 (0.24) 3.02 (0.28)

Active tension: the difference in tension between the recorded level and the level of passive tension. Drug concentrations: atropine
(I gM), guanethidine (10 PM), histamine (0.1 mM), prazosin (0.3 JLM), yohimbine (I IEM) and propranolol (I gM). Treatment by atropine
alone represents the paired control group.

Farmer, 1989). Souhrada et al. (1980) did, however, find a
relaxant response to electrical field stimulation in the guinea-
pig main bronchus but did not determine whether or not this
response was adrenergic. The present finding of a P-adren-
ergic relaxant response in the guinea-pig main bronchus
therefore provides new information which is consistent with
sympathetic nerves being present in the more peripheral air-
ways of the guinea-pig. This finding has methodological
implications and indicates that studies on drug-induced
modulation of the contractile NANC response should be
conducted using adrenergic depletion or P-adrenoceptor
blockade. If adrenergic depletion or P-adreoceptor blockade
is not established, a drug-induced alteration of the sym-
pathetic response might confuse the interpretation of the
results (compare Kamikawa & Shimo, 1989; Verleden et al.,
1991b).
In man, there is little evidence of a significant neural

sympathetic effect on airway smooth-muscle tone and the
adrenergic effect on tone is most probably exerted primarily
by circulating catecholamines (Partanen et al., 1982; Laitinen
et al., 1985; Taylor et al., 1984; Palmer et al., 1986). The
present demonstration of a sympathetic modulation of
NANC responses is therefore not directly applicable to the
conditions in human airways. Nevertheless, the sympathetic
response in guinea-pig airways is an endogenous, adrenergic
and relaxant response which, as in human airways, is medi-
ated primarily via 32-adrenoceptors (Kamikawa & Shimo,
1976; Johansson & Waldeck, 1981; Zaagsma et al., 1984).
The sympathetic modulation of NANC responses might
therefore constitute an example of an interaction between
P2-adrenergic and NANC responses which could contribute
to the physiological control of airway smooth-muscle tone.

In line with our previous data on guinea-pig airways
(Linden et al., 1991b), functional studies on human isolated
airways have demonstrated NANC responses which are
tetrodotoxin-sensitive and stimulation-frequency-dependent

(Lundberg et al., 1983; Taylor et al., 1984; Palmer et al.,
1986). There is also evidence of contractile and relaxant
NANC responses in human airways in vivo as there is in the
guinea-pig (Fuller et al., 1985; Ichinose et al., 1988; Lammers
et al., 1988; Venugopalan et al., 1991). Further, the present
pattern, with a contractile NANC response evoked at a low
tone prior to activation and of the relaxant NANC response
at a high tone prior to activation is similar to the pattern
seen after sensory nerve activation by capsaicin in human
subjects. In man and without induced tone prior to inhala-
tion, inhaled capsaicin produces non-cholinergic broncho-
constriction (Fuller et al., 1985), whereas, when an induced
tone is present prior to inhalation, inhaled capsaicin produces
NANC bronchodilatation (Ichinose et al., 1988; Lammers et
al., 1988). If these findings reflect the same mechanisms, then
NANC neural responses may stabilize human airway smooth-
muscle tone as well. At the present state of knowledge, it
thus seems possible that the NANC convergence effect is
present in human airways and that it can be modulated by
P-adrenoceptor activation, since P-agonists readily relax
human bronchial smooth-muscle (Palmer et al., 1986).

In conclusion, the present study indicates that the NANC
neural response can counteract pronounced changes in air-
way smooth-muscle tone with and without sympathetic
activation in the guinea-pig. This stabilizing effect on tone
might per se be exclusive for the NANC response in relation
to adrenergic activation. P-Adrenoceptor activation can,
however, reduce the level of tone towards which the contrac-
tile and relaxant NANC responses converge, thereby suggest-
ing an interaction which provides protection from severe
airway smooth-muscle contraction.

This study was approved by the Experimental Ethics Committee of
the Medical Faculty of the University of Goteborg (Dno 92/89). The
authors wish to thank the Swedish Medical Research Council, the
Swedish Heart-Lung Fund and Hermann Krefting's Foundation for
financial support.
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Kinetics of nicotinic acetylcholine ion channels in the presence

of intravenous anaesthetics and induction agents

'Ruth E. Wachtel & Edward S. Wegrzynowicz

Department of Veterans Affairs Medical Center, Iowa City, IA 52246 and Department of Anesthesia, College of Medicine,
University of Iowa, Iowa City, IA 52242, U.S.A.

1 Single channel currents activated by 250 nM acetylcholine were recorded from cell-attached patches
of BC3H1 mouse tumour cells grown in culture. Channels were recorded in the absence and presence of
alphaxalone, diazepam, etomidate, fentanyl, ketamine, meperidine, or propofol.
2 All of the anaesthetics tested shortened channel open time but did not alter single channel current
amplitude. Drug concentrations calculated to reduce the time constant of open-time distributions by
50% were 99 jLM alphaxalone, 66 LM diazepam, 57 JSM etomidate, 26 JtM fentanyl, 15 jtM ketamine,
16 tiM meperidine, or 81 fiM propofol.
3 Ketamine, meperidine, and propofol reduced channel open time at concentrations comparable to
plasma levels attained during therapeutic use of these agents, while alphaxalone, diazepam, etomidate,
and fentanyl reduced channel open time only at levels higher than those encountered clinically.
4 The potency of these drugs in decreasing channel open time appears to be directly correlated with
their octanol/buffer partition coefficients. In contrast to expectations, however, agents with higher
partition coefficients were less potent in altering channel open time.
5 Ketamine and meperidine produced a prominent third component in closed-time distributions, which
were otherwise well described by the sum of two exponential components. Alphaxalone, diazepam, and
etomidate also produced a small third component, while no additional component was seen with
propofol or fentanyl. These additional components probably arise from creation of an additional closed
state of the channel.
6 We conclude that these agents are not altering channel properties merely by exerting non-specific
effects via the lipid bilayer and that they are probably not all acting by similar mechanisms.

Keywords: Acetylcholine: receptor channels; analgesics: opioid: fentanyl, meperidine; anaesthetics: intravenous: etomidate,
fentanyl, ketamine, meperidine, propofol; anaesthetics: steroid: alphaxalone; electrophysiology: flickering blockade;
patch clamp; hypnotics: diazepam; etomidate; receptors: acetylcholine

Introduction

A wide variety of general anaesthetic compounds depress
responses to acetylcholine (ACh). At the motor endplate, the
decay rate of endplate currents is increased by potent volatile
agents, long chain aliphatic alcohols, and barbiturates (Gage
& Hamill, 1976; Torda & Gage, 1977; Gage et al., 1978).
Single channel recordings have confirmed that all of these
agents decrease the open time of ACh-activated ion channels
(Lechleiter & Gruener, 1984; Gate & McKinnon, 1985; Mur-
rell et al., 1991; Wachtel & Wegrzynowicz, 1991).
The mechanisms by which pharmacological agents decrease

the open time of ACh-activated channels is not well under-
stood. Some agents, such as barbiturates, are thought to
enter the open channel to block it (Adams, 1976). Other
drugs are thought to partition into the lipid phase of the
membrane and alter fluidity in the vicinity of the channel (see
reviews by Trudell, 1991; Ueda, 1991). For compounds with
general anaesthetic properties, clinical potency in inducing
general anaesthesia appears to be directly related to lipid
solubility, usually measured as oil/water or octanol/buffer
partition coefficient. This suggests that non-specific inter-
actions with hydrophobic moieties may underlie some of the
clinical effects of these drugs, and that anaesthetic solubility
in the membrane may determine effectiveness.
At the single channel level, the potency of compounds with

general anaesthetic properties may also be a function of lipid
solubility. Alternatively, these agents may each be interacting

I Author for correspondence at: Research Service (151), VA Medical
Center, Iowa City, IA 52246, U.S.A.

with the channel in a unique fashion unrelated to lipid
solubility.
The purpose of this study was to compare the effects of a

variety of anaesthetic compounds and induction agents, with
widely differing structures, in order to determine whether
their potency in reducing the open time of ACh-activated
channels is a non-specific function of lipid solubility, or
whether their effects on ACh-activated channels exhibit struc-
tural specificity.

Methods

The methods used in these experiments have been described
previously (Wachtel, 1988a; 1990). Patch clamp techniques
were used to record single channel currents activated by ACh
from cell-attached patches of BC3H1 mouse tumour cells
grown in culture. BC3Hl is a muscle-like clonal cell line
derived from a mouse cerebrovascular tumour. Cells express
nicotinic receptors for ACh when allowed to differentiate in
serum-free medium (Munson et al., 1982; Olson et al., 1983).
ACh-activated channels in BC3H1 cells have been studied
extensively by Sine & Steinbach (1984; 1986).

Cells were bathed in a Ringer solution containing (mM):
NaCl 100, KCI 4, CaCl2 2, MgCl2 5 and HEPES 10, pH 7.4.
Electrodes had resistances of 2-5 Mohm. They were filled
with bathing solution containing 250 nM ACh plus anaes-
thetic agent. Experiments were performed at controlled room
temperature (18-22°C).

Dilutions of diazepam (Valium, Roche), etomidate (Amid-
ate, Abbott Laboratories), fentanyl citrate (Sublimaze,

'." Macmillan Press Ltd, 1992
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Janssen Pharmaceutica), ketamine (Ketaset, Aveco), and
meperidine (pethidine; Demerol, Winthrop-Breon) were
prepared daily. A 10mM alphaxalone stock was prepared
weekly by dissolving the powder (courtesy of Glaxo, Inc) in
propylene glycol (1:10), and this stock was diluted daily to
yield final concentrations of 20- 500 AM in Ringer. The maxi-
mum concentration of propylene glycol in the final dilution
was 1:200. A propofol (Aldrich) stock of approximately
500 JM was prepared by carefully adding 2 gI to 21 ml
Ringer solution. The mixture was gently warmed and
sonicated until the propofol was fully dispersed, then diluted
daily. The exact concentration of this stock solution was
determined by gas chromatography to be 493 JAM.

Single channel opening events were recorded with the
patch pipette hyperpolarized + 75 mV relative to cell resting
potential, which was estimated to be - 59 mV based on a
null potential of 0 mV for ACh-activated currents. Thus the
potential across the membrane patch was - 134 mV. Signals
were low pass filtered at 5 kHz, digitized at 20 Js per point
and stored on an AST Premium 286 computer. Single chan-
nel events were analyzed to determine channel amplitude and
open and closed durations with pCLAMP software package
(Axon Instruments). Events containing more than one chan-
nel open at a time were not included in the analysis. Average
channel amplitude was calculated from the mean amplitude
of events > 500 its in duration. Channel open-time and
closed-time distributions were described as sums of exponen-
tial components. Parameters were estimated by the method
of maximum likelihood (Wachtel, 1988b; 1991). Open-time
distributions were corrected for missed openings less than
0.1 ms in duration, but were not corrected for undetected
closed times. Similarly, closed-time distributions were corr-
ected for missed closings less than 0.1 ms in duration, but
were not corrected for undetected opening events.

Octanol/buffer partition coefficients of ketamine and
alphaxalone were measured by gas chromatography because
values could not be found in the literature. Aliquots of
10 mM ketamine (10 ml) or 50 mM alphaxalone (4 ml) in
0.1 mM phosphate buffer were mixed with equal volumes of
octanol and shaken vigorously. The two phases were
separated by centrifugation and the pH of the aqueous phase
after centrifugation was 7.4. Samples of the aqueous phase
(4 gI for ketamine, 10 1ll for alphaxalone) were injected onto
a gas chromatograph equipped with a 6-foot column packed
with 3% OV-101 on 120/140 gas-chrom Q at 250'C and a
flame ionization detector. Similar volumes of standard solu-
tions of known concentrations were also injected. Retention
times were 7.5 min for ketamine and 5.4 min for alphaxalone.
The octanol/buffer partition coefficient was defined as the
ratio of drug concentration remaining in the octanol phase,
assumed to be 10 mM ketamine or 50 mM alphaxalone, to the
concentration in the aqueous phase. Calculated partition
coefficients were 60 for ketamine and 1900 for alphaxalone.

Results

Figure 1 (left panel) shows examples of representative single
channel currents activated by 250 nM ACh in the absence
and presence of meperidine or propofol. With anaesthetic in
the recording electrode, individual opening events appear
briefer in duration. All of the agents tested produced
qualitatively similar results and decreased the open duration
of ACh-activated channels.

Amplitudes

None of the drugs tested altered mean single channel current
amplitude, which was 2.68 ± 0.19 pA (mean ± s.d. from n =
49 patches) in the absence of anaesthetic. Channels were
either non-conducting or fully-conducting, indicating that
channel conductance was altered in an all or none fashion.
This lack of effect on single channel amplitude suggests that

Control U)

0)

04.

E
Z 0.1 1 10 100 1000

Open time (ms)

Meperidine 20 FLM

Propofol 100 FM

IU)
C
a)
I>

U1)

AI

0)

E
z

IC
0
c

o
0

E
Z3

Open time (ms)

0.1 1 10 100 11
Open time (ms)

Figure 1 Left panel: representative single channel currents activated
by 250 nm acetylcholine (ACh) from cell attached patches of BC3HI
cells. Opening events are shown as downward deflections. Channels
were recorded in the absence of anaesthetic (control), or with
meperidine (20 AM) or propofol (100 AM) in the recording electrode.
In the presence of anaesthetic, opening events appeared much briefer
in duration. Similar results were obtained with alphaxalone,
diazepam, etomidate, fentanyl, and ketamine. Patch potential
+ 75 mV. Calibration marks 2 ms and 3 pA. Right panel: represen-
tative open-time histograms. Note logarithmic abscissa and square
root ordinate scales. Each smooth curve is the square root of the
probability density function corresponding to the sum of 2 exponen-
tial components, with time constants Tf and Ts (Tf<T) and fast
component amplitude Af. The probability density function for each
component is exp {ln(t) - ln(r) - exp [ln(t) - ln(T)]} multiplied by
the number of events in that component times the bin width (Sig-
worth & Sine, 1987). (a) ACh 250 nM. Tf = 0.26 Ms, Ts = 7.91 ms, and
Af = 0.55. N = 770 events. (b) ACh 250 nm plus meperidine 20 JM.
Tf = 0.22 Ms, Ts = 2.50 ms, and Af = 0.27. N = 852 events. (c) ACh
250 nm plus propofol 100 AM. Tf = 0.21 Ms, Ts = 2.43 ms, and
Af= 0.27. N = 540 events. All of the anaesthetics tested shifted
channel open-time distributions toward faster times.

the anaesthetics were not inducing a rapid flickering block of
the open state that was not resolved by the recording system.
An extremely rapid flickering block that was low-pass filtered
would appear as an apparent reduction in single channel
amplitude.

Open times

The distribution of open times from patches exposed to
either 250 nM ACh or 250 nM ACh plus 20 JM meperidine or
100 JAM propofol are shown in the right panel of Figure 1.
Individual open times have been sorted into logarithmically
spaced bins to form a histogram. For each of these patches
the distribution of open times is well described by the sum of
2 exponential components, Af exp (- t/Tf) + (1- Af) exp
(- t/Tj), where t is open time and Tf and T are time constants
(f<T). Similar distributions were obtained with the other
agents. For these patches in which both components of open-
time distributions could be clearly resolved, Tf= 0.39+
0.20 (mean ± s.d. from n = 26 out of 39 patches) in the
absence of anaesthetic and was not altered in any consistent
manner by the agents tested.
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For patches exposed to higher concentrations of anaes-
thetic, the faster component was not always apparent and a
single time constant was adequate to describe the data. T (or
Ts for 2-component distributions) was 6.92 ± 1.39 ms (n = 39)
in the absence of anaesthetic and was decreased in a dose-
dependent manner by all of the agents tested (Figure 2).

Based on these dose-response relationships, an ECm was
calculated for each anaesthetic (Table 1), where EC5o is the
concentration that reduced T., or r, by 50%. EC5os range
from a low of 15 IM for ketamine to a high of 99 pM for
alphaxalone, a difference of approximately 6 fold.

If the potency of a compound in reducing the open time of
ACh-activated channels were solely a function of its concent-
ration in the membrane, then drug potency should be directly
correlated with lipid solubility. Figure 3 shows the relation-
ship between EC50 and octanol/buffer partition coefficient,
used as a measure of lipid solubility, for all of the agents
tested. Indeed, the potency of these drugs in decreasing chan-
nel open time appears to be directly correlated with their
partition coefficients. However, those agents with higher par-
tition coefficients were actually less potent in altering channel
open time. This is exactly the opposite of what would be
predicted if the potency of a substance were determined
merely by its tendency to partition into the membrane. Thus
factors other than simple lipid solubility must underlie drug
effects on these channels. In order to look for some evidence
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Figure 2 All of the agents tested decreased channel open time in a
concentration-dependent manner. T; has been used as an indication
of channel open time for those patches in which two exponential
components were required to describe open-time distributions. Lines
are labelled A = alphaxalone; D = diazepam, E = etomidate; F =
fentanyl; K = ketamine; M = meperidine; P = propofol. Data points
and error bars have been omitted for clarity. In the absence of
anaesthetic, T. was 6.92 ± 1.39 ms (n = 39 patches). Drug concentra-
tions that reduced T. by 50% are shown in Table 1.

Table 1 Comparison between EC50 values and peak blood
levels usually attained after intravenous administration of
therapeutic doses

Peak plasma Intravenous
EC50 (gM) level (JAM) dose

Alphaxalone
Diazepam
Etomidate
Fentanyl
Ketamine
Meperidine
Propofol

99
66
57
26
15
16
81

12
70
4.0
0.06
8.4
3.6

34

0.4 mg kg-'
20 mg
0.3 mgkg-'
50 jLg kg- l
2.5 mgkg-'
50 mg
2.5 mgkg-'

Alphaxalone: Hillestad et al., 1974; Sear & Prys-Roberts,
1979; diazepam: Reidenberg et al., 1978; etomidate: Van
Hamme et al., 1978; Schuttler et al., 1980; De Ruiter et al.,
1981; fentanyl: Hug, 1984; ketamine: Johnston et al., 1974;
Wieber et al., 1975; meperidine: Mather et al., 1974;
propofol: Cockshott, 1985; Schuttler et al., 1985;
Kirkpatrick et al., 1988; Shafer et al., 1988.
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Figure 3 Relationship between the octanol/buffer partition co-
efficient of a drug and its EC50, the concentration that reduces
channel open time by 50% (listed in Table 1). Partition coefficients
for alphaxalone (1900) and ketamine (60) were measured; values for
diazepam (500), etomidate (1000), fentanyl (200), meperidine (40),
and propofol (5000) are from the literature (Leo et al., 1971;
Heykants et al., 1975; Hug, 1984; James & Glen, 1980). The EC. for
ketamine is from Wachtel (1988). Line is a least squares fit with
correlation coefficient 0.92. In contrast to predictions, drugs with
higher partition coefficients were less potent in decreasing channel
open time.

of a specific interaction between the anaesthetics and ACh-
activated channels, as opposed to an interaction based on the
colligative properties of drug molecules in the membrane,
closed-time distributions were also examined.

Closed times

Figure 4 shows typical closed-time distributions for patches
exposed to either 250 nM ACh or 250 nM ACh plus 20 gM
meperidine or 100 gM propofol. Closed-time distributions for
channels activated by ACh typically have 2 distinct com-
ponents, a rapid closed time Tf representing gaps within a
burst, and a slower closed time ;s representing gaps between
bursts.
Channel closed-time distributions obtained in the presence

of meperidine contained an additional intermediate compo-
nent with time constant T' and relative amplitude Ai.
At 20 M meperidine, Tr, = 21.5 ± 9.1 ms and Ai = 0.39 ± 0.05
(n = 5). A similar new intermediate component was also
observed with ketamine. Apparent differences in T. between
patches do not necessarily reflect drug-induced changes in
channel opening rate, but may simply be due to differences in
the number of active channels in each patch.
No additional component in closed-time distributions was

observed with propofol (n = 34) or fentanyl (n = 29). Alphax-
alone, diazepam, and etomidate sometimes generated a small
third component with amplitude less than 10%, although
these findings have not yet been analyzed in detail.

Discussion

All of the agents tested decreased the open time of ion
channels activated by ACh. Table 1 shows plasma levels
normally attained during therapeutic use of these drugs.
Ketamine, meperidine, and propofol altered channel proper-
ties at concentrations similar to those encountered clinically.
Reductions in the open time of ACh-activated channels may
be significant during use of ketamine, meperidine, and pro-
pofol, and may contribute to some of the clinical properties
and side effects of these agents.

Alphaxalone, diazepam, etomidate, and fentanyl
significantly reduced channel open time only at concentra-
tions at least 8 times higher than clinical levels. Fentanyl, a
potent synthetic opiate, altered channel properties at concent-
rations similar to those required for the other agents, but at

1
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concentration 400 times greater than plasma levels. The lack
of effect of alphaxalone, diazepam, and fentanyl at clinical
concentrations is consistent with theories that these com-
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Figure 4 Representative closed-time histograms. Meperidine pro-
duces a prominent third component in the distributions, while pro-
pofol does not. (a) ACh 250 nm. The distribution of channel open
times is described by a function that is the sum of two exponential
components, with tf = 0.07 ms, ;s = 166 ms, and Af = 0.19. N = 763
events. (b) ACh 250nm plus meperidine 20pM. Three exponential
components are required to describe the closed-time distribution,
with Af=0.11, ?f=0.67ms, Ai=0.34, Ti=23.6ms, and ;s=2032
ms. N = 801 events. (c) ACh 250 nm plus propofol 100 pM. Two
components are adequate, with ?f = 0.43 Ms, T; = 1116 ms, and
Af= 0.10. N = 545 events. Patch potential + 75 mV.

pounds exert their clinical effects by binding to specific recep-
tor sites in the central nervous system. Alterations in the
properties of ACh-activated ion channels are most probably
unrelated to the clinical properties of these agents.

Lipid solubility, measured in terms of octanol/buffer parti-
tion coefficient, does not seem to be an important factor that
determines the ability of a drug to decrease the open time of
ACh-activated channels in these cells. This finding suggests
that it is unlikely these drugs are acting merely by exerting
non-specific effects via hydrophobic interactions.
The finding that ketamine and meperidine cause the

appearance of a new, intermediate component in channel
closed-time distributions suggests the appearance of a new
closed state of the channel. Additional experiments are in
progress to determine whether this new closed state may arise
from block of the open channel by molecules of drug, and
also to describe in more detail the changes in closed-time
distributions produced by alphaxalone, diazepam, and
etomidate.

Propofol and fentanyl, however, did not cause the
appearance of an additional component in closed-time distri-
butions, suggesting that a different mechanism may underlie
their effects. Although it is possible that these agents were
producing a third component in closed time distributions
that was not resolved, this component would have to have
represented less than 2-3% of events to remain undetected
(Wachtel, 1991). The observed constancy of single channel
amplitude indicates that these drugs were not inducing an
extremely fast flickering type block of the open state that was
unresolved due to bandwidth limitations. Upon filtering, a
flickering block would appear as a single opening event with
reduced amplitude. Such reduced amplitude events were not
observed, even at higher drug concentrations that reduced
channel open time by ten fold.

It is probably reasonable to conclude that the drugs tested
here are not all acting by the same mechanism. In addition,
some structural specificity is apparent, since lipid solubility
alone is not an important factor in determining drug
potency.

This work was supported in part by a grant from the Department of
Veterans Affairs and by an allocation of computing funds from the
College of Medicine, University of Iowa. Alphaxalone was a gift of
Glaxo, Inc., U.K.
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Steroid inhibition of oedema formation in the rat skin

1A. Ahluwalia, S.H. Peers & R.J. Flower

Department of Biochemical Pharmacology, The William Harvey Research Institute, St. Bartholomew's Hospital Medical
College, Charterhouse Square, London, ECIM 6BQ

1 A model has been developed to compare the inhibitory effects of the topical steroid, betamethasone-
17-valerate, to those of systemically administered betamethasone upon oedema responses induced by
5-hydroxytryptamine (5-HT), platelet activating factor (PAF) and zymosan-activated serum (ZAS)
± prostaglandin El (PGEI), measured in the rat skin by use of '251-labelled human serum albumin.

2 Systemic betamethasone had a selective, time- and dose-dependent inhibitory effect upon oedema
treatment, with 1 mg kg-' and a 3 h pretreatment having the greatest effect of the doses and times
employed.
3 Topical betamethasone inhibited the oedema responses to all of the stimuli showing no apparent

selectivity.
4 Topical betamethasone inhibits inflammatory stimuli in a different manner from systemic
betamethasone. The broad spectrum of inhibition suggests that topical betamethasone acts by affecting a

fundamental feature of the inflammatory response common to all of the stimuli.
Keywords: Topical steroid; anti-inflammatory; oedema; rat skin; betamethasone

Introduction

Glucocorticosteroids represent one of the most widely used
forms of drug treatment today with several million prescrip-
tions per year, the majority of which are for topical steroids.
Although these drugs are used extensively it is unclear as to
exactly how these beneficial, anti-inflammatory effects of the
topical steroids are produced. There now exist several differ-
ent potency assays utilising different properties inherent to
the topical steroids, such as the atrophogenic and the anti-
mitotic properties (described by Fritz & Weston, 1983), the
development of which have provided further insight into an
understanding of the multifarious actions of the topical
steroids.

In the early 1960's McKenzie & Stoughton designed an
effective assay for the anti-inflammatory potency of the
topical steroids on human skin, exploiting the vasoconstrictor
properties of these drugs. Today, this test system remains the
assay of choice when assessing topical steroid potency. The
precision and moreover, the simplicity of this assay has
probably been the major contributory factor in the lack of
interest prevalent in gaining a full understanding of the
mechanism of action of the topical steroids. Although these
assays exploit a range of different properties of the topical
steroids, they provide no distinctive explanation for the anti-
inflammatory effects of these drugs.
Many of the studies investigating the effects of topical

treatments upon the skin have used biopsy techniques such
as that carrried out by Norris and associates (1984); however,
the ideal situation in which a comprehensive understanding
of the effects of the topical steroids could be gained must be
via the investigation of the effects of these drugs upon
induced inflammatory responses in the skin in vivo.

In 1973 Williams & Morley described a technique which
measured oedema formation in animal skin developed in
response to certain inflammatory mediators. It was with this
technique that the inhibitory effects of the steroid dex-
amethasone, given systemically, upon the development of
inflammatory oedema was demonstrated. Dexamethasone
was shown to inhibit the formation of oedema in response to
certain 'direct-acting stimuli' (Peers & Flower, 1991) and also

'neutrophil-dependent stimuli' (Yarwood et al., 1988, Peers &
Flower, 1991).

In light of the effectiveness of systemic dexamethasone in
the rabbit skin oedema model, we have extended and further
developed the oedema model to the rat, to provide a system
whereby the anti-inflammatory effects of the topical steroids,
in comparison to systemically administered steroids, may be
assessed.

Methods

The formation of local oedema in the skin was measured in
male wistar rats (250-350 g) by use of a technique similar to
that described by Williams (1979), in the rabbit. Rats were
anaesthetized with a cocktail of Hypnorm:Hypnovel:water
(1:1:2), the backs of the rats shaved and 2 1iCi kg-' of body
weight '25I-labelled human serum albumin in 1% Evans blue
solution injected intravenously. Following this 8 agents were
injected intradermally (0.1 ml) in duplicate and were com-
prised of: 5-hydroxytryptamine (5-HT) (2.5 x 10-8 mol/site),
platelet activating factor (PAF) (5 x 10-8 mol/site), 50%
zymosan-activated serum (ZAS), in the presence or absence
of prostaglandin El (PGE,) (3 x 10-`l mol/site) and saline
controls. Thirty minutes later blood samples were taken by
intracardiac puncture and the animals killed. Following this
the injection sites were removed and plasma exudation cal-
culated as described by Williams (1979).
To investigate the effect of systemic betamethasone, rats

were given betamethasone sodium phosphate (0.1 or 1.0 mg
kg-') or saline s.c., either 1 or 3 h prior to the administration
of the stimuli described above.
To look at the effects of topical steroid, rats were anaes-

thetized, their backs shaved and 2 g of 0.1% w/w betameth-
asone-17-valerate (Betnovate), or vehicle cream, rubbed
evenly into a measured area of the skin (11 cm by 1O cm),
bifurcated by the mid-line of the rat back, for approximately
2-3 min, 18 h before the intradermal injections. Both of the
topical treatments were compared to untreated controls.

Materials

Betamethasone sodium phosphate was produced by Glaxo.
Topical preparations of betamethasone-17-valerate and vehi-I Author for correspondence.

'." Macmillan Press Ltd, 1992



TOPICAL ANTI-INFLAMMATORY STEROIDS 629

cle cream were generous gifts from Glaxo, UK, Evans blue,
5-HT, PAF, PGEI and zymosan were all obtained from
Sigma, UK and '25I-labelled human serum albumin was
obtained from Amersham International PLC, UK.
5-HT was dissolved in 0.9% NaCl (saline), stock solutions

of PAF and PGE, were prepared in absolute ethanol and all
were stored at - 20C. 1% Evans blue solution was made in
saline and stored at room temperature.
ZAS was prepared as described by Williams & Jose, (1981)

and was stored at - 20TC.
Dilutions of all agents were made in saline.

Data and statistical analysis

All results are expressed as means ± s.e.mean. The effects of
steroid treatment, given systemically or topically, upon the
oedema inducing capacity of each stimulus is expressed as a
percentage i.e.
Mean oedema (p1 of plasma) in steroid treated rats
Mean oedema (#1 of plasma) in control rats x 100%

Control rats are those given saline in the case of systemic
steroid treatment and no topical treatment in the case of
topical steroid treatment.
Where required Student's t test (two-tailed) analysis was

used.

Results

Figure 1 shows the oedema inducing effects of all of the
intradermal stimuli in absolute values of plasma volume.
These stimuli were used as they were found to be the most
effective, of a selection of known inflammatory mediators
including bradykinin and fMLP (N-formyl-methionyl-leucyl-
phenylalamine), both of which when given alone or in com-
bination with a vasodilator produced no more than 10gl of
oedema, whereas all of the stimuli used in this assay gave at
least 20 ptl of oedema. The effects of arachidonic acid, PGE2,
adenosine and PGE, upon the oedema induced by the chosen
stimuli were tested to determine which vasodilator had the
greatest potentiating effect. PGEI was the most effective
agent at enhancing the induction of oedema formation in the
rat back skin by increasing the oedema response to PAF by
114.0% (n = 5), with adenosine having no potentiating effect

70r

at all (n = 5), PGE2 potentiating the response by 10.0%
(n = 5), and arachidonic acid increasing the response by only
34.0% (n = 5).

Saline controls alone produced little oedema (4.3 ± 0.9 fil
of plasma). PGE, induced a small oedema which was
significantly different (P<0.05) from that shown by saline
above. Both PAF and ZAS caused substantial oedema and
were significantly potentiated in the presence of PGEI, with
P <0.001 and P <0.01 respectively. However, this was not
the case for 5-HT, which also produced substantial oedema,
where PGEI had no significant potentiating or inhibitory
effect upon the oedema response.

Figure 2 shows the effect of systemically administered
betamethasone upon responses to each of the intradermal
stimuli. The lower dose of 0.1 mg kg-' with a 3 h pretreat-
ment had no significant inhibitory effect upon any of the
responses. Increasing the dose 10 fold with a 1 h pretreat-
ment period appeared to have a low level of inhibition across
most of the stimuli but was only significant upon the oedema
response induced by ZAS in the presence of PGE,. An
increase in the duration of the pretreatment period to 3 h
with this dose of 1 mg kg-' resulted in a wider range of
inhibition (77-15%), significantly affecting the responses to
all of the stimuli except for that of PAF in the presence of
PGE, and ZAS alone.

For topical betamethasone a treatment of 2 g
betamethasone-17-valerate was used as this dose produced
approximately the same extent of inhibition of the oedema
response to ZAS ± PGEI, the only stimulus which appears to
incorporate both direct-acting and neutrophil-dependent
mechanisms of oedema formation, as that seen with the
systemic treatment of 1 mgkg-' betamethasone with a 3 h
pretreatment period. Also the inhibitory effects seen with this
topical treatment were produced purely in a local manner,
with no systemic component. This was demonstrated by
treating only half of the rat back and comparing the oedema
responses on each side (n = 3). The degree of oedema pro-
duced on the steroid treated side was visibly lower than that
of the untreated side in each case, indicating that the in-
hibitory activity observed with this topical treatment was due
to a local effect upon the skin and was not the result of
penetration into the systemic circulation. An 18 h pretreat-
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Figure 1 Potentiation by prostaglandin El (PGEI, 3 x 10-10 mol/
site) of the oedema (1l of plasma) induced by 5-hydroxytryptamine
(5-HT, 2.5 x 10-8 mol/site), platelet activating factor (PAF, 5 x 10-8
mol/site) and 50% zymosan-activated serum (ZAS) per site. Results
are expressed as mean (with s.e.mean shown by the vertical bars) of
n = 17 rats. Significant differences between oedema induced by the
agents alone and in the presence of PGE, are indicated by
**P<0.01 and ***P<0.001.

Figure 2 The effect of betamethasone, administered systemically,
upon the oedema induced by 5-hydroxytryptamine (5-HT, 2.5 x 10-8
mol/site), platelet activating factor (PAF, 5 x 10-1 mol/site) and
50% zymosan-activated serum (ZAS) per site given alone or in the
presence of prostaglandin El (PGEI, 3 x 10-' mol/site). Oedema
responses presented after a 3 h pretreatment of betamethasone
(0.1 mg kg-) are shown by the open columns, a I h pretreatment of
betamethasone (1 mg kg-') by solid columns and a 3 h pretreatment
of betamethasone (1 mg kg-') by stippled columns. Results are ex-
pressed as mean (with s.e.mean represented by vertical bars) of
n = 5-6. Significant inhibition of oedema formation are indicated by
*P<0.05 and **P<0.001.



630 A. AHLUWALIA et al.

ment period was chosen for these experiments as both 3 h
and 6 h pretreatment periods were shown to be insufficient to
produce significant inhibitory effects upon the inflammatory
stimuli and thus an overnight treatment had to be used
(n = 3 in each case). This is in agreement with treatment
periods used in a variety of studies investigating other pro-
perties of the topical steroids, such as that of Barry & Brace
(1975), where the maximum effects of the steroids were seen
after a period ranging between (12-24 h).

Unlike the systemically administered betamethasone, topi-
cal betamethasone had a more general inhibitory action as
can be seen in Figure 3, significantly inhibiting the
inflammatory oedema responses to all of the stimuli including
the saline control, the inhibition ranging from between
33-58%. The vehicle alone was without any net effect (3
experiments, 9 animals) except in the case of PAF in the
presence of PGF1 where a mean inhibition of 23%, which
reached significance at the 1% level, was achieved. This
inhibitory effect, however was not as great as that seen with
the steroid cream (P<0.01).

100!
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Figure 3 Effect of topical betamethasone-1 7-valerate, 2 g with an
18 h pretreatment, upon the oedema induced by the stimuli 5-
hydroxytryptamine (5-HT, 2.5 x 10-8 mol/site), platelet activating
factor (PAF, 5 x 10-8 mol/site) and 50% zymosan-activated serum
(ZAS) per site in the presence or absence of prostaglandin El (PGEI,
3 x 10-' mol/site). Results are expressed as mean (with s.e.mean
represented by vertical bars) of n = 6. Significant inhibition of
oedema formation is indicated by **P<0.01.

Discussion

The aim of our present study was to try and gain some
insight into how the anti-inflammatory topical steroids work,
and how these mechanisms or modes of action may differ
from those of systemically administered steroids; and for this
purpose we have developed the rat skin oedema model.

Both PAF and ZAS induced greater oedema when injected
in combination with PGE1, a phenomenon explained by the
two-mediator hypothesis (Wedmore & Williams, 1981; Wil-
liams et al., 1983). PAF is a direct acting stimulus such that
an increased vascular permeability is produced when gaps are
formed between endothelial cells in response to their contrac-
tion. PGE1, in the microvasculature, is a vasodilator and as
such induces an increase in blood flow and will act synergis-
tically with inflammatory agents, such as PAF, to produce a
greater net oedema. ZAS, which is a source of C5a desArg
enhances plasma exudation via a neutrophil-dependent man-
ner in the rabbit (Williams & Jose, 1981). However, in the rat
after treatment with the 5-HT receptor blocker, methyser-
gide, and the histamine, receptor blocker, mepyramine, the
oedema response to ZAS was only 40.0 ± 2% (n = 3) of the
response shown in untreated rats. This suggests that the
response shown to ZAS, here, is mediated in part by
mechanisms independent of the neutrophil, and probably
involves mast cell degranulation. The oedema-inducing
capacity of 5-HT remained unaffected in the presence of
PGE1, perhaps 5-HT here is acting as a vasodilator as well as
directly inducing plasma exudation.
The inhibitory action of betamethasone administered sys-

temically was shown to be a time- and dose-dependent effect
which is in agreement with the findings of Peers & Flower
(1991). In addition, systemic betamethasone appears to exert
some selectivity in its inhibitory effects, inhibiting the actions
of 5-HT and PAF when given alone, with no greater inhibi-
tion when given in combination with PGEI, suggesting that
the steroid is perhaps affecting the permeability portion of
the response. This, however is not consistently the case for all
the stimuli, as with ZAS. It is only when ZAS is given in
combination with PGE1 that betamethasone exerts any inhi-
bitory effects. There have been suggestions that steroids can
directly affect prostanoid receptor numbers resulting in
down-regulation of the receptor (Sessa et al., 1990a,b). This
down-regulation may well explain some of the effects seen
here.

Topically administered betamethasone appears to act in a
manner quite different from that of the sytemically admin-
istered betamethasone, inhibiting the oedema induced by all
stimuli. It is difficult to assess how the local steroid concen-
trations would compare when using the different routes of
administration. However, the results would suggest that the
mechanism of action of betamethasone, and perhaps other
steroids, varies with the mode of application. The broad
spectrum of inhibition intimates that topical betamethasone
is acting by affecting a fundamental feature of the
inflammatory response. An immediate thought that comes to
mind is that this inhibitory effect may be at the level of the
endothelial cell, although further studies are necessary before
we can verify this. Finally with the aid of this rat skin
oedema model we hope to dissect further and ultimately gain
an understanding of the mechanism of action of the topical
steroids.
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Release of endogenous adenosine and its metabolites by the
activation of NMDA receptors in the rat hippocampus in vivo

'Ying Chen, *D.I. Graham & T.W. Stone
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1 The effects of N-methyl-D-aspartate (NMDA), KCl, and veratridine on the release of endogenous
adenosine and its metabolites, inosine and hypoxanthine, from the rat hippocampus have been studied
by in vivo microdialysis.
2 In the hippocampus of rats anaesthetized with urethane the adenosine level reached a stable state
estimated at 0.93 fLM during the first 2 h after the implantation of the dialysis probe. NMDA (50 jM to
25 mM) in the perfusate evoked a concentration-dependent release of adenosine, inosine and hypoxan-
thine with an EC50 of 180 gM. The release was reduced by 93% by the specific NMDA receptor
antagonist 2-amino-5-phosphonopentanoic acid (2-AP5) at 200 ELM, indicating an NMDA receptor-
mediated process. In addition, the 100 mM KCl-evoked release of adenosine was also substantially
reduced by 77% by 2-AP5, suggesting that a large component of the K+-evoked release is NMDA-
receptor-mediated.
3 Perfusion with zero-Ca2+ artificial cerebrospinal fluid attenuated the NMDA-evoked release of
adenosine only by 16% (not signficant) but depressed the K+-evoked release by 62%, indicating that
most of the NMDA-evoked release is directly receptor-mediated, whereas a large component of the
K+-evoked release could be via the release of an excitatory amino acid acting at the NMDA receptors.

Keywords: Adenosine; inosine; hypoxanthine; NMDA (N-methyl-D-aspartate); 2-AP5 (2-amino-5-phosphonopentanoic acid);
hippocampus; microdialysis; release in vivo

Introduction

Adenosine is an inhibitory modulator of synaptic transmis-
sion and neuronal activity (for recent reviews see Stone,
1989; Williams, 1990; Phillis, 1991; Stone & Simmonds,
1991). In the central nervous system this regulation is
achieved partly by a suppression of the release of neurotrans-
mitters, especially those with a predominantly excitatory
function such as glutamate (Corradetti et al., 1984; Fastbom
& Fredholm, 1985; Burke & Nadler, 1988) and acetylcholine
(Jackisch et al., 1984; Spignoli et al., 1984). There is much
less effect on the release of inhibitory agents such as nora-
drenaline (Fredholm et al., 1983) or 4-aminobutyric acid
(GABA) (Hollins & Stone, 1980). Adenosine also acts directly
upon neuronal postsynaptic membranes to increase potas-
sium or decrease calcium conductances so as to depress
excitability (Dunwiddie, 1985; Trussell & Jackson, 1985;
Haas & Green, 1988).

In order to act upon the purine receptors mediating these
effects, adenosine must be released from the cytoplasm into
the extracellular space. Although there is a continuing debate
as to whether adenosine itself is transported out of cells or
whether it is largely formed extracellularly by the catabolism
of adenosine 5'-monophosphate (AMP) and other nucleotides,
there is no doubt that circumstances which increase the
metabolic demand of a tissue or which restrict the availability
of oxygen induce a substantial rise in the extracellular con-
centration of adenosine and its metabolites (Stone et al.,
1990).

In the CNS, hypoxia or ischaemia thus elevate the extra-
cellular level of adenosine in the striatum (Zetterstrom et al.,
1982; van Wylen et al., 1986; Hagberg et al., 1987), the
hippocampus (Andine et al., 1990) and the cerebral cortex
(Phillis et al., 1987; 1988; 1991). It is also known, for exam-
ple, that excitatory amino acids (EAA) such as glutamate

and aspartate are released from neurones into extracellular
space by hypoxic or ischaemic insults (Benveniste et al., 1984;
Hagberg et al., 1985; Globus et al., 1988; Phillis et al., 1991),
and the excessive release of excitatory amino acids is thought
to mediate cell death. Although the precise mechanisms
underlying the releasing sequence of the excitatory amino
acids (EAA) and adenosine during ischaemia remain unclear,
adenosine and its analogues decrease the release of endo-
genous EAA neurotransmitters glutamate and aspartate
(Andine et al., 1990; Phillis et al., 1991). Thus, if adenosine is
elevated in the extracellular space in conjunction with the
activation of EAA receptors, it may act to diminish further
neuronal damage caused by EAA excitation. So far, there is
substantial evidence that adenosine analogues (Evans et al.,
1987; Connick & Stone, 1989; Januszewicz von Lubitz et al.,
1989; Arvin et al., 1989), adenosine uptake inhibitors (DeLeo
et al., 1987; 1988; Andine et al., 1990) and deaminase
inhibitors (Phillis & O'Regan, 1989) protect against ischaemic
and excitotoxic cell loss in vivo.

In the hippocampus, a high density of EAA receptors has
been found (Cotman & Iversen, 1987), with NMDA (N-
methyl-D-aspartate) and quisqualate receptors located
primarily on the CAl pyramidal cell layer and kainate recep-
tors on the CA3 cell layer. The distribution corresponds to
the vulnerability of the hippocampal pyramidal cells during
excitotoxicity or ischaemia. The hippocampus also possesses
a high density of adenosine Al receptors, particularly on the
CAl pyramidal cells (Reddington & Lee, 1991). In addition,
the rise of the extracellular adenosine level after electrical
stimulation in hippocampal slices is higher than in slices of
striatum or cerebal cortex (Pedata et al., 1990). The present
project was designed to investigate the ability of the activa-
tion of NMDA receptors in vivo to induce the release of
endogenous adenosine and its metabolites, inosine, hypoxan-
thine and xanthine, from the hippocampus of anaesthetized
rats by use of the microdialysis technique. The time course of
the release of adenosine and its metabolites and the nature of
the receptors involved were studied. Preliminary results have
been presented in an earlier abstract (Chen & Stone, 1991).

I Author for correspondence at present address: Dept. of Physiology
and Pharmacology, University of Southampton, Southampton
S09 3TU.
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Methods

Male Wistar rats weighing 270-310 g were anaesthetized
with urethane (1.25 g kg-', i.p.) and placed in a stereotaxic
head frame arranged for use with the coordinates of Paxinos
& Watson (1986). The body temperature of the animal was

monitored and maintained by a heating pad at 36-37°C.
Concentric microdialysis probes made with 4 mm polyacrylo-
nitrile membrane (HOSPAL) 0.3 mm in diameter were

implanted into the ventral hippocampus at 5.6 mm posterior,
5 mm lateral and 8 mm ventral relative to the bregma such
that the dialysis membrane lay along the pyramidal cell layer
of the hippocampus (Figure 1). Following the completion of
each experiment, pontamine sky blue (10% solution) was

perfused through the probes for 5 min. The brain was

removed into 10% formaldehyde solution (pH 7.4) to fix
overnight, and then sectioned to locate the dye to confirm the
placement of the probes.

Immediately after the implantation, perfusion with
artificial cerebrospinal fluid (ACSF) of composition (mM:
NaCl 125, NaHCO3 27, KCl 2.5, KH2PO4 0.5, MgSO4 1.2,
CaCl2 1.2, glucose 10, pH 7.2) was started at a flow rate of
2 gil min-' (Harvard Apparatus, infusion pump 22). Drugs,
e.g. N-methyl-D-aspartate (NMDA) (Sigma) and 2-amino-5-
phosphonopentanoic acid (2-AP5) (Research Biochemicals)
were dissolved in ACSF, and the pH was adjusted to 7.2.
When the concentration of KCI was increased, the same

amount of NaCl was removed from the perfusate to maintain
osmolarity. Test and control solutions were changed by
means of a liquid switch, which caused little disturbance to
the flow.

Purine contents in the samples were analyzed by a high
performance liquid chromatography (h.p.l.c.) system (Severn
Analytical, SA6410B) with u.v. detection at 254 nm (Severn
Analytical, SA6500). This employed a Techsphere C18 3 gLm
microsphere column and the mobile phase was NaH2PO4
0.01 M with 6% methanol (pH 6.1) at a flow rate of
0.8 ml min'-. The amount (in pmol) of adenosine (Ado),
inosine (Ino), hypoxanthine (Hyp) and xanthine (Xan) in

Figure 1 An illustration of the position of the dialysis probe in

parallel to the pyramidal cell layers in the rat hippocampus.

20 pl dialysate samples was analyzed and is presented in the
figures. The limit of sensitivity of the system for adenosine
was 0.5 pmol. Identification and quantification of the com-
pounds was achieved by parallel chromatography of stan-
dards.

In our preliminary experiments, it was established that the
efflux of the purines was high initially and had declined to a
steady baseline within 1 h after the implantation of the
dialysis probes (Figure 2). This is in agreement with Zet-
terstrom et al. (1982) and van Wylen et al. (1986) who found
that the initial trauma caused by the implantation of the
dialysis probes subsides within 1 h. Subsequent samples were
collected over successive 20 min periods and 2 h were allowed
for the tissue to recover from the probe insertion. Samples
were collected in Eppendorf tubes and either analyzed
immediately or snap frozen in liquid nitrogen for later
analysis. After the recovery period, two further control
samples were taken to establish the basal levels. Following
this, stimulation with a 5 min pulse of NMDA or KCI was
introduced. To determine the effects of receptor antagonists
and ionic changes, two pulses (SI and S2) with an interval of
3 h were used. Changes were made in the ACSF 2 h before
S2. The net increments of purines in two samples following
stimulation were calculated and assigned to the values for SI
or S2 correspondingly. The control ratio of S2 over SI
(S2/S1), and the test ratio were obtained.

Statistical comparisons were made between the control and
the test experiments. For the sample populations having
equal variances, which was checked by F test, t test was used.
For the few extreme cases which violated the equal variance,
the Mann-Whitney U test was applied. Paired t test was also
applied where it was appropriate.

Results

Endogenous release of adenosine evoked by NMDA, KCl
and veratridine

Two hours after the implantation of the dialysis probes, two
20 min samples were collected and the basal levels of purines
in the dialysate were determined. In order to estimate the
concentrations of the purines in the extracellular space of the
hippocampus, the relative recoveries of the compounds at a
2.0 gil min-' perfusion rate by the probe were calibrated in
vitro by use of standard purine solutions in the concentration
range of 1.0 to 20.0 pM. Constant relative recoveries for the
four purine compounds were found at around 10%. The
individual ratios for adenosine, inosine, hypoxanthine and
xanthine are shown in Table 1. Using the relative recoveries

E 100
0.

U,
co

c 50.0-

0 40 80 120 160
Time after implantation (min)

Figure 2 Total amount of adenosine (Ado) (mean with s.e.mean
shown by vertical bars, in pmol, n = 4) in 20 gl dialysate samples
during the first 2 h after the implantation of the dialysis probes. Rate
of the perfusion was 2.0 gIl min-'.
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Table 1 Basal levels of adenosine (Ado), inosine (Ino), hypoxanthine (Hyp) and xanthine (Xan) in the hippocampal extracellular
medium were estimated from the basal concentrations of the compounds in hippocampal dialysate, by the relative recoveries calibrated
in purine solutions in vitro

Relative
recovery (n)

10.7±1.1% (7)
10.2 ± 1.2% (7)
11.1±0.9% (3)
8.5 ± 0.7% (3)

Measured level
in dialysate (n)

0.10 ± 0.01 (63)
0.14 ± 0.01 (61)
0.27 ± 0.01 (52)
0.65 ± 0.03 (53)

Concentration values are expressed as 9AM (mean ± s.e.mean) (number of experiments)

the approximate basal concentrations of the purines in the
hippocampus can be estimated according to the basal con-

centrations of the purines measured in hippocampal dialysate
(Table 1).
The presence of NMDA, 100mM KCl or 100I9M veratri-

dine in the perfusing ACSF released endogenous adenosine,
inosine, hypoxanthine and xanthine from the rat hippocampus.
A 5 min pulse of NMDA from 50 gM to 20 mm evoked a

dose-dependent release of adenosine expressed as the total
amount evoked above the basal (Figure 3). The ECm was

180 9AM NMDA. When the NMDA concentrations were above
1 mM, the total evoked release of adenosine saturated at
13-15 pmol in 20 jil dialysate samples.
The release patterns of adenosine, inosine, hypoxanthine

and xanthine evoked by the perfusion of 200 9AM NMDA are
shown in Figure 4. A 5 min pulse of NMDA significantly
elevated the levels of adenosine, inosine and hypoxanthine
2-4 fold above the basal level. The level of xanthine was

only slightly increased although it was significant. The levels
of adenosine, inosine and hypoxanthine in the two 20 min
samples collected immediately after the 5 min pulse of
NMDA were all significantly higher than the basal level,
whereas the percentage increase of adenosine (252 ± 50%) in
the first sample is significantly (P <0.01, paired t test) higher
than those of inosine (135 ± 12%) and hypoxanthine
(137 ± 99%), suggesting that inosine and hypoxanthine are

the probable products of adenosine which was directly
released by the application of NMDA.
KCl at 100 mM also released adenosine, inosine and hypox-

anthine 2-5 fold over basal in a similar pattern to the
NMDA-evoked release (Figure 5). None of the correspond-
ing values between NMDA-evoked release and K+-evoked
release are significantly different. A small but significant
release of xanthine was also seen. Veratridine at 100 9M

evoked the release of adenosine to a peak about three fold
above basal, similar to the evoked release described above.

a0
E15 T

> 10 - 1

.o 5

0.1 110
NMDA (mm)

Figure 3 Concentration-dependent total net release of adenosine
(Ado, pmol) in 20 ji dialysate samples evoked by a 5 min pulse of
N-methyl-D-aspartate (NMDA, 50pm-20mm) in perfusate (n = 3-8).
A sharp increase in the amount of adenosine released is shown in the
NMDA concentration range between 50 tim to I mm. The EC5o 'is
180 pm NMDA. At a higher concentration range, the total release
reached a plateau at about 14pmol.
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Figure 4 The release profiles for adenosine (Ado), (a), inosine (Ino)
(b), hypoxanthine (Hyp) (c) and xanthine (Xan) (d) evoked by S min
pulse of 200 9M N-methyl-D-aspartate (n = 14). Levels of Ado, Ino
and Hyp in both of the two samples following the stimulation were
elevated significantly, while the level of Xan was only increased
slightly in the second sample after stimulation. Paired t test was

employed to determine the significance level (*P < 0.05;
**p <0.001).
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NMDA receptor-mediated release of adenosine

To determine whether the NMDA-evoked release of
adenosine was mediated by specific NMDA receptors, the
effects of the competitive NMDA receptor antagonist, 2-AP5
(200 tM), on the NMDA-evoked release and the K+-evoked
release were examined. Twin pulses of 200 pM NMDA or
100 mM KCl 3 h apart without the introduction of the
antagonist were used to obtain control ratios of the amount
of purines evoked by the second stimulus relative to the first
(S2/SI). To determine the effects of the antagonist, 200 jLM
2-AP5 was incorporated in the ACSF 1 h after the first
stimulus (SI), and maintained throughout the second
stimulus (S2).

In the five experiments using twin pulses of 200 pLM
NMDA, both S1 and S2 evoked a net release of the purines,
and the release of adenosine is shown in Figure 6a, with a
S2/S1 of 45 ± 10% (n = 5) (Figure 6d, open column). The
application of 2-AP5 before and during the second stimulus
in the test experiments (Figure 6c) abolished the release of
adenosine, and thus reduced the S2/S1 value (Figure 6d) to
only 3 ± 2% (n = 4) which is significantly (P <0.05, Mann-
Whitney U test) smaller than the control. The basal release of
the purines was not affected by 200 JLM 2-AP5 (Figure 6c).
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The control S2/S1 for 100 mM KCI evoked release of
adenosine (Figure 7a) was also obtained, which is 45 ± 9%
(n = 5) (Figure 7d, open column), similar to that for
NMDA. The incorporation of 200 tiM 2-AP5 also reduced the
S2 (Figure 7c), leaving the S2/S1 value as 11 ± 4% (n = 6)
(Figure 7d). This reduction is statistically significant
(P<0.0l, ttest).
The effects of 2-AP5 on the release of inosine and hypox-

anthine followed the same trend as for adenosine. The con-
trol S2/Sl values for inosine and hypoxanthine are slightly
higher and the percentage changes in S2/Sl slightly different
following the treatments with 2-AP5 (Table 2). The second
release of xanthine was generally very little, so the S2/S1 for
xanthine was not studied.

Calcium dependence of the NMDA-evoked release of
adenosine

For stimulation-induced release by two pulses of 200 gM
NMDA, perfusion with zero-Ca2" (Figure 6b) produced a
slight reduction in the second release of adenosine, and the
S2/S1 (n = 5) (Figure 6d, crosshatched column) was not
significantly different from the control. However, in the case
of 100 mM KCl (Figure 7b), the S2/S1 value (Figure 7d,
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Figure 6 Twin pulses of 200 ILM N-methyl-D-aspartate (NMDA)
with a 3 h interval were used to study the release of adenosine in the
control condition (a) (n = 5), with the perfusion of zero-Ca2" solu-
tion (b) (n = 5) and the incorporation of 2-amino-5-phosphonopen-
tanoic acid (2-AP5) (c) (n = 4). The perfusion of zero-Ca2l and
200 JM 2-AP5 started I h after the first stimulus (SI) and are

indicated by the horizontal bar over each histogram. The average S2
over S1 ratios (S2/S1) (d) in each condition were used to indicate the
blockade of the release by 2-AP5 (hatched column, *P <0.05,
Mann-Whitney U test) and the insignificant effect of zero-Ca2" (cross-
hatched column).

+ +
0 Ca2+ 2-AP5

Figure 7 Twin pulses of 100 mm K+ with a 3 h interval were used
to study the release of adenosine in the control condition (a) (n = 5),
with the perfusion of zero-Ca2" solution (b) (n = 4) and the incor-
poration of 2-amino-5-phosphonopentanoic acid (2-AP5) (c) (n = 6).
The perfusion periods of zero-Ca2+ and 200 gM 2-AP5 started I h
after the first stimulus (SI) and are indicated by the horizontal bar
over each histogram. The average S2 over SI ratios (S2/Sl) (d) in
each condition were used to indicate the reduced release following
the application of zero-Ca2l (crosshatched column, *P < 0.05, t test)
and 2-AP5 (hatched column, **P <0.01, t test).
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crosshatched column) was markedly (P < 0.05, t test)
reduced to 17 ± 6%, 38% of the control. Perfusion without
Ca2+ did not affect the basal release of adenosine either. The
effects of zero-Ca2l on the release of inosine and hypoxan-
thine, which are similar to that on adenosine, are presented
in Table 2.

Discussion

Purine release

The key finding described here is that the activation of
NMDA receptors increased the extracellular concentrations
of endogenous purines, adenosine, inosine, hypoxanthine and
xanthine, in the rat hippocampus in vivo detected by h.p.l.c.
following microdialysis.

Microdialysis is a convenient method for investigation of
the factors affecting extracellular concentrations of com-
pounds in vivo. It does, however, carry the disadvantage that
the drug concentration within the extracellular fluid cannot
be known with certainty and the inevitable variations in
location of the probe relative to the release sites lead to large
variations in the concentration of active materials within the
perfusion medium. In order to compensate for this
variability, the S2/S1 was employed as a reliable means of
comparing data in different experiments. Compared with
release studies on classical neurotransmitters (Young & Brad-
ford, 1991), the release evoked by S2, 3 h after S1, was
relatively small for the purines (about 45%). A similar dec-
line in release was noted in studies of cortical slides (Hoehn
& White, 1990b) and explained as being due to desensitiza-
tion of NMDA receptors (Krishtal et al., 1988). In the
present experiments, however, depolarizing agents were
administered only as 5 min pulses, 3 h apart, and such a
prolonged desensitization would seem unlikely. Another ex-
planation, that a degree of neuronal toxicity leads to a
reduced pool of viable cells also seems unlikely since similar
or even higher NMDA concentrations have been used to
obtain the repeated release of aspartate and glutamate
(Young & Bradford, 1991). As indicated in Table 2, the
ratios of S2/S1 were higher for inosine and, particularly, for
hypoxanthine than for adenosine itself. The reason for this is
unclear but may indicate a change of purine metabolism or
compartmentation initiated by the first depolarizing stimulus,
a possibility which might merit further investigation with in
vitro systems.
The estimated basal interstitial concentrations of adenosine

and other purines in the hippocampus were consistent with
previous findings that the adenosine concentration in the
extracellular space of brain tissue is of the order of 0.1-2 AM
(Winn et al., 1979; Zetterstrom et al., 1982; van Wylen et al.,
1986; Hagberg et al., 1987; Ballarin et al., 1991). Although
the microdialysis technique provides a close reflection of the

extracellular concentrations of the compounds of interest in
the brain in vivo, evaluation based solely on the relative
recovery of the compound in standard solutions may under-
estimate the interstitial concentrations (Benveniste et al.,
1989), due to the complex diffusion medium of brain tissue.
The initial trauma by the penetration of the dialysis probes

into the brain tissue was indicated by the high levels of
adenosine in the first 20 min to 1 h of the experiment, after
which the levels of adenosine were stable. This could indicate
that the tissue recovered from the initial damage in 1 h, a
suggestion consistent with the demonstration that the can-
nula produces only a narrow track through the tissue, leaving
the surrounding cells relatively intact (Lehmann et al., 1983;
Jacobson & Hamberger, 1984). However a recent study by
Ballarin et al. (1991) revealed that a further decline of purine
levels occurred up to 24 h following insertion of the micro-
dialysis probe. It remains possible, therefore, that the basal
levels reported here are still higher than the physiological
value. Alternatively the 24 h decline might reflect the
presence of gliosis or dead cells surrounding the probe.
Although the physiological role of adenosine as an

inhibitory neuromodulator in the mammalian CNS has been
well established, the physiological factors controlling the
release of adenosine to the extracellular space are less clear
(Stone et al., 1990). Adenosine can be derived from energy-
related compounds such as ATP and is released in distress
states such as hypoxia, ischaemia and epileptic fits.
Adenosine release may occur via a nucleoside transport
system from a non-vesicular cytoplasmic pool and the direct
release from such an intracellular source of adenosine
independently of nucleotides has been demonstrated by
several groups (Pons et al., 1980; Barberis et al., 1984; Mac-
Donald & White, 1985; Jonzon & Fredholm, 1985; Meghji et
al., 1989).
The net pool of released adenosine, having escaped re-

uptake, will be subject to attack by adenosine deaminase in
the extracellular fluid. This will lead to the formation of
inosine and hypoxanthine and it is of great interest that the
recovered levels of both these substances are increased fol-
lowing depolarization, but with a delayed time course relative
to adenosine itself. This is a reassuring observation, suggest-
ing strongly that the anticipated physiological deamination
sequence is operating in the experimental paradigm employed
here. If the production of hypoxanthine and inosine had
paralleled or even preceded adenosine, then this would have
presented great difficulties for interpretation, possibly imply-
ing some non-selective destruction or breakdown of tissue,
with substantial intracellular deamination of adenosine.

NMDA and K+ evoked release

In the present experiments both NMDA and potassium were
able to release endogenous adenosine and its metabolites
from the rat hippocampus in vivo. The effectiveness of

Table 2 Effects of 2-amino-5-phosphonopentanoic acid (2-AP5) and zero-Ca2l on the release of adenosine, inosine and hypoxanthine
evoked by either N-methyl-D-aspartate (NMDA) or KCI

Adenosine
S2/SI (%) (n) % Con

Iosine
S2/SI (%) (n) % Con

Hypoxanthine
S2/SI (%) (n) % Con

56 ± 8 (5)
8 ± 5** (4)

43 ± 8 (5)

54 ± 12 (5)
16±7* (5)
14±8* (4)

- 70 ± 14 (5)
14.2 4±4* (4)
76.3 76 ± 27 (5)

- 76 ± 20 (5)
28.6 15±13* (5)
26.4 18±13* (4)

5.2
108.4

19.3
23.6

The significant changes in the S2/S1 values following the administration of 2-AP5 or zero-Ca2l (OCa2+) compared to their controls
(Con) are given (*P <0.05; **P <0.01). The test S2/SI values in their controls in percentage (% Con) are also given to mark the
changes.

NMDA
Con
2-AP5
OCa2+

K+
Con
2-AP5
OCa2+

45 ± 10 (5)
3 ± 2* (4)

38 ± 6 (5)

45 ± 9 (5)
11 ± 4** (6)
17±7* (4)

7.5
83.9

23.5
38.5



ADENOSINE MICRODIALYSIS 637

NMDA was abolished, and that of potassium was substan-
tially reduced by 2-AP5, yielding the important conclusion
that the effects of both were mediated largely by NMDA-
selective receptors. While this is not surprising in the case of
NMDA itself, it was unexpected in the case of potassium.
About 80% of the potassium-evoked release was inhibited by
200 ftM 2-AP5, a concentration that is much lower than that
used in brain slices to block the release evoked by
L-glutamate or NMDA (Hoehn & White, 1990a). This is in
marked contrast to the results of Hoehn & White (1990a)
using cortical slices, where the application of 1 mM 2-AP5
reduced potassium-evoked release by only 30%. It is not easy
to explain the difference between that study and the present
one, but it may be related to the degree of tissue damage
inflicted during the preparation of cortical slices. This may
have severely reduced the capacity of the slice for action
potential generation in feedback circuits, which are likely to
remain functional in vivo.
The largely calcium-independent nature of the NMDA-

evoked release may indicate that part of the adenosine was
not from a transmitter-like vesicular pool in nerve terminals.
However, the release could have occurred from a cytoplasmic
pool located either in nerve terminals or cell bodies (neurones
or glia), and resulting directly from depolarization induced
by NMDA. It is interesting to note here recent reports
suggesting the existence ofNMDA receptors on striatal nerve
terminals releasing dopamine (Chowdhury & Fillenz, 1991;
Krebs et al., 1991) and glutamate (Young & Bradford, 1991),
and on noradrenergic terminals in cortex (Fink et al., 1990)
and hippocampus (Pittaluga & Raiteri, 1990). However such
receptors may not be able to induce any release of adenosine
from the terminals, since amino acids were not able to induce
adenosine release from cortical or hippocampal synapto-
somes (Hoehn & White, 1990b; Poli et al., 1991).

In contrast to NMDA, potassium-induced purine release

was significantly reduced in the absence of perfused calcium.
It is very likely that potassium depolarization induced action
potentials which in turn released glutamate and other
excitatory amino acids able to evoke adenosine release by
activating NMDA receptors. As noted above, this may be
limited in slices of neocortex, accounting for the low
efficiency of 2-AP5 on K'-evoked release in that preparation
(Hoehn & White, 1990b).
The ability of adenosine to suppress the release of

excitatory neurotransmitters such as glutamate (Corradetti et
al., 1984; Fastbom & Fredholm, 1985; Burke & Nadler,
1988) and acetylcholine (Spignoli et al., 1984; Jackisch et al.,
1984) makes it a potentially important agent in limiting the
increase of excitatory neurotransmitter release and thus
neurotoxicity, which follows cerebral hypoxia or ischaemia.
Analogues of adenosine have indeed been shown to reduce
substantially the cell damage produced by ischaemia
(Januszewicz von Lubowitz et al., 1989) and excitotoxins
(Connick & Stone, 1989; Arvin et al., 1989). Since
depolarizing stimuli as diverse as NMDA and potassium
ions appear to elevate readily adenosine concentration into
the physiologically effective range, it may be that the
endogenous purine can act as a critical brake at least in the
early stages of excitotoxic phenomena. It should also be
emphasized that the elevated concentration of adenosine may
not be due only to its release evoked by NMDA or KCI,
since adenosine and its metabolites are subject to uptake and
further metabolism, which have not been inhibited in this
study. It is also therefore possible that the changes of extra-
cellular concentration of adenosine produced by NMDA or
KC1 could result from changes in uptake and metabolism.

This work was supported by the Scottish Home and Health Depart-
ment. The authors are grateful to Professor C.A. Marsden for help
and advice and Miss P. Feely for technical assistance.
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The M3 muscarinic receptor links to three different transduction
mechanisms with different efficacies in circular muscle of
guinea-pig stomach
'Anant B. Parekh & Alison F. Brading

University Department of Pharmacology, Mansfield Road, Oxford OX1 3QT

1 In a previous publication, we showed that 1O AM carbachol induced contraction by activating three
independent transduction mechanisms in circular smooth muscle of guinea-pig gastric fundus (Parekh &
Brading, 1991). These were: inositol trisphosphate-mediated intracellular Ca2" release, Ca2+ influx
through a nifedipine-sensitive route and Ca2+ influx through a receptor operated nifedipine-insensitive
pathway. The former two processes contribute to the phasic contraction and the latter two to the tonic
contraction. In this paper, we have studied the effects of muscarinic receptor antagonists with known
selectivity for different muscarinic receptor subtypes, on the contraction evoked by 10 AM carbachol.
2 Low concentrations of pirenzepine (MI selective) had little effect on the contraction initiated by
carbachol. Higher concentrations (>1 JAM) reduced only the phasic component. This concentration of
pirenzepine greatly reduced the contraction evoked by 10 AM carbachol in Ca2"-free solution, indicating
inhibition of intracellular Ca2` release.
3 In the presence of 10 AM nifedipine, the tonic contraction evoked by 10 AM carbachol (reflecting the
receptor-operated nifedipine-insensitive route) was abolished by 10 AM pirenzepine. In the absence of
nifedipine pretreatment, however, 10 AM pirenzepine did not abolish the contraction to 10 JAM carbachol.
This contraction was subsequently abolished by nifedipine.
4 Only high concentrations (>10 AM) of the M2-selective antagonist, gallamine, inhibited the contrac-
tion to 1O AM carbachol. Like pirenzepine, gallamine preferentially inhibited the phasic component of
the contraction, indicating an effect on inttacellular Ca2+ release.
5 The non-selective muscarinic receptor antagonist, atropine, abolished all components of the contrac-
tion. At low concentrations, atropine also reduced the phasic component without affecting the tonic one,

indicating preferential inhibition of intracellular Ca2+ release.
6 It is concluded that (i) the different transduction mechanisms have different sensitivities to the
antagonists used and (ii) an M3 receptor activates the three transduction mechanisms with different
efficacies.

Keywords: Carbachol; stomach; pirenzepine; efficacy; muscarinic receptors

Introduction

Muscarinic receptor activation can regulate several different
postsynaptic transduction mechanisms within the same tissue.
In the heart, for example, acetylcholine regulates an atrial
potassium channel through a pertussis toxin-sensitive G pro-
tein (Yatani et al., 1987) and reduces the positive ionotropic
and chronotropic effects of adenosine 3':5'-cyclic monophos-
phate (cyclic AMP) by activating a guanosine 3': 5'-cyclic
monophosphate (cyclic GMP)-dependent cyclic AMP phos-
phodiesterase (Hartzell & Fischmeister, 1986). Similarly, in
smooth muscle, several transduction mechanisms are affected
by muscarinic receptor activation. In longitudinal muscle of
guinea-pig ileum, muscarinic receptor stimulation can (1)
depolarize the plasma membrane through a pertussis toxin-
sensitive G protein that links to a non-selective cation
channel (Inoue & Isenberg, 1990), (2) increase inositol tris-
phosphate (1P3) levels (Best et al., 1985) and (3) increase
cyclic GMP levels (Lee et al., 1972). It is not clear, however,
whether these effects are independent or related causally such
that activation of one transduction system secondarily
activates the others.
Muscarinic receptor stimulation contracts circular muscle

of guinea-pig gastric fundus through nifedipine-sensitive and
nifedipine-insensitive calcium influx and IP3-induced calcium

I Author for correspondence.

release (Parekh & Brading, 1991). This diversity could arise
either through the presence of three different muscarinic
receptor subtypes (each preferentially linked to one transduc-
tion mechanism) or one subtype linked to the three transduc-
tion mechanisms with different efficacies. The aim of this
study was to distinguish between these two alternatives by
use of muscarinic receptor antagonists of known pharma-
cological selectivity. The results suggest that, in guinea-pig
gastric fundus, one receptor subtype (M3) links to the three
transduction mechanisms with different efficacies.

Methods

Tissue preparation and solutions

Guinea-pigs of either sex were killed by stunning and
bleeding. Stomachs were removed, and circularly oriented
smooth muscle strips (about 1 mm wide and 10mm long)
were dissected from the fundus and mounted for isometric
tension recording as previously described (Parekh & Brading,
1991). The composition of the physiological saline solution
was (mM): NaCl 130, KCI 5.9, MgCl2 1.2, CaC12 2.4,
NaHCO3 5, glucose 11, HEPES 5. pH was adjusted to
7.35-7.40 with Tris base. The solutions were gassed with
100% oxygen and warmed to 35-38°C. Drugs used were
carbachol chloride, nifedipine, atropine sulphate, pirenzepine

'." Macmillan Press Ltd, 1992
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dihydrochloride and gallamine triethyliodide (all from
Sigma).

Experimental protocol and rationale

Carbachol (10 pM) activates all three muscarinic receptor
transduction mechanisms involved in the contractile response
of the circular smooth muscle of the gastric fundus (Parekh
& Brading, 1991), resulting in a response consisting of a
transient phasic contraction followed by a tonic contraction.
The phasic contraction (measured at 2 min) reflects both
intracellular calcium release and calcium influx through a
nifedipine-sensitive route, whereas the tonic contraction
(measured at 15 min) reflects calcium influx through both
nifedipine-sensitive and nifedipine-insensitive routes. We
therefore examined the effects of increasing concentrations of
muscarinic antagonists with different subtype selectivities on
the contractile response to a 15 min application of 10 pM
carbachol, supposing that if an antagonist reduced the phasic
but not the tonic contraction, it would preferentially be
inhibiting receptor-mediated intracellular calcium release.
The effects of antagonists on the tonic contractions were also
studied in the absence or presence of nifedipine to enable a
distinction to be made between the nifedipine-sensitive and
insensitive pathways. Antagonists and nifedipine were applied
for 15 min before and during the tissue exposure to car-
bachol.

Results are expressed as means ± s.e.mean. Significance
was assessed by a paired t test when responses were com-
pared in the same strip. Values of P less than 0.05 are taken
as significant and shown with a single *.

Results

Effects ofpirenzepine

After a reproducible control contraction had been obtained
to a 15 min application of 10 jAM carbachol (usually after the
third carbachol exposure), preparations were exposed to the

MI selective antagonist pirenzepine (0.01I-1O JM) for 15 min
before, and during the application of carbachol. Typical
results are shown in Figure 1. Only at pirenzepine concentra-
tions of > 1 AM was an effect clearly seen (Figure lb and 1f).
The phasic response was reduced in both rate of rise and
amplitude but the tonic component was not affected. Indeed,
a small increase in this latter component was generally
observed. In the presence of 10 AM pirenzepine, only a small,
slowly developing contraction occurred (Figure Ic, g). This
contraction was abolished by 101JM nifedipine (Figure Ig; 8
strips from 3 animals). If preparations were first exposed to
10 JAM nifedipine, a slowly developing tonic contraction
developed on carbachol application as previously described
(Figure lb in Parekh & Brading, 1991). This contraction (in
the maintained presence of nifedipine) was abolished after
1OM pirenzepine pretreatment (Figure Id; 9 strips from 3
animals). The effects of pirenzepine were not the result of
either a gradual rundown of the response of the tissue or of a
specific loss of contraction to carbachol because contractions
in control strips taken from the same animal were highly
reproducible over a time-course of hours. The effects of
pirenzepine are summarised in Figure 2 (16 strips from 4
animals).

In another set of experiments, the effects of pirenzepine on
the contraction arising from intracellular Ca2" release were
studied. The approach was as previously described (Parekh &
Brading, 1991). In brief, preparations were exposed to 40 mM
K+-containing physiological saline solution for 4 min (to
load the intracellular stores via depolarization-induced Ca2"
entry). Tissues were then washed in Ca2"-free solution (con-
taining 1 mM EGTA) for 4 min to remove extracellular Ca2 .
A 2 min application of carbachol in Ca2"-free solution
resulted in a contraction which was not significantly affected
by 0.1 gAM pirenzepine (the response being 87 ± 12% of the
control), but which was reduced to 37 ± 6% by 1 AM piren-
zepine and abolished by 10 JM pirenzepine.

Effects ofgallamine

The effects of this non-competitive M2 antagonist were
studied by the same approach as that for pirenzepine de-

a

Carbachol

e

b c

Carbachol

Pirenzepine 1 j.LM

f

d

Carbachol

Pirenzepine 10 F.M

1 gf

4 min

Carbachol
Nifedipine 10 FtM

9

Carbachol Carbachol

Pirenzepine 1 p.M

Carbachol

Nifedipine 10 FLM
Pirenzepine 10 F.M

Figure 1 Effects of pirenzepine on the contractions of the circular smooth muscle of the guinea-pig stomach evoked by 10 JM
carbachol: (a) and (e) control responses to carbachol; (b) and (f) responses to carbachol in the presence of I LM pirenzepine; (c) (d)
and (g) responses to carbachol in the presence of 10 M pirenzepine. In (d) the preparation had been exposed to 10 gm nifedipine
for 15 min before application of carbachol. In (g) carbachol was applied for 15 min, and then in the continuous presence of
carbachol, 10 M nifedipine was applied. Tissues were pretreated with pirenzepine for 15 min before, and during exposure to
carbachol. (a-d) are from one preparation and (e-g) are from another preparation.
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scribed above. Results are summarised in Figure 3. Only at a
concentration of 10 JM did gallamine have any effect. At this
concentration, the phasic contraction was reduced in both
rate of rise and amplitude but the tonic component was not
affected. During the tonic contraction, application of 30 gM
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gallamine only slightly reduced the contraction further (result
not shown).

Effects of atropine

The same protocol as above was used to study the effects of
the non-selective competitive muscarinic antagonist, atropine.
Results are summarised in Figures 4 and 5. Atropine 0.01 JAM
significantly reduced the phasic contraction but had only a
slight inhibitory effect on the tonic contraction. At 0.1 JAM,
atropine greatly reduced both phasic and tonic components
(Figure 4c), leaving a small, slowly developing contraction;
1 JAM atropine abolished the contraction altogether.

Discussion

-u~T The two main findings of this study are first, that the
different transduction mechanisms involved in muscarinic
receptor activation have different sensitivities to the

40 - antagonists used and second, that none of these transduction
mechanisms is mediated by pharmacologically defined Ml or
M2 muscarinic receptor subtypes.

Pirenzepine is considered to be a relatively specific Ml20 9 8 7 6 5 4 competitive antagonist with an ICm of approximately 80 nM
(Buckley et al., 1989). As an effect was seen only with a high-log M Pirenzepine pirenzepine concentration (ICm0 approximately 3 JIM), it

2 Effects of pirenzepine on the contractions of the circular would appear that the responses to carbachol are not
:h muscle of the guinea-pig stomach evoked by 10 ;AM car- mediated by an Ml subtype. Similar conclusions have been
I: (0) phasic contractions (after 2 min carbachol); (0) tonic drawn from results in some other types of smooth muscle.
tctions (after 15 min carbachol). In all experiments pirenzepine Thus in rabbit gastric antrum, pirenzepine inhibited contrac-
pplied for 15 min before, and during the carbachol exposure. tions to acetylcholine with an ICm0 of approximately 1 AM
arbachol contracture was recorded in the presence of all five (Moummi et al., 1988), an ICm0 of 450 nM was found for
nitrations of pirenzepine for each strip, and preparations were pirenzepine inhibition of muscarinic receptor stimulation of
ed with pirenzepine-free physiological saline for 10 mn inositol phosphate accumulation in guinea-pig taenia caecien pirenzepine exposures. The response evoked by 10JuM car-
I in the absence of pirenzepine was taken as 100%. Means with (Gardner et at., 1988), anICo 0 of3sJAM was found for
an shown by vertical bars (where larger than symbol). n = 16 pirenzepine inhibition of phospho-inositide turnover in
from 3 animals. *Denotes significant difference between phasic bovine tracheal smooth muscle (Grandordy et al., 1986) and
)nic contractions (P <0.01). pirenzepine inhibited the binding of [3H1-quinuclidinyl ben-

zilate (a non-selective muscarinic antagonist) with an IC50 of
870 nM in rabbit colonic smooth muscle (Ringer et al., 1987).
In each of these studies, it was also concluded that an Ml
receptor was not involved. We also observed that atropine

I was about 100 times more potent than pirenzepine in
100 inhibiting contraction to carbachol. Similar observation has00 x5! ! been made in rabbit saphenous vein (Komori & Suzuki,

o 1987) and human urinary bladder (Zappia et al., 1986).
l * In our experiments the initial phasic component of the

80 - carbachol contraction was reduced by I JAM pirenzepine
wheras the tonic component was unchanged. As we have
previously shown that the tonic contraction is a function of

60 Ca2" influx through both nifedipine-sensitive and receptor-
operated pathways, whereas the phasic component reflects
Ca2" release via IP3 as well as nifedipine-sensitive Ca2" influx
(Parekh & Brading, 1991), it seems reasonable to conclude

40 - that intracellular Ca2" release is more sensitive to pirenzepine
than are the other two transduction mechanisms. Consistent
with this, was the finding that the contraction to carbachol in

20C . . .. Ca2"-free solution (reflecting only intracellular Ca2" release)
8 7 6 5 4 was significantly reduced by 1 JIM pirenzepine. These obser-

-log M Gallamine vations lead to another conclusion: as the tonic contraction
3 Effects of gallamine on the contractions of the circular (in the presence of extracellular Ca2+) was not affected by

h muscle of the guinea-pig stomach evoked by 10 JAM car- 1 JAM pirenzepine, it seems that Ca2" influx through both the
1: (0) phasic contractions (after 2 min carbachol); (0) tonic nifedipine-sensitive and receptor-operated pathways does not
ctions (after 15 min carbachol). In all experiments gallamine enter the intracellular store first (otherwise block of intracel-
pplied for 15 min before, and during the carbachol exposure. lular Ca2+ release should prevent contraction). Hence it
arbachol contracture was recorded in the presence of all four seems that Ca2" influx and intracellular release pathways are
ntrations of gallamine for each strip, and preparations were in parallel and not in series, as is also the case for avian nasal
;ed with gallamine-free physiological saline for O min between gland (Shuttleworth 1990imine exposures. The response evoked by 10 JAM carbachol in the gn (huttlewor 1990).
ce of gallamine was taken as 100%. Means with s.e.mean In the presence of 10 JAM pirenzepine, a small contraction
by vertical bars (where larger than symbol). n = 10 strips occurred on exposure to carbachol and this was abolished by

2 animals. *Denotes significant difference between phasic and nifedipine. This suggests that inhibition of the transduction
contractions (P <0.01). mechanism linking the muscarinic receptor to the voltage-
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|1 gf
a b c d

4 min

Carbachol Carbachol Carbachol Carbachol

Atropine 0.01 F.M Atropine 0.1 F.M Atropine 1 ALM

Figure 4 Effects of atropine on the contractions of the circular smooth muscle of the guinea-pig stomach evoked by 10 sM
carbachol. (a) Control response to carbachol; (b-d) responses to carbachol in the presence of increasing concentrations of atropine.
Tissues were pretreated with atropine for 15 min before, and during exposure to carbachol.

100 _
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: 60
0

*< 40

E
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10 0
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Figure 5 Effects of atropine on the contractions of the circular
smooth muscle of the guinea-pig stomach evoked by 10 gM car-
bachol: (@) phasic contractions (after 2 min carbachol); (0) tonic
contractions (after 15 min carbachol). In all experiments atropine
was applied for 15 min before, and during the carbachol exposure.
The carbachol contracture was recorded in the presence of all three
concentrations of atropine for each strip, and preparations were
perfused with atropine-free physiological saline for Omin between
atropine exposures. The response evoked by 10 1M carbachol in the
absence of atropine was taken as 100%. Means with s.e.mean shown
by vertical bars (where larger than symbol). n = 12 strips from 2
animals. *Denotes significant difference between phasic and tonic
contractions (P <0.01).

gated (nifedipine-sensitive) Ca2" influx pathway is less sensi-
tive to pirenzepine than the mechanism linking the receptor
operated (nifedipine-insensitive) Ca2" influx pathway. A cor-
ollary of this is that activation of the receptor-operated Ca2"
influx pathway is not secondarily activating the voltage-gated
Ca2l entry mechanism as the latter is present (albeit reduced)

when the former is lost. This substantiates our previous
conclusion that the transduction mechanisms are independent
(Parekh & Brading, 1991).
The greater sensitivity of the phasic component of the

carbachol contraction to pirenzepine, is also seen with gal-
lamine, an M2-selective antagonist (Watson & Abbott, 1990;
Pedder et al., 1991) and atropine, a non-selective muscarinic
receptor antagonist. All three reduced the phasic contraction
at concentrations that did not affect the tonic component. As
gallamine only had this effect at high concentrations (10 gM),
it seems that an M2 muscarinic receptor subtype is not
significantly involved in the contraction to carbachol. If
neither the Ml nor the M2 receptors are involved, and since
the responses to carbachol are more sensitive to the non-
selective muscarinic receptor antagonist atropine, than to
pirenzepine and gallamine, then it seems probable that the
receptors involved are M3 muscarinic receptors.
Taken together, these results suggest that the intracellular

Ca2+ release mechanism is the most sensitive to muscarinic
receptor blockade, whereas the nifedipine-sensitive Ca2+
influx pathway is the least sensitive.
The answer to the key question of whether one muscarinic

receptor subtype is linked to more than one transduction
mechanism (i.e. with different efficacies) or the different
transduction mechanisms are linked to different muscarinic
receptor subtypes in the circular, muscle of the guinea-pig
stomach, seems to be the former. The results suggest that the
pharmacologically defined M3 subtype is involved in all three
signal transduction mechanisms. The M3 subtype has been
shown to be expressed postsynaptically in several types of
mammalian smooth muscle (guinea-pig ileum, Giraldo et al.,
1988; trachea, Barnes et al., 1988) as well as toad stomach
(Lucchesi et al., 1989). We would conjecture that the M3
subtype in the guinea-pig gastric fundus links to the different,
independent transduction mechanisms with different efficacies
In support of this are the results of Ashkenazi et al. (1987)
who concluded that a transfected muscarinic receptor (in this
case the M2 subtype) could link to two different transduction
mechanisms.
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Effects of glucose, insulin or aldose reductase inhibition on

responses to endothelin-1 of aortic rings from streptozotocin-
induced diabetic rats

'W.C. Hodgson & R.G. King

Department of Pharmacology, Monash University, Clayton, Victoria, Australia, 3168

1 This study investigated the constrictor responsiveness to endothelin-l (ET-1, 0.1 nM-0.1 fiM) of
aortic rings (under 10 g resting tension in Krebs solution) from 2- and 6-week streptozotocin (STZ,
60 mg kg-', i.v.)-induced diabetic rats and vehicle-treated control rats.

2 In aortae from 2- and 6-week STZ-treated rats, and their corresponding controls, removal of
endothelium caused leftward shifts of ET-1 concentration-response curves without affecting maximum
responses.

3 Maximum responses to ET-1 were reduced in aortae from both 2- and 6-week STZ-treated rats
compared to those from control rats. Such reductions were still evident after removal of the
endothelium.
4 Decreased responsiveness to ET-1 of aortae from 2-week STZ-treated rats was still evident after
chronic treatment with the aldose reductase inhibitor epalrestat, but not after chronic insulin treatment
or in aortae bathed in high glucose (30 mM) Krebs solution.
5 Decreased responsiveness to ET-1 of aortae from 6-week STZ-treated rats (compared with those
from controls) was still evident after chronic epalrestat treatment and in high glucose Krebs solution.
6 These data suggest that the decreased responsiveness to ET-1 observed in aortae from 2- and 6-week
STZ-induced diabetic rats is not due to abnormal activity of the polyol pathway. The altered respon-
siveness in aortae from 2-week diabetic rats (compared with those from control rats) may possibly be a
manifestation of changes (adaptive or otherwise) which occur as a result of high glucose concentrations
in vivo. However, in aortae from rats with diabetes of longer duration, other mechanisms may also play
a role in the altered responsiveness, since it was no longer reversible by bathing in high glucose Krebs
solution.

Keywords: Diabetes mellitus; rat aortae; endothelial cells; endothelin; aldose reductase inhibitor; insulin

Introduction

Elevated glucose levels can trigger the release of the potent
vasoconstrictor peptide endothelin (ET) from endothelial
cells (Yamauchi et al., 1990). Changes in endothelial cell
function have been found to occur in various cardiovascular
disorders (Luscher et al., 1989), some of which are associated
with diabetes mellitus. We have previously reported that
maximum responsiveness to ET-1 of aortic rings from 2-week
streptozotocin (STZ)-induced diabetic rats was significantly
reduced compared to that of rings from control rats (Fulton
et al., 1990; 1991). Such reduced responsiveness was also
evident in the presence of the cyclo-oxygenase inhibitor
indomethacin, or in the absence of extracellular calcium. The
present study was designed to determine whether aortae from
6-week STZ-treated rats were less responsive to ET-1. The
effect of insulin treatment on the altered responsiveness of
aortae from 2-week STZ-treated rats was examined. Also, the
effects of in vitro changes in extracellular glucose concentra-
tion, as well as the effect of aldose reductase inhibition, on
responsiveness to ET-1 was examined in aortae from both 2-
and 6-week STZ-treated rats.

Methods

Male Wistar rats (290-385 g) were treated with STZ (60 mg
kg-', i.v.) or vehicle (50mm citrate buffer) under 4% halo-

Author for correspondence.

thane anaesthesia (02/N20 2:1) as previously described (Ful-
ton et al., 1991). The animals were then housed in treatment
pairs, being allowed free access to food and water at all
times. Rat body weights and blood glucose levels were
measured on the day of STZ or citrate buffer administration
and again after either 2 or 6 weeks. Only rats displaying
elevated blood glucose levels (>16 mM, Ames Minilab 1)
after 2 or 6 weeks were considered to be diabetic. Vehicle
control rats had normal blood glucose levels when tested at
the same times. After 2 or 6 weeks, a STZ-induced diabetic
and a control animal were killed, and two 5 mm rings cut
from each descending thoracic aorta (Fulton et al., 1991).
Endothelial cells were removed from one ring from each
treatment group by rubbing (Fulton et al., 1991). Rings were
placed in 15 ml organ baths containing Krebs solution of the
following composition (mM): NaCl 118.4, KCl 4.7, CaCI2 2.5,
NaHCO3 25.0, KH2PO4 1.2, MgSO4.7H2O 1.2, glucose 11.1.
Where indicated, high-glucose Krebs consisted of Krebs solu-
tion with 30 mM glucose. Physiological solutions were main-
tained at 37°C, and bubbled with 5% CO2 in 2. Rings were
placed under 10 g resting tension throughout the experiment,
as this approximates more to the physiological wall tension
than does the more commonly used in vitro tension of 1-2 g
(Fulton et al., 1991). Apart from the area of tissue directly in
contact with the wire within the lumen, effective transmural
pressure is assumed to apply uniformly when a blood vessel
ring is stretched between two fixed points (Mulvany & Hal-
pern, 1977). After 1 h equilibration at 10 g tension, a sub-
maximal concentration of phenylephrine (0.3 gLM) was added
to the bath. At the plateau of contraction, acetylcholine

'." Macmillan Press Ltd, 1992
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(10 JM) was added. The presence of functional endothelial
cells was indicated by subsequent relaxation (Fulton et al.,
1991). A cumulative concentration-response (CR) curve to
ET-l was then obtained. ET-1 was added at intervals of
between 5-20 min depending on the time taken for the
previous response to reach a plateau. Contractions were
recorded with a Grass FTO3 tension transducer connected to
a Grass polygraph (Model 79E).

After each experiment, aortic rings were oven dried (50'C)
and then weighed. The order of killing STZ-treated and
control rats and the arrangement of tissues in organ baths
were randomized.

Epalrestat treatment

Where indicated the aldose reductase inhibitor (ARI) epalres-
tat (40 mg kg-' daily, p.o. by gavage), in 0.5% carboxy-
methyl-cellulose, was administered for 2 or 6 weeks, starting
on the day of STZ or citrate buffer treatment.

Insulin treatment

Where indicated STZ-treated rats were injected with a single
daily dose of Lente MC insulin zinc suspension (5 units
day-'). This treatment commenced on the second day after
the STZ injection, and was continued until the rats were
killed. Insulin treatment was started on the second day after
STZ administration, since STZ-induced diabetes is charac-
terized by the following pattern of blood glucose levels. After
an initial delay of approximately 45-60 min there is a short
period of hyperglycaemia (up to 6 h duration; Dulin et al.,
1967) followed by a severe hypoglycaemia lasting up to 48 h,
and then chronic hyperglycaemia (Rerup, 1970).

Drugs

The following drugs were used: acetylcholine chloride
(Sigma), carboxymethyl-cellulose (Sigma), endothelin-l (Aus-
pep; Batch no. CP36), epalrestat (ONO Pharmaceuticals),
insulin (Lente MC zinc suspension, CSL-Novo), (-)-
phenylephrine HCl (ICN Pharmaceutical), streptozotocin
(Sigma).

Phenylephrine was dissolved in catecholamine diluent
(0.312 g NaH2PO4 and 0.08 g ascorbic acid per litre of 0.9%
(w/v) saline). Acetylcholine was dissolved in distilled water.
Endothelin stock was dissolved in distilled water, divided into
aliquots and frozen. On the day of use it was thawed and
diluted in 0.9% saline.

Statistics

Single comparisons between responses in aortae from STZ-
treated and control rats were made by Student's unpaired t
test. Paired t tests were used for comparison of values from
the same animal. Multiple comparisons were analysed by two
way analysis of variance (ANOVA) and Tukey tests on the
CLR ANOVA package (Apple Macintosh). Values shown
are means ± s.e.mean. In all cases, statistical significance is
indicated by P<0.05. ECm values were determined from the
Ema. of each individual curve and the geometric mean (i.e.
mean of the log values) determined.

Results

As shown in Table 1, dry weights of aortic rings from 2-week
STZ-treated rats were not significantly different from those of
2-week controls. However weights of rings from 6-week STZ-
treated rats were significantly reduced. Rats with diabetes of
both 2 and 6 weeks duration displayed significantly reduced
body weights compared to their pre-injection weights. How-
ever, 2- and 6-week control rats displayed significantly
increased body weights compared to their corresponding pre-
injection weights. The reduction in body weight observed in
2-week STZ-treated rats was not observed in 2-week diabetic
rats treated with insulin. Increased blood glucose levels in
2-week STZ-treated rats were evident in rats chronically-
treated with epalrestat, but were normalized (i.e. were
between 4-8 mM) by chronic insulin treatment (Table 1).

Cumulative CR curves were obtained to ET-1 (0.1 nM-
0.1 JAM) in aortic rings from 2-week (Figure la,b) and 6-week
(Figure 2a,b) STZ-treated rats and their corresponding con-
trols, with and without endothelial cells. As shown in these
Figures and Table 2, maximum responses of aortae from 2-
and 6-week STZ-treated rats, with or without endothelial
cells, were significantly reduced compared with those of aor-
tae from controls. This decrease in responsiveness observed
in aortae from 2-week STZ-treated rats was no longer signi-
ficant in aortae from insulin-treated diabetic rats (Figure
la,b). As shown in Figure 3a and b and Table 2, the reduc-
tion in maximum responsiveness to ET-1 in 2-week STZ-
treated rats (compared to those from control rats) was not
prevented by chronic treatment of diabetic rats with the
aldose reductase inhibitor (ARI) epalrestat.
When experiments were performed in high glucose (30 mM)

Krebs solution, there was no significant difference in res-
ponses to ET-I between rings obtained from 2-week STZ-

Table I Body weights, blood glucose levels and aortic ring dry weights of control and streptozotocin (STZ)-treated rats

Body weights
(g)

Blood glucose
(mM)

(n) Initial Final Initial

Control (2-week)
Control (6-week)
STZ (2-week)
STZ (6-week)
Control (2-week)

/epalrestat
STZ (2-week)

/epalrestat
Control (6-week)

/epalrestat
STZ (6-week)

/epalrestat
STZ (2-week)

/insulin

11 326± 8
12 330±7
11 332±4
12 334±5
5 345 ± 11

379± lIt
431 ± lOt
310±9t*
281 ± 12*t
390± 15t

6.3 ± 0.2
5.7 ± 0.3
5.8 ± 0.3
6.1 ± 0.2
6.8 ± 0.4

levels Aortic ring dry weights
(mg)

Final With E Without E

6.3 ± 0.2
6.0 ± 0.1

20.4 ± 0.6*t
21.1 ± 1.3*t
6.4 ± 0.3

1.67 ± 0.03 1.64 ± 0.03
1.90 ± 0.08 1.83 ± 0.05
1.60 ± 0.04 1.66 ± 0.04
1.61 ± 0.04* 1.57 ± 0.04*
1.69±0.03 1.68±0.04

5 336 ± 13 321 ± 13* 5.7 ± 0.4 19.4 ± 0.9*t 1.56 ± 0.02 1.54 ± 0.06

6 335 ± 8 416 ± 12t 6.0 ± 0.5 5.6 ± 0.2 1.64 ± 0.06 1.62 ± 0.04

6 349±4 283±13*t 6.8±0.5 21.2 ±l.l*t 1.40±0.03* 1.42±0.02*

5 309 ± 7 359 ± 8t 5.5 ± 0.3 6.1 ± 0.8 1.47 ± 0.05 1.49 ± 0.07

Initial measurements were made at the time of STZ or vehicle injection, and final measurements made 2 or 6 weeks later.
E = endothelial cells.
*Significantly different from corresponding control group, P<0.05, unpaired t test.
tSignificantly different from initial value in same treatment group, P<0.05, paired t test.
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Figure 1 Responses to endothelin-1 of aortic rings from 2-week
streptozotocin (STZ)-treated rats. (a) With endothelium: STZ-treated
(0-0, n = 6), control (0-0, n = 6) and STZ-treated with insulin
(0- -0, n = 5). (b) Without endothelium: STZ-treated (O-U,
n = 6), control (@-, n 6) and STZ-treated with insulin
(U--U, n = 5).
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Figure 2 Responses to endothelin-1 of aortic rings from 6-week
streptozotocin (STZ)-treated rats (n = 6). (a) With endothelium:
STZ-treated (O) and control (O). (b) Without endothelium: STZ-
treated (O) and control (4).

treated versus those from control rats (Figure 3a,b). There
was also no significant difference when responses of aortic
rings from 2-week control rats bathed in normal Krebs solu-
tion were compared to those from 2-week diabetic rats bath-
ed in 30 mM glucose Krebs solution (Table 2, ANOVA).
However, in high glucose Krebs solution there was a signi-
ficant difference between responses of aortae from 6-week
diabetic versus those from control rats (Figure 4a,b). There
was also a significant difference in responsiveness to ET-1 of
aortae bathed in normal Krebs solution from control rats,
compared to that of aortae bathed in 30 mM glucose Krebs
solution from diabetic rats (Table 2, ANOVA, P<0.05). As
shown in Figure 4a and b and Table 2, the reduction in
maximum responsiveness to ET-1 in 6-week STZ-treated rats
(compared to those from control rats) was not prevented by
chronic treatment of diabetic rats with the ARI epalrestat. In
all cases (except for endothelium-intact rings from 6-week
diabetic rats bathed in 30 mM glucose Krebs solution) there
was no significant effect of diabetes on EC50s for ET-1 (Table
2).

Discussion

Results of the present study indicate that the previously
reported reduced maximum responsiveness to ET-1 of aortic
rings from 2-week STZ-treated rats (compared with 2-week
controls; Fulton et al., 1991) also occurs in aortae of 6-week
diabetic rats. In the case of endothelium-intact or -denuded
aortic rings from 2-week diabetic rats, the difference in maxi-
mum responses in the presence of normal glucose versus
30 mM glucose was not significant. However, the difference in
responsiveness of aortae from 2-week diabetic versus control
rats was not observed in physiological bathing solution con-
taining 30 mM glucose. Thus it is possible that the high
glucose concentrations which occur in vivo during diabetes
may affect responsiveness to ET-1. Indeed, it is possible that
the reduced responsiveness to ET-1 of aortae from 2-week
diabetic rats (compared with controls), observed in normal
Krebs solution, may be a manifestation of an adaption of the
vasculature to high levels of circulating blood glucose. How-
ever, normalization of ET-1 responses in high glucose Krebs
solution was not observed in aortae from 6-week rats. One
conceivable explanation for this observation could be that
with a longer duration of diabetes (6 weeks), changes and/or
damage occurs to the vasculature which hinder the adaptive
responses to high glucose levels postulated above. In addition
to causing a change in responsiveness to ET-1, high glucose
levels may also affect ET-1 release. Yamauchi et al. (1990)
found that increasing the glucose concentration from 5.5 to
11.1 mM or 22.2 mm significantly stimulated ET-1 release
from cultured bovine aortic endothelial cells. However, Hat-
tori et al. (1991) found that hyperglycaemia caused inhibition
of ET-1 release from cultured porcine aortic endothelial cells:
under hyperglycaemic conditions (27.5 and 55 mM glucose)
ET-1 release was inhibited by greater than 50%.

Results of the present study indicate that streptozotocin
per se was not responsible for the changed responsiveness to
ET-I of aortae from 2-week diabetic rats, since insulin treat-
ment prevented this changed responsiveness.
Some cells, including endothelial cells of blood vessels

(Dvornik, 1978), do not require insulin to enable glucose
entry, and are consequently susceptible to the fluctuating
plasma levels of glucose associated with diabetes. During
periods of hyperglycaemia the glycolytic pathway in these
cells may become saturated and the polyol pathway activ-
ated. It has been postulated that this increased activity leads
to many of the complications of diabetes (Beyer & Hutson,
1986). Inhibition of the rate-limiting enzyme of the polyol
pathway, aldose reductase, has been shown to restore normal
biochemical and functional parameters in some of these
affected tissues (Beyer & Hutson, 1986). Indeed, Williamson
et al. (1990) have reported that 30 mM glucose caused micro-
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Table 2 Maximum responses and EC50 values for endothelin-I (ET-1) of aortae from streptozotocin (STZ)-treated and control (C)
rats with (+) and without (-) endothelial cells (E)

(n) C+E STZ + E C-E STZ - E

2-week

6-week

2-week/Epalrestat

6-week/Epalrestat

2-week/Insulin

2-week/30 mM
Glucose

6-week/30 mM
Glucose

6 Maximum (g)
EC50 (-log M)
Slope

6 Maximum (g)
EC50 (-log M)
Slope

5 Maximum (g)
EC50 (-log M)
Slope

6 Maximum (g)
EC50 (-log M)
Slope

5 Maximum (g)
EC50 (-log M)
Slope

5 Maximum (g)
EC50 (-log M)
Slope

6 Maximum (g)
EC50 (-log M)
Slope

Values are given ± s.e.mean (except for slopes, which are ± 95% confidence limits).
*Significantly different from corresponding control group, P<0.05 unpaired t test.
$Significantly different from same treatment group with endothelial cells, P<0.05 unpaired t
tSignificantly different from corresponding control group in normal Krebs solution, P<0.05
NA = not applicable.
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Figure 3 Responses to endothelin- of aortic rings from 2-week
streptozotocin (STZ)-treated rats. (a) With endothelium: STZ/
epalrestat-treated (0-0, n = 5), control/epalrestat-treated (0-0,
n = 5), STZ-treated in 30 mm glucose Krebs solution (0- -0, n = 5)
and control in 30 mm glucose Krebs solution (0- -0, n = 5). (b)
Without endothelium: STZ/epalrestat-treated (U U, n = 5),
control/epalrestat-treated (0-0, n = 5), STZ-treated in 30 mM
glucose Krebs solution (M- -U, n = 5) and control in 30 mM glucose
Krebs solution (@--@, n = 5).

Figure 4 Responses to endothelin-I of aortic rings from 6-week
streptozotocin (STZ)-treated rats. (a) With endothelium: STZ/
epalrestat-treated (0-0, n = 6), control/epalrestat-treated (0-0,
n = 6), STZ-treated in 30 mm glucose Krebs solution (0- -0, n = 6)
and control in 30 mm glucose Krebs solution (0- -0, n = 6). (b)
Without endothelium: STZ/epalrestat-treated (U-U, n = 6),
control/epalrestat-treated (0-0, n = 6), STZ-treated in 30 mM
glucose Krebs solution (M- -U, n = 6) and control in 30 mM glucose
Krebs solution (0- -0, n = 6).
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vascular functional changes in non-diabetic rats (indicating
that such changes were the consequence of hyperglycaemia
per se) and that these changes were prevented by the aldose
reductase inhibitor (ARI) tolrestat.

Aldose reductase has been detected in human aortae
(Srivastava et al., 1986). It was therefore of interest to deter-
mine whether the reduced maximum responsiveness to ET-1
of aortae from diabetic rats was prevented by chronic treat-
ment with an ART. Yorek & Dunlap (1989) showed that
incubation of cultured bovine aortic endothelial cells in high
ambient glucose (30mM) led to a reduction in intracellular
myo-inositol and an accumulation of sorbitol. This occurred
after a minimum incubation period of one week. Therefore
these changes could possibly occur in the time-frame of the
present study. However, in the present study, reduced res-
ponsiveness to ET-1 was still observed in aortae from dia-
betic rats chronically treated with the ARI, epalrestat. The
dose of epalrestat used was greater than that which had been
previously shown to prevent peripheral nerve dysfunction in
STZ-treated rats (Kikkawa et al., 1984). The same dose as
used in the present study has also been shown to improve
responsiveness to nerve stimulation in isolated atria of STZ-
treated rats, but to have no significant effect on postsynaptic
stimulation (by exogenous noradrenaline) (Hashimoto et al.,
1990). It is therefore possible that the inability of epalrestat
to normalize responses to ET-1 in the present study may be
because altered polyol pathway activity is not the chief cause
of the abnormality occurring in 2- or 6-week STZ-induced
diabetic rats.

Previous workers have shown that in isolated aortic rings
from non-diabetic rats, removal of endothelial cells shifted
the CR curve to ET-1 to the right with no significant change
in maximum responses (Topouzis et al., 1991). This has been
confirmed in the present study in aortae from both control
and STZ-treated rats. However, this is in contrast to the
observations of Rodman et al. (1989) who reported that
removal of endothelial cells from non-diabetic rat aortic rings
enhanced maximum responses to ET-1 but did not signi-
ficantly affect EC50 values.
As has been reported previously (Fulton et al., 1991), in

the present study the dry weights of aortic rings were not
significantly affected by 2 weeks of diabetes. However, dry
weights of aortae from 6-week STZ-treated rats were signi-
ficantly reduced. A reduction in wet weight of aortic rings

from 8-week STZ-treated rats has been previously reported
by Head et al. (1987), indicating that these changes may be
dependent on the duration of diabetes.
A comparison of the potency of ET-1, in aortae from

2-week diabetic and control rats (both with and without
endothelium), between the present study and a previous
study (Fulton et al., 1991) shows a mean difference in EC50
values of 0.52 log (M) units. This discrepancy may be due to
the different batches of ET-1 used in each study, as an
examination of the amino acid analysis from each batch
indicates a slight variation.

In summary, results of the present study suggest that the
decreased responsiveness to ET-1 of aortae from 2-week
diabetic rats may not be due to abnormal activity of the
polyol pathway. Similarly, it was probably not due to strep-
tozotocin per se as responses were normalized by insulin
treatment. The results of our previous study (Fulton et al.,
1991) did not indicate a role for cyclo-oxygenase products or
extracellular Ca2" in the change in ET-1 responsiveness
observed during diabetes. In both the earlier study and in the
present study, decreased responsiveness to ET-1 has still been
observed in denuded aortae, indicating that changes in endo-
thelium-derived relaxing factor/NO are probably not respon-
sible for this change. However, Nayler et al. (1989) have
reported a reduction in the density of ['251]-ET binding sites
in cardiac membrane fragments from STZ-treated rats. If a
similar change occurs in rat aortae then this may explain the
reduced responsiveness to ET- 1 observed in the present
study.

It is conceivable that the altered responsiveness following 2
weeks of diabetes (compared with controls) was a manifesta-
tion of an adaptive change to hyperglycaemia occurring in
vivo, since it was not observed when aortae were bathed in
high glucose Krebs solution. The finding that responsiveness
to ET-1 of aortae from 6-week diabetic rats was still reduced
in the presence of high glucose Krebs solution suggests that
in longer term diabetes, other factors may play a role in the
altered responsiveness to ET-1.
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Nitric oxide and sensory nerves are involved in the vasodilator
response to acetylcholine but not calcitonin gene-related
peptide in rat skin microvasculature
1V. Ralevic, Z. Khalil, *G.J. Dusting & R.D. Helme

National Research Institute of Gerontology & Geriatric Medicine, North West Hospital (Mount Royal Campus), Parkville,
Australia and *Department of Physiology, University of Melbourne, Parkville, Victoria 3052, Australia

1 The contributions of sensory nerves and nitric oxide (NO) to vasodilator responses to acetylcholine
(ACh) and calcitonin gene-related peptide (CGRP) were examined in rat skin microvasculature with a

laser Doppler flowmeter to monitor relative blood flow.
2 Perfusion of ACh (100 gM; for 30 min) over a blister base on the rat hind footpad elicited
microvascular vasodilatation and this response was not sustained. CGRP (1 gAM; 10 min perfusion) also
elicited vasodilatation and this response was maintained even when CGRP was no longer in contact
with the blister base.
3 The vasodilator response to ACh was significantly smaller in rats pretreated as neonates with
capsaicin to destroy primary sensory afferents than it was in age-matched controls. The vasodilator
response to CGRP was unaffected by capsaicin pretreatment.

4 Selective inhibitors of NO synthase, NG-nitro-L-arginine (L-NOARG) and NG-monomethyl-L-arginine
(L-NMMA) (both at 100 gAM) attenuated the vasodilator response to ACh in control rats, but had no

effect on the vasodilator response to CGRP. There was a significant L-NOARG-resistant component in
control rats while in capsaicin-treated rats the vasodilator response to ACh was virtually abolished by
L-NOARG. The inactive stereoisomer NG-monomethyl-D-arginine (100 JM) did not affect the vasodilator
response to ACh.
5 The efficacy of L-NOARG and L-NMMA as inhibitors of endothelium-dependent responses was

confirmed by use of an endothelium-dependent vasodilator, the calcium ionophore A23187 (100 JiM;
10 min perfusion). Vasodilatation to A23187 was strongly attenuated by both L-NOARG and
L-NMMA.

6 These results suggest that sensory nerves and NO are both involved in the dilatation produced by
ACh in rat skin microvasculature. A component of the vasodilator response elicited by ACh involves a

direct action on the microvascular endothelium with subsequent generation of NO, while an additional
component is elicited via activation of sensory nerves. The vasodilator mediator(s) released by ACh
from sensory nerves acts largely independently of NO.
7 The vasodilator response to CGRP is independent of a prejunctional action on sensory nerves and of
NO.

Keywords: Nitric oxide; endothelium; microvasculature; sensory nerves; acetylcholine; calcitonin gene-related peptide;
neurogenic inflammation

Introduction

Neurogenic inflammation constitutes a complex series of
events involving the release of peptide neurotransmitters, par-
ticularly substance P and calcitonin gene-related peptide
(CGRP), from sensory nerve endings in the skin. CGRP is a
potent vasodilator in human and animal skin (Brain et al.,
1985; Thom et al., 1987). In rat skin, CGRP may potentiate
the oedema induced by substance P and other tachykinins,
while substance P causes vasodilatation and an increase in
vascular permeability and may modulate the vasodilatation
induced by CGRP (Brain & Williams, 1985). Neurogenic
inflammation additionally involves the release of mediators
from mast cells and activation of sensory nerves (Lembeck &
Holzer, 1979; Foreman et al., 1983; Barnes et al., 1986).
Nitric oxide (NO) acts as a transduction molecule in many
biological systems (Moncada & Higgs, 1990) and is also
likely to be involved in neurogenic inflammation since it may
be released from mast cells (Salvemini et al., 1990) as well as
from the endothelium and has been shown to have a role in

the inflammatory response to substance P (Hughes et al.,
1990; Ralevic et al., 1991).
Acetylcholine (ACh) causes pain when applied to blister

bases in man (Armstrong et al., 1953). It has been suggested
that ACh released from postganglionic sympathetic nerve
fibres contributes to the inflammatory response since anti-
dromic vasodilatation and neurogenic plasma extravasation
are reduced by atropine (Couture et al., 1985; Couture &
Kerouac, 1987; Low & Westerman, 1989). In large blood
vessels it is well established that vasodilatation due to ACh is
largely mediated through an action on the vascular endo-
thelium with subsequent release of endothelium-derived
relaxing factor or NO (Furchgott, 1983; Palmer et al., 1988).
In cutaneous microvasculature, sensory nerves may also be
involved, since ACh has been shown to excite perivascular
nociceptive C-fibres in man (Westerman et al., 1987; Park-
house & LeQuesne, 1988), rabbit (Juan, 1982) and cat (Fjall-
brandt & Iggo, 1961).

It was the aim of the present study to examine the contri-
bution of sensory nerves and of NO to ACh- and CGRP-
induced inflammatory responses in rat skin microvasculature.
The role of sensory nerves was examined in rats pretreated as
neonates with capsaicin to destroy selectively these nerves,

I Author for correspondence at present address: Department of
Anatomy & Developmental Biology, University College London,
Gower St., London WC1E 6BT.

'." Macmillan Press Ltd, 1992
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while the involvement of NO was examined with two selec-
tive inhibitors of NO synthase, NG-nitro-L-arginine
(L-NOARG) and NG-monomethyl-L-arginine (L-NMMA)
(Palmer et al., 1988; Rees et al., 1989; Dubbin et al., 1990;
Moore et al., 1990). Some of these results have been pub-
lished in preliminary form (Ralevic et al., 1991).

Methods

Sprague-Dawley rats of either sex with an average weight of
200-250 g were used. Anaesthesia was induced with pento-
barbitone sodium (60 mg kg-', i.p.). Further doses of
15 mg kg' anaesthetic were administered intermittently to
ensure that rats were kept under a constant state of anaes-
thesia. This method of anaesthesia was previously shown not
to alter the basal plasma extravasation or sympathetic tone
(Khalil & Helme, 1989). Body temperature of the rats was
maintained at 37TC. At the end of the experiment animals
were killed by barbiturate overdose.

Blister induction and experimental protocol

A blister was induced in the right hind footpad of the rat by
applying a vacuum pressure of - 40 kPA for approximately
30 min, with a metal suction cap heated to 40'C. The surface
epithelium was removed and the foot of the rat secured in a
perspex chamber with inlet and outlet ports. Ringer solution
was perfused over the surface of the blister at 4 ml h' by
means of a peristaltic pump (Microperpex S, LKB, Sweden)
(Khalil & Helme, 1989). Relative blood flow was monitored
over time with a laser Doppler flowmeter (Periflux, PF2B,
Perimed, Sweden) via a probe placed in a central port
immediately above the blister base; blood flux (volt; V) was
recorded on a chart recorder.
An initial equilibration period of 30 min was allowed,

during which time a stable baseline was achieved. In control
experiments ACh (100 tM) was perfused for 30 min over the
blister base. In experiments with L-NOARG, L-NMMA or
the inactive stereoisomer NG-monomethyl-D-arginine (D-
NMMA) (all at 100 gM) these agents were perfused for
14 min before and during ACh perfusion. (The concentration
of L-arginine analogues used was predetermined to cause an
attenuation of vasodilator responses to endothelium-
dependent agents without a significant change in the
baseline). CGRP (1 gM) was perfused for 10 min at the end
of each experiment (20 min after cessation of ACh per-
fusion). Concentration-response curves for ACh (10, 100 and
1000;LM) and CGRP (0.1, 1 and 10giM) were produced by
perfusing these agents over the surface of the blister base;
because of the effects of desensitization, responses to single
concentrations were established in separate animals. In a
separate series of experiments A23187 (100pM) was perfused
for 10min over the blister base. All agonists were used at
submaximal concentrations; the time of perfusion used was
based on the vasodilator characteristics of these agents.
Experiments with L-NOARG were repeated in rats having
undergone destruction of primary sensory afferents by
neonatal capsaicin treatment (Jancso et al., 1977).

Capsaicin pretreatment

Animals were given a single dose of capsaicin, 50 mg kg-',
subcutaneously, on the fourth day of life. The effectiveness of
the neonatal capsaicin treatment was tested prior to each
experiment by the eye-wiping response to topical application
of capsaicin to the cornea (0.1% capsaicin in alcohol) (Khalil
& Helme, 1990).

Drugs

Calcitonin gene-related peptide was obtained from Auspep,
Melbourne, Australia. Acetylcholine perchlorate, capsaicin

(8-methyl-N-vanillyl-6-nonenamide), and NG-nitro-L-arginine
were from Sigma Chemical Company, U.S.A. A23187 (free
acid) and NG-monomethyl-L-arginine acetate were from Cal-
biochem, U.S.A. NG-monomethyl-D-arginine acetate was from
the Institute of Drug Technology (Boronia, Victoria). Cap-
saicin was dissolved in a saline solution containing 10%
Tween 80 and 10% alcohol. A23187 was initially dissolved in
dimethylsulphoxide (DMSO) and then diluted in Ringer solu-
tion. The appropriate solvent controls were carried out with
DMSO. All other drugs were dissolved in Ringer solution.

Statistics and expression of data

Relative blood flow responses were measured as the area
under the response curve (cm2) with a digital planimeter
(Tamaya, Japan). For ACh and A23187 this was the area
during the entire perfusion; for CGRP this was the area
during 8 min of perfusion since the response was maintained.
Maximum height of responses was also measured. Small
non-specific solvent effects were accounted for in experiments
using A23187 by performing controls with DMSO at the
appropriate concentration. Results were expressed as
mean ± s.e.mean. Statistical analyses were performed by
analysis of variance with post hoc Student-Newman-Keuls
pairwise comparisons where necessary. Type 1 error rate was
set at a = 0.05 for all tests.

Results

Effect of L-NOARG, L-NMMA and D-NMMA on the
vasodilator response to ACh

In control rats, ACh (100 jm; perfused for 30 min) produced
an initial rapid vasodilator response in the rat skin microvas-
culature which reached a maximum and then gradually
subsided (Figure 1). L-NOARG (100 jM) and L-NMMA
(100 jM) but not D-NMMA (100 jM) caused a significant
reduction in the area of the vasodilator response to ACh
(Figure 2). This inhibition was manifested primarily as a
reduction in the time-dependent maintenance of the response;
in the presence of L-NOARG or L-NMMA the vasodilator
response to ACh returned to baseline (Figure 1). There was
no significant difference between the inhibitory effects of
L-NOARG or L-NMMA (both at 100 jaM) on the area of the
vasodilator response to ACh. Only L-NMMA significantly
attenuated the maximum height of the vasodilator response
to 100 gM ACh (6.98 ± 1.12 (n = 6), 4.8 ± 0.36 (n = 5) and
2.95 ± 0.64 (n =4) cm in control, L-NOARG- and L-NMMA-
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Figure 1 Representative trace showing the effect of N0-nitro-L-
arginine (L-NOARG, 100 iM) on vasodilator responses (blood flux,
V) of the rat skin microvasculature to acetylcholine (ACh; 100 AM
perfused for 30 min) and calcitonin gene-related peptide (CGRP,
I jM perfused for 10 min). Unbroken line indicates control re-
sponses; broken line indicates responses in the presence of
L-NOARG, introduced 14min prior to and during challenge with
ACh and CGRP.
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Figure 2 Effect of N0-nitro-L-arginine (L-NOARG), NG-mono-
methyl-L-arginine (L-NMMA) or D-NMMA on the dilatation re-
sponse of the rat skin microvasculature to acetylcholine (ACh;
100 JM). Open column = ACh alone; solid column = ACh +
L-NOARG (100 jM); narrow hatched column = ACh + L-NMMA
(10 JM); wide hatched column = ACh + L-NMMA (100 JM); cross
hatched column = ACh + D-NMMA (100 JM). Columns represent
the means of 4-7 separate experiments with vertical bars indicating
s.e.mean. *Indicates significant difference from control response.
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Figure 3 Effect of NG-nitro-L-arginine (L-NOARG), or NG-
monomethyl-L-arginine (L-NMMA) on the dilatation response of the
rat skin microvasculature to calcitonin gene-related peptide (CGRP,
I ILM). Opencolumn = CGRPalone;solidcolumn = CGRP + L-NOARG
(100 jM); narrow hatched column = CGRP + L-NMMA (10JM);
wide hatched column = CGRP + L-NMMA (100l M). Columns
represent the means of 4-6 separate experiments with vertical bars
indicating s.e.mean.

treated rats respectively). The maximum height of the
vasodilator response to ACh at a concentration of 1 mM was
significantly attenuated by L-NOARG (Figure 4). A lower
concentration (10 fM) of either L-NOARG or L-NMMA
(Figure 2) had no significant effect on the vasodilator re-
sponse to ACh.

Effect ofL-NOARG and L-NMMA on the vasodilator
response to CGRP

The vasodilator response to CGRP (1 JAM, 10 min perfusion)
was characterized by an initial rapid vasodilatation which
reached a maximum and was maintained even after CGRP
was removed from the perfusate (Figure 1). Previous studies
in our laboratory have shown that this vasodilator response
can be maintained for several hours after cessation of
perfusion with CGRP. L-NOARG (100 AM) or L-NMMA
(100 AM) had no significant effect on the vasodilator response
to CGRP (Figure 3). A concentration-response curve showed
that L-NOARG had no effect on CGRP at concentrations of
0.1, 1 or IOjM (Figure 4).

Effect ofL-NOARG and L-NMMA on the vasodilator
response to A23187

The vasodilator response to A23187 (100 JiM) was slow in
onset (Figure 5). L-NOARG and L-NMMA (both at 100 JM)
markedly inhibited the area of the response (Figure 6). In
all but one of the five animals L-NOARG abolished the
vasodilator response due to A23 187. L-NOARG, but not
L-NMMA significantly inhibited the maximum height of the
vasodilator response (2.5 ± 0.41, 0.36 ± 0.29 and 1.72 ±
0.62 cm (n = 5) in control, L-NOARG- and L-NMMA-
treated rats respectively).

Effect of capsaicin pretreatment on vasodilator responses
to ACh and CGRP

In rats pretreated with capsaicin there was a significant
reduction in the area of the vasodilator response to ACh
(Figure 7). There was also a significant reduction in the
maximum height of the response between these groups
(6.98 ± 1.12 and 3.97 ± 0.37 cm (n = 6) in control and cap-
saicin treated rats respectively). Capsaicin pretreatment had
no significant effect on vasodilator responses to CGRP
(Figure 8).
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Figure 4 Concentration-response curves showing vasodilator re-
sponses (maximum height of response) of rat skin microvasculature
to calcitonin gene-related peptide (circles) and acetylcholine (tri-
angles) in the absence (closed symbols) and presence (open symbols)
of NG-nitro-L-arginine. Each symbol represents the mean of 5
separate experiments. *Denotes a significant difference from control.
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Figure 5 Representative trace showing the effect of N0-nitro-
L-arginine (L-NOARG) or N6-monomethyl-L-arginine (L-NMMA)
(both at 100tJM) on the vasodilator response to A23187 (100 JM
perfused for 10 min). Unbroken line = A23187 alone; dashed
line = A23187 + L-NMMA; dashed-dotted line = A23187 + L-NOARG.
L-NOARG or L-NMMA was introduced 14 min before and during
perfusion with A23187. Point of addition of A23187 indicated by
arrow.



NO AND SENSORY NERVES IN MICROVASCULATURE 653

20

NE

C4c
0

co 10-

4_*

0

:(D0-

Figure 6 Effect of N0-nitro-L-arginine (L-NOARG) or NG-mono-
methyl-L-arginine (L-NMMA) (both at 100 jM) on the dilatation
response of the rat skin microvasculature to A23187 (100 tM).
Open column = A23187 alone; solid column = A23187 + L-NOARG;
hatched column = A23187 + L-NMMA. Columns represent the
means of 5-6 separate experiments with vertical bars indicating
s.e.mean. *Indicates significant difference from control.
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Figure 7 Effect of capsaicin pretreatment and NG-nitro-L-arginine
(L-NOARG, 100 JLM) on the dilatation response of rat skin microvas-
culature to acetylcholine (ACh; 100 pM). Open columns = ACh
alone; solid columns = ACh + L-NOARG. Columns represent the
means of 6-7 separate experiments with vertical bars indicating
s.e.mean. *Indicates significant difference between responses obtained
to ACh in capsaicin-treated rats and control rats. Control group:
'indicates significant difference from control. Capsaicin-treated
group: tindicates significant difference from capsaicin-control.
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Figure 8 Effect of capsaicin pretreatment and N -nitro-L-arginine
(L-NOARG, 100 uM) on the dilatation response to calcitonin gene-
related peptide (CGRP; I atM). Open columns = CGRP alone; solid
columns = CGRP + L-NOARG. Columns represent the means of
5-7 separate experiments with vertical bars indicating s.e.mean.

Effect ofL-NOARG on vasodilator responses to ACh
and CGRP in capsaicin pretreated rats

L-NOARG (100 pM) significantly reduced the vasodilator re-
sponse to ACh in capsaicin pretreated rats (Figure 7). This
was primarily a reflection of a reduction in the time-
dependent maintenance of the response since the maximum
height of the response was not significantly affected.
L-NOARG had no significant effect on the vasodilator

response to CGRP in capsaicin pretreated animals (Figure 8).

Discussion

In this study we have shown that in blister bases raised in rat
skin, part of the vasodilator action of ACh is mediated via
the generation of NO. A further component of the vasodilator
response to ACh results following excitation of capsaicin-
sensitive C-fibres which release a transmitter(s) that acts
largely through NO-independent mechanisms. The vasodilator
action of CGRP proceeds independently of both NO and
primary sensory afferents.

In man, iontophoresed ACh can stimulate peripheral noci-
ceptive C-fibres to produce flare (neurogenic vasodilatation)
which is abolished by anaesthetic and is absent in denervated
skin (Westerman et al., 1987; Parkhouse & LeQuesne, 1988).
A direct action of ACh on non-myelinated C-fibres has also
been demonstrated in the saphenous nerve (Douglas & Rit-
chie, 1960) and cutaneous afferent nerves (Fjallbrandt &
Iggo, 1961) of the cat. In the rabbit, nociceptive effects of
acetylcholine have been shown to be mediated through
nicotinic receptors present on perivascular sensory nerve
endings (Juan, 1982). In the present study, capsaicin pretreat-
ment was used to destroy selectively sensory nerves (Jancso et
al., 1977) and this significantly reduced ACh-induced
vasodilator responses of the skin microvasculature. To our
knowledge this is the first demonstration that ACh has an
excitatory action on peripheral nociceptive C-fibres in the rat.
Non-specific effects of capsaicin treatment were not likely to
contribute since vasodilator responses to CGRP were
unaffected.

Neurogenic inflammation may involve cholinergic nerves
since atropine reduces axon reflex vasodilatation and plasma
extravasation in rat skin (Couture et al., 1985; Low &
Westerman, 1989) and these nerves are likely to be of sympa-
thetic postganglionic origin (Lembeck & Holzer, 1979;
Couture et al., 1985). In a previous study (Ralevic et al.,
1991) we suggested that NO may be involved in microvas-
cular inflammatory responses, since L-NOARG attenuated
substance P-induced vasodilatation and plasma extravasa-
tion. The present study provides further evidence to support
this since L-NOARG and L-NMMA attenuated the vaso-
dilator response to ACh. That the action of these inhibitors
was specific was confirmed by the fact that the inactive
stereoisomer, D-NMMA, was ineffective as an inhibitor of
ACh-induced vasodilatation. Furthermore, neither L-NOARG
nor L-NMMA inhibited the vasodilator response to CGRP,
which is consistent with previous findings that CGRP
generally does not activate the endothelium. Endothelium-
dependent relaxations to CGRP have been demonstrated in
some human vessels (Thom et al., 1987) and in the rat aorta
(Brain et al., 1985; Grace et al., 1987; Gray & Marshall,
1990).
The major source of NO in our system is probably the

microvascular endothelium. However, it is also possible that
NO may derive partly from mast cells (Salvemini et al., 1990)
since both A23187 and ACh have been shown to act on
isolated mast cells, causing the release of histamine which is
known to have potent effects on vascular permeability (Blan-
dina et al., 1980; Khalil & Helme, 1989). If an ACh- or
A23187-induced release of NO from mast cells does occur in
our system, this is likely to occur at concentrations of these
agents below those required to induce the release of hista-
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mine, since neither ACh nor A23187 elicited plasma extrava-
sation (unpublished observations).
A comparison of concentration-response curves to CGRP

and ACh showed the rat skin microvasculature to be approxi-
mately 100 fold more sensitive to CGRP than to ACh. While
our results demonstrate an action of ACh on sensory nerves
the largest proportion of its effects are mediated postjunc-
tionally. Smooth muscle cells acting as a barrier to diffusion
of ACh to receptors on endothelial cells and rapid hydrolysis
of ACh could account for much of its lower potency com-
pared with CGRP which, in our preparation, acts directly on
receptors on the smooth muscle. In this respect it has been
shown that in large blood vessels ACh is approximately
100 fold less sensitive when applied abluminally (Angus et al.,
1983). The implication of this is that sensory nerves releasing
CGRP (together with substance P and other tachykinins) are
comparatively more important than cholinergic fibres in
neurogenic inflammation. The latter may have a role when
relatively high local concentrations of ACh are achieved,
possibly in severe cases of neurogenic trauma.
The most marked inhibitory effect of L-NOARG and

L-NMMA on the vasodilator response to ACh was an
attenuation of the time-dependent maintenance of the re-
sponse. Similar effects have been observed in rats and guinea-
pigs in vivo where L-NMMA (Aisaka et al., 1989) and NOLA
(synonymous with L-NOARG) (Zambetis et al., 1991)
attenuated the duration but not the amplitude of the hypo-
tensive response to ACh. These workers suggested that the
immediate vasodilatation of resistance vessels to ACh occurs
by a mechanism which does not involve de novo synthesis of
endothelially-derived NO, while the succeeding longer-lasting
vasodilatation does depend on NO biosynthesis and the
availability of L-arginine. Substantial components of the
vasodilator response to ACh have also been shown to be
resistant to inhibition by L-NMMA and L-NAME (the
methyl ester of L-NOARG) in rabbit muscle microvasculature
in vivo (Persson et al., 1991), and human subcutaneous resist-
ance arteries (Woolfson & Poston, 1990), while the vaso-
dilator response to ACh was unaffected by L-NAME in
conscious rats (Gardiner et al., 1990). It is possible that
hyperpolarization might be involved in the vasodilator action
of ACh (Feletou & Vanhoutte, 1988; Chen & Suzuki, 1990)
although it is not likely to be via the ATP-sensitive K+
channel since dilatation to ACh in the rat in vivo was not
attenuated by glibenclamide (Zambetis et al., 1991). A direct
action on the vascular smooth muscle as has been observed
in some vessels (Brayden & Bevan, 1985) also cannot be

excluded. At the highest concentration of ACh used (1 mM)
the attenuation of the maximum height of the vasodilatation
to ACh by L-NOARG indicates a significant contribution of
NO to this part of the response. If multiple mechanisms are
involved in the vasodilator response to ACh it is likely that
their relative contributions vary with the concentration of
agonist.

In capsaicin-treated rats, L-NOARG virtually abolished
ACh-induced vasodilatation in contrast to control animals
where the L-NOARG-resistant component constituted about
40% of the total ACh response. Since a substantial
L-NOARG-resistant component was not observed after des-
truction of sensory nerves it is likely that the NO-
independent component of the vasodilator response to ACh
is largely due to the action of a mediator released from
capsaicin-sensitive C-fibres. This mediator would not be
expected to affect vascular permeability, since ACh did not
elicit plasma extravasation. Further studies are warranted to
identify the mediator released by ACh from sensory nerves
which appears to act independently of NO. One of many
possible candidates is CGRP which is localized in and
released from sensory nerves (Gulbenkian et al., 1986; Man-
zini et al., 1991) and our experiments using L-NOARG
confirmed the endothelium-independent nature of CGRP-
induced vasodilatation in rat skin microvasculature.

In conclusion, we have shown that in rat skin microvas-
culature, the vasodilator response to ACh is comprised of
two distinct components; one part of the response is
mediated through NO probably arising following direct
stimulation of the microvascular endothelium, and the other
part of the response is mediated through an excitatory action
on peripheral nociceptive C-fibres with release of a sensory
transmitter which causes vasodilatation independently of NO.
The vasodilator response to CGRP is independent of NO
and sensory nerves. It has previously been shown that plasma
protein extravasation induced by substance P in rat skin is
reduced by atropine suggesting cholinergic modulation of this
response (Couture & Kerouac, 1987). These data, together
with the present results, suggests that reciprocal interactions
between cholinergic and sensory nerve fibres may contribute
to the rapid spread of the inflammatory response.

We are grateful to Dr Steve Gibson for help with the statistical
analyses. V.R. was the recipient of an Anglo-Australian travel fel-
lowship from The Royal Society to visit Dusting's laboratory in
Melbourne.
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Inhibition of human neutrophil responses by cx-cyano-3,4-
dihydroxythiocinnamamide; a protein-tyrosine kinase inhibitor
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1 Activation of neutrophils results in increased tyrosine phosphorylation of several proteins that may
have important roles in receptor/effector coupling. In this study, the effect of a protein tyrosine kinase
inhibitor on receptor-mediated neutrophil activation by platelet-activating factor (PAF), leukotriene, B4
(LTB4) and N-formylmethionylleucylphenylalanine (FMLP) is investigated.
2 a-Cyano-3,4-dihydroxythiocinnamamide dose-dependently inhibited intracellular calcium release and
superoxide generation from human neutrophils activated by 1 LM LTB4, PAF, and FMLP.

3 In the presence of cytochalasin B, FMLP stimulated elastase release from neutrophils was also
inhibited to unstimulated levels by 5 min pretreatment with a-cyano,3,4-dihydroxythiocinnamamide.
4 The inhibitory action of a-cyano-3,4-dihydroxythiocinnamamide was found to be at or upstream of
phospholipase C activation, blocking both phosphatidylinositol hydrolysis and protein kinase C activa-
tion. o-Cyano-3,4-dihydroxythiocinnamamide did not affect agonist receptor binding sites or receptor
affinity in neutrophils.
5 Immunoblot analysis demonstrated the tyrosine phosphorylation of proteins of 41, 56, 66, and
104 kDa in neutrophils treated with agonists. Treatment of neutrophils with a-cyano-3,4-
dihydroxythiocinnamamide prior to stimulation with chemoattractants reduced tyrosine phosphorylation
of the above phosphoproteins.
6 These results indicate that a-cyano-3,4-dihydroxythiocinnamamide might be a useful agent in charac-
terizing the essential proteins and biochemical pathways that regulate neutrophil activation.

Keywords: Neutrophil; protein-tyrosine kinase; tryphostins; protein kinase C; inositol phosphates; elastase; superoxide anion

Introduction

Neutrophils respond to various chemotactic factors such as
N-formylmethionylleucylphenylalanine (FMLP), leukotriene
B4 (LTB4) and platelet-activating factor (PAF) by releasing
their granule contents, generating oxygen free radicals, and
undergoing directional migration towards the stimuli (Sha'afi
& Molski, 1988). Activation of neutrophils by these agonists
involves a pertussis toxin-sensitive G-protein (Gi) that
activates phospholipase C (PLC) (Snyderman et al., 1986;
Sha'afi & Molsi, 1988). An initial step in the activation of
neutrophils is the PLC catalyzed hydrolysis of phosphatidy-
linositol-4,5-bisphophate (PIP2), producing two second
messengers, inositol trisphosphate (1P3) and 1,2-dioleoyl-sn-
glycerol (DAG). IP3 causes calcium release from intracellular
stores (Berridge & Irvine, 1984) and acts synergistically with
DAG to activate protein kinase C (PKC) (Nishizuka, 1988).
The signal transduction events involved in neutrophil

activation are largely unknown. It has been reported that
activation of neutrophils by various agonists involves phos-
phorylation on tyrosine residues of several proteins. Gomez-
Cambronero et al. (1989a) reported tyrosine phosphorylation
of five proteins with molecular masses of 118, 92, 78, 54, and
40 kDa in neutrophils stimulated with granulocyte-macro-
phage colony stimulating factor (GM-CSF). Cytosolic and
particulate substrates have been shown to be tyrosine phos-
phorylated in neutrophils stimulated with FMLP, LTB4, a

phorbol ester, and a calcium ionophore suggesting receptor-
dependent and receptor-independent tyrosine kinase activa-
tion (Berkow & Dodson, 1990). Proteins of similar molecular
weight have also been shown to be tyrosine phosphorylated
in neutrophils stimulated with chemotactic peptide FMLP

' Author for correspondence at: The Jack Bell Research Centre,
2660 Oak St., Vancouver, B.C. V6H 3Z6, Canada.

(Gomez-Cambronero et al., 1989b). In addition, similarities
in the patterns of protein tyrosine phosphorylation are also
evident in neutrophils activated with PAF and LTB4 (Huang
et al., 1990; Gomez-Cambronero et al., 1991). Attempts have
been made to identify these phosphoproteins and to charac-
terize their roles in neutrophil activation. In contrast to some
growth factors such as epidermal growth factor and insulin
(Ullrich et al., 1984; Shechter et al., 1989), the receptors for
inflammatory agonists such as PAF, LTB4, and FMLP have
not been shown to have a kinase domain. In fact, the PAF
receptor that was recently cloned (Honda et al., 1991) con-
tains seven transmembrane domains and guanine nucleotide
binding protein (G-protein) binding sites, but no indication
of how a tyrosine kinase might be activated. This suggests
that the stimulation of tyrosine kinases by receptors for
inflammatory mediators might be occurring as a consequence
of other second messenger systems downstream of G-proteins.

Stimulation of protein tyrosine phosphorylation in elect-
roporated human neutrophils treated with GTP-yS suggests
that the activated G-proteins can stimulate tyrosine kinases
(Nasmith et al., 1989). Similarily, receptor-mediated tyrosine
phosphorylation has been shown to be mediated in part by a
pertussis toxin-sensitive guanine nucleotide regulatory protein
(Gomez-Cambronero et al., 1989a). Various studies have
demonstrated tyrosine phosphorylation of PLCy- following
interaction with ligand-activated PDGF or EGF receptors
(Wahl et al., 1989; Margolis et al., 1989; Meisenhelder et al.,
1989). Unlike PLC a, P, and 6, which are coupled to a
G-protein, PLCy activity increases following tyrosine phos-
phorylation (Taylor et al., 1991). Therefore, the precise rela-
tionship between tyrosine kinase activation and activation via
G-proteins remains unclear.

In neutrophils, the role of tyrosine phosphorylation in
response to agonist stimulation has not been clearly defined.
When neutrophils were treated with erbstatin, a protein-
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tyrosine kinase inhibitor, the superoxide generation elicited
by FMLP was dose-dependently inhibited (Naccache et al.,
1990). Erbstatin also blocked the change in cytosolic pH
caused by PAF and LTB4, but not by FMLP. However,
erbstatin was unable to inhibit the lysosomal enzyme release
or elastase release in response to stimulation with FMLP in
the presence of cytochalasin B (Naccache et al., 1990). Due
to the partial inhibitory activity of erbstatin, the effect of
o-cyano,-3,4-dihydroxythiocinnamamide on neutrophil bio-
chemical and physiological responses to chemoattractants
were studied. The results of this study suggest that tyrosine
phosphorylation is required for neutrophil activation in res-
ponse to chemotactic factors. Although the precise role of
tyrosine phosphorylation in neutrophil activation is unclear,
inhibition of tyrosine kinase activity was associated with
decreases in Ca2" release, PLC activity, and PKC activity. In
addition, we demonstrate that physiologically and patho-
logically related responses including superoxide anion pro-
duction and elastase release are diminished. Thus, tyrosine
kinase activity plays a major role in signal transduction and
stimulus response coupling in neutrophils and inhibition of
this class of enzymes decreases cellular responses.

Methods

Preparation of neutrophils

Human blood from normal volunteers was obtained in
heparin. Blood was diluted with Tyrode buffer (pH 6.5) (5:1,
v/v) and red cells were sedimented for 30 min after mixing
blood with Dextran as described by Salari et al. (1985).
Neutrophils were isolated following Ficoll-hypaque gradient
centrifugation and the remaining erythrocytes were removed
by Tris-NH4CI haemolysis (Boyle, 1968). Neutrophils at
greater than 97% purity and greater than 95% viability as
assessed by trypan blue dye exclusion were collected in an
appropriate buffer.

Fura-2 loading and measurement of Ca2-

Neutrophils were suspended in PBS (no Ca2" or Mg2") with
1 JM Fura-2AM for 60 min, at 37°C. Free Fura-2AM was
removed by washing the cells three times with PBS. Cells
(5 x 106 cellsml-') were warmed to 37°C in a 1 cm2 quartz
cuvette in a volume of 2.5 ml. Changes in Ca2'-dependent
Fura-2 fluorescence were measured with a Perkin-Elmer
(Norwalk, CT) LS-50 luminescence spectrophotometer with
excitation wavelengths of 340 and 380 nm and an emission
wavelength of 510 nm. The baseline level of fluorescence
before addition of agonists was subtracted from agonist-
induced fluorescence in the presence and absence of drug.
Values described are arbitrary units taken from ratios
between the absorbances at 340 nm and 380 nm.

Polyphosphoinositide hydrolysis

Neutrophils (2.5 x I0O cells ml') were incubated with
100I Ci ml' of myo-[2-3H]-inositol in Tyrode buffer (no
Ca2+), for 90 min at 37°C. Cells were washed twice and
resuspended in Tyrode buffer containing 12 mM LiCl, 1.3 mM
CaC12 and 0.6 mM MgCl2. Cells in 0.5 ml volumes were
incubated with or without x-cyano-3,4-dihydroxythiocinnam-
amide for 5 min and then treated with agonists for a further
5 min. The reaction was terminated by addition of 1.5 ml
methanol/chloroform/HCl (200:100:2) as described by Wat-
son et al. (1984). Following overnight storage at 4°C, water
(0.6 ml) was added to each sample to extract water-soluble
inositol phosphates; 1.8 ml of the upper phase was diluted
with 2.5 ml of water and layered onto 1 ml Dowex anion
exchange resin (Bio-Rad) columns, pre-equilibrated with
water. Inositol phosphates were isolated and quantified as
described earlier (Salari et al., 1990b).

Protein kinase C assay

Neutrophils (107 cells ml-') in Tyrode buffer containing
1.4 mM CaC12 were stimulated with or without pretreatment
with a-cyano-3,4-dihydroxythiocinnamamide and chemotactic
factors at 37°C. Treatments were terminated by quick cent-
rifugation in a microfuge. Pellets were resuspended on ice in
a homogenizing buffer and sonicated for 30 s as reported
earlier (Pelech et al., 1990). The particulate and cytosolic
fractions were isolated by centrifugation at 200,000 g in a
Beckman TL-I00 ultracentrifuge; 500 jig of cytosolic and
NP-40 solubilized particulate extracts were fractionated on a
1 ml anion exchange Mono Q column coupled to a FPLC
system (Pharmacia). Fractions were eluted at a flow rate of
0.8 ml min-' using a linear gradient of 0-0.8 M NaCl. PKC
activity of column fractions were assayed as described
previously (Pelech et al., 1990). Reactions were carried out at
30°C in a volume of 25 flI with 50 JLM [y-32P]-ATP (1500 c.p.m.
pmol- '), 25 mM ,B-glycerophosphate, 10 mM MOPS (pH 7.2),
15 mM MgCl2, 2 mM EGTA, 2 mM EDTA, 1 mM dithiothrei-
tol, 500 nM PKIP, and 1 mM sodium orthovanadate, with
1 mg ml-' histone HI or protamine chloride as the substrate.
Where stated, incubations included 4.5 mM CaCl2 60 ig-'
ml-' phosphatidylserine and 6 jig ml DAG. Reactions were
terminated by spotting 20 ftl aliquots on 2 cm2 pieces of
Whatman P81 phosphocellulose paper, dried 30 s, and
washed with several changes of 1% (v/v) phosphoric acid.
Filter papers were counted for radioactivity in a Beckman
model LS5000 scintillation counter.

Tyrosine phosphorylation

Neutrophils (107 cells ml-') in Tyrode solution containing
1.4 mM CaC12 were treated at 37°C for 1 min with each
agonist or pretreated with a-cyano-3,4-dihydroxythiocinnam-
amide prior to stimulation for 5 min at 37°C. After stimula-
tion, cells were rapidly pelleted by microcentrifugation
(14,000 r.p.m. for 5 s), pellets were solubilized with 3%
Triton or sonicated in buffer composed of 50 mM Tris-HCl,
pH 7.7, 5 mM P-methylaspartate, 150 mM NaCl, 0.2 mM
Na3 V04, 10 mM NaF, 1 mM NaMoO4, 5 mM EDTA, 10 fg
ml-' leupeptin, 10 f.g ml-' soybean trypsin inhibitor, 1 I1M
pepstatin, 1 mM PMSF, and 1 mM diisopropylfluorophos-
phate. Insoluble cellular debris were removed by micro-
centrifugation (14,000 r.p.m. for 1 min) and soluble cell
supernatants were combined with SDS-PAGE sample buffer,
boiled, and electrophoresed by discontinuous SDS-PAGE.
Separated proteins were transferred to nitrocellulose sheets
and blocked overnight in Tris-buffered saline (TBS) (0.02 M
Tris-HCl, pH 7.5, 0.05 M NaCI) containing 5% BSA and 1%
ovalbumin. Blots were washed with TBS and probed with
antiphosphotyrosine specific antibody PY-20 in TBS with 1%
BSA and 0.02% sodium azide. After washing, blots were
incubated with alkaline phosphatase conjugated goat
anti-mouse IgG in TBS + 0.05% NP-40 for 2 h at room
temperature before colour development with 5-bromo-4-
chloro-3-indolyphosphate (BCIP) and nitro blue tetrazolium
(NBT). The specificity of antibody PY-20 has been demon-
strated by competition with phosphotyrosine or phenylphos-
phate but not phosphoserine, phosphothreonine, or free
phosphate (Glenny et al., 1988).

Elastase release

[3H]-elastin substrate was prepared as previously described
with [3H]-NaBH4 used as the radioactive source (Takahashi
et al., 1973). The [3H]-elastin suspension (specific activity =
3168 c.p.m.-ug-') was sonicated, agitated, and 20 Jl suspen-
sions were evenly spread on 16 mm wells (Costar plates). The
plates were dried at 45°C overnight, washed with phosphate
buffered saline (PBS), and stored at 4°C until use (usually
1-7 weeks). 106 cells in 500 fl DMEM were added to each
well, stimuli or inhibitors diluted in DMEM were added, and
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plates were incubated at 370C in an atmosphere of 5% Co2.
To monitor elastase release by the cells into the media, after
1 h incubation, 100 ttl of media was removed, microcent-
rifuged (14,000 r.p.m. for 2 min) to remove contaminating
cells, and the soluble phase was counted for radioactivity.
Tritium counts from control wells incubated with DMEM in
the absence of cells were subtracted from wells with cells and
jig elastin degraded by 106 cells in 1 h was calculated.

Superoxide anion generation

Continuous spectrophotometric measurement of a superoxide
dismutase inhibitable reduction of ferricytochrome C at
549 nm was measured in cuvettes as described (Robinson et
al., 1985). Reaction mixtures containing 500 units ml-'
catalase and 1.24 mg ml' cytochrome C in HBSS supple-
mented with 5.5 mM glucose, 0.1% gelatin and 1.5-2.5 X 106
cells ml-'. Prior to stimulation, mixtures were warmed to
370C, agonists diluted in HBSS + 0.1% gelatin were added,
and absorbance at 549 nm was scanned every 10 s with a
Beckman DU-65 spectrophotometer and plotted manually.

PAF binding

Competition binding studies were performed at room
temperature as described previously (Duronio et al., 1990).
Neutrophils and reagents were suspended in binding buffer
(10 mM Tris-HCl, pH 7.5, 10 mM KCI, 5 mM MgCl2, and
2.5 mg ml' BSA) and 5 x 106 cells were added to start the
reaction in tubes containing 0.25 nM [3H]-PAF and 0 to
500 fold excess of unlabelled PAF for 30 min at room
temperature. Reactions were terminated by filtration through
prewetted GF/C filters and washed with 5 ml binding buffer
and counted for radioactivity. Nonspecific binding was refer-
red to as the radioactivity associated with cells in the
presence of a 500 fold excess of unlabelled ligand.

Chemicals and drugs

Histone HI, bovine serum albumin (BSA), ovalbumin,
L-M-phosphatidyl-L-serine, DAG, phenylmethyl sulphonyl
fluoride (PMSF), leupeptin, pepstatin, P-methylaspartate,
diisopropylfluorophosphate (DFP), pepstatin, PAF, LTB4,
FMLP, Ficoll-Hypaque, cytochalasin B, cyclic AMP-
dependent protein kinase inhibitor peptide (amino acids 5-24)
(PKIP), and other chemicals, unless stated, were purchased
from Sigma Chemical Co. (St. Louis, Mo, U.S.A.). Fura-
2AM was purchased from Molecular Probes (Eugene, OR,
U.S.A.). Dextran T500 was purchased from Pharmacia
(Montreal, Canada). Electrophoresis reagents, nitrocellulose
sheets, and alkaline phosphatase conjugated goat anti-mouse
antibody were purchased from Bio-Rad Laboratories (Rich-
mond, CA, U.S.A.). [y-32P]-ATP (- 3000 Ci mmol-'), myo-
[2-3H]-inositol (18.3 Ci mmolh'), and [3H]-PAF (80 Ci mmol-')
were purchased from Amersham (Arlington Heights, IL,
U.S.A.). Scintillation fluid, 3-(N-morpholino) propanesul-
phonic acid (MOPS), and antibody PY-20 were purchased
from ICN Biomedicals, Inc (Costa Mesa, CA, U.S.A.). GF/C
filters and P81 phosphocellulose paper were purchased from
Whatman (Mandel Scientific, Toronto, Canada). Dulbecco's
modified Eagle's medium (DMEM) was purchased from
GIBCO (Grand Island, NY, U.S.A.). a-Cyano-3,4-dihydroxy-
thiocinnamamide was synthesized as described by Gazit et al.
(1989) and stored in a stock solution of dimethylsulphoxide
(DMSO) before serial dilution in an appropriate buffer for
each experiment. DMSO concentrations were below 0.2% in
all experiments.

Statistical analysis
Data are expressed as mean ± s.d. Elastase data were analysed
by a two-way analysis of variance using the Systat pro-
gramme version 5.1 (Evanston, IL, U.S.A.). Cellular inositol

phosphate measurements were compared by Student's t test
with correction for multiple comparisons.

Results

The effect of the c-cyano-3,4-dihydroxythiocinnamamide
on ligand-induced increases in cytosolic free Ca2'
concentration

Since a rapid increase in intracellular free Ca2+ is required
for neutrophil activation, the effect of this tyrosine kinase
inhibitor on Ca2" release was analysed. In all cases, a cal-
cium ionophore was used as a positive control and addition
of buffer alone served as a baseline. An increase in intra-
cellular Ca2" levels were observed in Fura-2 AM loaded cells
stimulated with PAF, FMLP, or LTB4. Maximum release of
calcium with the three agonists were in the order
LTB4>FMLP>PAF at a concentration of 1 JIM. Pretreat-
ment of neutrophils for 5 min with a-cyano-3,4-dihydroxy-
thiocinnamamide caused a dose-dependent decrease in Ca2+
mobilization in response to PAF, LTB4 and FMLP by
agonist stimulation of l0-5, l0-7, and 10-6M, respectively
(Figure lb). a-Cyano-3,4-dihydroxythiocinnamamide was
effective when added as little as 1 min before the stimulus
(data not shown). a-Cyano-3,4-dihydroxythiocinnamamide
did not cause neutrophil toxicity as neutrophils washed with
buffer after incubation with a-cyano-3,4-dihydroxythio-
cinnamamide for 5 min were fully responsive to stimulation
with the three agonists (data not shown).

Inhibition ofhuman neutrophil physiological responses

It has been reported that FMLP (Lehmeyer et al., 1979) and
PAF (Dewald & Baggiolini, 1986) are capable of increasing
superoxide production in human neutrophils. We evaluated
the effect of a-cyano-3,4-dihdyroxythiocinnamamide on the
generation of superoxide anion by neutrophils treated with
1 pM FMLP or PAF. When neutrophils were treated with
FMLP and cytochalasin B (I tiM) a rapid generation of
superoxide (O2-) was observed. The O2 generation reached
a plateau at about 5 min after agonist treatment. Similarly,
PAF in the presence of cytochalasin B caused a rapid genera-
tion of 02- from neutrophils. FMLP was a more potent
stimulus for O2- production (Figure 2). FMLP and PAF
alone caused 02- release, although the presence of
cytochalasin B potentiated O2- release as reported (Dewald
& Baggiolini, 1986). When cells were pretreated with 0.2 mM
a-cyano-3,4-dihydroxythiocinnamamide (50 pg ml-') 5 min
before the addition of FMLP or PAF, a potent inhibition of
02- generation was observed. The drug was able to inhibit
O2- release by PAF or FMLP by more than 70% in several
independent experiments (Figure 2).

Neutrophil degranulation leads to the production of lyso-
somal enzymes and oxygen radicals. One component of
lysosomal enzyme contents is elastase, a serine protease that
has been implicated in various disease states (Sandberg et al.,
1981). In the present investigation, the effect of a-cyano-3,4-
dihydroxythiocinnamamide on the release of elastase from
neutrophils was evaluated. As has been reported (Styrt et al.,
1987), cytochalasin B appreciably augments neutrophil de-
granulation. In the absence of cytochalasin B, no significant
increases in elastase release was detected in cells stimulated
with FMLP, PAF, or LTB4 (data not shown). In the presence
of I tLM cytochalasin B, a concentration previously shown to
stimulate human polymorphonuclear leukocyte functions
(Salari et al., 1985), 1 ytM FMLP significantly stimulated
elastase release from neutrophils (Figure 3a). Although
cytochalasin B potentiated FMLP-induced elastase release,
the presence of cytochalasin B did not significantly enhance
PAF or LTB4-induced elastase release. Pretreatment of neu-
trophils with a-cyano-3,4-dihydroxythiocinnamamide for
5 min before the addition of FMLP inhibited FMLP-
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Figure 1 Effect of a-cyano-3,4-dihydroxythiocinnamamide on intra-
cellular calcium release. (a) Effect of agonist concentration on intra-
cellular Ca2l release. Neutrophils were loaded with Fura-2AM
(I gtM) and free dye was washed from cells with PBS. Cells were
warmed to 37°C and stimulated with various concentrations of PAF
(U), leukotriene B4 (LTB4) (0), and fMet-Leu-Phe (A) and the
change in fluorescence is plotted. Changes in fluorescence are
reported as the difference in fluorescence before stimulation and at
maximal fluorescence after stimulation. (b) Concentration-dependent
dose-response curve of inhibition of intracellular Ca2" release in
human neutrophils by a-cyano-3,4-dihydroxythiocinnamamide in res-

ponse to I0OtM PAF (U), 0.1 I M LTB4 (0), and I ItM FMLP (A).
Fluorescence is reported as the ratio between the absorbances at
340 nm and 380 nm. Results are illustrated by drawing curves by
visual inspection and a representative of three similar experiments is
illustrated.

0.20

A

E 0.15-
C~~~~~~~~~~

0.10

.0

< 0.05- B

E
0.00 - r- -

0 1 2 3 4 5 6
Time (min)

Figure 2 Effect of a-cyano-3,4-dihydroxythiocinnamamide on stimu-
lation of superoxide generation from human neutrophils. Spectro-
photometric analysis of agonist-induced reduction of ferricytochrome
C was monitored at 549 nm. Cells were either stimulated with 1 IAM
PAF or fMet-Leu-Phe in the presence of 1 LM cytochalasin B or cells
were exposed to 0.2 mM a-cyano-3,4-dihydroxythiocinnamamide for
5 min before addition of agonists: (A) FMLP, (B) x-cyano-3,4-
dihydroxythiocinnamamide and FMLP, (C) PAF, (D) x-cyano-3,4-
dihydroxythiocinnamamide and PAF, and (E) untreated cells or cells
stimulated in the presence of superoxide dismutase. Representative
data of 3 independent experiments are shown.
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Figure 3 Inhibition of elastase release in human neutrophils by
ax-cyano-3,4-dihydroxythiocinnamamide. (a) Neutrophils were
preincubated with buffer alone (solid columns) or 0.2 mm a-cyano-
3,4-dihydroxythiocinnamamide (open columns) for 5min at 37°C.
Elastase release in the presence of I flM cytochalasin B was
stimulated by I plm of each agonist used. Vertical bars span the
standard deviation. The values obtained indicate that fMet-Leu-Phe
(FMLP) significantly stimulates elastase release from neutrophils in
the presence of cytochalasin B (*P,<.001, n = 3) and that Ot-cyano-
3,4-dihydroxythiocinnamamide significantly inhibits FMLP-stimulated
elastase release (#P£<0.001, n = 3). (b) Dose-response curve of
inhibition of FMLP-stimulated elastase release by ot-cyano-3,4-
dihydroxythiocinnamamide. Increasing amounts of o-cyano-3,4-di-
hydroxythiocinnamamide were incubated for 5 min at 37°C with
105-101 neutrophils prior to I mm FMLP stimulation (0) or un-
treated cells (A). Solubilized [3Hlelastin released into the culture
medium was counted for radioactivity after a I h incubation.

stimulated elastase release. The effect of a-cyano-3,4-
dihydroxythiocinnamamide was dose-dependent (Figure 3b)
and total inhibition of FMLP-induced elastase release to
control levels was seen at a drug concentration 83 pm. The
ICso for inhibition of elastase release was calculated to be
about 35 pm. It was observed that higher concentrations of
oa-cyano-3,4-dihydroxythiocinnamamide reduced non-specific
elastase release, presumably due to stabilization of cellular
activation processes. The basal release of elastase and the
minimal effects of PAF and LTB4 on elastase secretion were
also reduced below unstimulated levels by ax-cyano-3,4-
dihydroxythiocinnamnamide (Figure 3a). Cells pretreated with
the drug were viable after I h incubation as determined by a
trypan blue exclusion dye assay.

Effect of ax-cyano-3,4-dihydroxythiocinnamamide on
ligand-receptor interactions

Studies with calcium release and °2- generation indicated
that the action of a-cyano-3,4-dihydroxythiocinnamamide is
directed against receptor-mediated responses in neutrophils,
perhaps due to inhibition of agonist-receptor interactions. To
investigate this possibility, we tested the effect of a-cyano-3,4-
dihydroxythiocinnamamide on one of the agonists that binds
to neutrophil membranes to initiate cellular responses. PAF
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was selected for this study as a result of our previous
experience with PAF receptor binding (Duronio et al., 1990).
Specific PAF receptor binding was unaffected by the presence
of 0.2 mM a-cyano-3,4-dihydroxythiocinnamamide (510 ±
119 d.p.m., 511 ± 105 d.p.m. (n = 3); o-cyano-3,4-dihydroxy-
thiocinnamamide absent, o-cyano-3,4-dihydroxythiocinnam-
amide present). In a single experiment, Scatchard plot
analysis of data showed that human neutrophils possess
-6000 receptors/cell with a Kd of - 2.3 nm when neutro-
phils were incubated with 0.2 mM a-cyano-3,4-dihydroxy-
thiocinnamamide for 5 min before PAF binding. In the
absence of the drug, the Kd remained 2.5 ± 0.2 nM with a
Bmax of about 6000 receptors/cell (data not shown). The
affinity constant and number of receptor sites per neutrophil
reported in this study are comparable to previously deter-
mined values for high affinity PAF binding sites on
peripheral blood neutrophils (O'Flaherty et al., 1986). These
results suggest that x-cyano,3,4-dihydroxythiocinnamamide is
not inhibiting PAF-induced responses at the receptor.
Previous studies have demonstrated that erbstatin does not
inhibit FMLP binding (Naccache et al., 1990).

Inhibition ofprotein kinase C activation

PKC has been shown to play a major role in neutrophil
activation as demonstrated by the inhibition of neutrophil
oxidative burst and degranulation by PKC inhibitors (Ber-
kow et al., 1987). In an attempt to characterize the site of
action of x-cyano-3,4-dihydroxythiocinnamamide in neutro-
phils, the effect of this drug on PKC activity was inves-
tigated. The effect of 5min pretreatment of cells with
x-cyano-3,4-dihydroxythiocinnamamide on agonist-induced
PKC activity was analysed. A rapid extraction of kinase
activity was required to prevent proteolytic degradation of
PKC during enzyme preparations. Neutrophils were treated
with PAF (I fiM) for 1 min and extracts were isolated and
separated by Mono Q FPLC chromatography. This frac-
tionation was required since PKC inhibitors have been found
in cytosolic sources that may be removed by anion exchange
chromatography (Lang & Vallotton, 1987). Fractions were
assayed for PKC activity by monitoring Ca2" and phos-
pholipid-dependent phosphorylation of histone H1 as well as
the Ca2+/DAG/PS-independent phosphorylation of prota-
mine, a PKC substrate in the absence of activators (Bazzi &
Nelsestuen, 1987). Most of the Ca2+/PS/DAG-dependent
PKC activity (-60%) was present in the cytosolic fraction
and PKC was only slightly translocated to the microsomal
fraction by PAF stimulation (data not shown). The phos-
phorylation of protamine chloride was observed in the same
fractions as those that phosphorylated histone HI. Basal
levels of PKC activity were associated with both cytosolic
and microsomal fractions of control cells (Table 1). Micro-

Table 1 Effect of a-cyano-3,4-dihydroxythiocinnamamide (DHC)
neutrophils

Treatment (fraction)

No addition

Control (cytosol)
Control (particulate)
PAF (cytosol)
PAF (particulate)
PAF + DHC (cytosol)
PAF + DHC (particulate)

67 ± 12
726 ± 110
91 ± 38

1073 ± 186
65±44

463 ± 94

somal fractions contained two peaks of PKC activity eluting
at 0.33 M and 0.5 M NaCl. Ca2+/PS/DAG-dependent PKC
activity in particulate derived fractions eluting at 0.33 M was
stimulated - 1.5 fold by PAF. After a-cyano-3,4-dihydroxy-
thiocinnamamide pretreatment, PKC activity stimulated by
PAF treatment was reduced below control levels (Table 1).
a-Cyano-3,4-dihydroxythiocinnamamide entirely abolished
the activity associated with the 0.5 M NaCI peak in the
particulate fraction, which was the major peak of PAF-
induced activation. Cytosolic extracts of untreated neutro-
phils contained a single peak of PKC activity eluting at
0.33 M NaCl as separated by MonoQ chromatography. PAF
also stimulated the cytosolic PKC activity by approximately
1.5 fold. As with microsomal PKC activity, a-cyano-3,4-
dihydroxythiocinnamamide also inhibited the cytosolic PKC
activity to levels below baseline. The Ca2" and phospholipid-
dependence of phosphorylating activity eluting at 0.33 M
NaCl in both cytosolic and microsomal fractions is exem-
plified by its inability to phosphorylate histone Hl in the
absence of Ca2", DAG, and PS. Similar results were
observed with cells stimulated with FMLP and LTB4 (data
not shown). To confirm further the inhibitory action of
a-cyano-3,4-dihydroxythiocinnamamide on PKC, neutrophils
were labelled with 32Pi. Cells were then stimulated with PAF,
FMLP, and LTB4. Cytosolic fractions were analysed by SDS-
PAGE and phosphorylated proteins were detected by auto-
radiography. All agonists stimulated phosphorylation of a
47 kD protein, previously identified as a major PKC subs-
trate in neutrophils (Kramer et al., 1988). Phosphorylation of
this 47 kD protein was decreased when neutrophils were
treated with 0.2 mM a-cyano-3,4-dihydroxythiocinnamamide
(data not shown), correlating with the PKC in vitro assay
results.

Effect of x-cyano-3,4-dihydroxythiocinnamamide on
polyphosphoinositide hydrolysis

Receptor-induced activation of PLC catalyzes the hydrolysis
of PIP2, leading to an accumulation of inositol trisphospate
(IP3), inositol bisphosphate (1P2) and inositol monophosphate
(IP). As an index of PLC activity, PLC products including
inositol mono, di, and triphosphates were monitored. Addi-
tion of I ILM PAF and 1 ZlM FMLP were effective stimuli,
increasing the production of all inositol phosphates above
control levels (Figure 4; I, II, and III, treatments c and g).
Although PAF was a more potent stimulus, the effects of
both agonists were inhibited by pretreatment of cells with
x-cyano-3,4-dihydroxythiocinnamamide (Figure 4; I, II, and
III, d and h). LTB4 (1 WLM) slightly stimulated PIP2 hydrolysis
with IP, the only metabolite appreciably detectable above
control whereas the levels of IP2 and IP3 were similar to
unstimulated controls (Figure 4; I, II, III, e). PI hydrolysis in

on PAF-induced protein kinase C (PKC) activation in human

Protein phosphorylation (pmol min' ml-')
Histone Protamine

+ Ca2+, + ,PS, + DG

1534 ± 401
1073 ± 87
2524 ± 305
1714± 162
1511 ± 287
563 ± 106

1231 ± 317
273 ± 46
2419 ± 392
294 ± 63
1078±401
264±71

Histone H 1 phosphorylation was assayed in the presence and absence of activators including Ca2l, phosphatidylserine (PS), and
diacylglycerol (DG). Cells were untreated, exposed to 1 jM PAF for 1 min or preincubated with 0.2 mM a-cyano-3,4- dihydroxythio-
cinnamamide for 5 min before I pM PAF stimulation for 1 min. Mean and s.d. are given from three independent experiments.
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Figure 4 Effect of x-cyano-3,4-dihydroxythiocinnamamide on
agonist-induced polyphosphoinositide hydrolysis. Human neutrophils
prelabelled with myo-[2-3H]-inositol were stimulated for 5 min with
I AM leukotriene B4 (LTB4), PAF, or fMet-Leu-Phe (FMLP) and the
effect of a 5 min preincubation with 0.2 mm oc-cyano-3,4-dihydroxy-
thiocinnamamide was analysed for stimulation of inositol phosphate
incorporation into (i) IPI (ii) IP2 and (iii) IP3. Prior to harvesting and
chromatography of inositol phosphates, cells were treated as follows:
(a) untreated, (b) o-cyano-3,4-dihydroxythiocinnamamide; (c) FMLP;
(d) o-cyano-3,4-dihydroxythiocinnamamide + FMLP; (e) LTB4; (f)
a-cyano-3,4-dihydroxythiocinnamamide + LTB4; (g) PAF; (h) M-cyano-
3,4-dihydroxythiocinnamamide + PAF. The incorporation of radio-
activity into the various polyphosphatidylinositide metabolites was

expressed as a percentage of the total radioactivity associated with
free inositol, IP, IP2, and IP3 together. Results are mean of 6 samples
with s.d. shown by vertical bars. Significantly inhibited compared to
agonist-stimulated at **P < 0.05; *P < 0.1

all cases was reduced to levels obtained with untreated cells
by drug treatment. Incorporation of [3H]-inositol into these
water soluble phosphates was not significantly affected by
treatment with x-cyano-3,4-dihydroxythiocinnamamide (Figure
4; I, II, and III, b) as compared with untreated control cells.

Inhibition of human neutrophil protein-tyrosine
phosphorylation

The ability of PAF, LTB4 and FMLP to stimulate tyrosine
phosphorylation in human neutrophils was investigated. As
seen by visual inspection of Figure 5 (a), unstimulated cells
contained tyrosine phosphorylated proteins, although agonist
stimulation caused an increase in the tyrosine phosphoryla-
tion of proteins of 41, 56, 66, and 104 kDa. Preincubation of
cells for 5 min with 0.2 mM a-cyano-3,4-dihydroxythiocinnam-
amide inhibited ligand-stimulated tyrosine phosphorylation
of the proteins that were tyrosine phosphorylated in response
to the agonists used. Tyrosine phosphorylation was reduced
by drug treatment to the base line level seen in control,
unstimulated neutrophils. A dose-dependent inhibition of
PAF-induced tyrosine phosphorylation was observed from

Figure 5 Inhibition of tyrosine phosphorylation in neutrophils
stimulated with PAF, leukotriene B4 (LTB4) and fMet-Leu-Phe
(FMLP) by a-cyano-3,4-dihydroxythiocinnamamide. Human neutro-
phils (107 cells ml-') in buffer containing Ca2" were preincubated
with 0.2 tmM o-cyano-3,4-dihydroxythiocinnamamide (DHC) for
5 min prior to the addition of agonists (1 JtM) at 37C for 1 min. Cell
extracts were separated by SDS-PAGE, transferred to nitrocellulose,
and probed with antiphosphotyrosine antibodies. (a) Effect of
various agonists and inhibition by a-cyano-3,4-dihydroxythiocinnam-
amide treated as indicated. (b) Dose response of inhibition of
PAF-induced protein-tyrosine phosphorylation of p41 by ot-cyano-
3,4-dihydroxythiocinnamamide. Cells were untreated (lane 1), treated
with I JLM PAF (lane 2), or pretreated with 4.16 [LM, 20.8 DiM, 41.6 pM
and 104 pM o-cyano-3,4-dihydroxythiocinnamamide (lanes 3-6)
prior to I JlM PAF treatment. Molecular mass markers (in kDa) are

shown to the right and molecular masses of tyrosine phosphorylated
substrates are shown on the left of the figure.

0-0.1 mM x-cyano-3,4-dihydroxythiocinnamamide (Figure
Sb). Complete inhibition of PAF-induced tyrosine phos-
phorylation was observed at l1 O g ml-' (42 LM) in com-

parison with unstimulated neutrophils.

Discussion

Tyrosine kinases and their substrates have been associated
primarily with growth factors and are believed to play impor-
tant roles in the onset of oncogenes (Heldin et al., 1987). We
have demonstrated protein tyrosine phosphorylation in
platelets in response to PAF and showed that a protein
tyrosine kinase inhibitor (erbstatin) can inhibit platelet
activation (Salari et al., 1990a). The effect of this inhibitor
was also investigated in neutrophils (Naccache et al., 1990).
Another tyrosine kinase inhibitor, genistein, was found to
inhibit PAF-induced rabbit platelet aggregation and PLC
activation at doses greater than 0.5 mM (Dhar et al., 1990).
Genistein was also found to inhibit human platelet responses
to stimulation with thromboxane A2 and collagen, but not
thrombin (Nakashima et al., 1991). In leukocytes, various
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forms of protein tyrosine kinases such as c-fgr (Gutkind &
Robbins, 1989), c-fes/fps (Smithgall et al., 1988), c-hck
(Ziegler et al., 1988) and c-src (Gee et al., 1986) have been
identified. The mechanism of stimulation of these kinases is
unknown. Recent work suggests that c-fgr in human neutro-
phils may be translocated from granules to the plasma mem-
brane upon degranulation (Gutkind & Robbins, 1989). In the
src gene family, evidence suggests that phosphorylation of
carboxy-terminal tyrosine residues may regulate their kinase
activities (Cooper et al., 1986). Pulido et al. (1989) reported
that a phosphotyrosine phosphatase is mobilized from specific
and/or tertiary granules to the plasma membrane fractions
when neutrophils are stimulated. In addition, protein tyrosine
kinase activity has been demonstrated in neutrophil cytosolic
and particulate fractions (Berkow et al., 1989; 1990).
Huang et al. (1990) reported that FMLP stimulated

tyrosine phosphorylation of several proteins with apparent
molecular masses of group A (54-58 kDa and 100- 125 kDa)
and group B (36-41 kDa) in rabbit neutrophils. In the
present study, we found that FMLP stimulated tyrosine
phosphorylation of 4 proteins of molecular masses of ap-
proximately 40.5, 56, 66 and 104 kDa. Similar phosphory-
lated proteins have been reported to be present in neutrophils
activated with PAF by other investigators (Gomez-
Cambronero et al., 1991). Also, similar but not identical
proteins were found to be phosporylated in human neutro-
phils stimulated with GM-CSF (Gomez-Cambronero et al.,
1989a) although GM-CSF also stimulates tyrosine phos-
phorylation of proteins of 78 and 92 kD that may be the
GM-CSF receptor (Gomez-Cambronero et al., 1989b). The
major human neutrophil tyrosine phosphorylated proteins as
a result of PAF stimulation were pp4l, pp66, pp54, pplO4
and pp 16 (Gomez-Cambronero et al., 1991).
By using inhibitors of protein tyrosine kinases or phos-

phatases, several investigators have suggested that tyrosine
phosphorylation may be a central process controlling neutro-
phil activation through receptor-mediated processes (Kraft &
Berkow, 1987; Grinstein et al., 1989). Although erbstatin was
able to inhibit superoxide production in human neutrophils
stimulated by FMLP (Naccache et al., 1990), this inhibitor
failed to inhibit elastase release and intracellular calcium
release. Since the inhibitor used in this study is more potent
than erbstatin, this may account for its ability to inhibit Ca2+
release. In addition, for erbstatin to inhibit 2- production,
it required at least 1 h of exposure for effective inhibition.
These data suggest that the action of erbstatin on 02 prod-
uction may not be specific and it is possible that erbstatin
was interfering with some other components of the superox-
ide generating system as well as tyrosine phosphorylation.
Several analogues of erbstatin have been synthesized (Isshiki
et al., 1987; Gazit et al., 1989) in an attempt to produce
selective, non-toxic and potent inhibitors of tyrosine kinases.
Another class of protein-tyrosine kinase inhibitors having a
cinnamamide structure was tested for their ability to inhibit
tyrosine kinase activity in response to growth factors. The
most potent of this class of compounds was reported to
inhibit EGF-dependent cell proliferation (Lyall et al., 1989)
with a Ki of 0.85 pM (Yaish et al., 1988), about six times
more potent than erbstatin (Imoto et al., 1987). In the pre-
sent study, the effect of a-cyano-3,4-dihydroxythiocinnam-
amide on human neutrophil responses was investigated. This
work stems from the observation that this inhibitor was the
most potent tyrosine kinase inhibitor as reported in a
previous study (Yaish et al., 1988).
We demonstrated in this paper that a-cyano-3,4-dihydroxy-

thiocinnamamide is capable of inhibiting agonist-induced
neutrophil activation. Responses such as O2- generation and

elastase release as well as components of intracellular signal-
ling pathways were inhibited. x-Cyano-3,4-dihydroxythio-
cinnamamide partially inhibited TPA and zymosan-induced
O2- generation when used at 0.2 mm (data not shown). To
elucidate the site of action of a-cyano-3,4-dihydroxy-
thiocinnamamide, a series of biochemical assays was used to
investigate the effect on calcium mobilization, polyphos-
phoinositide hydrolysis and PKC activation. It is well
documented that the increase in intracellular free calcium is
associated with agonist-induced neutrophil activation (Lew et
al., 1984; Korchak et al., 1984). The ability of a-cyano-3,4-
dihydroxythiocinnamamide to inhibit agonist-induced intra-
cellular Ca2+ accumulation suggests that the drug is acting by
inhibiting PLC, possibly the substrate for an activated tyrosine
kinase. The inhibition of Ca2+ release was inhibited by short
(5 min) preincubation with the drug and inhibition was rever-
sible. When the drug was washed from the neutrophils,
agonists were capable of inducing Ca2+ release from the
neutrophils suggesting that the drug did not cause cell toxi-
city. Since the agonist-induced rise in cytosolic free Ca2+ was
inhibited by a-cyano,3,4-dihydroxythiocinnamamide, other
parameters of neutrophil activation were analysed.
We discovered that the activities of PKC and PLC were

decreased by this drug suggesting that o-cyano-3,4-
dihydroxythiocinnamamide was probably acting at a signal
transduction process above or at the level of PLC. Therefore,
the inhibition of PKC is the consequence of inhibition of
DAG and IP3-induced Ca2+ generation from PIP2 hydrolysis,
and may not be the direct effect of the drug on this kinase. In
this study, PKC was activated in both the particulate and
cytosolic fractions, although a significant translocation of
PKC to the membrane fraction did not accompany PKC
stimulation. Since cytochalasin B was not present during
stimulation, this correlates with reports that cytochalasin B is
necessary for induction of particulate protein kinase activity
(Pike et al., 1986). PKC inhibition below baseline levels may
be due to a direct inhibitory effect on PKC as well as
inhibiting upstream signals. A nonspecific inhibition of signal
transduction processes may account for inhibition of all re-
sponses tested. A previous study correlates tyrosine phos-
phorylation and G-protein activation with the respiratory
burst, indicating that kinases other than PKC are involved in
this agonist-stimulated response (Nasmith et al., 1989). Our
results support the claim that tyrosine phosphorylation may
play an important role in neutrophil activation. The ability
of x-cyano-3,4-dihydroxythiocinnamamide to decrease PI
hydrolysis to baseline levels indicates that this inhibitor is
capable of decreasing neutrophil stimulated activity initiated
via PLC. a-Cyano-3,4-dihydroxythiocinnamamide pretreat-
ment of cells does not decrease PI hydrolysis below baseline
levels, suggesting that metabolism of unstimulated cells are
not affected by this inhibitor.

In conclusion, the present study demonstrates that an in-
crease in protein tyrosine phosphorylation in neutrophils in
response to chemotactic factors has an important role in
neutrophil activation and a-cyano-3,4-dihydroxythiocinnam-
amide can specifically inhibit neutrophil activation with
relevance to inflammatory reactions. In addition, we show
that a-cyano-3,4-dihydroxythiocinnamamide can inhibit neut-
rophil activation by interrupting tyrosine phosphorylation of
proteins that may have a key role in neutrophil function.
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Prevention of intimal thickening after endothelial removal by a

nonpeptide angiotensin II receptor antagonist, losartan
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1 The present experiments were designed to investigate the role of local angiotensin II receptors in the
myointimal proliferative response of the vascular wall after endothelial removal, by use of a novel,
nonpeptide, angiotensin II receptor antagonist, losartan.
2 When administered 1 week before endothelial removal from the rabbit carotid artery and then
continuously until animals were killed 6 weeks later, losartan in a dose of 10 mg kg-' daily, p.o. had no

significant effects on the carotid blood flow (CBF), mean arterial blood pressure (MBP) and heart rate
(HR).
3 A full endothelial lining with increased density of regenerated endothelial cells was observed 6 weeks
after the endothelial removal. These changes were unaffected by treatment with losartan.
4 Six weeks after endothelial removal, acetylcholine (ACh)- and adenosine diphosphate (ADP)-induced
relaxations were greatly reduced though endothelial cells had regenerated. The reduction of the relaxa-
tions to these agonists were significantly restored by chronic treatment with losartan. The endothelial-
independent, sodium nitroprusside (SNP)-induced relaxation remained unaffected in all groups.

5 There were no differences in the noradrenaline (NA)- and endothelin-1 (ET-l)-induced contractions
of the carotid artery strips between vehicle and losartan-treated groups. In contrast, the contractile
response of the strips to angiotensin II was significantly decreased in the losartan group, indicating the
specific antagonism by chronic losartan against the angiotensin II receptor.
6 Six weeks after endothelial removal, marked myointimal proliferation resulting from new accumula-
tion of proliferating smooth muscle cells and connective tissue was observed in the vehicle group.

Losartan treatment greatly suppressed the myointimal proliferative response.

7 These results suggest that the local angiotensin II receptors play a role in the myointimal pro-

liferative response of the vascular wall to removal of the endothelium.
Keywords: Intimal thickening; endothelial removal; nonpeptide angiotensin II receptor antagonist; losartan; endothelial-derived

relaxing factor (EDRF); regrowth of endothelial cells

Introduction

The mechanisms causing the myointimal proliferative res-
ponse of the vascular wall to removal of the endothelium are
complex and poorly understood, but initially quiescent
smooth muscle cells must be activated either directly by the
injury or indirectly by a variety of factors. Recently, Powell
et al. (1989) have reported that the local angiotensin system
may participate in modulating the proliferation of the vas-
cular wall after arterial injury, since inhibitors of angiotensin-
converting enzyme prevent the myointimal proliferation.
There has been evidence indicating that angiotensin-convert-
ing enzyme (Nakamura et al., 1988), angiotensinogen mRNA
(Cassis et al., 1988) and angiotensin II receptors (Penit et al.,
1983) are involved in the vascular wall.
On the other hand, we have demonstrated that the myoin-

timal proliferative response after endothelial removal may be
brought about partly by the decreased release/production of
the endothelium-derived relaxing factor (EDRF, Furchgott &
Zawadzki, 1980) by the regenerated endothelial cells (Azuma
et al., 1990). According to Garg & Hassid (1989), the endo-
genous EDRF (nitric oxide, Palmer et al., 1987) may func-
tion as an inhibitory modulator of vascular smooth muscle
cell mitogenesis and proliferation. In addition, EDRF is an
antiaggregating substance (Azuma et al., 1986b; Furlong et
al., 1987; Radomski et al., 1987) which may also modulate
the release of platelet-derived growth factor.
The present experiments were designed to investigate the

role of local angiotensin II receptors and endothelial cells in
the vascular response to endothelial removal by use of a
newly developed, orally active, nonpeptide angiotensin II
receptor antagonist, losartan (2-n-butyl-4-chloro-1-[(2'-(tetra-
zol-5-yl)- 1,1 '-biphenyl-4-yl)methyl]- 1H-imidazole-5-methanol,
potassium salt) (Chiu et al., 1990; Wong et al., 1990). The
agent was chronically administered p.o. to rabbits in which
the right carotid artery was subjected to removal of the
endothelium.

Methods

Animals

Japanese White male rabbits, 10 weeks of age, were used.
These rabbits were purchased at 8 weeks of age and housed
individually for 2 weeks before the experiments in a temper-
ature (23 ± 10C)- and humidity (50 + 20%)-controlled room
and were fed regular chow (CE-2, Japan Clea) throughout
the experimental periods.

Seventeen rabbits were divided randomly into two groups
consisting of 8 and 9. The body weight changes (Table 1) and
general behaviour of all rabbits before and after the endo-
thelial removal and during the administration of losartan
appeared to be normal.

Administration of losartan

Losartan was dissolved in distilled water at a concentration
of 0.05 mg ml-' and given as a drinking water in a dose of' Author for correspondence.
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10 mg 200 ml1' kg-' daily for 7 weeks (1 week before and 6
weeks after the endothelial removal). Losartan did not
influence drinking behaviour; 200 ml kg-' of water was
sufficient for intake of the drug and was completely con-
sumed in a day. Rabbits given distilled water without losar-
tan served as controls.

Endothelial removal of the carotid artery

Rabbits were anaesthetized with 25 mg kg-', i.v. of sodium
pentobarbitone. An arterial embolectomy catheter (12-040-
3F/40 cm/3F, American Edwards Laboratories, Santa Ana,
California, U.S.A.) was inserted into the right common caro-
tid artery through the incision made on the vessel wall, as
described elsewhere (Azuma et al., 1990). The intraluminal
surface of the artery was then gently rubbed by means of one
stroke of a balloon (filled with 0.15 ml air and approximately
2.5 mm in diameter) so as not to damage underlying smooth
muscle cells and other tissues. Complete denudation of the
endothelium was achieved throughout the common carotid
artery as assessed by the morphological examination (scann-
ing electron microscopy) of random controls (4 rabbits) at
2 h after the procedure. For the left carotid artery, a sham
operation without the balloon was carried out and the artery
of this side served as a control.

Measurement of carotid bloodflow (CBF), mean
arterial blood pressure (MBP) and heart rate (HR)

At 6 weeks after endothelial removal, rabbits were anaes-
thetized with sodium pentobarbitone (25 mg kg-', i.v.). After
a midline incision in the ventral cervical region, the common
carotid arteries of both sides were exposed; special care was
taken not to disturb the vascular wall and the CBF was
measured by means of a FR-015T probe (Nihon Kohden
Kogyo Co., Tokyo) and an electromagnetic flow meter (MFV-
1200, Nihon Kohden Kogyo Co.). In order to measure MBP,
the right femoral artery was exposed and cannulated with
polyethylene tubing filled with saline containing heparin. The
other end of the tubing was connected to a pressure trans-
ducer (TP-400T, Nihon Kohden Kogyo Co.). MBP was
recorded on a pen-writing oscillograph (CP-642G, Nihon
Kohden Kogyo Co.) via an amplifier (AP-620G, Nihon
Kohden Kogyo Co.). HR was measured with an ECG pulse
counter (AC-611G, Nihon Kohden Kogyo Co.) and bioelec-
tric amplifier (AB-620G, Nihon Kohden Kogyo Co.).

Organ chamber experiments

After measurement of CBF, MBP and HR, rabbits were
exsanguinated from the femoral arteries. The common caro-
tid arteries were rapidly excised and kept in modified Krebs
solution. After removal of fat and connective tissue, a 2-mm
wide transverse ring was cut off with a razor blade, and a
transverse strip was made and mounted vertically in an organ
bath containing 20 ml of modified Krebs solution contin-
uously bubbled with 95% 02 and 5% CO2 at 37°C. Special
care was taken to avoid unintentional rubbing of the intra-
luminal surface. Mechanical responses were measured
according to the method described previously (Azuma et al.,
1986a,b; 1989; 1990). The composition of modified Krebs
solution was as follows (mM): NaCl 115.0, KCl 4.7,
MgSO4-7H2O 1.2, CaCI2 2H20 2.5, KH2PO4 1.2, NaHCO3
25.0 and glucose 10.0. After 60 min of equilibration, 10-6 M
ACh was given to all strips during contraction caused by
106 M NA to test for the presence or absence of the func-
tional endothelial cells. After this, relaxations to ACh
(10-8-10-5 M), ADP (3 x 10-8-10-5 M) and sodium nitro-
prusside (SNP, 10-9-3 X 10-5 M) were examined during a
contraction caused by 106M NA as follows: In groups a
and c, responses of the control left and the previously
denuded right carotid arteries prepared from rabbits given
vehicle were tested, respectively. In groups b and d, responses

of the control left and the previously denuded right carotid
arteries prepared from rabbits given losartan were tested,
respectively. Relaxations caused by ACh, ADP and SNP
were given as a percentage of the 10-6 M NA-induced con-
traction. Contractions to NA (10 -93 x 10-M), ET-1
(10- 1'°3 x 108 M) and angiotensin II (10-1o 10-7 M) in
the quiescent left and the right carotid arteries prepared from
rabbits which had been treated with vehicle or losartan were
examined in different experiments. The Emax (the maximum
response) and ED50 (the concentration producing 50% of the
Emax) were obtained from the log concentration-response
curves.

Electron microscopy

Scanning electron microscopic examinations were performed
according to the methods described in a previous paper
(Azuma et al., 1990). The ultrastructure of the intraluminal
surface was observed by means of a scanning electron micro-
scope (ESM-3200, Elionix).

Light microscopy

Left and right carotid arteries were isolated and fixed in a
10% neutral solution of formaldehyde. The transverse speci-
men was embedded in paraffin after dehydration with etha-
nol. Thin sections were stained with haematoxylin-eosin
(HE), Elastica-Van Gieson method (Weigert, 1898) or Sudan
III for light microscopic analysis. The initimal thickness of
the cross-sections was evaluated by measuring the area of
intima and media on the picture at final magnification x 40
by means of a KP-90N planimeter (Uchida Co.). Results are
expressed as a percentage of intimal area to that of medial
one.

Chemicals

The following chemicals were used: acetylcholine chloride
(ACh, Ovisot for injection, Daiichi Pharmaceutical Co.),
indomethacin (Merck-Banyu), NG-nitro-L-arginine (L-NNA),
angiotensin II (human) and endothelin-1 (ET-1, human) (all
from Protein Research Foundation), (-)-noradrenaline bi-
tartrate (NA), adenosine 5'-diphosphate sodium salt (ADP),
methylene blue and sodium nitroprusside (SNP) (all from
Sigma), 2-n-butyl-4-chloro-l-[(2'-(tetrazol-5-yl)- ,1 '-biphenyl-
4-yl)methyl]-1H-imidazole-5-methanol, potassium salt (losar-
tan, generous gift from Banyu Pharmaceutical Co.), which is
a specific antagonist of angiotensin II receptors and is orally
active (Chiu et al., 1990; Wong et al., 1990). All chemicals
were dissolved in distilled water immediately before use
except for indomethacin and L-NNA which were dissolved in
dimethylsulphoxide (DMSO) and kept frozen at - 20°C until
use (10-2M stock solution). DMSO was present in a final
concentration of 0.5% in the experiments with these agents,
and this concentration had no effect on any parameters
tested.

Statistical analysis

All data are expressed as the mean ± s.e.mean. The statistical
significance between two means was determined by Student's
t test.

Results

Baseline data

Carotid blood flow (CBF) was not significantly different in
the control left and the previously denuded right carotid
arteries both in the vehicle- and the losartan-treated groups.
The chronic administration of losartan in a dose of 10 mg
kg-' daily for 7 weeks did not affect the CBF in the arteries
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of either sides. The mean arterial blood pressure (MBP) was
slightly lower (approximately 10 mmHg) in the losartan
group, but not significantly different from the vehicle group.
There was no difference in the heart rate (HR) between the
two groups. These results are shown in Table 1. Wong et al.
(1990) have reported that a bolus oral dosing at 1Omg kg-'
of losartan produced marked inhibition of the angiotensin II
pressor response in conscious normotensive rats, although it
did not alter basal MBP and HR.

Electron microscopic findings

In the sham-operated left carotid arteries from both groups,
scanning electron microscopy revealed that the endothelial
cells were regularly arranged parallel to the direction of the
blood stream. A representative micrograph is shown in
Figure la. Six weeks after endothelial removal, a full endo-
thelial lining on the intraluminal surface was observed in the
previously denuded right carotid arteries both in vehicle- and
losartan-treated groups. The shape, direction and type of
junctions of the regenerated endothelial cells were, however,
different from control arteries (Figure lb and c).
The cell density was determined by means of scanning

electron microscopy. Results are shown in Table 2. The
density of regenerated endothelial cells in the right carotid
artery was significantly increased compared with that of the
corresponding controls, and was unaffected by the adminis-
tration of losartan.

Influence of losartan on the relaxation responses

In the control left and the previously denuded right carotid
artery strips, 10-6 M ACh and 10-6 M ADP produced relaxa-
tion in arteries precontracted with 106 M NA. Relaxation
was abolished after deliberate denudation of the endothelial
cells (complete endothelial removal without damage of the
smooth muscle layer was confirmed morphologically), or
greatly reduced by pretreatment with 10-s M methylene blue
and 10-5 M L-NNA, an inhibitor of EDRF synthesis (Koba-
yashi & Hattori, 1990), but unaffected by 10-5 M indomethacin
(data not shown), indicating that the ACh- and ADP-induced
relaxations are mediated by EDRF (Furchgott & Zawadzki,
1980), but not by prostaglandin I2-
The concentration-dependent relaxation induced by ACh

in the control left carotid artery of the vehicle-treated group
did not significantly differ from that of losartan-treated
group (Figure 2). The Ema values were estimated to be
74.4 + 7.5% (n = 6) in the former and 81.8 ± 4.9% (n = 7) in
the latter. In the right carotid artery of the vehicle-treated
group 6 weeks after endothelial removal, the ACh-induced
relaxation was greatly reduced although endothelial cells had
regenerated. It should be noted that this reduced relaxation
was significantly restored toward the control level by the
chronic treatment with losartan. Similar results were obtain-
ed for ADP-induced relaxation (data not shown).

In contrast, the SNP-induced relaxation in arteries precon-
tracted with NA remained unaffected by chronic losartan

Figure 1 Scanning electron microscopic findings on the intraluminal
surface of rabbit carotid arteries. (a) Normal appearance of endo-
thelial cells in the sham-operated left carotid artery (vehicle group).
The endothelial cells were regularly arranged, parallel to the direc-
tion of the blood stream. (b) (Vehicle group) and (c) (losartan
group): 6 weeks after endothelial removal, the luminal surface was
entirely covered with the regenerated endothelial cells, which were
morphologically different from native ones and irregularly oriented.
Scale bar: 10 m.

Table 1 Baseline data on body weight (BW), carotid blood flow (CBF), mean arterial blood pressure (MBP) and heart rate (HR) of
rabbits

BW (kg) CBF (ml min-')
Treatment Jw before surgery 6w after surgery Control side Denuded side MBP (mmHg) HR (beats min-')

Vehicle 1.82 ± 0.08 (8)
Losartan 1.85 ± 0.08 (9)

2.61 ± 0.06 (6)
2.60 ± 0.05 (7)

23.9 ± 2.8 (6) 20.5 ± 2.3 (6) 114.7 ± 7.0 (6)
21.9 ± 1.0 (6) 21.2 ± 2.2 (6) 104.0 ± 3.4 (6)

Results are given as mean ± s.e.mean. Losartan was dissolved in distilled water and given as a drinking water at a dose of 10 mg
200 ml-' kg-' daily for 7 weeks (1 week before and 6 weeks after endothelial removal) (see text). Measurements of CBF, MBP and
HR were performed under sodium pentobarbitone anaesthesia 6 weeks after the endothelial removal (immediately before the rabbits
were killed) (see text). Figures in parentheses indicate the number of rabbits. In order to assess morphologically the completeness of
endothelial removal, 2 rabbits each in vehicle and losartan groups were killed 2 h after the operation at week 0.

276 ± 13 (5)
279 ± 26 (5)
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Table 2 Influence of losartan on regeneration of endo-
thelial cells

Vessel

Control
artery

Denuded
artery

0Number of endothelial cells
Treatment ( x 103 mm,2)

Vehicle
Losartan
Vehicle
Losartan

8.5 ±0.7 (5)1
8.1 ± 0.8 (7) *
12.5+0.2 (5)

+12.0±0.5 (5)

Number of endothelial cells was determined by means of
scanning electron microscopy 6 weeks after removal of
endothelium from the rabbit carotid artery (see text). Six
weeks after the endothelial removal, the luminal surface was
entirely covered with regenerated endothelium. Results are
given as mean ± s.e.mean.
*P <0.01 and **P< 0.005. Figures in parentheses indicate
the number of rabbits.

treatment both in the control left and the previously denuded
right carotid arteries (Figure 3).

Influence of losartan on contractile responses

In the control left carotid artery and the previously denuded
right carotid artery, NA, ET-1 and angiotensin II produced a
concentration-dependent contraction. The concentration-
response curves and contraction parameters (Em.X and ED50)
for each agonist, and influence of losartan administration are
shown in Figure 4 and Table 3. As can be seen in Figure 4,
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Figure 3 Comparison of endothelium-independent relaxation res-
ponse of control left (A, A) and the prevously denuded right carotid
arteries (0, @) to sodium nitroprusside between vehicle (open sym-
bols) and losartan (closed symbols) groups. Each point represents the
mean of 5 to 7 experiments. Relaxation is given as a percentage
(percent relaxation) of the 10-6 M noradrenaline-induced contraction.

there were no differences in the NA- and ET- 1-induced con-
tractions of the previously denuded right carotid arteries
between vehicle and losartan groups. In contrast, the con-
tractile response of the strips to angiotensin II was signi-
ficantly decreased in the losartan group.

Acetylcholine (-log M)
9 8 7 6 5

0

c
0

x 50
a)

>Control

(N) Control

(N) Losartan

100 L

Figure 2 Comparison of endothelium-dependent relaxation response of control left (N) and previously denuded right (D) carotid
arteries to acetylcholine between vehicle and losartan groups. Each point represents the mean of 6 to 7 experiments. Vertical bars
show s.e.mean. Significant difference at *P< 0.05 and **P< 0.01 vs. the corresponding value in the denuded right carotid artery of
vehicle group. Relaxation is given as a percentage (percent relaxation) of the 10-6M noradrenaline-induced contraction.

Table 3 Comparison of the contractile responses of control and denuded carotid artery strips to noradrenaline, endothelin-1 and
angiotensin II in vehicle and losartan-treated groups

Noradrenaline
Emax (mg) ED50 (x 10-8M)

Endothelin-l
Emax (mg) ED50 (x 10-9M)

Angiotensin II
Emax (mg) ED50 (x 10-9 M)

Control Vehicle
artery Losartan

Denuded Vehicle
artery Losartan

821 ±43 (5)*
864 ± 97 (7) *
1108±75 (5)
1013 ± 102 (6)

Results are given as mean ± s.e.mean. The Emax (maximum response) and ED50 (concentration to produce 50% of Ema) values were

obtained from concentration-response curves. Figures in parentheses indicate the number of rabbits. Losartan was dissolved in distilled
water and given as a drinking water at a concentration of 10 mg 200 ml' kg-' daily for 7 weeks (1 week before and 6 weeks after
endothelial removal) (see text). Rabbits were killed 6 weeks after the operation and carotid artery strips were prepared to analyze the
mechanical responses (see text).
*P<0.05; **P< 0.01 and ***P <0.005, respectively.

Vessel Treatment

2.3 ±0.1 (5)
2.0 ± 0.2 (7)
3.6± 0.8 (5)
2.4 ± 0.2 (5)

622 ± 26 (5)
586 ± 89 (7)
645 ± 34 (6)
649 ± 97 (7)

1.8±0.2 (5)
1.5±0.1 (7)
2.0 ± 0.3 (6)
1.8 ±0.2 (7)

y308 + 15 (5)q
* 109±36(7) *

+450±64 (6)q*
181 ± 53 (7) #*

2.0 ± 0.4 (5)
2.8 ± 1.2 (5)
2.5±0.4 (6)
3.2 ± 0.5 (5)
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The Emax values for NA, ET- 1 and angiotensin II were
significantly higher or tended to be higher in the previously
denuded right carotid artery strips than those values in the
corresponding controls. The ED50 values, however, remained
unchanged in all groups (Table 3).

Histologicalfindings

In the sham-operated left carotid artery of the vehicle and
the losartan groups, no noticiable changes could be detected
(Figure 5a). Six weeks after endothelial removal, marked
myointimal proliferative response resulting from new accu-
mulation of proliferating smooth muscle cells and connective
tissue was observed in the vehicle group (Figure 5b and
Table 4). Losartan significantly suppressed the myointimal
proliferative response to ballooning (Figure 5c and Table 4).
The decreased amount of neointima appeared to reflect a
reduction in all components of the intimal thickening, with
fewer smooth muscle cells and less matrix formation (Figure
5c).

Discussion

Six weeks after removal of the endothelium from the rabbit
carotid artery, the endothelial lining was reestablished with
significantly increased density of the regenerated endothelial
cells. Significant impairment of the endothelium-dependent
relaxation was accompanied by myointimal proliferation. All
these findings were similar to those in our previous paper

100 r

c
0

0co

- 50
cJ0
C.)

0L
9 8 7 6

Concentration (-log M)

Figure 4 Comparison of contractile responses of the previously
denuded right carotid artery to noradrenaline (0, 0), endothelin-l
(A, A) and angiotensin 11(0, U) between vehicle- (open symbols)
and losartan-treated (closed symbols) groups. Each point represents
the mean of 6 to 7 experiments. Significant difference at *P<0.05
and **P<0.01, respectively vs. corresponding controls. The max-

imum contraction (Emax) to 3 x 10-5 M noradrenaline was taken as

100% and determined to be 1108 ± 75 mg (n = 6) in the vehicle
group and 1013 ± 102 mg (n = 7) in the losartan group.

Table 4 Influence of losartan on myointimal proliferative
response to endothelial removal of right carotid artery

Treatment Intima/Media (%)

Vehicle
Losartan

59.4 ± 5.9 (6)
24.9 ± 3.7 (7)***

Results are given as mean ± s.e.mean. Figures in paren-
theses indicate the number of rabbits. Intima/Media (%) in
the sham-operated left carotid artery was estimated to be
4.7±0.4 (n=6).
Significantly different from vehicle group at ***P<0.005.

Figure 5 Light microscopic findings in rabbit carotid arteries. (a)
Almost normal appearance of the cross-section of control left carotid
artery (vehicle group). HE-staining ( x 40). (b) Six weeks after endo-
thelial removal, myointimal proliferation resulting from new accumu-
lation of smooth muscle cells and connective tissue, and a slight
accumulation of lipid can be observed. Sudan III -staining ( x 40).
(c) Less myointimal proliferation can be observed in losartan-treated
group. Elastica-Van Gieson-staining ( x 40).

(Azuma et al., 1990). The exact level at which the impairment
occurs is not known. It has been suggested that the site of
the impairment occurs beyond the level of the receptors
(Azuma et al., 1990; Flavahan & Vanhoutte, 1990), but may
also be due to reduction in the synthesis/release of EDRF by
the regenerated endothelial cells and that the capacity to
synthesize/release EDRF per cell greatly reduces, since the
cell density had significantly increased over the normal
(Azuma et al., 1990). In addition, it is well established that
EDRF is an anti-aggregating substance (Azuma et al., 1986b;
Furlong et al., 1987; Radomski et al., 1987) and it has been
suggested by Garg & Hassid (1989) that endogenous EDRF
(NO, Palmer et al., 1987) may act as an inhibitory modulator
of vascular smooth muscle cell mitogenesis and proliferation.
These findings support the hypothesis that the injury or
dysfunction of endothelial cells, together with resultant
platelet aggregation and release of platelet products, is one of
the important mechanisms of myointimal proliferative res-
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ponse (Schwartz et al., 1981; Ross, 1986).
Thus, the suppression of the myointimal proliferation with

losartan may be partly due to the preservation of the endo-
thelial function in the release/action of EDRF with this
agent, because the reduced endothelium-dependent relaxa-
tions induced by ACh and ADP were significantly restored
by chronic treatment with losartan (Figure 2).

Although, in the vehicle-treated group as well as in the
losartan-treated one, the contractility to NA and ET-l and
the endothelium-independent relaxation to SNP remained
unaltered (Table 3 and Figure 3), the exogenously applied
angiotensin II-induced contraction was greatly reduced in the
losartan group, indicating the specific antagonism with
chronic losartan against the angiotensin II receptor. The Emax
values for NA, ET-1 and angiotensin II were significantly
higher or tended to be higher in the previously denuded right
carotid artery strips without change in ED50 values (Table 3).
We have some evidence indicating that the hyperreactivity of
the thickened carotid artery may be due to the increased and
sustained phosphorylation of the myosin light chain in the
neointima. These results will be published elsewhere.

Studies with cell cultures have generally failed to support
the hypothesis that angiotensin II is a smooth muscle cell
mitogen. However, the in vitro data do not rule out an in vivo
mitogenic effect for angiotensin II (Emmet & Harris-Hooker,
1986; Geisterfer et al., 1988; Lyall et al., 1988; Taubman et
al., 1989). Daemen et al. (1991) have shown that the mito-
genic effect of angiotensin II in vivo may be an indirect result
of activating the adrenergic nervous system (Luft et al.,
1989), since the al-adrenoceptor agonists can directly stimu-
late smooth muscle cells in vivo to transcribe the mRNA of
the platelet-derived growth factor A-chain (PDGF-A) gene, a
possible endogenous paracrine growth factor (Majeski et al.,

1990). It has also been demonstrated that angiotensin II
increases the induction of ET mRNA expression and synthe-
sis of functional ET peptide in cultured human vascular
smooth muscle cells and these effects of angiotensin II are
blocked by a specific receptor antagonist, [Sar',Ala8]-angio-
tensin II (Resink et al., 1990). ET is a potent mitogen and
may play a potential role in the development of vascular
diseases (Hirata et al., 1989). Thus losartan may prevent the
myointimal proliferative response through blocking angioten-
sin II receptors which mediate direct and indirect mitogenic
effects of angiotensin II. In support of this hypothesis, Powell
et al. (1989) have provided evidence showing that inhibitors
of angiotensin-converting enzyme prevent the myointimal
proliferation after vascular injury. Therefore, the present
observations, taken together with observations demonstrating
angiotensin-converting enzyme (Nakamura et al., 1988),
angiotensinogen mRNA (Cassis et al., 1988) and angiotensin
II receptors (Penit et al., 1983) in the vascular wall, lead us to
suggest that local angiotensin II receptors may play a role in
the myointimal proliferative response of the vascular wall to
endothelial removal.

In conclusion, the nonpeptide and specific angiotensin II
receptor antagonist, losartan, may be a useful tool for inves-
tigation of the mechanisms of myointimal thickening after
endothelial removal and may have therapeutic applications in
preventing the proliferative response occurring after coronary
angioplasty and vascular surgery.
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Characterization of muscarinic receptors that mediate
contraction of guinea-pig isolated trachea to choline esters:
effect of removing epithelium

'Keith J. Morrison & Paul M. Vanhoutte

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

1 The muscarinic receptor subtype that mediates contraction of guinea-pig trachea, in the presence and
absence of epithelium, to acetic and carbamic acid choline esters was determined by use of preferential
muscarinic receptor antagonists: pirenzepine (M, receptor), methoctramine (M2 receptor) and 4-
diphenylacetoxy-N-methylpiperidine (4-DAMP) (M3 receptor).
2 Acetylcholine (ACh), methacholine (MeCh), carbachol (CCh), bethanechol (BeCh) and oxotremorine
induced concentration-dependent contraction of guinea-pig isolated tracheal strips in the presence and
absence of epithelium. Contraction to acetic choline esters (ACh and MeCh) was augmented by removal
of the epithelium, whereas contraction to carbamic acid choline esters (CCh and BeCh) and oxo-

tremorine was not influenced by removal of the epithelium.
3 Pirenzepine, methoctramine and 4-DAMP caused parallel rightward displacements of the concen-

tration-contraction curves to the muscarinic agonists. The pA2 values (determined from Arunlakshana-
Schild graphs) for pirenzepine and 4-DAMP in guinea-pig trachea in the presence of epithelium were:

ACh as the agonist, 7.6 and 9.0, respectively; CCh as the agonist, 7.6 and 9.1, respectively. The apparent

pKB values for methoctramine with the same system were: ACh as the agonist, 5.6; CCh as the agonist,
5.6. Similar values were obtained with MeCh, BeCh and oxotremorine as the agonists. These values
were agonist- and epithelium-independent.
4 It is concluded from the pA2 and apparent pKB values obtained for the muscarinic receptor
antagonists used in this study that contraction of guinea-pig isolated trachea, with and without
epithelium, to both acetic and carbamic acid choline esters is mediated via the muscarinic M3 receptor
subtype. Differential contractile responses of guinea-pig trachea to acetic and carbamic acid choline
esters upon the mechanical removal of the epithelium may not be explained by activation of different
muscarinic receptor subtypes by these agonists.

Keywords: Trachea; choline esters; epithelium; muscarinic receptors

Introduction

The responsiveness of airway smooth muscle preparations to
various stimuli in vitro, may be modulated by the presence of
a functional epithelium (Barnes et al., 1985; Flavahan et al.,
1985; for reviews see Fedan et al., 1988; Goldie et al., 1990;
Morrison et al., 1990). Contraction of guinea-pig trachea to
acetic choline esters, e.g. acetylcholine (ACh), which is
the endogenous cholinergic transmitter, and methacholine
(MeCh), but not to the carbamic acid derivatives, e.g. car-

bachol (CCh) and bethanechol (BeCh), is augmented by the
mechanical removal of the epithelium (Goldie et al., 1986;
Hay et al., 1986; Holroyde, 1986; Tschirhart et al., 1987;
Small et al., 1990). This has suggested that acetic, but not
carbamic acid choline esters, may stimulate the release of
epithelium-derived relaxing factor (s) (EpDRF (s)) that de-
press tracheal tone (Goldie et al., 1990). However, both ACh
and CCh stimulate the release of a substance (s) from
tracheal epithelium that relaxes vascular smooth muscle in
the co-axial bioassay preparation (Ilhan & Sahin, 1986; Fer-
nandes & Goldie, 1990). Furthermore, contraction of guinea-
pig tracheal strips, denuded of epithelium, to CCh is
diminished when this tissue is surrounded by an intact
tracheal segment (Guc et al., 1988a). Therefore, the
differential contractile responses of guinea-pig trachea, in the
presence and absence of epithelium, to acetic and carbamic
acid choline esters may be due to a mechanism (s) other than
differences in the abilities of these cholinoceptor agonists to
stimulate the release of a relaxing substance (s) from the
epithelium.

I Author for correspondence.

Choline esters induce contraction of the guinea-pig trachea
and the release of a relaxing substance (s) from the epi-
thelium via the stimulation of muscarinic receptors since
these responses are sensitive to atropine (Eglen & Whiting,
1988; Guc et al., 1988b; Fernandes et al., 1989). Muscarinic
receptors have been classified, from functional studies, into
three major subtypes which are present in the airways: MI,
M2 and M3 receptors (Barnes et al., 1988). Both Ml and M2
muscarinic receptors may be involved in the epithelial control
of smooth muscle tone in response to cholinoceptor agonists
in the rabbit trachea (Lev et al., 1990). The aim of the
present study was to determine the role of muscarinic recep-
tors in the modulation of smooth muscle reactivity to choline
esters by the epithelium in guinea-pig trachea. This study
used preferential receptor antagonists to characterize the
muscarinic receptor subtypes in this preparation.

Methods

Preparation of tracheal strips

Male, Hartley guinea-pigs (350-500 g) were anaesthetized
with sodium pentobarbitone (60mgkg-', i.p.) and killed by
exsanguination. The trachea was excised and placed in cold
physiological salt solution of the following composition
(mM): NaCl 11 8.3, KCl 4.7, CaC122.5, MgSO41.2, KH2PO4
1.2, NaHCO3 25.0, calcium disodium edetate 0.026, and
glucose 11.1 Fat and connective tissue were cleaned from the
trachea and paired rings (2 cartilage rings wide) were pre-
pared. In one ring of each pair, the epithelium was removed

I'--I Macmillan Press Ltd, 1992
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by inserting the tips of a watchmaker's forceps into the
lumen and rolling the tissue gently over a saline-soaked filter
paper. Transverse strips were then prepared from each ring
by making a longitudinal cut along the ventral surface of the
cartilage. The successful removal of the epithelium was
confirmed by histological examination of the luminal surfaces
of the tissues at the end of preliminary experiments (e.g.
Flavahan et al., 1988). Tracheal strips were suspended
between two stainless steel wire hooks, under a resting load
of 500 mg (e.g. Tucker et al., 1990), in organ chambers
containing 25 ml of physiological salt solution, maintained at
370C, and gassed with a mixture of 95% 02:5% CO2
(pH 7.4). Tissues were connected to a strain gauge (Statham
Gould UC2) for recording isometric tension and allowed to
equilibrate for 45 min with regular washing before the start
of experiments.

Materials

The following drugs were used: acetylcholine chloride; acetyl-
a-methyl choline chloride (methacholine); carbamylcholine
chloride (carbachol); carbamyl-13-methylcholine chloride
(bethanechol); eserine sulphate (physostigmine); indo-
methacin; oxotremorine sesquifumarate and pirenzepine
dihydrochloride (Sigma Chemical Company, St Louis, MO,
U.S.A.); hexamethonium bromide (K & K Laboratories,
Incorporated, Plainview, NY, U.S.A.); 4-diphenylacetoxy-N-
methylpiperidine methiodide (4-DAMP) and methoctramine
4-hydrochloride (Research Biochemicals Incorporated,
Natick, MA, U.S.A.). Most drugs were prepared daily in
distilled water, kept on ice and added to organ chambers in
volumes not exceeding 250 fl. Indomethacin was prepared
with an equimolar concentration of Na2CO3. Concentrations
of drugs were expressed as the final organ chamber concent-
rations (M).

Experimental protocol

All experiments were conducted in the presence of physostig-
mine (0.1 JIM; an inhibitor of acetylcholinesterase) and hexa-
methonium (1 mM; a ganglionic nicotinic receptor antagonist).
Tissues, with and without epithelium, were contracted with
ACh (100 jIM), followed by a washout period of 30 min.
Absolute contraction to ACh was not affected significantly
by removal of the epithelium (e.g. with epithelium: 483.3
± 35.3 mg; without epithelium: 440.0 ± 42.5 mg; n = 6). Sub-
sequent contraction to agonists was expressed as a percent of
the contraction to ACh (100 JIM) since this concentration of
ACh was equi-effective in the presence or absence of epi-
thelium. Tracheal strips were then incubated with either
pirenzepine (0.03-1 jiM), methoctramine (3 and 30 JIM), or
4-DAMP (1-30 nM) for 30 min. Control and treated tissues
were studied in parallel. Cumulative concentration-response
curves for ACh, CCh, MeCh (0.01-100 JM), BeCh (0.01
JM-1 mM) and oxotremorine (1 nM-30JM) were then ob-
tained. One concentration-response curve was obtained from
each tissue.
pA2 values (estimates of the equilibrium dissociation con-

stants) for pirenzepine and 4-DAMP were determined from
graphs of log concentration-ratios minus 1 (CR-1) versus log
concentration of antagonist (Arunlakshana & Schild, 1959).
The concentration-ratio is defined as the concentration of
agonist required to induce a 50% maximal contraction (EC50)
in the presence of the antagonist, divided by the agonist EC50
value in the absence of antagonist. The slopes and intercepts
on the abscissae of the Arunlakshana-Schild graphs were
determined by linear regression (Statview II, Berkeley, CA,
U.S.A.). Since only 2 concentrations of methoctramine were
used, pA2 values for this antagonist could not be determined
from Arunlakshana-Schild graphs. Apparent pKB values (equi-
valent to the negative logarithm of the dissociation constant)
for methoctramine at each concentration were calculated by
single point analysis using the formulae:

Concentration of methoctramine
KB =

Concentration ratio- 1

pKB = - logKB
(Furchgott, 1972)

Analysis of data

Results are expressed as mean ± s.e.mean. All n values refer
to the number of animals. For single comparisons within or
between groups, Student's paired or unpaired t test was used.
For multiple comparisons between groups, one-way analysis
of variance was used and where significance was indicated,
Scheffe's test (Scheffe, 1959) was applied. Statistical
significance was accepted at P values of less than 0.05.

Results

ACh, MeCh, CCh (0.01-100JM), BeCh (0.01 M-1 mM)
and oxotremorine (1 nM-30JM) induced concentration-
dependent contraction of guinea-pig tracheal strips. Contrac-
tion induced by ACh (Figure la) and MeCh was augmented
by removal of the epithelium whereas contraction to CCh
(Figure lb), BeCh and oxotremorine was not influenced by
the presence or absence of the epithelium (Table 1). The
maximal responses to each agonist, in the presence and
absence of epithelium, were not significantly different (Table
1).
Indomethacin (5 JIM) caused a small, leftward and parallel

displacement of the concentration-response curves for ACh
and CCh both in the presence and absence of epithelium.
There was no significant change in the maximal responses
induced by these agonists. Indomethacin did not abolish the
augmentation of contraction to ACh upon denudation of the
epithelium (Table 1).

Pirenzepine (0.03-1 JM), methoctramine (3 and 30 JIM),
and 4-DAMP (1-30 nM) caused parallel rightward displace-
ments of the concentration-response curves (at the linear
portion of the curves) to ACh, MeCh, CCh, BeCh and
oxotremorine with no significant changes in the maximal
contraction of the tissues, both in the presence and absence
of epithelium. The effects of 4-DAMP on contraction in-
duced by ACh or CCh, in the presence and absence of
epithelium, are shown in Figures 2 and 3, respectively. 4-
DAMP caused concentration-dependent parallel rightward
displacements of the concentration-response curves for ACh
and CCh. The concentration-ratio shifts (CR) induced by
4-DAMP (1 nM, 10 nM and 30 nM) were, respectively: ACh
as the agonist, 2, 8 and 20 with epithelium and 2, 14 and 22
without epithelium; CCh as the agonist, 2, 10 and 19 with
epithelium and 2, 7 and 16 without epithelium.
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Figure 1 Concentration-response curves for acetylcholine (ACh, a)
and carbachol (b) in guinea-pig trachea in the presence (0) and
absence (-) of epithelium. Results are shown as mean values (with
s.e.mean indicated by vertical bars) and are expressed as a percent-
age of the contraction to ACh (1001iM). n = 6.
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Table 1 Responses of guinea-pig trachea to muscarinic agonists

- log M EC50
with without

Agonist epithelium epithelium

ACh
ACh +
indomethacin
MeCh
CCh
CCh +
indomethacin
BeCh
Oxotremorine

6.61 ± 0.05
6.88 ± 0.05

6.49 ± 0.04
6.38 ± 0.05
6.55 ± 0.09

5.05 ± 0.15
6.85 ± 0.06

Maximal response
with without

epithelium epithelium

7.04 ± 0.06* 109.2 ± 4.7
7.17 ± 0.05* 105.8 ± 3.3

6.75 ± 0.05*
6.41 ± 0.07
6.76 ± 0.06

5.09 ± 0.12
6.91 ± 0.03

98.3 ± 5.2
97.0 ± 7.1
129.8 ± 12.6

106.3 ± 6.1
102.5 ± 7.3

110± 6.2
120.5 ± 10.6

96.3 ± 6.3
94.0 ± 4.5
118.3 ± 8.8

113.9 ± 7.5
97.9 ± 7.1

Results are expressed as mean ± s.e.mean. n = 5-6. ACh: acetylcholine; MeCh: methacholine; CCh: carbachol; BeCh: bethanechol.
*Values are significantly different from tissues with epithelium.
Maximal response is expressed as percentage of the contraction to ACh (100ILM).

5 -4 -3 -9 -8 -7 -6 -5 -4
Acetylcholine (log M)

Figure 2 Effect of 4-diphenylacetoxy-N-methylpiperidine (4-DAMP,
1-30 nM) on contraction to acetylcholine (ACh) in guinea-pig tra-
chea in the presence (a) and absence (b) of epithelium. Responses of
control tissues (0) and effects of 4-DAMP 1 nM (M), 10 nM (0),
and 30 nM (M) are shown. Results are shown as mean values and are
expressed as a percentage of the contraction to ACh (100 pM). Error
bars (s.e.mean) are omitted for clarity but did not exceed 10%.
n = 5.

-8 -7 -6 -5 -4 -3 -9 -8 -7 -6 -5 -4 -I
Carbachol (log M)

Table 2 Summary of pA2 values for muscarinic antagonists
in guinea-pig trachea

Agonist

Acetylcholine
with epithelium

without
epithelium
Methacholine
with epithelium

without
epithelium
Carbachol
with epithelium

without
epithelium
Bethanechol
with epithelium

without
epithelium
Oxotremorine
with epithelium

without
epithelium

Antagonist
Pirenzepine 4-DAMP

7.6 ± 0.09 (0.84) 9.0 0.06 (0.80)

7.5 ± 0.08 (0.83) 9.0 ± 0.05 (0.90)

7.4 ± 0.07 (0.84) 8.8 ± 0.05 (0.98)

7.5 ± 0.06 (0.91) 9.0 ± 0.08 (0.89)

7.6 ± 0.05 (0.91) 9.1 ± 0.06 (0.89)

7.6 0.10 (0.80) 9.1 0.07 (0.79)

7.4 ± 0.06 (0.77) 8.9 ± 0.05 (0.90)

7.6 ± 0.09 (1.18) 8.8 ± 0.07 (0.88)

7.7 ± 0.07 (0.97) 8.9 ± 0.04 (0.88)

7.8 ± 0.04 (0.75) 9.0 ± 0.03 (0.80)

Results are shown as mean ± s.e.mean. n = 4-6. 4-DAMP:
4-diphenylacetoxy-N-methylpiperidine.
Values in parentheses are the slopes of the Arunlakshana-
Schild graphs, and are not significantly different from unity.

Discussion

Figure 3 Effect of 4-diphenylacetoxy-N-methylpiperidine (4-DAMP,
1-30 nM) on contraction to carbachol in guinea-pig trachea in the
presence (a) and absence (b) of epithelium. Responses of control
tissues (0) and effects of 4-DAMP 1 nM (M), 10 nM (0), and 30 nM
(-) are shown. Results are shown as mean values and are expressed
as a percentage of the contraction to ACh (100 gM). Error bars
(s.e.mean) are omitted for clarity but did not exceed 10%. n = 5.

The pA2 values for pirenzepine and 4-DAMP (Table 2)
and the apparent pKB values for methoctramine (Table 3) did
not differ significantly with the muscarinic agonist chosen for
study, nor by removal of the epithelium. The values of log
(CR - 1) plotted on the Arunlakshana-Schild graphs for 4-
DAMP versus ACh or CCh, in the presence and absence of
epithelium, were not significantly different (Figure 4). Fur-
thermore, the slopes of the Arunlakshana-Schild plots for
pirenzepine and 4-DAMP versus each agonist did not differ
significantly from unity (Table 2).

This study used preferential muscarinic receptor antagonists
to characterize the muscarinic receptor subtypes that mediate
contraction of guinea-pig tracheal strips to acetic and car-
bamic acid choline esters in the presence and absence of
epithelium.

In guinea-pig trachea, muscarinic M3 receptors are located
on the smooth muscle cells (Mak & Barnes, 1990). However,
muscarinic receptors may also be present on epithelial cells
since atropine prevents the release of a relaxing substance (s)
from the epithelium in response to choline esters in the
co-axial bioassay assembly (Ilhan & Sahin, 1986; Guc et al.,
1988b; Fernandes et al., 1989).
Contraction of tracheal strips to the cholinergic transmit-

ter, ACh and its methyl derivative, MeCh, was augmented by
removal of the epithelium. However, contraction to the car-
bamic acid choline esters CCh and BeCh, was not altered by
the presence of the epithelium. This confirms previous
findings and demonstrates that contraction of guinea-pig tra-
chea to acetic, but not carbamic acid choline esters is
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Table 3 Summary of apparent
methoctramine in guinea-pig trachea

Agonist

ACh
with epithelium
without
epithelium
MeCh
with epithelium

without
epithelium
CCh
with epithelium

without
epithelium
BeCh
with epithelium

without
epithelium
Oxotremorine
with epithelium

without
epithelium

ACh: acetylcholine;
BeCh: bethanechol.

pIKE

pKB
methoctramine

3 pM

5.5 ± 0.12

5.2 ± 0.11

4.9 ± 0.11

5.0 ± 0.14

5.7 ± 0.08

5.6 ± 0.04

5.8 ± 0.05

5.6 ± 0.04

5.7 ± 0.03

5.5 ± 0.06

MeCh: methacholine; C

Results are shown as - log M

± s.e.mean. n = 4-6.
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Figure 4 Arunlakshana-Schild graphs for
methylpiperidine (4-DAMP) versus acetylcholi
(b) in guinea-pig trachea in the presence (0)
epithelium. Results are shown as mean with s
vertical bars. n = 5.

modulated by the presence of a functional
et al., 1986; Hay et al., 1986; Holroyde I
al., 1987; Small et al., 1990).

Pirenzepine, methoctramine and 4-DAM
tration-dependent parallel rightward dis]
concentration-contraction curves for en
agonist that was studied, suggesting comi

at the muscarinic receptors. This is emph
that: (a) the slopes of the Arunlakshana
pirenzepine and 4-DAMP were not sig
from unity (Arunlakshana & Schild, 1'
apparent pKB values for methoctramine we
different from each other at the two cl
(Kenakin, 1984). The pA2 values obtain!
and 4-DAMP, and the apparent pKB va

methoctramine are consistent with musca
mediating contraction of guinea-pig trache
in the presence and absence of epithelium
1988). The apparent affinities of the recep
muscarinic receptors were not influenced
tor agonist chosen for study. Furtherm
values were not altered significantly b

epithelium. It appears from these results,
traction of guinea-pig trachea in the prese
epithelium in response to acetic and car]
esters and oxotremorine is mediated via m

B values for tors. This is consistent with other findings (Eglen et al.,
1991).

pKB The augmentation of contraction of airway smooth muscle
methoKtramine preparations to various agonists upon removal of the epi-

30mam thelium has suggested that it is stimulated release of a non-
prostanoid EpDRF (s) that depresses muscle tone (Barnes et

5.7 ± 0.10 al., 1985; Flavahan et al., 1985). The evaluation of antagonist
potency in the present experiments was conducted in the

5.2 0.12 absence of indomethacin and therefore, the involvement of
epithelium-derived relaxant prostanoids in the modulation of

5.3 ± 0.07 smooth muscle tone cannot be excluded. The effect of remov-

5.5 + 0.05 ing the epithelium on contraction to ACh may be mimicked
± 0.05 by indomethacin in intact guinea-pig tracheal strips (Hay et

5.6 ± 0.06 al., 1986). Also, indomethacin can impair the augmentation
of contraction to acetic choline esters in this preparation

5.4± 0.06 (Eglen et al., 1991). In contrast, several studies have demon-
strated that augmentation of contraction of guinea-pig tra-

5.5 ± 0.06 chea to ACh and MCh upon removal of the epithelium is not

5+40.06 impaired by indomethacin (e.g. Holroyde, 1986; Murlas,
5.4 ± 0.06 1986). Furthermore, in the present study, inhibition of cyclo-

5.7 0.04 oxygenase by indomethacin caused a small parallel leftward
displacement of the concentration-response curves to both

5.6 0.03 ACh and CCh in the presence and absence of epithelium.
However, the augmentation of contraction to ACh upon
denudation of the epithelium was not inhibited by indo-

Ch: carbachol; methacin. These results suggest that the putative EpDRF(s)
may not be a prostanoid. The release of EpDRF(s) from the

ressed as mean same tissue induced by muscarinic receptor agonists in the
co-axial bioassay system is insensitive to indomethacin (Guc
et al., 1988b; Fernandes et al., 1989; Eglen et al., 1991).
Although the release of prostanoid and non-prostanoid epi-
thelium-derived relaxing substances was not measured in this
study, the results obtained are consistent with the proposal
that the release of EpDRF(s) induced by both acetic and
carbamic acid choline esters from the epithelium of guinea-
pig trachea is mediated via muscarinic M3 receptors (Eglen et

al., 1991). However, it must be recognised that the relaxing
substance (s) that is detected in the co-axial bioassay assem-

bly, may be distinct from the putative EpDRF(s) that may
-9 -8 -7 modulate airway smooth muscle tone (Goldie et al., 1990).

Failure to observe a modulatory effect of the epithelium on

4-diphenylacetoxy-N- contraction to carbamic acid choline esters in tracheal strips
ine (a) or carbachol, suspended in conventional organ chambers does not imply
and absence (0) of that CCh cannot stimulate the release of EpDRF(s). CCh
,.e.mean indicated by may induce the release of EpDRF(s) that is detected by

tracheal strips denuded of epithelium in the co-axial bioassay
preparation (Guc et al., 1988a).

epithelium (Goldie The differential contractile responses of guinea-pig trachea
1986; Tschirhart et to acetic and carbamic acid choline esters upon removal of

the epithelium may be explained by differences in the abilities
4P caused concen- of these choline esters to diffuse to the muscarinic receptor
placements of the sites in the tracheal model used in this and other studies. It is
ach cholinoceptor clear that the epithelium functions as a barrier to the
)etitive antagonism diffusion of various bronchoactive agents (Boucher et al.,
[asized by the facts 1978; 1981; Nadel et al., 1985; Weibel, 1985; Holroyde, 1986;
t-Schild graphs for Undem et al., 1988). Indeed, contraction of perfused tracheal
,nificantly different segments to CCh was augmented by removal of the epi-
959); and (b) the thelium when this agonist was applied exclusively to the
are not significantly luminal surface (Small et al., 1990). The present experiments
oncentrations used were performed under apparent equilibrium conditions since
ed for pirenzepine the slopes of the Arunlakshana-Schild graphs were not
lues calculated for significantly different from unity, and similar pA2 and appar-
Lrinic M3 receptors ent pKB values were calculated for the receptor antagonists in
.a to choline esters, the presence and absence of epithelium (Arunlakshana &
(Eglen & Whiting, Schild, 1959). This suggests that the two classes of choline
tor antagonists for ester had equal access to the muscarinic receptor population
by the cholinocep- in the guinea-pig tracheal strip preparation (Kenakin, 1984).
iore, these affinity Alternatively, if the epithelium functioned as a non-saturable
y removal of the barrier over the full range of agonist concentrations, then
therefore, that con- parallel rightward shifts in the agonist concentration-effect
nce and absence of curves would be obtained in response to the muscarinic
bamic acid choline antagonists. Thus, these antagonists would exhibit com-

uscarinic M3 recep- petitive antagonism and the Arunlakshana-Schild plots
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would yield slopes of unity. However, if the barrier capability
of the epithelium became saturated at higher concentrations
of agonists, then the equilibrium state of the agonist, anta-
gonist and receptor population would be changed and the
slope of the Arunlakshana-Schild plot would be less than
unity (Kenakin, 1984). Therefore, the present results are
consistent with the epithelium behaving as a non-saturable
diffusion barrier. The relative contributions of the epithelium
as a diffusion barrier and source of EpDRF(s) to the regula-
tion of tracheal smooth muscle tone, cannot be determined
from the results of this study.

Differences in the susceptibilities of cholinoceptor agonists
to hydrolysis by cholinesterase may also explain the
differential contractile responses to acetic and carbamic acid
choline esters in guinea-pig trachea. However, cholinesterase
activity does not account for the augmented contractions to
cholinoceptor agonists upon removal of the epithelium in this

tissue (Small et al., 1990). Furthermore, the present
experiments were conducted in the presence of physostigmine
(0.1 JLM), an inhibitor of cholinesterase, and augmentation of
contraction to acetic choline esters was still observed.
The present study demonstrates that contraction of guinea-

pig trachea, in the presence and absence of epithelium, to
both acetic and carbamic acid choline esters is mediated by
muscarinic M3 receptors. This suggests that the differential
contractile responses of guinea-pig trachea to acetic and car-
bamic acid choline esters upon removal of the epithelium,
may not be explained by activation of different muscarinic
receptor subtypes.
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Effect of human recombinant interleukin-5 on in vitro
responsiveness to PAF of lung from actively sensitized
guinea-pigs

'Marina Pretolani, Jean Lefort, Dominique Leduc & B. Boris Vargaftig

Unite de Pharmacologie Cellulaire, Unite Associee Institut Pasteur/INSERM n° 285, 25, rue du Dr. Roux, 75015, Paris, France

1 The intra-tracheal (i.t.) administration of human recombinant interleukin-5 (rhIL-5; 100 or 300 ng)
to isolated perfused lungs from guinea-pigs actively sensitized to ovalbumin induced an increased
bronchoconstriction and release of thromboxane A2 (TXA2) and histamine into the lung effluent
following the subsequent (10 min) intra-arterial injection of platelet-activating factor (PAF). Lung
responses to 5-hydroxytryptamine were unaffected by rhIL-5.
2 Hyperresponsiveness to PAF was observed when the lungs were obtained from guinea-pigs used 2 or

7 days after a booster injection of the antigen and, to a lower extent, when they were from animals
sensitized by a single antigen administration. By contrast, rhIL-5 did not modify the responses to PAF
of lungs from passively sensitized or from adjuvant-treated guinea-pigs, suggesting that immunological
stimulation is required to allow the expression of synergism between rhIL-5 and PAF.
3 Guinea-pigs killed 2 and 7 days after the booster injection of the antigen exhibited a marked increase
in the number of eosinophils in the bronchoalveolar lavage fluid (BAL), as compared to non-sensitized
animals.
4 Our results demonstrate that rhIL-5 and PAF act synergistically to induce enhanced broncho-
constriction and mediator release exclusively when lungs are obtained from guinea-pigs sensitized once

to ovalbumin and then boosted. Since recruitment of eosinophils into the airways and the development
of hyperresponsiveness to PAF are concomitant, it is suggested that eosinophils are the target cells for
interaction between rhIL-5 and PAF.

Keywords: Interleukin-5; lung hyperresponsiveness; PAF; isolated lung; eosinophils; bronchoalveolar lavage

Introduction

Non-specific bronchial hyperreactivity, an increased sen-
sitivity to inhaled irritants which characterizes some forms of
intrinsic or allergic asthma and lung inflammation are related
(Boushey et al., 1980). Inflammation is thought to follow the
activation of resident cells which triggers the migration of
eosinophils, neutrophils and lymphocytes into the lung tissue
(Djukanovic et al., 1990). These invading cells may in turn
release cytotoxic enzymes and pro-inflammatory mediators
which contribute to the amplification and perpetuation of the
disease.
We have previously demonstrated that isolated lungs from

actively sensitized guinea-pigs exhibit a long-lasting broncho-
pulmonary hyperresponsiveness to various mediators includ-
ing platelet activating factor (PAF) (Pretolani et al., 1988).
This phenomenon, which is expressed as a reduced threshold
for bronchoconstriction and an enhanced release of the
secondary mediators thromboxane A2 (TXA2), leukotriene C4
(LTC4), prostacyclin and histamine, is triggered by the
booster injection of the antigen. Acting as an immune pro-
vocation, the booster injection may start changes in the
reactivity of resident cells and/or promote lung invasion by
inflammatory cells. In confirmation, the development of lung
hyperresponsiveness is accompanied by an increased number
of eosinophils in the bronchoalveolar lavage fluid (BAL)
(Pretolani et al., 1990), as demonstrated in other experiment-
al situations (Kallos & Kallos, 1984; Hutson et al., 1988;
Coyle et al., 1989).
More recently, it became apparent that cytokines, secreted

by T cells in response to antigen stimulation, may play a role
in pulmonary eosinophilia and lung inflammation and in the
consequent hyperresponsiveness (Gonzalez et al., 1987; Frew

' Author for correspondence.

et al., 1990), although the precise relationship between these
phenomena is not yet established. The main cytokines
involved are interleukin-5 (IL-5), IL-3 and granulocyte-
macrophage colony stimulating factor (GM-CSF), which
support eosinophil proliferation and differentiation from
their bone marrow precursors (Coffman et al., 1988; Miya-
jima et al., 1988) and prime target cells to express enhanced
responses to exogenous stimuli (Silberstein et al., 1986;
Dahinden et al., 1989; Bischoff et al., 1990a,b). However,
administration of very large doses of rhIL-3, rhGM-CSF or
tumour necrosis factor-a to non-sensitized guinea-pigs
induces an increased eosinophilia in the BAL (Kings et al.,
1990; Sanjar et al., 1990), but does not lead to lung hyperre-
sponsiveness. These results indicate that eosinophilia per se
does not necessarily correlate to hyperresponsiveness.

In the present study we show that the exposure of guinea-
pigs to antigen results in lung eosinophilia and in a small
increase in bronchoconstriction and mediator release in res-
ponse to PAF. However, in vitro administration of rhIL-5 to
lungs prior to challenge with PAF, leads to a marked inc-
rease in these parameters. This suggests that priming of a
pulmonary target cell, probably the eosinophil, by rhIL-5 is
followed by an increased mediator release from other cell
types, which in turn accounts for the enhanced broncho-
constriction.

Methods

Sensitization procedures

Male Hartley guinea-pigs (400-600 g) were actively sensitized
by two s.c. injections, 2 weeks apart, of 0.5 ml of 0.9% NaCI
(saline) containing 10 fig of ovalbumin dispersed in 1 mg
Al(OH)3. The animals were used either 2 or 7 days after the

'." Macmillan Press Ltd, 1992
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second injection (booster injection). This procedure promotes
the production of high titers of specific homocytotropic
antibodies (Ovary, 1964), estimated to be approximately 1/
800 by passive cutaneous anaphylaxis in serum from animals
killed 7 days after the booster injection of antigen (Pretolani
et al., 1988). In a separate set of experiments, guinea-pigs
received the first sensitizing injection of ovalbumin, but on
the day of the booster injection, they were injected with the
adjuvant alone, i.e. 1 mg Al(OH)3, to be used 2 days
thereafter. In control experiments, guinea-pigs were injected
twice, 2 weeks apart, with I mg Al(OH)3 alone and killed 2
or 7 days after the second injection.

In another series of experiments, guinea-pigs were passively
sensitized with 1 ml of homologous serum obtained from
actively sensitized animals and used after 10 days (Lagente et
al., 1987).

Lung perfusion experiments
Guinea-pigs were anaesthetized with sodium pentobarbitone
(30 mg kg-', i.p.), tracheae were cannulated, and the animals
were ventilated (60 strokes min-'; 1 ml 100 g-' body weight)
with Palmer miniature respiratory pumps. A thoracotomy
was performed, and the lungs were removed, as described
(Lefort et al., 1984). Each organ was placed in a plastic
chamber, immediately ventilated (60 strokes min ', 1 ml
100 g-' body weight) and perfused via the pulmonary artery
(10 ml min-', 370C) with gassed (95% 02 5% CO2) Krebs
solution containing 0.25% (w/v) bovine serum albumin
(BSA). The changes in resistance to inflation were con-
tinuously recorded. After a 10min equilibration period, 100
or 300 ng rhIL-5 were injected intratracheally (i.t.) in a
volume of 100Mid. In control experiments, the lungs received
the vehicle of rhIL-5, i.e. 100Itl saline. Ten min after the
injection of rhIL-5 or of saline, PAF (0.01, or 1 and 10 ng in
100 fl saline containing 0.25% BSA) or 5-hydroxytryptamine
(5-HT, 10 to 3000 ng in 100 lil saline) were successively
administered into the pulmonary artery (i.a.), at 10 min inter-
vals for PAF, or every 5 min, for 5-HT.

In a separate series of experiments, lungs from actively
sensitized guinea-pigs used 2 days after the booster injection
of the antigen were injected i.t. with 100 pg lipopolysac-
charide (LPS) and then challenged with 1 and 10 ng PAF, as
described above.

Bronchoconstriction was estimated from airways resistance
tracings, measured as the area under the curve during a
10min period. Results are expressed as a percentage of the
maximal value obtained by clamping the tracheal cannula.
Bronchoconstriction to 5-HT was calculated as % of the
peak-intensity of the response.
One ml fractions of the lung effluent were collected before

and during the first 6 min after the injection of the various
agonists for the determination of TXB2 and histamine, as
described (Sors et al., 1978; Lebel, 1983).

Measurement of thromboxane B2 and histamine in the
lung effluent
Before storage at - 20°C, aliquots (1 ml) of the lung per-
fusate were maintained at room temperature for 30 min to
allow the conversion of TXA2 into its stable metabolite,
TXB2 which approaches 100% under these experimental con-
ditions (Charpentier et al., 1986). The radioimmunoassay for
TXB2 was performed as described (Pretolani et al., 1988),
using a monoclonal antibody with less than 0.2% cross-
reactivity with prostaglandin D2 (PGD2), PGE2, PGF2u, 6-
keto-PGFIg and archidonic acid. The sensitivity of the assay
was approximately 2pg of immunoreactive TXB2 in 100 pl
sample.
For the histamine assay, 1 ml of each fraction was mixed

with 1 ml of a 0.8 N solution of perchloric acid, centrifuged
for 10 min (1,200 g at 4°C), and supernatants were stored at
4°C. Histamine content of supernatants was measured by an
automatic spectro-fluorometric assay method (Lebel, 1983).

Harvest of bronchoalveolar cells

Four groups of animals were used: (i) non sensitized, (ii)
actively sensitized non-boosted, and actively sensitized
guinea-pigs killed either (iii) 2, or (iv) 7 days after the booster
injection of the antigen. The animals were anaesthetized as
above and bronchoalveolar cells were collected in 10 succes-
sive lavages with 5 ml aliquots of sterile saline at room
temperature injected and recovered through a polyethylene
tracheal cannula. The lavage fluid was stored on ice and total
cell counts made. The suspension was then diluted to reach a
final concentration of 1.5 x I05 cell ml ' and, after cyto-
centrifugation, differential cell counts were performed after
staining with May-Grunwald Giemsa dye. Since the yield of
the injected fluid was equivalent in all groups of animals
(around 90%), the results are expressed as a concentration of
each cell population ml-'.

Materials

The composition of the Krebs solution was (in mM): NaCl
118, KCI 4.7, CaCl2 2H20 2.5, MgSO4 * 7H20 1.2, KH2PO4
1.2, NaHCO3 25 and glucose 5.6. Suppliers of the reagents
were as follows: rhIL-5 (Mony's International Imports,
Beverly Hills, CA, U.S.A.); PAF (1-O-hexadecyl-2-acetyl-sn-
glycero-3-phosphocholine), BSA fraction V, bovine y-globulins
fraction II, TXB2, 5-HT (serotonin) (Sigma, St. Louis, MO,
U.S.A.); AI(OH)3, perchloric acid, polyethyleneglycol 6000
(Merck, Darmstadt, Germany); pentobarbitone (sodium pen-
tobarbital, Clin-Midy, Montpellier, France); chicken oval-
bumin (Miles, Napterville, IL, U.S.A.); LPS W E. coli
0.55:B5 (Difco Laboratories, Detroit, MI, U.S.A.); the
antibody and radiolabelled ligand for radioimmunoassay of
TXB2 were from the URIA, Institut Pasteur/INSERM U
207, Paris, France.

Data analysis

The results are expressed as means ± s.e.mean of the
indicated number of experiments. Statistical significance was
assessed by two-way analysis of variance (ANOVA). If
significance was determined, comparisons were made by
Student's t test for unpaired values. A value of P< 0.05 was
considered significant.

Results

Effect of rhIL-S on bronchial resistance to inflation and
mediator release
The i.t. instillation of 100 pl saline or 300 ng rhIL-5 into
isolated lungs from adjuvant-treated guinea-pigs or from
actively sensitized animals used either 16 days after the first
sensitizing injection, or 2 or 7 days after the booster injection
of the antigen, induced a slight bronchoconstriction ranging
between 6.5 ± 3.3% and 12.9 ± 4.4% (n = 5-6 per group)
and no statistically significant difference was observed
between the groups. Similarly, TXB2 and histamine release
following the i.t. administration of 100 pl saline or 300 ng
rhIL-5 ranged between 0.8 ± 0.2 and 2.1 ± 0.9 ng ml-l
(n = 5-6 per group) and 1.4 ± 0.4 ng ml-' and
6.0 ± 1.6 ng ml' (n = 5-6 per group), respectively. Again,
no statistically significant difference was observed between
the groups.

Effrect of rhIL-S on PAF-induced bronchoconstriction

The i.a. injection of 10 ng PAF into lungs from adjuvant-
treated guinea-pigs 10 min after in vitro i.t. instillation of
100 ,ul saline or 300 ng rhIL-5 induced a slight broncho-
constriction (approximately 10% of the maximum), whereas
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no response followed 1 ng of the agonist (Figure la).
Administration of 1 and 10 ng PAF to lungs from single-
sensitized (non-boosted) (Figure 1 b) or from passively sen-
sitized guinea-pigs induced a moderate and dose-dependent
bronchoconstriction (Table 1). As previously shown
(Pretolani et al., 1988), the response to 1 ng PAF was
significantly enhanced in lungs from actively sensitized
guinea-pigs killed 2 or 7 days after the booster injection of
the antigen (Figure Ic and d). Such an enhanced response
was not observed following the subsequent administration of
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Figure 1 Bronchoconstriction induced by the i.a. administration of
1 and 10 ng PAF into guinea-pig isolated lungs 10 min after an i.t.
injection of 100 lal saline (open columns) or 300 ng rhIL-5 (solid
columns). Lungs were obtained from adjuvant-treated guinea-pigs
(a), or from actively sensitized animals used either 16 days after the
first sensitizing injection (b), or 2 (c) or 7 (d) days after the booster
injection of the antigen. Bronchoconstrictions were calculated as
areas under the curve of increased airways resistance measured for
10 min. Results (mean with s.e.mean of 5-6 experiments) are exp-
ressed as % maximal bronchoconstriction obtained by clamping the
tracheal cannula.
*P<0.05; **P<0.01; ***P<0.001.

10 ng of PAF. Lungs from adjuvant-treated (Figure la) or
from passively sensitized (Table 1) guinea-pigs instilled i.t.
with 300 ng rhIL-5, responded to PAF as intensively as
vehicle-treated preparations. By contrast, a slight increase in
the extent of bronchoconstriction by 1 ng of PAF was
observed in lungs from single sensitized animals, i.e., those
which received no booster injection of the antigen (Figure
lb). This increased response to PAF after rhIL-5 administra-
tion was more pronounced when the lungs were obtained
from guinea-pigs which had been boosted with antigen and
were used 2 or 7 days thereafter (Figure Ic and d). Under
these conditions, no further increase in the bronchoconstric-
tor response following challenge of the organs with lOng
PAF was noted (Figure Ic).

The instillation of 100-300 ng of rhIL-5 to lungs from
actively sensitized guinea-pigs used 2 days after the booster
injection of antigen induced a dose-related increase in
bronchoconstriction in response to 1 ng of PAF (Figure 2a,
left panel). By contrast, when 300 ng of rhIL-5 was instilled,
the bronchoconstrictor response to 1 ng of PAF was so
intense as to desensitize the lungs to a subsequent administra-
tion of 10 ng of PAF (Figure 2a, right panel). Such a de-
sensitization was also observed with respect to TXB2 and
histamine release (see below).

In a separate series of experiments, the administration of
0.01 ng PAF to lungs from guinea-pigs killed 2 days after the
booster injection of the antigen, also induced a moderate
bronchoconstriction, which was markedly increased when
preceded by the i.t. instillation of 300 ng of rhIL-5. Indeed,
bronchoconstrictions amounting to 3.3 ± 1.1% and 40.2 ± -

5.9% (n = 5-6, P<0.001) were measured in vehicle- and
rhIL-5-treated lungs, respectively.

Effect of rhIL-S on PAF-induced mediator release

No release of TXB2 or histamine above basal values was
detected following the administration of 1 and 10 ng PAF to
lungs from adjuvant-injected guinea-pigs, irrespective of prior
instillation of either. rhIL-5 or its vehicle (Figures 3a and 4a).
Higher amounts of TXB2 were released after injection of 1 ng
PAF to lungs obtained from actively sensitized guinea-pigs
killed at various intervals following the booster injection of
antigen, as compared to those from adjuvant-treated or
actively sensitized and non-boosted guinea-pigs (Figure 3).
Following the injection of 300 ng rhIL-5, the production of
TXB2 in response to 1 ng PAF was markedly increased in
lungs from guinea-pigs used 2 days after the booster injection
of antigen (Figure 3c) and, to a lesser extent, in those from
animals used after 7 days (Figure 3d). In both groups, the
increased TXB2 production was also observed after the injec-
tion of 10 ng PAF, although the difference was less marked
(Figure 3c and d).
As previously described (Pretolani et al., 1988), histamine

was secreted by PAF-stimulated lungs in amounts above
basal values only when the organs were obtained from guinea-
pigs used 2 or 7 days after the booster injection of antigen
(Figure 4). Under these conditions, the administration of
300 ng rhIL-5 significantly increased histamine release in re-

Table 1 Bronchoconstriction and release of thromboxane B2 (TXB2) and of histamine induced by the i.a. injection of I and
10 ng of PAF 10 min after the i.t. administration of 100;gl saline (vehicle) or 300 ng rhlL-5 into isolated lungs of passively
sensitized guinea-pigs

PAF (ng)

Bronchoconstriction (%)
Thromboxane B2 (ng ml- ')
Histamine (ng ml-')

Vehicle

3.2 ± 1.6
0.7 ± 0.3
1.3 ± 0.3

rhIL-5 (300 ng)
10

16.9 ± 3.1
3.3± 1.4
2.4 ± 0.2

3.0 ± 1.9
0.8 ± 0.3
1.3 ± 0.1

10

14.2 ± 3.0
3.2 ± 0.6
2.9 ± 0.1

Bronchoconstriction was calculated and expressed as described in the legend of Figure 1. Thromboxane B2 and histamine release
were measured in the lung effluent over a 6 min period following the injection of PAF. Results are expressed in ng ml-'
(mean ± s.e.mean of 5-6 experiments).
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Figure 2 Bronchoconstriction (a) and kinetics of the release of
thromboxane B2 (TXB2) (b) and of histamine (c) induced by the i.a.
injection of I and 10 ng PAF 10 min after the i.t. administration of
100 jil saline (open columns), or 100 ng (hatched columns) or 300 ng
(solid columns) rhIL-5 into isolated lungs from actively sensitized
guinea-pigs used 2 days after the booster injection of antigen.
Bronchoconstriction was calculated as described in the legend of
Figure 1. Release of TXB2 and histamine were measured in I ml
fractions of lung effluent collected before and during the first 6 min
after injection of I and lOng PAF. Results are expressed as mean
with s.e.mean (vertical bars) of 5 experiments.
*P<0.05; **P<0.01; ***P<0.001.

sponse to the injection of 1 ng PAF (Figure 4). This increase
was more pronounced in lungs from animals killed 2 days
after the booster injection of antigen (Figure 4c), as com-
pared to those used 7 days thereafter (Figure 4d). However,
no histamine release was noted following the second
challenge with 10 ng PAF.
As in case of bronchoconstriction, the effect of rhIL-5 was

dose-dependent, since lungs from actively sensitized guinea-
pigs used 2 days after the booster injection of the antigen and
injected i.t. with 100 ng rhIL-5 also released more TXB2 and
histamine in response to 1 ng PAF, but this increase was less
than when 300 ng of the cytokine was used (Figure 2b and
c).
The administration of 0.01 ng PAF to lungs from actively

sensitized guinea-pigs used 2 days after the booster injection
of antigen, induced the release of low quantities of TXB2 and
histamine into the effluent. Pretreatment of the lungs with
300 ng rhIL-5 significantly increased these amounts, since
2.3 ± 1.3 and 8.1 ± 1.3 ng ml-' TXB2 (n = 5-7; P<0.05)
and 2.3 ± 0.4 and 28.2 ± 4.0 ng ml1' histamine (n = 5-7,
P<0.001) were measured in vehicle- and in rhIL-5-treated
lungs, respectively.

PAF (ng)
1 10
5.'.

0 6 10 16 20

0 6 10 16 20

6 10 16
Time (min)

Figure 3 Kinetics of thromboxane B2 (TXB2) release induced by the
i.a. administration of I and 10 ng PAF 10 min after an i.t. injection
of 100 pl saline (open columns) or 300 ng rhIL-5 (hatched columns)
into guinea-pig isolated lungs. Lungs were obtained from adjuvant-
treated guinea-pigs (a), or from actively sensitized animals used
either 16 days after the first sensitizing injection (b), or 2 (c) or 7 (d)
days after the booster injection of antigen. Results were calculated
and expressed as described in the legend of Figure 2 (mean with s.e.
mean [vertical bars] of 5-6 experiments).
*P<0.05; **P<0.01.

Kinetics of rhIL-S-induced lung hyperresponsiveness to
PAF

The i.a. injection of 1 ng of PAF 2 min after the i.t. administ-
ration of 300 ng rhIL-5 to lungs from guinea-pigs killed 2
days after the booster injection of antigen triggered slight
bronchoconstriction and the release of small amounts of
TXB2 and histamine, responses similar to those observed in
saline-injected preparations (Figure 5). In contrast, the pul-
monary response was increased markedly when PAF was
injected 10 min after rhIL-5 and this increase persisted for at
least 30 min (Figure 5).

Effect of rhIL-5 on S-HT-induced bronchoconstriction

Regardless of the previous administration of 300 ng rhIL-5
or of its vehicle, i.a. injections of 5-HT (10 to 3000 ng) to
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Figure 4 Kinetics of histamine release induced by the i.a. administ-
ration of 1 and 10 ng PAF 10 min after an i.t. injection of 100,l
saline (open columns) or 300 ng rhIL-5 (solid columns) into guinea-
pig isolated lungs. Lungs were obtained from adjuvant-treated
guinea-pigs (a), or from actively sensitized animals used either 16
days after the first sensitizing injection (b), or 2 (c) or 7 (d) days after
the booster injection of antigen. Results were calculated and exp-
ressed as described in the legend of Figure 2 (mean with s.e.mean
[vertical bars] of 5-6 experiments).
***P<0.01.
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Figure 5 Kinetics of rhIL-5-induced lung hyperresponsiveness to
PAF in isolated lungs from actively sensitized guinea-pigs used 2
days after the booster injection of antigen. PAF (I ng) was
administered i.a. at different time intervals (2, 10 and 30min) after
the i.t. injection of I100 Ill saline (0) or 300 ng rhIL-5 (0). Broncho-
constriction (a) was calculated as described in the legend to Figure 1.
Thromboxane B2 (b) and histamine release (c) were measured in the
lung effluent collected for 6min after the injection of PAF and
results are expressed in ng ml-' (mean with s.e.mean [vertical bars]
of 4-6 experiments).
*P<0.05; **P<0.01; ***P<0.001.

lungs from actively sensitized guinea-pigs used 2 days after
the booster injection of antigen evoked a similar dose-
dependent bronchoconstriction (Figure 6). No significant
release of TXB2 or histamine in response to 5-HT was
measured in the effluent of vehicle- or rhIL-5-treated lungs
(not shown).

Effect of lipopolysaccharide on PAF-induced
bronchoconstriction and mediator release

The possibility that rhIL-5 was contaminated with LPS led
us to study whether the lung response to PAF would be
modified by LPS alone. The i.t. administration of 100 fig LPS
neither induced bronchoconstriction nor mediator release
from lungs of actively sensitized guinea-pigs used 2 days after
the booster injection of antigen (not shown). In addition,
bronchoconstriction and release of TXB2 and histamine in
response to the i.a. injections of 1 and 10 ng PAF were
similar in LPS-treated, as compared to saline-injected lungs.
Indeed, bronchoconstrictor responses of 15.1 ± 3.5% and
7.6 ± 3.7% were measured after 1 and 10 ng PAF, respec-
tively in lungs previously injected i.t. with 100,4 saline, and
13.5 ± 2.9% and 8.4 ± 3.0% (n = 4; not significant) in LPS-
treated lungs. PAF at 1 and 10 ng triggered the release of
3.7 ±1.4 ng ml-' and 3.3 ±1.4 ng ml-' TXB2 after 100 pl
saline and of 3.2 ± 0.2 ng ml-' and 3.2 ± 0.6 ng ml-' TXB2
after the injection of LPS (n = 4; not significant). Similarly,
6.1 ± 2.1 ng ml-' and 2.2 ± 0.4 ng ml ' and 5.6 ± 1.4 ng ml'l
and 3.0 ± 1.2 ng ml-' histamine (n = 4; not significant) were
measured in the effluent of saline- and LPS-treated lungs.

Effect of active sensitization on the cell composition of
bronchoalveolar lavage fluid
The average number of cells recovered was 3.3 ± 0.8 x 101
cells ml-' (n = 8), 4.1 ± 0.4 x i0' cells ml-' (n = 10), 4.9 +
0.4 x I05 cells ml-' (n = 10) and 7.1 ± 0.4 x I10 cells ml-'
(n = 10) in BAL from non-immunized, actively sensitized non
boosted and actively sensitized guinea-pigs used 2 or 7 days
after the booster injection of the antigen, respectively. The
number of cells recovered in BAL from actively sensitized
guinea-pigs used 7 days after the booster injection of antigen
was significantly higher (P<0.01) when compared to that
evaluated in the other groups of animals. As seen in Figure
7, non boosted or boosted guinea-pigs showed a significant
increase in the number of eosinophils in BAL, as compared

_ 75.
G)

.
)

C

- 50-
c
0
;_-
._-l
4.0Ce
r 25
0
0
0

c

Co

lb loo o10
5-HT (ng)

10 000

Figure 6 Bronchoconstriction induced by the i.a. administration of
10 to 3000 ng 5-hydroxytryptamine (5-HT) into isolated lungs from
actively sensitized guinea-pigs killed 2 days after the booster injection
of antigen and pretreated by an i.t. injection of 100 1tI saline (0) or
300 ng rhIL-5 (-) 10 min before-hand. Bronchoconstriction was
expressed as % of the peak-intensity of the response (mean with
s.e.mean [vertical bars] of 4 experiments).
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Figure 7 Cell content of bronchoalveolar lavage fluid (BAL)
obtained from non-immunized guinea-pigs or from animals actively
sensitized by a first s.c. injection of 10pg ovalbumin in I mg of the
adjuvant, i.e. AI(OH)3 and used either 2 days after a s.c. injection of
the adjuvant alone (group 'Immunized non-boosted'), or 2 or 7 days
after a booster injection of antigen (groups 'Boosted + 2 days' and
'Boosted + 7 days', respectively). Bronchoalveolar cells were col-
lected in 10 successive lavages and differentiated by May-Grunwald-
Giemsa stain. Results are expressed as concentration of each cell
population ml-'. Data are expressed as mean with s.e.mean (vertical
bars) of 8-10 experiments.

to non immunized animals. This increase reached a max-
imum 7 days after the booster injection, even though no
significant difference was observed when compared to the
animals killed 2 days after the booster injection. A significant
increase in the number of the other cell types, i.e., alveolar
macrophages, polymorphonuclear neutrophils and lympho-
cytes was detected only in BAL obtained from guinea-pigs
used 7 days after the booster injection of antigen (Figure 7).

Discussion

In this study, the in vitro administration of rhIL-5 into lungs
from actively sensitized guinea-pigs is shown to trigger a
marked time-dependent hyperresponsiveness to PAF. The
observation that a human cytokine affects the reactivity of an
animal tissue is not an exception, since rhGM-CSF, rhIL-3
and rhIL-5 share antigenic and functional activities with
cytokines from other species (Metcalf, 1986; Yamaguchi et
al., 1988). Hyperresponsiveness to PAF following i.t.
administration of rhIL-5 was intense in lungs obtained from
immunized and boosted animals and was present, even
though to a much lower extent, in those from guinea-pigs
actively sensitized but not boosted. This agrees with our
previous results showing that the booster injection of the
antigen is followed within a few days by an increased lung
responsiveness to PAF (Pretolani et al., 1988). The key role
of active sensitization was confirmed by the failure of rhIL-5
to enhance bronchoconstriction and mediator release in res-
ponse to PAF in lungs from non-immunized or passively
sensitized animals. This parallels our previous finding show-
ing that passively sensitized animals do not exhibit lung
hyperresponsiveness to PAF (Pretolani et al., 1988),
indicating that the presence of homocytotropic antibodies in
the lung (Lagente et al., 1987) cannot account alone for the
observed modifications of its reactivity.

In the present experiments, rhIL-5 was given i.t., because
we assumed that in allergic situations, it is produced by
stimulated mast cells (Plaut et al., 1989) and by T lympho-
cytes (Coffman et al., 1988), located in the airways. T
lymphocytes are found in increased numbers in the BAL (this
manuscript) and in the bronchial submucosa of sensitized
guinea-pigs (Frew et al., 1990; Lapa e Silva et al., 1992).
PAF, on the other hand, was given i.a., since this route has
allowed us to demonstrate that lungs from sensitized and
boosted, as compared to non-boosted guinea-pigs, show an
enhanced responsiveness to PAF (Pretolani et al., 1988).
Two min after the administration of rhIL-5, no significant

increase in the responsiveness to PAF was observed,
indicating that a delay of a few minutes is required to allow
the diffusion of rhIL-5 throughout the lung tissue or to exert
its effect. By contrast, hyperresponsiveness to PAF reached a
peak by 10 min and remained at a plateau for at least
30 min, despite the continuous lung perfusion and wash-off
of the cytokine. In this case, rhIL-5 can neither operate as a
differentiating/maturing substance nor via cell recruitment,
since the enhancement of the effects of PAF occurred in the
isolated lungs and over a short period of time, i.e. within
O min.
To verify whether the enhancing effect of rhIL-5 was

restricted to PAF, the lungs were challenged with 5-HT,
which induces a smooth muscle contraction, attributable
mostly to a direct effect. Since the administration of rhIL-5
failed to induce hyperresponsiveness to 5-HT, the smooth
muscle is probably not the direct target for rhIL-5. Most
likely, active immunization and rhIL-5 promote hyperres-
ponsiveness which is revealed by agonists such as PAF,
interacting with inflammatory cells (Braquet et al., 1987).
Among the various cytokines, IL-3, IL-5 and GM-CSF are

major candidates for playing a role in the inflammatory
component of immediate hypersensitivity reactions. At low
concentrations, they increase eosinophil (Fujisawa et al.,
1990), basophil (Bischoff et al., 1990a,b) and neutrophil
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(Dahinden et al., 1988) response to exogenous stimuli. Inter-
estingly, this increase involves the release of arachidonic acid
metabolites including LTC4, which is produced in larger
amounts upon stimulation with various agonists after
pretreatment of the cells with these cytokines (Dahinden et
al., 1988; 1989; Kurimoto et al., 1989; Bischoff et al.,
1990a,b). Since peptido-leukotrienes are potent smooth
muscle-contracting agents released during allergic or non-
allergic inflammatory reactions (Piper, 1984), a link between
the regulatory role of haematopoietic growth factors and
lipid mediators appears likely.
Our results on isolated lung preparations raise the question

of the target(s) for IL-5 present only in lungs from actively
sensitized guinea-pigs and not in those from normal animals.
Our previous observation that actively sensitized and boosted
guinea-pigs exhibit an increased number of eosinophils in the
BAL fluid, as compared to non-immunized animals (Pret-
olani et al., 1990) and the evidences that IL-5 stimulates
selectively mature eosinophils (Lopez et al., 1988; Wang et
al., 1989), may explain the increase in lung response to PAF
brought about by this cytokine. Indeed, in the present work
the number of eosinophils was markedly increased in BAL
obtained from guinea-pigs killed after the booster injection of
antigen, suggesting that the development of lung hyper-
responsiveness to PAF induced by rhIL-5 follows a profile
similar to that of eosinophil invasion into the airways. Since
a significant (P< 0.05) augmentation of the number of
eosinophils was also observed in BAL from unboosted sen-
sitized guinea-pigs, it is likely that inflammatory mechanisms,
which are markedly enhanced by the booster administration
of the antigen, are already operative in its absence. This may
explain the increased response to PAF after the acute instilla-
tion of rhIL-5 which is already observed, although to a lower
extent, in lungs from sensitized and non-boosted animals.
A similar increase in the effects of PAF induced by rhIL-5

has been observed in purified peritoneal guinea-pig eosin-
ophils (Coeffier et al., 1991). Indeed, incubation of these cells
with this cytokine is followed by an increased PAF-induced
chemotactic activity and superoxide anion generation. This
phenomenon is restricted to PAF, since no priming of the
LTB4-induced effects by rhIL-5 was observed.
A pulmonary eosinophilia following s.c. or i.p. injections

of factors which promote eosinophil differentiation and

activation, such as GM-CSF and IL-3, has been demon-
strated in normal guinea-pigs (Kings et al., 1990; Sanjar et
al., 1990). In those cases, however, eosinophilia was not
accompanied by bronchial hyperresponsiveness to PAF or to
histamine (Sanjar et al., 1990), indicating that the lung
invasion by eosinophils alone does not account for its
development. These results and ours do not conflict, since
those experiments were performed on non-immunized guinea-
pigs which, according to our hypothesis, lack the specific
target(s) for IL-5 that are only present in the lungs after the
booster injection of the antigen.
Even though eosinophils recruited into the lungs by the

booster injection of antigen are a likely target for rhIL-5,
other mechanisms may account for the increased respon-
siveness induced by rhIL-5 observed in the lung from
boosted guinea-pigs. Indeed, following a second immune
challenge, the release from T lymphocytes of cytokines other
than IL-5 may influence the activation of lung cells and thus
play a role in the priming effect induced by rhIL-5. In
addition, it has been shown that, besides eosinophils,
basophils are also a target for IL-5 and may thus participate
in the development of lung hyperresponsiveness observed
under our conditions. Indeed, rhIL-5 primes human baso-
phils (Bischoff et al., 1990a) which are involved in cutaneous
hypersensitivity reaction in the guinea-pig (Golden et al.,
1986), a situation that is reminiscent of our observations in
lungs.

In conclusion, our data indicate that IL-5 may be
implicated in bronchopulmonary allergic reactions in the
guinea-pig, particularly in the expression of lung hyper-
responsiveness and the underlying airway inflammation.
These results should be considered in the light of recent
observations (Hamid et al., 1991) showing an increased
messenger RNA expression of the IL-5 gene in mucosal
bronchial biopsies from asthmatic subjects.
The ability of rhIL-5 to increase the lung response to PAF

suggests that an interaction between cytokines and lipid
mediators may contribute to the bronchopulmonary hyper-
responsiveness that accompanies airway inflammation.

The authors thank Mrs A. Leroy (Unite d'Immunoallergie, Institut
Pasteur) for histamine determination and Ms M.-A. Nahori, Mrs D.
Joseph and Dr E. Coeffier for help and discussion.
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The effect of neosurugatoxin on the release of
neurohypophysial hormones by nicotine, hypotension and an

osmotic stimulus in the rat

1G.W. Bisset, K.M. Fairhall & *K. Tsuji

Division of Neurophysiology & Neuropharmacology, National Institute for Medical Research, Mill Hill, London NW7 1AA

and *School of Pharmaceutical Science, University of Shizuoka, 395 Yada, Shizuoka shi, Shizuoka-ken, 422, Japan

1 Experiments were carried out to test whether neosurugatoxin (NSTX) which blocks autonomic
ganglia also acts centrally, like hexamethonium, on nicotinic cholinoceptors involved in the neural
control of release of vasopressin and oxytocin from the neurohypophysis.
2 In the water-loaded rat under ethanol anaesthesia, nicotine 100 pg i.v. produced a pressor and an

antidiuretic response accompanied by an increase in the urinary excretion of vasopressin and of
oxytocin-like radioimmunoreactivity (OLRI). This indicates release of both vasopressin and oxytocin.
3 Under conditions in which tachyphylaxis was avoided, NSTX, 80 ng i.c.v., caused a prolonged
inhibition of the release of both hormones by nicotine.
4 NSTX i.c.v. caused some reduction in the pressor response to nicotine. It is suggested that this
response involves both central and peripheral stimulation of the sympathetic nervous system and that
the central component is blocked by neosurugatoxin.
5 Muscarine, 40 ng i.c.v., produced a pressor and an antidiuretic response with increased urinary
excretion of vasopressin and OLRI. All these effects were blocked by atropine but were not inhibited by
NSTX.
6 Sodium nitroprusside (SN), 200 ytg i.v., and hypertonic saline (HS; 1.54 M NaCl solution) 4 jil i.c.v.,
both produced antidiuretic responses accompanied by increased urinary excretion of vasopressin and
OLRI. The ratio of the excretion of vasopressin to that of OLRI was 5.1 ± 1.3 (mean ± s.e.: n = 8) for
SN and 1.2 ± 0.24 (mean ± s.e.: n = 6) for HS. NSTX 80 ng i.c.v., caused a significant reduction in the
antidiuretic response to the hypotension induced with SN: the increased urinary excretion of vasopressin
was also significantly reduced but not that of OLRI. NSTX had no effect on the response to HS.
7 We conclude that NSTX acts centrally on nicotinic cholinoceptors to block the release of vasopressin
and oxytocin by nicotine and the release of vasopressin, but not that of oxytocin, by hypotension. It
does not inhibit the release of either hormone by a central osmotic stimulus.

Keywords: Neosurugatoxin; vasopressin; oxytocin; nicotinic receptors; muscarinic receptors; hypertonic saline

Introduction

Two outbreaks of food poisoning which occurred in Japan in
1957 and 1965 after ingestion of the Japanese Ivory mollusc,
Babylonia japonica, produced a pattern of symptoms,
including hypotension, mydriasis and constipation, reminis-
cent of the side-effects of ganglion blocking agents in man
(Hirayama et al., 1974). A toxin, IS-toxin, contained in a
crude extract of the mollusc was found to block the ciliary
ganglia in mice and the superior cervical ganglia in cats
(Hirayama et al., 1970). Kosuge et al. (1972) isolated a pure
crystalline substance which they named surugatoxin. It was
reported that this toxin caused selective block of nicotinic
cholinoceptors in sympathetic and parasympathetic ganglia
and on adrenal chromaffin cells, without any action on mus-
carinic receptors in smooth muscle or on nicotinic cholino-
ceptors at the neuromuscular junction (Hirayama et al., 1974;
Hayashi & Yamada, 1975; Brown et al., 1976; Ascher et al.,
1979). It now appears that the mydriatic activity which was
used in the isolation of surugatoxin is due to contamination
with two other toxins (Kosuge et al., 1982). A new toxin,
neosurugatoxin, NSTX, has been isolated (Kosuge et al.,
1981; 1982) which possesses the same functional groups,
myo-inositol, bromo-oxindole and dioxopyrimidine, as suru-
gatoxin but differs from it in having a 6-7 rather than 6-6
heterocyclic ring system. NSTX evokes mydriasis in mice and

Author for correspondence.

has an anti-nicotinic action on the guinea-pig ileum about
100 times as potent as that reported for surugatoxin with a
pA2 of 9.07 compared with 5.46 for hexamethonium (Kosuge
et al., 1982; Hayashi et al., 1983; 1984). It also inhibits the
secretion of catecholamines from cultured bovine adrenal
medullary cells in response to nicotine (Bourke et al., 1988)
and carbachol (Wada et al., 1989).
There has been considerable interest in the possibility that

NSTX might block nicotinic cholinoceptors in the CNS. This
would be useful for identifying sub-types of receptors and
for investigating cholinergic transmission in physiological
systems. Specific binding of the toxin to brain membranes
and inhibition of nicotine binding has been demonstrated
(Hayashi et al., 1983; 1984; Rapier et al., 1985; Yamada et
al., 1985; 1988a; Billiar et al., 1988). NSTX blocked the
presynaptic nicotinic facilitation of [3H]-dopamine release
from striatal nerve terminals (Rapier et al., 1985). In vivo
studies have demonstrated an inhibition of nicotine-induced
antinociception in mice (Yamada et al., 1988b) and a
decrease in the frequency, although not the amplitude, of
pulses of luteinizing hormone (LH) secretion in rats (Billiar
et al., 1988).
A well-established central action of nicotine discovered by

Burn et al. (1945) is the release of vasopressin from the
neurohypophysis. Hexamethonium i.c.v. blocks the release of
vasopressin by nicotine and by hypotension (Bisset & Feld-
berg, 1977; Bisset & Chowdrey, 1984). It also blocks the
release of vasopressin by application of hypertonic saline

'." Macmillan Press Ltd, 1992
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(HS) to the rat hypothalamo-neurohypophyseal explant (Sla-
dek & Joynt, 1979) but not by i.c.v. injection in the rat
(Bisset et al., 1988; 1989). To test whether NSTX has a
central as well as a peripheral action like that of hexa-
methonium, we have investigated the effect of i.c.v. NSTX on
the release of vasopressin by nicotine, hypotension and i.c.v.
HS. Release of vasopressin was measured by antidiuretic
responses and increased urinary excretion of vasopressin in
water-loaded rats under ethanol anaesthesia. In the same
experiments, the excretion of oxytocin-like radioimmunore-
activity (OLRI) was also measured as an indicator of oxy-
tocin release (Bisset et al., 1989; 1990b).

Methods

The experiments were carried out on Wistar rats under
ethanol anaesthesia in which a constant fluid load equivalent
to 8% body weight (220-230 g) was maintained. This pro-
duced a sustained diuresis. Drugs were injected i.v. (0.1-
0.4 ml) into an external jugular vein or i.c.v. (1-4 fil) into a
lateral cerebral ventricle. Blood pressure was recorded from a
femoral artery. The hypotensive response to sodium nitro-
prusside was integrated to provide a count comprising both
amplitude and duration. The trachea was cannulated to
maintain a free airway but artificial ventilation was not
applied; amyl nitrite was administered by inhalation through
the tracheal cannula. Urine flow was recorded from the
cannulated bladder with a drop counter set to a I min time
base. Samples of urine (5 ml) were collected during a control
period at the start of each experiment, as soon as a steady
diuresis had been achieved, and immediately after each drug
injection. The antidiuretic response to nicotine, muscarine
and HS, all of which produced a pressor response, was
calculated as the percentage reduction in urine flow from the
expression 100 (A - B) A, where A is the control rate of
flow immediately before the injection and B the mean rate of
flow during the period in which the 5 ml urine sample was
collected after the injection. In calculating the antidiuretic
response to sodium nitroprusside, the initial antidiuresis result-
ing from the renal vascular reponse to hypotension (Bisset &
Chowdrey, 1984) was discounted. At the end of the collection,
each sample of urine was acidified by the addition of 0.5 ml
1 M formic acid and stored at 4°C until extracted. Extracts
were prepared with octadecasilyl silica (La Rochelle et al.,
1980) for estimation by radioimmunoassay of the content of
vasopressin (AVP) and oxytocin-like radioimmunoreactivity
(OLRI). Urinary excretion of vasopressin and OLRI is
expressed as the total amount (pg) contained in a 5 ml
sample of urine. Full experimental details have been pub-
lished (Bisset & Chowdrey, 1984; Bisset et al., 1990b). In all
experiments with nicotine, except those illustrated in Figure
9, atropine 200 fig was given i.v. at the start of the experi-
ment to prevent hypotension resulting from stimulation of
parasympathetic ganglia which might have caused reflex
release of vasopressin.

Drugs

Drugs used were nicotine hydrogen tartrate and sodium
nitroprusside (BDH), atropine sulphate, hexamethonium bro-
mide, muscarine chloride and noradrenaline hydrochloride
(Sigma), doses of which are expressed in terms of the salts;
amyl nitrite vitrellae BPC (Evans); arginine vasopressin (1st
International Standard for Arginine Vasopressin for Bio-
assay); the synthetic vasopressin antagonist, (+)-[CH2]5 D-
Tyr(Et) valyl arginine vasopressin (VAVP) (Manning et al.,
1982) and neosurugatoxin (NSTX). The vasopressin antagon-
ist was a generous gift from Dr Manning of the Department
of Biochemistry & Molecular Biology, Medical College of
Ohio, U.S.A. NSTX was isolated in the School of Pharma-
ceutical Science, University of Shizuoka by the method of
Kosuge et al. (1982). A 100 jig sample of toxin was dissolved

in 1 ml of phosphate buffered saline at pH 6.5 and dispensed
into 10 aliquots of 100 fLI each containing 10 g which were
stored at - 20C until use. All further dilutions were made
with phosphate buffered saline.

Statistics

Results are expressed as mean ± s.e.mean. Significance of
differences between means was determined by Student's t test,
using a paired (Figures 3, 8 and 9) or unpaired (Figure 6) test
as appropriate. A level of P<0.05 was taken to be signi-
ficant.

Results

Nicotine i.v. produced an antidiuretic and a pressor response
with increased urinary excretion of both vasopressin and
OLRI. The threshold dose for an antidiuretic response
(ADR) was 50 ltg: a dose of 200 ,ug frequently caused
apnoea. A standard dose of 100 fig was adopted which did
not cause apnoea in any experiment. Figure 1 compares the
antidiuretic and pressor responses to 100 jig nicotine i.v. and
0.5 and 1.0 ng vasopressin i.v before (a) and after (b) the
injection i.v. of a synthetic vasopressin antagonist, (+ )-
[CH2]5 D-Tyr(Et) VAVP, which blocks both the VI (vascular)
and V2 (renal) receptors. In (a) the ADR to nicotine was
similar to that produced by 1 ng vasopressin but the pressor
response to nicotine was much larger and more prolonged. In
(b) the antagonist blocked the antidiuretic and pressor res-
ponses to vasopressin but the pressor response to nicotine
was unchanged and accompanied by a pronounced diuresis.
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Figure 1 Blood pressure (upper traces) and urine flow (lower traces)
in a water-loaded rat under ethanol anaesthesia. Each vertical line in
the lower traces indicates the urine flow (jl) in 1 min. AVP = ar-
ginine vasopressin, 0.5 and 1.0 ng; N = nicotine, 100 jug; NA =
noradrenaline, 1 pg. Between (a) and (b), 4 ;Lg (+)-[CH2]5 D-Tyr (Et)
VAVP was injected, and, between (b) and (c) 4 mg hexamethonium.
All injections i.v.
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Between (b) and (c), hexamethonium 4 mg was injected i.v.;
this caused a large and sustained fall of blood pressure and
antidiuresis. The pressor response to nicotine was abolished;
the i.v. injection of 1 pg noradrenaline then produced a rise
of blood pressure and diuresis. In similar experiments the
threshold dose of NSTX i.v. for producing a fall of blood
pressure was 200 ng; a dose of 8 fig i.v. blocked the pressor
response to nicotine. The vasopressin antagonist was tested
in five experiments and there was no significant difference
between the pressor responses to nicotine before (41 mmHg ±
7.05) and after (38 mmHg ± 7.05) the antagonist.

Three series of experiments were carried out to test for an
inhibitory effect of NSTX i.c.v. on the responses to nicotine.
In the first series, three successive injections of nicotine i.v.
were given to each of five rats. Four responded to 100 pg; in
the fifth the dose was increased to 200 pg without causing
apnoea. The first injection served as a control; 5 min before
the second injection a single dose of 40 ng NSTX was
injected i.c.v. One of these experiments is illustrated in Figure
2. The second injection of nicotine, N2, produced a smaller
pressor response than the first injection, N1, a greatly reduc-
ed urinary excretion of vasopressin and only a small ADR.
The pressor response to the third injection, N3, was con-
siderably less than that to N2 and accompanied by a diuresis
with a urinary excretion of vasopressin less than in a control
sample of urine, C, collected at the beginning of the experi-
ment before the first injection of nicotine. The urinary excre-
tion of OLRI, in contrast with that of vasopressin showed
little change. The mean values for the five experiments are
shown in Figure 3. There was a significant difference in both
the antidiuretic and pressor responses between N1 and N2
and between N2 and N3; N2 produced a significantly smaller
urinary excretion of vasopressin than N1 and N3 did not
differ significantly from the control. Although the urinary
excretion of OLRI showed some decline from N1 to N2 and
from N2 to N3, the differences were not significant.

Control experiments were carried out to test whether the
diminished response to successive injections of nicotine could
have been due to tachyphylaxis rather than an inhibitory
effect of NSTX. Figure 4 illustrates an experiment in which
two injections of nicotine at an interval of 60 min produced
almost identical responses. However, tachyphylaxis was
observed in three experiments in which the first injection of

-9600 T X600-
0-

- 6400- 0 400-

CD420- z
~~4 0~~~ 4-~200- JI

-60-2

Figure 3 Summary of results of experiments including that illus-

trated in Figure 2 and with the same protocol and abbreviations.

The mean interval between injections of nicotine NI and N2 was

101 min and between N2 and N3, 82 mmn. The columns show mean

responses with s.e. indicated by vertical bars.

nicotine produced an exceptionally prolonged ADR and sub-

sequent injections were given after only a partial recovery.

One of these experiments is illustrated in Figure 5. The first

injection of 100 gyg of nicotine produced an extremely large

rise of blood pressure and a persistent ADR. Although an

interval of 65-75 mm was allowed between injections there

was a progressive decline in the pressor and antidiuretic

responses and in the urinary excretion of vasopressin. The

fourth injection produced a diuresis although the urinary

excretion of vasopressin was still increased compared with

the control. In contrast with vasopressin, the increased

urinary excretion of OLRI did not decline. In the experi-
ments of Figure 3, nicotine was injected at intervals of

65-140 mmn and the urine flow recovered completely between

injections. However, in three of these experiments, the first

injection of nicotine resulted in a relatively prolonged ADR
which might have induced tachyphylaxis. Therefore, in order

to exclude any possibility of tachyphylaxis, a second series of

experiments was carried out (Figure 6) in which a single

injection of 100 jig nicotine was examined in two groups of

rats. The first group served as a control. Each rat in the test
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Figure 2 Blood pressure and urine flow in a water-loaded rat under
ethanol anaesthesia, recorded as in legend to Figure 1. Three succes-
sive injections of nicotine, 100 gg i.v., (Nl, N2 and N3) were given;
the interval between NI and N2 was 75 min; and between N2 and
N3, 65 min. Neosurugatoxin (NSTX) 40 ng i.c.v. was injected 5 min
before N2. Arginine vasopressin (AVP) and oxytocin-like radioim-
munoreactivity (OLRI); total amount (pg) excreted in a 5 ml control
sample of urine (C) collected at the start of the experiment, before
NI, or in 5 ml samples collected after the injections of nicotine.
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Figure 4 Water-loaded rat under ethanol anaesthesia. The effect of
2 injections of nicotine, 100 lug iv. (NI and N2), at an interval of
60 min, on urine flow and blood pressure recorded as in legend to
Figure 1, and on urinary excretion of arginine vasopressin (AVP)
and oxytocin-like immunoradioactivity (OLRI) in 5 ml samples of
urine: C = control. Note the absence of tachyphylaxis.
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Figure 5 Similar experiment to that in Figure 4 with four successive
injections of nicotine, 100 fg i.v. (NI, N2, N3 and N4) at intervals of
65-75 min. The antidiuretic response to NI had not fully recovered
when N2 was given. The pressor and antidiuretic responses and the
urinary excretion of arginine vasopressin (AVP) exhibited
tachyphylaxis but not the excretion of oxytocin-like immunoreac-
tivity (OLRI): C = control.
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Figure 6 Results of experiments on 10 control (open columns) and
6 test (solid columns) rats water-loaded under ethanol anaesthesia.
All received nicotine 100 jg i.v. The test rats were given 2 injections
of neosurugatoxin (NSTX) 40 ng i.c.v., 20 min and 10 min before
nicotine. Control samples of urine (C) were collected in each group.
The columns show mean responses with s.e. indicated by vertical
bars. Excretion of arginine vasopressin (AVP) and oxytocin-like
immunoreactivity (OLRI) measured as total amount in 5 ml samples
of urine.

group was given an injection of NSTX i.c.v. before nicotine.
Since the response to nicotine was not completely inhibited
5 min after the injection of 40 ng NSTX in the first series of
experiments, two injections of 40 ng NSTX were given in the
present series, the first 20, and the second 10 min, before
nicotine. Only one of the ten rats in the control group failed
to respond to 100 ltg nicotine. There was no significant differ-
ence between the pressor responses in the two groups, but the
ADR was almost abolished in the test group. Nicotine in-
creased the excretion of both vasopressin and OLRI signifi-
cantly in the control group: after NSTX, there was no

significant change in either vasopressin or OLRI in response
to nicotine.
A third series of experiments was carried out in six rats to

test whether NSTX acts selectively on nicotinic receptors.
One of these experiments is illustrated in Figure 7, and the
mean results of the six experiments are shown in Figure 8.
Three injections of 20 ng muscarine i.c.v. (Ml, M2 and M3)
were given: MI served as a control; two injections of 40 ng
NSTX were given i.c.v. 20 and 10 min before M2 to conform
with the procedure used in the second series of experiments
and atropine, 200 pg i.v., was given between M2 and M3.
Finally the response to nicotine, 100 fig i.v., was tested.
Muscarine produced pressor and antidiuretic responses and a
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Figure 7 Blood pressure and urine flow in a water-loaded rat under
ethanol anaesthesia, recorded as in legend to Figure 1. Three succes-
sive injections of muscarine, 20 ng i.c.v. (Ml, M2 and M3) were
given followed by nicotine (N), 100 pg i.v. Two injections of
neosurugatoxin (NSTX) 40 ng i.c.v., were given 20 min and 10 min
before M2 and 200 pg atropine i.v. was injected between M2 and
M3. Control (C) sampes of urine were collected at the start of the
experiment. Excretion of arginine vasopressin (AVP) and oxytocin-
like immunoreactivity (OLRI) measured as total amount (pg) in 5 ml
samples of urine.

significant increase in the urinary excretion of both vasopres-
sin and OLRI: none of these effects was significantly reduced
by NSTX but all were abolished by atropine. Nicotine pro-
duced a pressor and diuretic response but no increase in the
urinary excretion of vasopressin or OLRI; this confirmed
that central nicotinic cholinoceptors had been effectively
blocked by NSTX. At the end of each experiment an inhala-
tion of amyl nitrite was given to produce hypotension; no
antidiuretic response was observed. In contrast, the injection
of hypertonic saline (HS; 1.54M NaCI solution) 4 ld i.c.v.
after nicotine in 2 experiments produced pressor and anti-
diuretic responses with an increase in the urinary excretion of
vasopressin to 262 and 279 pg and that of OLRI to 813 and
781 pg. These preliminary results suggested that NSTX might
have a differential effect on the release of vasopressin by
hypotension and an osmotic stimulus. To investigate this,
two further series of experiments were carried out, but using
sodium nitroprusside (SN) in preference to amyl nitrite since
the hypotensive responses to SN were more reproducible.

0. ...
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Doses of 50, 100 and 20014g SN in the same rat produced

graded hypotensive and antidiuretic responses and increases

in the urinary excretion of vasopressin. A dose of 200 Fig was
adopted as standard. Each rat was given two injections of

either SN (8 experiments) or hypertonic saline (HS) (6

experiments). NSTX was given before the second injection,

the first serving as a control. Two doses of toxin, 40 ng i.c.v.

were given at an interval of 10smi, as in the experiments
illustrated in Figures 6-8 but, in order to allow for the time

to the maximum onset of action, the first NSTX injection
was given 60 mmi before SN or HS. The results are shown in

Figure 9. Both SN and HS increased the urinary excretion of
OLRI as well as that of vasopressin but the mean vasopres-
sin: OLRI ratio was 5.1 ± 1.3 for SN compared with

1.2 ± 0.24 for HS. After NSTX, SN produced a similar
hypotensive response but there was a significant reduction in
both the antidiuretic response and the increased urinary ex-
cretion of vasopressin. The reduction in the hypotension-
induced vasopressin release we not due to tachyphylaxis
since, in a control series of experiments in which two injec-
tions of SN were given at a similar time interval but without
the intervention of NSTX, there was no significant difference
in the responses. Interestingly, the increased urinary excretion
of OLRI after SN was not reduced by NSTX. In contrast
with the effects of a hypotensive stimulus, the responses to
HS before and after NSTX were almost identical. Nicotine
injected after SN or HS produced pressor and diuretic res-
ponses with no significant increase in the urinary excretion of
vasopressin or OLRI compared with that in the controls.
This demonstrated, as in the experiments illustrated in
Figures 6 and 8, an effective block of central nicotinic
cholinoceptors.

Discussion

The fact that the antidiuretic response to i.v. nicotine in the
rat was accompanied by an increase in the urinary excretion
of OLRI as well as vasopressin indicates that both vasopres-
sin and oxytocin are released. This contrasts with the cat in
which i.v. nicotine has been shown to release vasopressin
alone (Bisset et al, 1975; Bisset & Feldberg, 1977). Many of
the actions of nicotine, including the release of vasopressin,
exhibit tacahyphylaxis (Paton & Savini, 1968; Bisset & Feld-
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Figure 9 Results of two series of experiments in water-loaded rats under ethanol anaesthesia in which two i.v. injections (SNI and
SN2; n = 8) of 200 glg sodium nitroprusside, or two i.c.v. injections (HSI and HS2; n = 6) of 4 ;ll hypertonic saline (1.54 M NaCi
solution) were given in each rat. Two injections of neosurugatoxin (NSTX) 40 ng i.c.v., were given 60 and 50 min before SN2 and
HS2. Nicotine, 100 Itg i.v., was injected after SN2 and HS2 to test for the effectiveness of NSTX in blocking nicotinic
cholinoceptors. A control sample of urine (C) was collected at the start of each experiment. Columns show mean responses with
s.e. indicated by vertical bars. Excretion of arginine vasopressin (AVP) and oxytocin-like immunoreactivity (OLRI) measured as
total amount in 5 ml samples of urine. The hypotensive response to SN is measured as an integrated count (see Methods).
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berg, 1977; Wonnacott, 1990). In the present investigation,
tachyphylaxis was observed in those control experiments in
which the first injection of nicotine produced a relatively
prolonged antidiuretic response with only partial recovery of
the urine flow before the next injection. It is interesting to
note however that, although the urinary excretion of vaso-
pressin declined progressively with successive injections of
nicotine in these experiments, the excretion of OLRI was
unchanged. Also, in the first series of experiments in which
three successive injections of nicotine were given in one rat,
the second after 40 ng NSTX, the decline in the excretion of
vasopressin with the second and third injections was not
accompanied by any significant decrease in the excretion of
OLRI. This dissociation emphasises the independence of the
neural mechanisms which control the release of vasopressin
and oxytocin. The possibility cannot be excluded that the
results obtained in the first series of experiments were due at
least in part to tachyphylaxis. However, the results obtained
in the second and third series of experiments in which each
rat received only one injection of nicotine and a larger dose
of 80 ng NSTX was used, show unequivocally that this dose
of NSTX blocks the release of both vasopressin and oxytocin
by nicotine and that this inhibitory effect persists for at least
3 h. This prolonged block is consistent with a report that
NSTX may irreversibly inactivate nicotine binding sites in
vitro (Yamada et al., 1985) and that inhibition of nicotine
binding in vivo persists up to 7 days after i.c.v. injection of
NSTX (Yamada et al., 1988a).

Agonists acting on muscarinic cholinoceptors have been
shown to release vasopressin and oxytocin in the rat and this
release is blocked by atropine (Kuhn & McCann, 1971;
Kuhn, 1974; Clarke & Merrick, 1978; Bisset & Chowdrey,
1984; litake et al., 1986; Shoji et al., 1989). In our experi-
ments, NSTX acted selectively on nicotinic, and not on

muscarinic, receptors. The antidiuretic response to muscarine
and the increased urinary excretion of vasopressin and OLRI
which were blocked by atropine were not inhibited by doses
of NSTX which blocked the response to nicotine in the same

experiments.
Since the pressor response which accompanied the anti-

diuretic response to i.v. nicotine was blocked by i.v. hexa-
methonium but not by a vasopressin antagonist, it is due not
to release of vasopressin but to stimulation of the sym-
pathetic nervous system. The partial inhibition of this res-
ponse by only 80 ng NSTX i.c.v. could not have been caused
by a peripheral sympathetic block since the minimum dose of
NSTX i.v. to block the pressor response to i.v. nicotine was
8 jig. This suggests that the pressor response is mediated in
part by central sympathetic stimulation which is blocked by
NSTX. In many experiments in which NSTX blocked the
release of vasopressin, the residual pressor response was

accompanied by diuresis, probably caused by an effect on

renal haemodynamics of catecholamines released by the peri-
pheral component of sympathetic stimulation.

Hypotension induced with i.v. sodium nitroprusside (SN)
and an osmotic stimulus consisting of i.c.v. hypertonic saline
(HS) caused an increase in the urinary excretion of vasopres-
sin and OLRI, although not in the same ratio. This implies
release of both vasopressin and oxytocin. A species difference
is again involved since, in the cat, hypotension, haemorrhage,
carotid occlusion and i.c.v. HS have all been shown to
release vasopressin without oxytocin (Bisset et al., 1989).
Changes in blood pressure are monitored by peripheral
receptors in the cardiovascular system (for review see Bisset
& Chowdrey, 1988) which have an afferent input to the
nucleus of the tractus solitarius (NTS) on the dorsal surface
of the medulla. The NTS projects to the Al group of nor-

adrenergic neurones on the ventral surface which, in turn,
selectively innervate the vasopressin-secreting cells in the sup-
raoptic and paraventricular nuclei (SON and PVN) either
directly or indirectly through the lateral preoptic nucleus
(LPN) (Banks & Harris, 1984). It is now thought that this
group of neurones is coincident with the nicotine sensitive

area which has been defined on the ventral surface of the
medulla in the cat (Bisset et al., 1975). Topical application of
nicotine to this area causes a release of vasopressin without
oxytocin which is blocked by hexamethonium (Bisset & Feld-
berg, 1977). The LPN, which is a part of the magnocellular
basal nucleus lying dorsolateral to the SON provides the only
known cholinergic input to this nucleus (Mason et al., 1983;
Hatton & Mason, 1985). Electrical stimulation in the region
of the LPN causes an excitation of the vasopressin-secreting
neurones in the SON which is blocked by hexamethonium
(Hatton et al., 1983). Intracellular recording from the
neurones innervated by the LPN demonstrated depolariza-
tion after microperfusion with acetylcholine and this effect
also was blocked by hexamethonium (Cobbett et al., 1986).
The SON was stained with a monoclonal antibody to the a
sub-unit of the nicotinic receptor (Mason, 1985). However, a
recent immunocytochemical study involving both light and
electron microscopy failed to demonstrate a direct innerva-
tion of the cell bodies and dentrites in the SON and PVN by
cholinergic synapses (Theodosis & Mason, 1988). This sug-
gests the possibility of intervening neurones (Tribollet et al.,
1985; Raby & Renaud, 1989a; Pow & Morris, 1989; Jhaman-
das et al., 1989; Renaud & Bourque, 1991) and is consistent
with the finding that binding sites for nicotine and acetyl-
choline lie predominantly outside the SON and PVN (Clarke
et al., 1985; Sharp et al., 1987; Hirfstrand et al., 1988). In
previous work (Bisset & Chowdrey, 1984) we showed that
i.c.v. hexamethonium blocked the antidiuretic response to
amyl nitrite in the water-loaded rat preparation, although it
has been reported not to inhibit the release of vasopressin by
non-hypotensive or hypotensive haemorrhage (Iitake et al.,
1989). In the present experiments, i.c.v. NSTX, in the same
dose which blocked the release of vasopressin and oxytocin
by nicotine, blocked the antidiuretic response to amyl nitrite
and caused a significant reduction in the antidiuretic response
to SN and in the increased urinary excretion of vasopressin.
This suggests that NSTX acts on the same or a similar type
of receptor to that on which hexamethonium acts and con-
firms the existence of one or more cholinergic synapses in the
central neural pathways controlling the release of vasopressin
by hypotension. These synapses are probably the site of
action of nicotine in releasing vasopressin and of NSTX in
blocking this release. In contrast with vasopressin, the release
of oxytocin by hypotension was not inhibited by NSTX. This
is consistent with the absence of any direct cholinergic input
to the oxytocin-secreting cells in the SON and PVN and with
the recent suggestion that the release of oxytocin may be
controlled by a direct projection from the NTS to the oxyto-
cin-secreting cells in which the transmitter at the final
synapse is not acetylcholine or noradrenaline but the peptide
inhibin P (Sawchenko et al., 1988; Raby & Renaud, 1989a,b,;
Bourque & Renaud, 1990; Renaud & Bourque, 1991). It is
conceivable that nicotine may cause release of oxytocin by
stimulating this efferent projection from the NTS.
The osmotic control of vasopressin release is still contro-

versial. The main issue is whether the SON itself functions as
an osmoreceptor or receives an afferent neural input from
extraneous osmoreceptors in the circumventricular organs
(Bisset & Chowdrey, 1988; Bisset et al., 1990a). The entire
system may be integrated in an 'osmoreceptor complex'
(Honda et al., 1990). Sladek & Joynt (1979) produced evi-
dence from in vitro work with hypothalamic explants for a

cholinergic input to the vasopressin-secreting cells in the
SON from the organum vasculosum laminae terminalis
(OVLT). Excitation of neurosecretory cells in the PVN by
intracarotid HS was inhibited by microionophoretic applica-
tion of hexamethonium and atropine (Akaishi & Negoro,
1983). In the water-loaded rat preparation, both hexameth-
onium and atropine failed to block the release of vasopressin
by i.c.v. HS (Bisset et al., 1988) and, in the present
experiments, NSTX, in a dose which effectively inhibited
release by nicotine or hypotension, caused no reduction in
the excretion of either vasopressin or OLRI after i.c.v. HS.
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Similarly, fitake et al. (1989) reported that doses of i.c.v.
hexamethonium and atropine which blocked the release of
vasopressin in response to i.c.v cholinoceptor agonists, did
not block release by i.v. HS in conscious rats. There is,
therefore, no evidence for a cholinergic link in osmotic con-
trol in vivo.

In conclusion, we have shown that NSTX, which is known
to block peripheral nicotinic cholinoceptors in autonomic
ganglia and the adrenal medulla, also acts centrally to block
the release of vasopressin and oxytocin by nicotine. It inhi-

bits the release of vasopressin but not that of oxytocin by
hypotension and has no effect on the release of either hormone
by an osmotic stimulus. Our experiments provide further
evidence for a central action of NSTX on nicotinic cholino-
ceptors and illustrate its potential for elucidating cholinergic
pathways in the CNS.

Part of this work was supported by an MRC project grant to
G.W.B. We thank Miss A. Basham and Miss C. Gilsenan for typing
the manuscipt.
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Identification and distribution of 5-HT3 recognition sites in the
rat gastrointestinal tract
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1 Tritiated derivatives of the potent and selective 5-HT3 receptor antagonists GR65630 and LY278584
were used to identify 5-HT3 recognition sites in the rat gastrointestinal tract.

2 Binding studies were carried out in homogenates of the rat oesophagus, the cardia, fundus, body and
antrum of the stomach, regions of the small intestine, caecum and large intestine. The specific binding of
a single concentration of GR65630 (0.5 nM) defined by granisetron (10 EuM) in these areas indicated that
the density of 5-HT3 recognition sites varied from 2.4 ± 1.0 to 10.1 ± 1.0 fmol mg-' protein.

3 Saturable binding of [3H]-GR65630 could only be demonstrated in the terminal regions of the small
intestine (Bmax in the range of 13.83 4.54-21.19 ± 0.89 fmol mg-' protein; mean ± s.e.mean) and of
high affinity (Kd in the range of 0.42 0.18-0.79 ± 0.24 nM). Use of [3H]-LY278584 revealed a similar
binding density (Bmax 19.54 ± 0.26 fmol mg-' protein) and affinity (Kd 1.04 ± 0.07 nM) in the terminal
small intestine.
4 Binding of [3H]-GR65630 and [3H]-LY278584 to the terminal region of the small intestine was

inhibited by 5-HT3 receptor ligands ondansetron and S-zacopride (and 5-hydroxytryptamine), but not by
5-HTI, 5-HT2, catecholamine, y-aminobutyric acid and opioid receptor ligands.
5 These data demonstrate that there are regional variations in the density of 5-HT3 recognition sites
within the rat gastrointestinal tract. Such data are relevant to the potential use of 5-HT3 receptor ligands
to modify secretory and contraction responses in the gastrointestinal system.

Keywords: 5-HT3 recognition sites; [3H]-GR65630; [3H]-LY278584; rat intestine

Introduction

A neuronally located 5-hydroxytryptamine (5-HT) receptor
mediating transmitter release was first identified in the
guinea-pig ileum by Gaddum & Picarelli (1957). Subsequent
studies established that 5-HT receptors are widely distributed
on peripheral nerves (see review by Richardson & Engel,
1986), and the development of selective antagonists for the
5-HT receptor subtypes has allowed characterization and
designation of this neuronal receptor as the 5-HT3 receptor
(see Bradley et al., 1986). The characterization was based on
an antagonism by 5-HT3 receptor antagonists such as
MDL72222, ICS205-930 and ondansetron of the effects of
5-HT to induce, for example, neuronal depolarization of the
isolated vagus nerve, superior cervical ganglion and the von
Bezold Jarisch reflex (Fozard, 1984; Richardson et al., 1985;
Butler et al., 1988). This initial pharmacological characteriza-
tion was achieved before these 5-HT3 receptors could be
defined by radioligand binding assays. However, with the
development of radiolabelled ligands such as [3H]-GR65630,
[3H]-ICS205-930 and [3H]-zacopride, 5-HT3 receptors were
identified in the brains of many species including man (Kil-
patrick et al., 1987; Barnes et al., 1988; 1989; Waeber et al.,
1988), the vagus nerve and superior cervical ganglion (Kilpat-
rick et al., 1989; Hoyer et al., 1989).

However, few studies have attempted to characterize 5-HT3
receptors in the gastrointestinal tract via radioligand binding
assays. [3H]-zacopride has been used at a single concentration
for the tentative identification of 5-HT3 recognition sites in
certain areas of the rabbit, rat and ferret gastrointestinal
tract (Pinkus et al., 1989), which are associated with enteric
neuronal plasma membranes (Gordon et al., 1990). Such sites
may provide the sites of action for 5-HT and 5-HT3 receptor
ligands to modify contraction and secretory responses in the

I Author for correspondence.

gastrointestinal tract (Donowitz et al., 1977; Cooke & Cary,
1985; Baird & Cuthbert, 1987; Costall & Naylor, 1990).
There have been no attempts to investigate systematically

the presence and density of 5-HT3 receptors throughout the
whole gastrointestinal tract. Such information would be par-
ticularly helpful for identification of those regions of the tract
worthy of further investigation as sites of 5-HT3 agonist-
antagonist action. In the present study we determined the
distribution of 5-HT3 recognition sites in the gastrointestinal
tract of the rat.

Methods

Preparation of tissue for radioligand binding

Female Hooded-Lister rats (250-300 g, Bradford bred) were
killed by cervical dislocation, and the tissues removed over
ice. The gastrointestinal tract was separated as follows: oeso-
phagus, stomach (dissected into the fundus, cardia, body and
antrum), small intestine (20 cm lengths measured from the
stomach), caecum (complete) and large intestine (complete).
The contents of the gastrointestinal tract were removed and
the tissues rinsed with ice-cold 2-[4-(2-hydroxyethyl-1-piper-
azinyl)]-ethane sulphonic acid (HEPES) buffer (50 mM buffer-
ed to pH 7.4 with NaOH; final Na+ concentration was
10 mM). For most experiments the tissues were stored frozen
at -20°C.

For binding studies the tissue was finely chopped with
scissors and homogenized (Polytron, full speed for 10 s) in 20
volumes of ice-cold HEPES buffer and centrifuged (48,000 g,
10 min, 4°C). The resulting supernatant was discarded and
the pellet resuspended in HEPES buffer and recentrifuged.
The supernatant was discarded and the pellet resuspended in
HEPES buffer at a concentration of 50 mg original wet
weight ml-' and kept on ice until used.

'." Macmillan Press Ltd, 1992
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Binding studies with [3H]-GR65630

Homogenates (250 1LI) of the gastrointestinal tract (or
HEPES buffer for filter blanks) were added to pre-incubated
(2 min, 370C) test tubes in triplicate, containing 650 pl of
competing drug or buffer (containing appropriate drug-
vehicle) and 100 ftl [3H]-GR65630 (final concentration 0.47-
0.93 nM for competition studies or a range of concentrations
between 0.1-5 nm for saturation studies). The tubes were
incubated for 30 min at 37'C, before termination by rapid
filtration through pre-wet (0.01% v/v polyethyleneimine in
HEPES buffer) Whatman GF/B filters. The filters were
immediately washed twice with 9.6 ml of HEPES buffer at
room temperature (wash time 8 s). Filter discs were placed in
scintillation vials and covered with 1Oml of 'Ultima Gold'
scintillant (Packard), and left for dark adaption for 6 h
before liquid scintillation spectroscopy (efficiency approx-
imately 47%). Protein in the homogenate was measured by
the Bio-Rad Coomassie Blue method (Bradford, 1976), with
bovine serum albumin used as standard.

Binding studies with [3H]-L Y278584
Binding studies with [3H]-LY278584 were carried as described
above for [3H]-GR65630, except that the final concentration
of [3H]-LY278584 was 0.43-0.58 nM for competition studies,
or a range of concentrations between 0.05-5 nM for satura-
tion studies. Binding assays were terminated with rapid filtra-
tion as above, but ice-cold buffer was used for washing the
filters.

Expression of results

Estimates of equilibrium binding parameters (Kd and Bmax)
were obtained by non-linear regression analysis from the
equation y = Bmax (L/(L + Kd)) and the KaleidoGraph pro-
gramme (Synergy Software, 1990); where L = free ligand con-
centration.

Compounds

Atropine sulphate (Sigma), dopamine hydrochloride (Sigma),
granisetron hydrochloride (Glaxo), GR65630 hydrochloride
(3- (5-methyl-1H-imidazole-4-yl) -1- (1-methyl-1H-indol-3-yl)
-l-propanone.HCl) (Glaxo), hexamethonium hydrobromide
(Sigma), 5-hydroxytryptamine maleate (5-HT, Sigma), 5-
methoxytrptamine hydrochloride (Sigma), methysergide
maleate (Sandoz), ondansetron hydrochloride (Glaxo),
nicotine hydrogen tartrate (British Drug Houses), prazosin
hydrochloride (Pfizer), pentazocine hydrochloride (Sigma),
spiperone (Janssen) and (S)-zacopride hydrochloride (A.H.
Robins) were prepared in distilled water and diluted with
HEPES buffer as required. y-Amino-n-butyric acid (Sigma)
and noradrenaline bitartrate (Sigma) were dissolved in the
minimum quantity of glacial acetic acid and made up to
volume with distilled water (pH adjusted to 6-7 with sodium
bicarbonate). Ritanserin (Research Biochemicals Inc.) was
dissolved in the minimum quantity of methanol and made up
to volume with distilled water. [3H]-GR65630 (79.9 Ci
mmol-', NEN) and [3H]-LY278584 maleate (1-methyl-N-(8-
methyl-8azabicylo[3.2. l]oct-3-yl)- I H-indazole-3-carboxamide)
(84 Ci mmol- 1, Amersham) were supplied in ethanol and
diluted in HEPES buffer.

Results

Determination of specific binding of [3H]-GR65630 and
[3H1-LY278584 in the rat gastrointestinal tract

In preliminary experiments, granisetron (10 LM) was found to
compete for [3H]-GR65630 (0.5 nM) binding to regions of the
gastrointestinal tract. However, the use of the single concen-

tration of ligand revealed marked differences between regions
in the percentage inhibition of [H]-GR65630 binding. For
example, 101LM granisetron inhibited 43-63% of the total
binding of [3H]-GR65630 in the small intestine, whereas
lower inhibition values of 14 to 36% were recorded from
preparations of the oesophagus, stomach and caecum (Table
1).
The preliminary indications of specific [3H]-GR65630 bind-

ing to regions of the small intestine were confirmed in sub-
sequent studies where [3H]-GR65630 (0.1-5 nM) displayed
saturable specific binding (defined by 10 pM granisetron) in
homogenates prepared from the terminal regions (40-60,
60-80 and 80-100cm segments) of the small intestines.
Non-linear regression analysis of the data showed that [3HJ-
GR65630 binding was of high affinity and to a single popula-
tion of receptors (Kd in the range of 0.42 ± 0.18 to 0.79 +
0.24 nM; mean ± s.e.mean; maximum binding density, Bmax
13.83 ± 4.54 to 21.19 ± 0.89 fmol mg-' protein with r values
of 0.92-0.95, Table 2 and Figure la). The use of [3H]-
LY278584 revealed a similar binding density (Bmax 19.54±
0.26 fmol mg-' protein) and affinity (Kd 1.04 ± 0.07 nM, r =
0.98 ± 0.01) in the terminal 80-100 cm segment of the small
intestine (Table 2).
However, with preparations of the oesophagus, the four

regions of stomach, the first 40 cm of the small intestine, the
caecum and large intestine, non-linear regression analysis
indicated that the 'specific binding' of [3H]-GR65630 was not
saturable and did not give good curve fits (Table 2 and
Figure lb).

Specificity of the binding of[3H1-GR65630 (0.47-0.93
nM) and [3H]-LY278584 (0.43-0.58 nM) to rat small
intestine

In the 80-100 cm section of small intestine which had the
highest density of binding sites, the 5-HT3 receptor anta-
gonists granisetron, ondansetron and (S)-zacopride competed
for the binding sites with pKi values in the nanomolar range
(Table 3). 5-Hydroxytryptamine also effectively competed for
the binding site (pKi 6.15-6.93), whereas methysergide, ritan-
serin and 5-methoxytryptamine influencing respectively 5-
HTI/5-HT2, 5-HT2 and the putative 5-HT4 receptor were
ineffective. Similarly, compounds affecting catecholamine,
acetylcholine, opioid and GABA receptors were without
significant effect (Table 3).

Table 1 The 'specific' binding of [3H]-GR65630 (0.5 nM)
and [3H]-LY278584 (0.5 nM) to homogenates of the rat
gastrointestinal tract

Region

Oesophagus
Stomach

fundus
cardia
body
antrum

Small intestine
0-20 cm
20-40 cm
40-60 cm
60-80 cm
80- 100 cm

Caecum
Large intestine

Small intestine
80- 100 cm

Specific binding Specific binding x 100
(fmol mg- I protein) Total binding

[3HJ-GR65630
4.5± 1

3.0 ± 0.4
3.2± 1
3.1 ± 1
2.4 ± 1

5.3 ± 1
5.9 ± 1
8.2± 1
8.9±2

10.1 ± 1
7.6 ± 3
6.5 ± 1

[3H]-L Y278584

6.2 ± 0.3

35±4

14±3
26±4
36± 18
17± 5

43 ± 11
63 ± 9
62± 2
62±4
61 ± 3
36 ± 6
42± 2

100 ± 2

'Specific' binding was defined by 1O9M granisetron. Values
represent the mean ± s.e.mean obtained from 3 experiments.
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Figure 1 Representative saturation experiments with [3H]-GR65630
in membranes of the rat gastrointestinal tract: (a) terminal section of
small intestine and (b) oesophagus. Membranes were incubated with
varying concentrations of [3H]-GR65630 in the absence (0 total
binding) and the presence of granisetron (10 jM) (O non-specific
binding); specific binding (-). Points are means of triplicate deter-
minations. The insets represent a non-linear regression analysis of
the data; bound (B, fmol mg-' protein) versus free (F, nM).

The main purpose of this study was to determine the distri-
bution of 5-HT3 recognition sites in the gastrointestinal tract
of the rat. The selective 5-HT3 receptor antagonist [3H]-
GR65630 (Kilpatrick et al., 1987) was used as the major
pharmacological tool in radioligand binding studies; the 5-
HT3 receptor antagonist [3H]-LY278584 (Robertson et al.,
1990) was used in more restricted experiments to provide
supportive evidence for the data obtained with [3H]-GR65630.

Specific binding sites defined by the use of the 5-HT3
receptor antagonist, granisetron (Sanger & Nelson, 1989)
were detected in the distal regions of the small intestine with
both [3H]-GR65630 and [3H]-LY278584, the binding density
being highest in the sections taken immediately before the
ileo-caecal junction. The binding was most probably to a
5-HT3 recognition site since the specific binding was defined
by granisetron and other 5-HT3 receptor antagonists, ondan-
setron and (S)-zacopride (Butler et al., 1988; Smith et al.,
1988) and also 5-HT. The specificity and selectivity of the
binding was further indicated by the failure of 5-HT1 and
5-HT2 receptor antagonists methysergide and ritanserin, and
a variety of agonists and antagonists at cholinoceptor, cate-
cholamine, opioid and GABA receptor sites to compete for
the binding of [3H]-GR65630 and [3H]-LY278584. It is possi-
ble, if not probable, that the 5-HT3 recognition sites identi-
fied in the present study may be the 5-HT3 receptors that
mediate changes in secretion in the rat ileum induced by
5-HT3 receptor ligands (Ball et al., 1988).
The presence of 5-HT3 recognition sites in other parts of

the rat gastrointestinal tract is less clear. Whilst the use of a
single concentration of [3H]-GR65630 identified 'specific'
binding defined by the presence of granisetron in the
oesophagus, regions of the stomach, proximal regions of the
small intestine, colon and caecum, the use of a full range of
concentrations and non-linear regression analysis failed to
reveal saturable binding. Therefore it is difficult to demon-
strate unequivocally the presence or absence of 5-HT3 recog-
nition sites in these areas of the rat gastrointestinal tract.
Moreover, it is interesting that it has not been possible to
characterize the 5-HT receptor mediating Cl- secretory
changes in the rat isolated colon as the 5-HT3 receptor
subtype (see Bunce et al., 1991).
The location of 5-HT3 recognition sites in different regions

of the gastrointestinal tract is important to an understanding
of how a pharmacological manipulation of 5-HT3 receptor
function might be expected to modify motility and secretion.

Table 2 Non-linear regression analysis of the specific binding of [3H]-GR65630 and [3H]-LY278584 to homogenates of discrete regions
of the rat gastrointestinal tract

Bmax
(fmol mg-' protein)

[3H]-GR65630
NC

NC
NC
NC
NC

NC
NC

13.83 ± 4.54
21.19 ± 0.89
20.98 ± 0.97

NC
NC

[3H]-L Y278584

19.54 ± 0.26

Kd (nM)

NC

NC
NC
NC
NC

NC
NC

0.42 ± 0.18
0.79 ± 0.24
0.47±0.11

NC
NC

1.04 ± 0.07

0.81 ± 0.06

0.87 ± 0.05
0.87 ± 0.05
0.84 ± 0.05
0.71 ± 0.1

0.85 ± 0.07
0.83 ± 0.07
0.95 ± 0.01
0.94 ± 0.01
0.92 ± 0.02
0.82 ± 0.06
0.68 ± 0.02

0.98 ± 0.01

Values represent the mean ± s.e.mean of 3-4 separate experiments. Specific binding defined by 10 gM granisetron. NC, not calculable.

6.
-6

-o

Region

Oesophagus
Stomach

fundus
cardia
body
antrum

Small intestine
0-20 cm
20-40 cm
40-60 cm
60-80 cm
80- 100 cm

Large intestine
Caecum

Small intestine
80- 100 cm
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Table 3 The affinities of various compounds in competing for the binding of [3H]-GR65630 (0.47-0.93 nM) and [3H]-LY278584
(0.43-0.58 nM) to homogenates of the terimanl section of the rat small intestine

[3H]-GR65630 [3H1-L Y278584
Compound pK1 p1K

S-Zacopride 9.43 ± 0.21 9.52 ± 0.07
Granisetron 8.66 ± 0.11 8.54 ± 0.07
Ondansetron 8.05 ± 0.18 8.43 ± 0.09
5-Hydroxytryptamine 6.93 ± 0.07 6.15 ± 0.08

Hexamethonium 92 3% TB at 0.1 Mm 100 5% TB at 0.1 AM
Noradrenalin 97 2% TB at 0.1 MM 99 3% TB at 0.1 MM
Nicotine 99±5% TB at 0.1Mm 103±5% TB at .1Mm
5-Methoxytryptamine 105 ± 3% TB at 0.1 Mm 95 2% TB at 0.1 lM
Pentazocine 83 ±2% TB at I lM 96 2% TB at 1 lM
Prazosin 87 2% TB at I M 105 5% TB at 1Mm
Atropine 95 1% TB at I gM 83 5% TB at I gM
Dopamine 95 6% TB at I Mm 100 6% TB at I lMm
Spiperone 96± 1% TB at I M 103 5% TB at I M
Methysergide 96±6% TB at 1 AM 103 ± 6% TB at 1 AM
y-Amino-n-butyric acid 97 3% TB at I lM 106 ± 5% TB at 1 lM
Ritanserin 102 3% TB at lMm 95 8% TB at I M

Values represent the mean ± s.e.mean of at least 3 separate experiments.
TB = total binding.

It is necessary to extend these studies to other species since
5-HT3 receptor antagonists are reported to have varying
effects in modifying motility and secretion in different species

(see Costall & Naylor, 1990; Bunce et al., 1991). Finally, the
location of the 5-HT3 receptors within the enteric neuronal
system remains to be demonstrated.
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Effects of almitrine on the release of catecholamines from the
rabbit carotid body in vitro
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1. Almitrine increases ventilation by stimulating the carotid body (CB) arterial chemoreceptors but
neither its intraglomic target nor its mechanism of action have been elucidated.
2. We have tested the hypothesis that chemoreceptor cells are targets for almitrine by studying its
effects on the release of 3H-catecholamines in an in vitro rabbit CB preparation.
3. It was found that almitrine (0.3 and 1.5 x 10-6 M; i.e. 0.2 and 1 mg l') increases the resting release
of 3H-catecholamines from CBs (previously loaded with [3H]-tyrosine) incubated in a balanced 95%
02/5% C02-equilibrated solution.
4. Almitrine at a concentration of 3 x 10-6 M (2 mg 1') also augmented the release of 3H-
catecholamines elicited by incubating the CBs in a hypoxic solution (equilibrated with 7% 02/5% CO2
in N2), by high external K+ (35 mM) and by veratridine (2 X 10-5 M), but did not modify release induced
by dinitrophenol (7.5 x 10-5 M).
5. At the same concentration (3 X 10-6 M), almitrine increased the rate of dopamine synthesis and was

ineffective in modifying the cyclic AMP levels in either normoxic or hypoxic CBs.
6. It is concluded that chemoreceptor cells are the intraglomic targets for almitrine. The mechanisms of
action of almitrine on chemoreceptor cells are discussed.

Keywords: Carotid body; arterial chemoreceptors; catecholamine; almitrine

Introduction

Almitrine bismesylate intravenously administered produces a
potent and long-lasting stimulation of carotid body (CB)
chemoreceptors leading to an equally long-lasting hyper-
ventilatory response in different animal species including man
(Laubie & Schmitt, 1980; Bisgard, 1981; O'Regan et al.,
1983; McQueen et al., 1989; Lahiri et al., 1989). In spite of
the abundant literature on almitrine, not only its mechanism
of action but even its intraglomic target(s) (chemoreceptor
cells, sensory nerve endings or blood vessels) remain
undefined.
On the other hand, it is well documented that all chemo-

stimulants tested, including the natural stimuli low P02 and
low pH/high Pco2 and many pharmacological agents pro-
duce, in parallel, an increase in action potential frequency in
the carotid sinus nerve (CSN) and in the release of
catecholamines (CA) from chemoreceptor cells (see Fidone et
al., 1990, for a review). In the present study we have tested
the hypothesis that almitrine also activates the release of CA
from chemoreceptor cells. Our results show that almitrine
produces a long-lasting increase in the release of 3H-CA from
chemoreceptor cells in resting normoxic conditions, augmen-
ting also the release response evoked by low P02 and high
external K+. Almitrine was ineffective in modifying the
release evoked by dinitrophenol (DNP) and did not alter
adenosine 3':5'-cyclic monophosphate (cyclic AMP) levels in
the CB in either normoxic or hypoxic conditions.

Methods

Carotid bodies were isolated from adult New Zealand rabbits
(1.5-2.5 kg) under pentobarbitone anaesthesia as previously
described (Fidone & Gonzalez, 1982). After CB removal the
animals were killed with an overdose of pentobarbitone. The
release of CA from the in vitro CBs was studied following the

' Author for correspondence.

protocol and analytical procedures recently described by
Rocher et al. (1991). In brief, the CA stores were labelled by
incubating the organs for 2 h in a metabolic shaker at 37'C
in 0.5 ml of 100% 02-equilibrated Tyrode solution, contain-
ing 2 x 1O- M of [3H]-tyrosine (3,5-[3H]-tyrosine, 30 Ci
mmol 1), 10-4 M DL-6-methyl-5,6,7,8-tetrahydropterine and
10-3 M ascorbic acid. Under these conditions the CBs syn-
thesized an average of 20 pmol mg-' tissue 2 h-', equivalent
to 3.5 x 105c.p.m. The 3H-CA synthesized were [3H]-
dopamine and [3H]-noradrenaline ([3H]-NA) in a proportion
near 10:1 (Fidone & Gonzalez, 1982; Rocher et al., 1991).
Individual CBs were then incubated for the rest of the experi-
ment in 4 ml of [3H]-tyrosine-free and CO2/HC03- -buffered
Tyrode (pH = 7.42, 95% 02:5% CO2). During the first 2 h,
the incubating solutions were renewed every 30 min and dis-
carded; thereafter the solutions were renewed every 10 min
and collected for subsequent analysis of their 3H-catechol
content. Test solutions were applied in this latter period of
the experiments as indicated in the Results section. 3H-
catechols present in the collected samples were adsorbed onto
alumina at a pH of 8.6, batch eluted with 1 N HCI (Weil-
Malherbe, 1971) and counted in a scintillation spectrometer.
In typical experiments from each series, the alumina eluates
were subjected to thin layer chromatography and it was
found that about 90% of all the 3H-catechols present corres-
ponded to [3H]-dopamine plus its catabolite [3H]-dihydroxy-
phenylacetic acid, the rest being [3H]-NA and its catabolites
(Rocher et al., 1991). This indicates that the released material
comes mostly from chemoreceptor cells (Fidone & Gonzalez,
1982).
The synthesis of 3H-CA was studied by incubating the CBs

with [3H]-tyrosine as in the loading period of the release
experiments, but the specific activity of the precursor was
lower (4 Ci mmol ') and the incubation lasted 1 h. At the
end of the incubation period, and after 3 min of washing out
in ice cold saline, the CBs were homogenized in 0.4 N per-
chloric acid and centrifuged. 3H-CA and free [3H]-tyrosine
present in the supernatants were isolated by high perfor-
mance liquid chromatography (h.p.l.c.) and quantified by

'." Macmillan Press Ltd, 1992
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liquid scintillation spectrometry. [3H]-tyrosine incorporated
into proteins was measured in the pellet.
The protocols for the experiments in which cyclic AMP

was determined have also been recently described (Perez-
Garcia et al., 1990). The nucleotide was assayed with a
radioimmunoassay kit in pairs of CBs incubated in control
(95% 02:5% C02 equilibrated) and in hypoxic (7% 02:5%
C02:88% N2 equilibrated) solutions, both, in the presence
and in the absence of almitrine.

In all the experiments (except in the labelling periods for
the release experiments; Rocher et al., 1991) the incubating
solution was a modified C02-bicarbonate Tyrode with the
following composition (mM): NaCl 120, KCI 4.7, CaCl 2.2,
MgCl 1.1, NaHCO3 24, HEPES 5 and glucose 5.5. The
solutions were equilibrated with a 5% C02-containing gas
mixture and adjusted to pH = 7.42 at 370C. The control
solution was equilibrated with 95% 02:5% CO2 to achieve
true resting conditions for the CB chemoreceptors (Fidone et
al., 1982).

Statistical significance of the differences observed were
assessed with Student's t test for paired and unpaired data
according to the experimental design, except for those release
experiments in which the time course of almitrine action was
studied. In these later experiments the significance of the
differences was determined by a one tail test of homogeneity
of slopes model (General Lineal Models, 'GLM-SAS').

Drugs

Almitrine bismesylate was provided by Servier International.
The rest of the chemicals used, including sodium pentobar-
bitone, were obtained from Sigma. The radioimmunoassay
kit for cyclic AMP measurement and [3H]-tyrosine were pur-
chased from Amersham.
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Results

Effects of almitrine on the basal release of
3H-catecholamines

In previous studies (Rigual et al., 1991; Rocher et al., 1991) it
has been established that weak acids, when applied alone, do
not modify the release of 3H-CA at concentrations below
1 mM. In spite of that, malic acid (used as solvent for almi-
trine) was added to the control CBs incubation media at the
same concentrations used in almitrine-treated organs. Figure
la shows that malic acid applied for 20 min (3 and
15 x 10-6 M) did not modify the typical slowly declining
basal release of 3H-CA (Almaraz et al., 1986). In contrast, in
the experimental group (contralateral CBs), the basal release
of 3H-CA showed a tendency to increase after the treatment
with the same concentrations of malic acid plus 0.3 and
1.5 X 10-6 M of almitrine. This tendency to increase is long-
lasting for both concentrations of almitrine, but is greatest
with the higher concentration. The effect is more clearly
shown in Figure lb where the data have been normalized. In
another group of experiments dimethyl sulphoxide (DMSO)
was used as the solvent for almitrine (3 x 10-6 M) and we
found that DMSO itself did not modify the release of 3H-CA
at concentrations below 0.2%; almitrine was also effective in
augmenting basal release with this solvent (not shown).

Effects of almitrine on stimulus-induced release of
3H-catecholamine
The effect of almitrine on the release of 3H-CA induced by
low P02, DNP and high external K+ was studied following
the experimental protocol shown in Figure 2. Figure 2a and
b show the release response obtained in a pair of CBs in

Malic ac 15 x 106 M
I I I I I

o 20 40 60 80 100

) 0

*ime (min)

Figure 1 Effects of almitrine (Almitr, open bar) and malic acid (Malic ac, solid bar) on the basal release of 3H-catecholamines
(3H-CA). (a) The data are expressed as c.p.m. present in each collected sample. (b) The data were normalized; the 3H-CA present in
the sample collected immediately prior to drug application was taken as 100%. (@) Malic acid-treated carotid bodies (CBs); (A)
almitrine plus malic acid-treated CBs. Concentrations as shown in the figure. Data are means with s.e.mean (vertical bars) of n = 5
(left panels) and of n = 9 (right panels). *P<0.01 (one tail test of homogeneity of slopes).
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Figure 2 Effects of almitrine on low P02-induced release of3H-
catecholamines(3H-CA). Single experiment with two carotid bodies
(CBs) to illustrate the general protocol followed to study the effects
of almitrine on stimulus-induced release. (a) One CB (control) was

subjected to three consecutive hypoxic stimulations (10 min each;
hatched columns). Malic acid at a concentration of 30x 10-6M was

present in the incubation solution during the10 min period prior to
and for the second presentation of the stimulus. (b) The contralateral
CB was similarly stimulated, but during the second presentation of
the stimulus 30x 6 M malic acid and 3 x106M almitrine were

present in the bathing solution. In both graphs each column
represents the c.p.m. present in the incubation solutions that were

collected every 10 min. Open columns: solution equilibrated with
95% 02:5% C02; hatched columns: solutions equilibrated with 7%
02:5% C02; in N2. The horizontal lines through the columns in (a)
and (b) separate the stimulus-induced release (above) from the basal
release (below). (c) Shows the evoked release (c.p.m.) calculated as

described for the three presentations of the stimulus (SI, S2 and S3)
in the control and in the experimental CB; (d) shows the ratios of the
evoked release in the second (S2) and third (S3) presentation of the
stimulus to that obtained in the first (SI) for the control (C) and for
the experimental (E) CB. Note that only at the second presentation
of the hypoxic stimulus to the experimental CB was almitrine present
in the incubation solution.

response to three consecutive applications of a hypoxic
stimulus (incubation with a 7% 02:5% C02:88% N2-
equilibrated solution for 10 min; dashed columns). In the
control CB (a) the 10min period prior to and during the
presentation of the second stimulus, the incubating solution
contained 30 x 10-6M malic acid. At this concentration
malic acid did not modify basal release. In the experimental
CB (b), and also in relation to the second presentation of the
stimulus, the incubation solution contained 3X 10-6 M almi-
trine in addition to malic acid. It is evident that almitrine
augmented the evoked release response, which corresponds to
the c.p.m. above the horizontal lines in (a) and (b) and is
represented in part (c) of the Figure. The evoked release in
the first presentation of the stimulus, for both control and
experimental CB, amounted to about 3000 c.p.m., which cor-

responds to approximately 2.5% of the total 3H-CA stored in
the organs (mean CB weight is 0.4 mg). As normally found,
in the control CB the evoked release decreased on the second
and third presentation of the stimulus (S2 and S3, respec-

tively), while in the experimental CB in the second presenta-
tion of the stimulus carried out in the presence of almitrine,
the evoked release was similar to that seen in the first
stimulus. Figure 2d shows the ratios of the evoked release for
control and experimental CBs in the second and third presen-
tation of the stimulus to that obtained in the first one (S2/SI
and S3/S, respectively). This form of presenting the data
corrects for individual variations in the absolute amount of
3H-CA released and allows a better dissection of the effects
due to the treatment.

Average results obtained in 14 pairs of CBs for lowPo2
stimulation, 5 pairs for DNP and 9 for high externalK+ are
shown in Figure 3. Left panels show mean evoked release
responses in the successive presentations of the stimuli for
control and experimental CBs and for the three different
stimuli. The intensity of the different stimuli was chosen to
produce similar absolute responses. Right panels show mean
ratios of the evoked responses. Almitrine produced a 56%
increase in the response evoked by lowPo2 (P<0.02), a 34%
increase in release evoked by highK+ (P<0.05) and a non
significant (22%) tendency to augment DNP-induced release
of 3H-CA.

Figure 4 shows the effects of almitrine on the release of
3H-CA induced by veratridine (2 x10- M). Due to the slow
wash out of veratridine and to the fact that on successive
applications the release responses decrease very markedly
(Rocher et al., 1988), the protocol followed to study the
effects of almitrine on veratridine-induced release was differ-
ent: it was studied in single presentations of the stimulus in 5
pairs of CBs as shown in Figure 4. Almitrine produced over
100% increase in the release response evoked by veratridine
(P< 0.02).

Effects of almitrine on 3H-catecholamine synthesis

Taking into consideration the mechanisms of the short-term
control of tyrosine hydroxylase activity (Weiner et al., 1972;
Zigmond et al., 1989), it would be expected from our release
experiments that almitrine increases the rate of3H-CA syn-
thesis. Figure 5 shows that this was indeed the case. In seven
CBs incubated for1 h with [3H]-tyrosine (2 X10- M) in the
presence of 30 x1O-6IM malic acid plus almitrine (3x
106M) there was a small (15%) but significant (P<0.05)
increase in the synthesis of [3H]-dopamine in comparison to
that obtained in the contralateral organs incubated in the
absence of almitrine. No change was observed in the rate of
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Figure 3 Effects of almitrine on low P02, dinitrophenol (DNP) and
high external K+ induced release of 3H-catecholamines (3H-CA).
Protocols as in previous figure. Left panels show average evoked
release for the three presentations of the stimulus (S1, S2 and S3) and
for the three stimuli; in S2, 30 x 10-6 M malic acid (open columns) or
malic acid plus 3 x 106M almitrine (solid columns) were present
10 min before and during the stimulation period. Right panels show
mean S2/SI and S3/SI ratios for the three stimuli. The intensity of the
stimuli is indicated in the figure. Data are means with s.e.mean
(vertical bars) of 14 values for low P02, 5 values for DNP and 9
values for K+.
*P <0.05; **P <0.02; (two tailed Student's t test for unpaired
observations).

V.V

it



700 L. ALMARAZ et al.

0_

6

0

(5
E

0)

0

m
D

In

b

Figure 4 Effects of almitrine on veratridine-induced release of 3H-
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tical bars). Veratridine (2 x 10-6 M) was applied during 10 min (hat-
ched columns); malic acid (30 x 10-6 M) and malic acid plus almit-
rine (3 x 106 M) were applied as indicated in the figure. (b) Mean
evoked release in control and experimental CBs (n = 5).
*P<0.02; (two tailed Student's t test for unpaired observations).
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Figure 5 Effects of almitrine on catecholamine synthesis in the
carotid body (CB). The organs were incubated for 1 h in a solution
equilibrated with 95% 02:5% CO2 at a pH of 7.4 in the presence of
30 x 10-6 M malic acid (controls; open columns) or malic acid plus
3 x 10-6 M almitrine (experimentals; solid columns). [3H]-noradren-
aline synthesis, not shown in the figure, was not different in control
and experimental CBs and amounted to 0.25 pmol/CB.
*P<0.05. (Student's t test for paired observations; n = 7).

V3H1-NA synthesis (see Figure legend). There was neither a
significant change in the accumulation of free [3H]-tyrosine
nor in the incorporation of [3H]-tyrosine to proteins.

Effects of almitrine on cyclic AMP levels of the carotid
body
Since low P02 increases cyclic AMP content in the CB
(Perez-Garcia et al., 1990) and, on the other hand, different

manoeuvres that increase cyclic AMP levels in the CB also
increase the release of 3H-CA induced by low Po2 (Perez-
Garcia et al., 1991; Wang et al., 1991), we tested the pos-
sibility that almitrine increased the levels of this nucleotide as
a ready explanation for its effect on the release of 3H-CA.
Two groups of 14 CBs were used. In the first one, 7 organs
were incubated in control solution (95% 02/5% C02-
equilibrated) containing 0.5 x 10-3 M isobutylmethylxantine
(a phophodiesterase inhibitor) and 30 x 10-6 M malic acid,
and their contralaterals in the same solution that contained,
in addition, 3 x 10-6 M almitrine. In the second group 7 CBs
were incubated for 10 min in a 7% 02:5% C02-equilibrated
solution that contained isobutylmethylxantine and malic acid
and their contralaterals were similarly incubated, but the
solution also contained almitrine. As shown in Figure 6,
almitrine did not modify cyclic AMP levels in either condi-
tion.

Discussion

The present results show that almitrine in vitro, at concentra-
tions similar to those found in blood after administration of
effective doses in vivo (Gordon et al., 1987), augments the
release of CA, mostly dopamine, from chemoreceptor cells in
a preparation of the intact rabbit CB. Regardless of what the
physiological role of the released CA is (see Fidone et al.,
1990 vs. Ponte & Sadler, 1989, for a discussion on this topic),
the present results are consistent with previous studies in
showing that almitrine, as any other chemostimulant agent
tested, increases the release of CA from chemoreceptor cells
(Fidone et al., 1990). It should be pointed out also that the
long-lasting effect of almitrine on the release of 3H-CA, seen
in the present study, accords with the well known long-
lasting increases in ventilation (Laubie & Schmitt, 1980) and
carotid sinus nerve (CSN) chemoreceptor potential frequency
(Bisgard, 1981; O'Regan et al., 1983; McQueen et al., 1989;
Lahiri et al., 1989) observed when the drug is administered in
vivo.

It has been reported (Pallot & Al Neamy, 1983) that
almitrine causes a decrease in the content of CA in the CB,
and the suggestion was made that almitrine increased the
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Figure 6 Effects of almitrine on cyclic AMP content in control and
hypoxic carotid bodies (CBs). Control CBs were incubated in a
solution equilibrated with 95% 02:5% CO2 and hypoxic ones in
another equilibrated with 7% 02:5% CO2 in N2. In both cases the
incubation solutions contained 0.5 x 10-3 M isobutylmethylxanthine
and 3 x 10-1 M malic acid; almitrine 3 x 10-6 M was present only in
the experimental group (hatched columns). In all the cases the data
are means with s.e.mean shown by vertical bars; n = 7. Means are
not statistically different.
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release of these biogenic amines. Pequignot et al. (1987) also
found that almitrine (5 mg kg-') produced a decrease in the
content of CA in the CB that was accompanied by a decrease
in the turnover rate of these biogenic amines, the effect being
greater in the case of dopamine than in the case of NA. No
change in CA content was observed with lower doses of
almitrine (1 and 3 mg kg-'). In this later study, carried out
for periods as long as 15 days, the possibility cannot be
excluded that in the initial moments there was an increase in
CA release because the turnover rates could not be assessed
at intervals shorter than 2 h. In the present study the in vitro
preparation allows an almost minute by minute analysis of
the action of any experimental manoeuvre, and the results
are clear in demonstrating that almitrine increases the release
and synthesis of CA. In addition, in relation to previous
studies and despite the observed modifications in dopamine
metabolism, it was not possible in these studies to establish
whether the action of almitrine was directly on chemorecep-
tor cells or, if it was reflexely mediated. It was also not
possible to exclude the possibility that the observed effects on
dopamine metabolism in the CB was produced by an efferent
pathway present in the ganglioglomerular nerves which is
known to be activated by almitrine (McQueen et al., 1989).
This uncertainty is eliminated in the present in vitro study
where the CB is not subjected to reflex inputs. The possibility
that almitrine is promoting the release of CA indirectly via
retrograde influences on the nerve endings or via endothelial-
derived factors is considered remote, for the following
reasons. Almaraz & Fidone (1986) have shown that even
supramaximal electrical stimulation of the carotid sinus nerve
elicits a release of dopamine which is much lower than that
observed here with almitrine treatment. The possibility that
almitrine is acting on capillary endothelial cells promoting
the genesis of a diffusible factor (e.g. NO), which in turn
activates the release of dopamine from chemoreceptor cells,
cannot be excluded. However, we have found (Obeso, unpub-
lished) that inhibition of NO synthesis affects neither basal
nor high external K+-induced release of dopamine. We
therefore conclude that almitrine augments the release of CA
by a direct action on chemoreceptor cells.
The precise mechanism of action of almitrine remains

elusive. We have found an increase in the release of 3H-CA in
all conditions tested except for DNP, a protonophore that at
the concentration used, mimics acidic stimulus (Rocher et al.,
1991). Contrary to our observation on the lack of effect of
almitrine on acidic (DNP)-induced release, it is well estab-
lished that almitrine in vivo activates chemoreceptor activity
in the CSN at any P02 and Pco2. It should be pointed out,
however, that while the chemoreceptor discharge evoked by
almitrine appears indistinguishable from that evoked by
hypoxia, these do not resemble the response to hypercapnic
stimulus (Nye et al., 1990). Since the actions of almitrine on
the CSN responses or on the hyperventilation elicited by
protonophores have not been studied, the possibility remains
that these agents interfere with the action of almitrine.

Our findings can be interpreted in the light of observations
made by Peers & O'Donnell (1990) that almitrine produces a
long lasting inhibition of K+ currents in CB chemoreceptor
cells. Thus, almitrine would be expected to cause a resting
(normoxic) depolarization and would tend to increase low
P02, high external K+ and veratridine-induced depolarization
(Gonzalez et al., 1990). As a consequence, an increase in the
release of 3H-CA would be anticipated in all these situations.
Our interpretation of the mechanism of action of almitrine
rests on this inhibition of the K+ currents in chemoreceptor
cells and it has the merit of unifying conceptually the
mechanisms of action of almitrine as a chemostimulant and
as potentiator of pulmonary hypoxic vasoconstriction (e.g.
Naeije et al., 1989). It has been found that chemoreceptor
cells possess an oxygen-sensitive K+ channel (Lopez-Barneo
et al., 1988; Lopez-Lopez et al., 1989; Ganfornina & Lopez-
Barneo, 1991) and the proposal has been made that the
inhibition of this channel by low P02 leads to depolarization
of chemoreceptor cells, Ca2+ entry and release of neurotrans-
mitters (Gonzalez et al., 1990). Quite recently it has been
suggested (Rodman & Voelkel, 1991) that the same
mechanism could be operating in the smooth muscle cells of
the pulmonary vessels, in such a way that in response to
pulmonary hypoxia the muscular cells would be depolarized
and vasoconstriction would follow. Almitrine, by blocking
K+ channels in both cell types, would potentiate their natural
responses.
Our results also suggest that contrary to the situation with

the natural hypoxic stimulus (Perez-Garcia et al., 1990), the
adenylate cyclase system does not appear to participate in the
acute responses elicited by almitrine in chemoreceptor cells.
This finding could explain why some of the well known
effects produced by long-term hypoxic stimulation (e.g. in-
crease in the turnover rate of CA in the CB) are not seen
during long term treatment with almitrine (Pequignot et al.,
1987).

In conclusion, we have studied the effects of almitrine on
the synthesis and release of catecholamines in an in vitro
preparation of rabbit CB and have found that almitrine, like
any other chemostimulant agent tested, increases both
parameters. This suggest that chemoreceptor cells are direct
targets for the drug. In contrast to a natural stimulus
(hypoxia), almitrine does not activate adenylate cyclase in the
CB. It is suggested that the two pharmacologically important
effects of almitrine, i.e. potentiation of the pulmonary
hypoxic vasoconstriction and CB chemoreceptor activation,
could be mediated via inhibition of 02-sensitive K+ currents
present in pulmonary vessels smooth muscle and CB
chemoreceptor cells.

The authors are indebted to J.-F. Martin for help in the statistical
analysis. We also thank Maria Bravo for technical assistance. This
work was supported by grants from the Institut de Recherches
Internationales Servier, DGICYT PB89/0358 and Junta de Castilla y
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An endothelial 5-HT receptor that mediates relaxation in
guinea-pig isolated jugular vein resembles the 5-HTID subtype

Paul Gupta

Department of Biomedical Research, Wyeth Research (UK) Ltd., Huntercombe Lane South, Taplow, Maidenhead, Berkshire,
SL6 OPH

1 Endothelium-dependent and -independent, concentration-related, relaxations to 5-hydroxytryptamine
(5-HT) are described in a preparation of guinea-pig isolated jugular vein.
2 An endothelial 5-HT receptor was studied in the presence of mesulergine (at 10.0 JLM, a concentra-
tion sufficient to antagonize 5-HT2 receptor-mediated contractions and endothelium-independent relaxa-
tions to 5-HT). Relaxations mediated by the endothelial 5-HT receptor were resistant to antagonism by
mesulergine.
3 Several 5-HT receptor agonists activated the endothelial receptor with the following rank order of
potency: 5-carboxamidotryptamine (5-CT)> 5-HT> methysergide > a-methyl-5-HT> sumatriptan> 8-
hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT)> 2-methyl-5-HT.
4 Relaxations to 5-HT were not blocked by (± )-pindolol (1.0 fM), (-)-propranolol (1.0 pM),
spiperone (1.OM), ondansetron (1.0 M) or ICS 205-930 (10.0pM).
5 Both 5-HT and sumatriptan evoked endothelium-dependent relaxations which were sensitive to
antagonism (pA2 and apparent pA2 values respectively) by methiothepin (8.1 and 8.6), metergoline (7.4
and 7.5), PAPP (8.2 and 8.2), yohimbine (7.1 and 6.8), rauwolscine (6.8 and 6.7), but not by
corynanthine (10.0 JsM).
6 These observations are consistent with a 5-HTID receptor-mediated effect, and provide further
support for the concept that differences exist between endothelial 5-HT receptors in different tissues and
species.

Keywords: Endothelium; jugular vein; guinea-pig; 5-HTlD receptor

Introduction

5-Hydroxytryptamine, (5-HTI) binding sites were originally
described in rat brain (Peroutka & Snyder, 1979), and on the
basis of radioligand binding studies, these sites have been
subdivided into subtypes termed 5-HTlA, 5-HTlB, 5-HT1c and
5-HTID (Pedigo et al., 1981; Pazos et al., 1984; Hoyer et al.,
1985; Heuring & Peroutka, 1987). The functional receptors
which correspond to these binding sites are now well estab-
lished in brain tissue (De Vivo & Maayani, 1986; Engel et al.,
1986; Conn et al., 1986; Schoeffter et al., 1988).
However, in some peripheral tissues, 5-HT receptors with

properties similar to the 5-HT1 class have been described
which do not fully correspond to any of the above 5-HT1
receptor subtypes; some examples of preparations containing
such 5-HT receptors include dog saphenous vein (Humphrey
et al., 1988), guinea-pig ileum (Kalkman et al., 1986), rabbit
jugular vein (Martin et al., 1987), porcine vena cava (Sumner
et al., 1989), and rat kidney (Charlton et al., 1986). These
peripheral 5-HT receptors have been termed 5-HTI-like in
accordance with the proposals of Bradley et al. (1986), since
they are activated by the 5-HT1 receptor agonist 5-carbox-
amidotryptamine (5-CT), antagonized by 5-HT1 receptor
antagonists methiothepin and/or methysergide, but are resis-
tant to 5-HT2 and 5-HT3 receptor antagonists.

It is well established that 5-HT can evoke endothelium-
dependent relaxations of some isolated smooth muscle prep-
arations by activation of a receptor(s) which resembles a
5-HT, receptor (reviewed by Angus & Cocks, 1989). Recent
evidence now suggests that endothelium-dependent relaxa-
tions to 5-HT are mediated by a heterogeneous receptor
population. In porcine coronary artery (Schoeffter & Hoyer,
1989; 1990), the endothelial receptor displays properties
which are consistent with the 5-HTlD receptor described in
both rabbit saphenous vein (Martin et al., 1991) and guinea-
pig frontal cortex (Middlemiss et al., 1988). In contrast,
endothelial 5-HT receptors in both rabbit jugular vein (Leff

et al., 1987) and porcine vena cava (Sumner, 1991) display
similar pharmacological properties, but do not appear to
correspond to 5-HT receptor subtypes which are currently
recognised.
The aim of the work described here was to investigate

further the pharmacology of 5-HT receptors which can
mediate endothelium-dependent relaxations. A species known
to possess 5-HTlD receptors was selected, and a preparation
of guinea-pig isolated jugular vein was used since previous
unpublished studies in this laboratory had demonstrated the
existence of an endothelial 5-HT receptor in this tissue.

Methods

Experimental protocol

Male Dunkin-Hartley guinea-pigs (300-500 g) were killed by
cervical dislocation. Right and left external jugular veins were
excised and dissected free of adhering fat and connective
tissue. Two rings, 2 mm in length, were prepared from each
vein and suspended on parallel tungsten wires (125 nm in
diameter) in isolated organ baths (20 ml) which contained
Krebs solution gassed with 95% 02 and 5% CO2 at 37°C.
The initial resting load was 0.5 g, the tissues being equili-
brated for 30 min, during which time the bathing fluid was
changed once. All tissues partially relaxed from the initial
0.5 g loading tension during the 30 min equilibration period.
The tension in the preparations was measured with a Grass
FT03C force-displacement transducer and displayed on a
Servogor Type 220 potentiometric recorder. Preparations
were then exposed to either three or four separate challenges
with the stable thromboxane-A2-mimetic, U-46619 (30 nM;
contact time 5 min), until the magnitude of the peak contrac-
tion had become constant.

'." Macmillan Press Ltd, 1992
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Measurement of agonist potency

Following a final exposure to U-46619 (30 nM), which was
left in the bathing medium for the remainder of the experi-
ment, preparations were left for up to 60 min, allowing the
tension developed to stabilize. Agonist-evoked relaxant res-
ponses were then determined by constructing cumulative
concentration-effect curves. Each successive agonist dose was
administered after the response to the previous concentration
had reached a plateau; this occurred generally after 2 to
4 min. Relaxant effects were expressed as a percentage value
of the final U-46619 (30 nM)-evoked contraction, this repre-
senting the difference between resting and sustained tone.

Preliminary experiments demonstrated that 5-HT2 recep-
tors and 5-HTI-like receptors present on the smooth muscle
cells could mediate contraction and relaxation responses
respectively to 5-HT. Consequently, agonist potencies were
determined following a 30 min incubation with mesulergine
(10.0 JAM), a concentration of the drug which adequately
blocked both 5-HT2 and 5-HTI-like effects on the smooth
muscle (see Results section) prior to the final challenge with
U-46619 (30 nM).

Measurement of antagonist potency

The conditions employed to determine agonist potencies were
used to measure antagonist potencies. It was possible to
study endothelium-dependent relaxations to 5-HT over a
concentration range of 1 nm to 10.0 JiM, thus allowing the
measurement of a 100 fold rightward displacement of the
control concentration-effect curve of the amine. At concen-
trations of 5-HT greater than 10.0 jiM, the antagonist effect
of mesulergine (10.0 JAM) at the smooth muscle relaxant 5-HT
receptor was overcome, and therefore such high 5-HT con-
centrations were not used.
A single concentration-effect curve for 5-HT was construct-

ed in each tissue in either the absence or presence of
antagonist since tachyphylaxis to 5-HT was observed with a
second curve in the same tissue. Compounds which displayed
antagonist activity were examined at a minimum of three
different concentrations. Antagonists were equilibrated with
tissues for at least 60 min before the construction of agonist
concentration-effect curves. Agonist concentration-ratios ob-
tained from individual experiments were plotted by the
method of Arunlakshana & Schild (1959). Linear regression
analysis was used to calculate the pA2 value and the slope of
the line from the pooled data for each antagonist. When
sumatriptan was the agonist used, antagonist potency was
determined, from the displacement of the sumatriptan con-
centration-effect curve observed at one antagonist concentra-
tion only, by applying the following relationship: pA2 = log10
(concentration-ratio - 1) - logl0 (molar concentration of
antagonist). This latter protocol avoided the problem of vehi-
cle effects seen when using sumatriptan at high concentra-
tions. Antagonist potencies determined by this procedure
were expressed as apparent pA2 values, rather than pKB
values, assuming that the Schild plot slope did not differ
from unity. Since the KB value reflects an estimate of anta-
gonist binding affinity, and implies much assurance concern-
ing the antagonist-receptor interaction, the term apparent
pA2 was preferred as it refers only to the negative logarithm10
of the antagonist concentration (M) that would result in an
agonist concentration-ratio of 2 (Schild, 1947).

Determination of the role of vascular endothelial cells in
mediating relaxant responses to agonists
Vessels were denuded by endothelium by a physical method
which involved rubbing a matchstick (reduced in diameter to
0.75 mm) across the endothelial cell lining. Following this
treatment, relaxations to acetylcholine (1 nM-I JM), but not
papaverine (100 JM), were abolished. The functional integrity
of denuded preparations was tested by comparing concentra-

tion-effect curves to U-46619 (1 nM-I1JM) in intact and
denuded vessels; no changes occurred following endothelium
removal (mean pEC50 values ± s.e.mean: intact 7.91 ± 0.09,
denuded 8.08 ± 0.06, both n = 7, P> 0.05; maximal contrac-
tion developed, intact 574 ± 68 mg tension, denuded 593 ± 65
mg tension, both n = 7, P> 0.05). The procedure employed
to denude vessels of endothelium was not, therefore, con-
sidered to have compromised the functional integrity of the
underlying smooth muscle cells.

Drugs and solutions

The composition of the Krebs solution used was as follows
(mM): NaCl 118.4, KCl 4.8, NaHCO3 25.0, MgSO4 1.2,
KH2PO4 1.2, glucose 11.1, CaCl2 1.25. The following com-
pounds were either purchased or donated: acetylcholine
chloride, ( ± )-pindolol, corynanthine hydrochloride, par-
gyline hydrochloride, imipramine hydrochloride, U-46619
(9,11-dideoxy-lla, 9a-epoxy-methanoprostaglandin F2.), yo-
himbine hydrochloride and tetrodotoxin (all purchased from
the Sigma Chemical Company, St. Louis, MO, U.S.A.);
rauwolscine hydrochloride (Roth, Germany); papaverine hy-
drochloride (Hopkin & Williams Ltd., U.K.); mianserin
hydrochloride, PAPP (LY-165,163; 1-[-2-[4-aminophenyl] ethyl]
4[3-trifluoromethylphenyl]piperazine) and 8-OH-DPAT (8-hy-
droxy-2(di-n-propylamino)tetralin hydrobromide); all pur-
chased from Research Biochemicals Inc., U.S.A.; 5-hydroxy-
tryptamine hydrochloride (Fluorochem Ltd., U.K.); mesulergine
and methysergide maleate (gifts from Sandoz Pharma Ltd.,
Basle, Switzerland).
The following compounds were synthesized at Wyeth

Laboratories (U.K.): 5-carboxamidotryptamine; sumatriptan;
a-methyl-5-hydroxytryptamine; 2-methyl-5-hydroxytryptamine;
ketanserin tartrate; (-)-propranolol hydrochloride; methiothepin
maleate; spiperone; ondansetron; and ICS 205-930 ((3ax-
tropanyl)-l-H-indole-3-carboxylic acid ester).

Sumatriptan, spiperone, PAPP and methysergide were dis-
solved in 100% v/v dimethyl sulphoxide, and diluted in
distilled H20. Metergoline was dissolved in 100% v/v etha-
nol, and diluted in distilled H20. U-46619 was dissolved in
5% w/v NaHCO3. All other drugs were dissolved in distilled
H20, and diluted in Krebs solution.

Statistical analysis and calculations

Agonist-evoked relaxant and contractile responses are ex-
pressed as the arithmetic mean ± s.e.mean for n separate
experiments, using tissues from different animals. EC50 values
were calculated as the concentration of agonist required to
produce 50% of the maximum response attainable for that
particular agonist; pEC50 values, where quoted, represent the
negative logarithm10 of the EC50 value. Agonist concentra-
tion-ratios were determined by calculating the EC50 value of
the agonist in the presence of antagonist, in the test prepara-
tion, divided by the ECm value of the agonist in the control
preparation; tissues were obtained from the same animal.
EC50 values and agonist concentration-ratios were derived by
the logistic curve-fitting programme ALLFIT (DeLean et al.,
1978), and are expressed as the arithmetic mean ± s.e.mean
or the geometric mean with 95% confidence limits in paren-
theses. Where appropriate, differences between means were
determined by a paired Student's t test, after checking the
homogeneity of the variances. P values of less than 0.05 were
considered to indicate a significant difference between the
responses being compared.

Results

In both intact and endothelium-denuded preparations of
jugular vein (precontracted with U-46619, 30 nM, and treated
with ketanserin, 3 JAM), 5-HT evoked concentration-depen-
dent relaxations. The latter resulted in the production of
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Figure 1 Cumulative concentration-effect curves to 5-hydroxytryp-
tamine (5-HT) in preparations of guinea-pig isolated jugular vein,
precontracted with U-46619 (30 nM; U-9), under the following condi-
tions: (a) intact, and (b) endothelium-denuded preparations, in the
presence of ketanserin (3 gM): (c) intact and (d) endothelium-
denuded preparations in the presence of a combination of ketanserin
(3 1M) and mesulergine (3 1M).

monophasic concentration-effect curves (Figures la and b).
The relaxant responses to 5-HT in endothelium-denuded tis-
sues were smaller in magnitude compared with the intact
control. In intact preparations equilibrated with both ketan-
serin (3 AM) and mesulergine (3 1AM), biphasic concentration-
effect curves were obtained (Figure lc). However, in preparations
denuded of endothelium, in the presence of mesulergine
(3 1AM; ketanserin present), relaxant responses to 5-HT (10
nM-101AM) were absent and relaxations were seen only with
concentrations in excess of 301M (Figure ld). These observa-
tions suggested that the biphasic concentration-effect curves

observed for 5-HT in intact preparations in the presence of
mesulergine consisted of an initial high affinity endothelium-
dependent, and mesulergine-resistant, relaxant phase. The
subsequent relaxant phase occurring to higher concentrations
of 5-HT was due to an endothelium-independent, and mesul-
ergine-sensitive, relaxant mechanism which occurred as the
antagonist effect of mesulergine was surmounted.
From these studies, a high concentration of mesulergine
(10 1M) was considered to be suitable for studying agonist
and antagonist potencies at the endothelial 5-HT receptor,
without the complication of activating either the smooth
muscle relaxant 5-HT receptor or contractile 5-HT2 recep-
tors. Ketanserin (3 AM) could not be used to provide an

antagonist effect at the 5-HT2 receptors present, since exten-
sive studies with ketanserin (3 1AM) showed that it produced a

10 fold rightward displacement of the concentration-effect
curve for all of the endothelial 5-HT receptor agonists exam-

ined.

Agonist studies

Preliminary experiments in groups of four tissues demon-
strated that in the presence of the monoamine oxidase

inhibitor, pargyline (50 ;tM) or the 5-HT uptake inhibitor
imipramine (10 1AM), geometric mean 5-HT concentration-
ratios were 1.26 [0.39-4.06] and 0.96 [0.31-2.98] respectively.
The maximal relaxations observed to 5-HT were also un-
changed by either treatment (maximal relaxation developed,
expressed as % change in precontracted tone ± s.e.mean,
n = 4: control tissue 34.1 ± 8.3, pargyline-treated tissue 26.0
± 2.9, P> 0.05; control tissue 32.6 ± 7.0, imipramine-treated
tissue 28.6 ± 2.1, P> 0.05). Consequently, neither ligand was
used during the agonist potency determinations.
5-CT was similar to 5-HT and produced a biphasic

concentration-effect curve in the presence of mesulergine
(0I1AM). Only the first relaxant phase to 5-CT (0.1 nM
-1.0 AM) was demonstrated to be endothelium-dependent
and, therefore, analysed quantitatively. The second relaxant
phase observed to 5-CT occurred at concentrations greater
than 1.0 AM. Both sumatriptan (30 nM- 10 1AM) and a-methyl-5-HT
(30 nM-3 1AM) produced only monophasic, endothelium-de-
pendent, concentration-effect curves. In endothelium-denuded
preparations, both ligands were inactive at the smooth mus-
cle relaxant receptor when studied up to a concentration of
301AM. Monophasic concentration-effect curves were also
observed for methysergide (10 nM- 1.0 1lM), 8-OH-DPAT
(100nM-101AM) and 2-methyl-5-HT (300nM-301AM) and
since these effects were observed in the presence of mesuler-
gine (1O 1AM), an action at the smooth muscle relaxant 5-HT
receptor was considered unlikely. The agonist concentration-
effect curves are shown in Figure 2. The following rank order
of agonist potency was obtained on the basis of the cal-
culated EC50 values: 5-CT> 5-HT> methysergide > x-methyl-
5-HT > sumatriptan> 8-OH-DPAT> 2- methyl- 5-HT.
Although sumatriptan was of similar potency to methyser-
gide, x-methyl-5-HT and 8-OH-DPAT, the former exhibited
a higher efficacy in evoking relaxations. Data obtained for
the agonists tested are summarised in Table 1.

Sumatriptan (at concentrations up to 301AM) was highly
selective for the endothelial 5-HT receptor and, therefore, the
presence of mesulergine was not a prerequisite for inves-
tigating endothelium-dependent relaxant responses. The pos-
sibility that mesulergine could interact with the endothelial
5-HT receptor, and thus alter agonist potency measurements,
was therefore examined. Mesulergine (3.0-10.0 1AM) produced
no change in the EC~v of the concentration-effect curve to
sumatriptan (pEC50 values ± s.e.mean; mesulergine absent,
6.26 ± 0.16, n = 5; mesulergine 3.0 AM, 6.14 ± 0.11, n = 5;
mesulergine 10.0 1AM, 6.58 ± 0.04, n = 21).
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Figure 2 Endothelium-dependent relaxation of intact guinea-pig
isolated jugular vein to 5-hydroxytryptamine (5-HT, 0), 5-carboxa-
midotryptamine (5-CT, 0), sumatriptan (U), a-methyl-5-HT (0),
methysergide (A), 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-
DPAT, A) and 2-methyl-5-HT (*). Preparations were precontracted
with U-46619 (30 nM) in the presence of mesulergine (10.0 1AM), and
cumulative concentration-effect curves were constructed from data
obtained after the tone evoked had stabilized. Data represent the
arithmetic mean for between 3-58 separate experiments, with s.e.
mean values shown by the vertical bars.
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Table 1 Potencies of agonists for the endothelial 5-HT
receptor mediating relaxation of guinea-pig isolated jugular
vein

pEC50 Emg= (%) n

8.07 ± 0.04
8.74 ± 0.05
6.58±0.04
6.89 ± 0.12
6.75 ± 0.01
6.37 ± 0.12
5.59±0.04

44.2 ± 1.9 58
48.2 ± 4.8 8
48.4 ± 3.7 21
25.9 ± 7.9 3
34.9 ± 6.7 4
31.1 ± 14.3 3
31.8 ± 11.7 4

not exhibit this effect (geometric mean 5-HT concentration-
ratio [95% confidence limits], 1.47 [1.13-1.92], n = 3; Figure
4c). Both yohimbine (1.0 tM) and rauwolscine (1.0 jsM) also
antagonized relaxations to sumatriptan (apparent pA2 value
[95% confidence limits], yohimbine 6.8 [6.6-7.0], n = 4, rau-
wolscine, 6.7 [6.1-7.4], n = 3) although corynanthine (10.0
fiM) showed no antagonist effect (geometric mean sumatrip-
tan concentration-ratio [95% confidence limits], 1.48 [1.01-
2.17], n = 3). The similarity between the antagonist potency
estimates suggested that both 5-HT and sumatriptan activat-
ed the same receptor population.

pEC50 values represent the negative logarithm10 of the molar
concentration of agonist which produced 50% of the
maximum relaxation developed to that particular agonist.
E.m (%) values represent maximal relaxation developed to
an agonist, expressed as a percentage of the sustained tone
evoked to U-46619 (30 nM). Data are expressed as the
arithmetic mean ± s.e.mean for n separate experiments.
Abbreviations as in text.

Antagonist studies

A series of antagonists with known selectivity towards var-
ious 5-HT receptor subtypes, were tested against relaxations
evoked by 5-HT. Several of these compounds (spiperone
1.0 M, (± )-pindolol 1.0 1M, (- )-propranolol 1.0 zM, on-
dansetron 1.0 tM, ICS 205-930 10.0 AM) were inactive when
used at high concentrations (Table 2). Furthermore, inhibi-
tion of neuronal activity by tetrodotoxin (100 nM) did not
antagonize the relaxations evoked by 5-HT (geometric mean
agonist concentration-ratio 1.64, n = 2).
However, relaxations to 5-HT and sumatriptan were sen-

sitive to antagonism by ligands which have an affinity for the
5-HTlD binding site. Methiothepin (30-300 nM), metergoline
(100-1000nM) and PAPP (30-300nM; a 5-HTIA receptor
agonist) behaved as competitive antagonists against 5-HT
(pA2 [95% confidence limits], methiothepin 8.1 [7.7-8.9]
n=7, metergoline 7.4 [7.1-8.2] n=5, PAPP 8.2 [7.9-8.8]
n = 4; Schild slope [95% confidence limits], methiothepin 1.20
[0.69-1.71] n= 7, metergoline 1.36 [0.76-1.96] n = 5, PAPP
1.02 [0.72-1.33] n = 4: Figure 3 a-c). Using sumatriptan as
an agonist, apparent pA2 values estimated at single concent-
rations of methiothepin (30 nM), metergoline (100 nM) and
PAPP (30 nM) were found to be similar (apparent pA2 value
[95% confidence limits], methiothepin 8.6 [7.7-9.5] n = 4,
metergoline 7.5 [7.3-7.8] n = 5, PAPP 8.2 [7.9-8.4] n = 4) to
the values determined previously with 5-HT.

In further studies, relaxations to 5-HT were also found to
be antagonized by compounds with recognised affinity to-
ward both x-adrenoceptors and 5-HTlD receptors such as
yohimbine (1.0-10.0 gM) and rauwolscine (0.3-10.0 lM)
(pA2 value [95% confidence limits], yohimbine 7.1 [6.8-7.7]
n =4, rauwolscine 6.8 [6.5-7.2] n = 4: Schild slope [95%
confidence limits], yohimbine 0.90 [0.69-1.12] n = 4, rauwols-
cine 1.11 [0.81-1.42] n = 4: Figure 4a-b). In contrast, how-
ever, the yohimbine stereoisomer, corynanthine (10.0 gLM) did
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Figure 3 (i) Cumulative concentration-effect curves to 5-hydroxy-
tryptamine (5-HT) of intact guinea-pig isolated jugular vein in the
absence and presence of antagonist; (ii) Schild plot for the antag-
onism of 5-HT-evoked relaxant responses. The data shown are in
panels: (a) methiothepin (30-300 nM, n = 7); (b) metergoline (100-
1000 nM, n = 5) and (c) PAPP (30-300 nM, n = 4). The antagonist
concentrations used are represented by the symbols (@) control, (0)
30nm, (M) 100nM, (0) 300nm, and (A) 1000nm. All experiments
were performed in preparations precontracted with U-46619 (30 nM)
in the presence of mesulergine (10 fM). The data are expressed as the
mean ± s.e.mean (vertical bars) values for n separate experiments.

Table 2 Summary of antagonists which are inactive at the endothelial 5-HT receptor in guinea-pig isolated jugular vein

Antagonist (pM)

(±)-Pindolol (1.0)
(-)-Propranolol (1.0)
Spiperone (1.0)
Ondansetron (1.0)
ICS 205-930 (10.0)

Receptor selectivity

S-HTIA/lB
5-HTIA/IB
5-HTIA/2
5-HT3
5-HT3/4

Agonist concentration-ratio
[95% confidence limits]

0.91 [0.28-2.94]
1.02 [0.38-2.69]
0.96 [0.56-1.64]
1.11 [0.39-3.20]
0.84 [0.42-1.69]

5-HT concentration-ratio values are expressed as the geometric mean, with 95% confidence limits given in parentheses; n refers to the
number of separate experiments.

Agonist tested

5-HT
5-CT
Sumatriptan
Methysergide
u-methyl-5-HT
8-OH-DPAT
2-methyl-5-HT

n

4
3
4
4
4
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Figure 4 (i) Cumulative concentration-effect curves to 5-hydroxy-
tryptamine (5-HT) of intact guinea-pig isolated jugular vein in the
absence and presence of antagonist; (ii) Schild plot for the antag-
onism of 5-HT-evoked relaxant responses. The data shown are in
panels: (a) yohimbine (1-10ILM, n = 4); (b) rauwolscine (0.3-1I0 M,
n =4) and (c) corynanthine (1O gM, n = 3). The antagonist concen-
trations used are represented by the symbols (0) control, (0)
0.31kM, (A) 1.O01M, (A) 3.01M, and (*) 10.0I1M. All experiments
were performed on preparations precontracted with U-46619 (30 nM)
in the presence of mesulergine (10 IkM). The data are expressed as the
mean ± s.e.mean (vertical bars) values for n separate experiments.

Discussion

The identity of the 5-HT receptors which mediate endothe-
lium-dependent relaxations to 5-HT in smooth muscle pre-
parations may differ between tissues and species. In porcine
coronary artery for example, the receptor is similar to the
5-HTID subtype (Schoeffter & Hoyer, 1989; 1990), whereas in
rabbit jugular vein (Leff et al., 1987) and porcine vena cava
(Sumner, 1991) the receptors are atypical, in that they do not
satisfy the criteria for any of the currently recognised 5-HT
receptor types (see Bradley et al., 1986). This paper examines
the characteristics of an endothelial 5-HT receptor which
mediates relaxation of guinea-pig isolated jugular vein.

By use of mesulergine (1O gM), it was possible to isolate
endothelium-dependent relaxations to 5-HT (1 nM-10 gM)
from an endothelium-independent component (which is
blocked by this concentration of mesulergine). The activity of
antagonists with affinities for a range of 5-HT receptor sub-
types could thus be investigated. Concentration-dependent
relaxations to 5-HT were resistant to antagonism by high
concentrations of ( ± )-pindolol (5-HTIA/,l), (- )-propranolol
(5-HTIA/ia), spiperone (5-HTIA/2) and ondansetron (5-HT3)
respectively. In the presence of ICS 205-930 (101M), which
has been used previously to study the putative 5-HT4 recep-
tor (Dumuis et al., 1988; Craig et al., 1990; Elswood et al.,
1991), 5-HT-evoked relaxations were unaltered. Moreover,
relaxations to sumatriptan (which appeared to activate the
same receptor as 5-HT) were also resistant to mesulergine
(10.0 1M; 5-HTIC/2). Thus the relative lack of activity of these
compounds suggests that neither 5-HTIA, 5-HTIB, 5-HT1c,
5-HT2, 5-HT3 nor the putative 5-HT4 receptors are involved
in the endothelium-dependent relaxation to 5-HT observed in
this preparation.

Is the endothelial 5-HT receptor in guinea-pig isolated
jugular vein a 5-HTID receptor as proposed in porcine cor-
onary artery, or is it similar to those described in other
venous preparations? The rank order of agonist potencies in
the present study (5-CT> 5-HT> a-methyl-5-HT> suma-
triptan> 8-hydroxy-DPAT> 2-methyl-5-HT) is similar to
that described in porcine coronary artery (Schoeffter &
Hoyer, 1990), but contrasted with that described in rabbit
jugular vein (Leff et al., 1987) and porcine vena cava
preparations (a-methyl-5-HT> 2-methyl- 5-HT>>5-CT;
Sumner, 1991). Furthermore, no agonism or antagonism was
observed with sumatriptan or 8-OH-DPAT when they were
tested on the porcine vena cava preparation. Considering the
5 fold higher potency of 5-CT compared with 5-HT, the
sensitivity to methiothepin, and the lack of activity of ligands
with affinities toward 5-HT2, 5-HT3 and the putative 5-HT4
receptors, a 5-HTI-like classification of the endothelial recep-
tor in guinea-pig isolated jugular vein would seem appropri-
ate (see Bradley et al., 1986). When compared with peripheral
and central 5-HTID receptor models, the antagonist potencies
determined in this study were consistent with a 5-HTlD effect
(see Table 3). In previous studies, emphasis has been placed
upon the demonstration of antagonist activity of metergoline,
yohimbine and rauwolscine when positively identifying func-
tional 5-HTlD receptors (Middlemiss et al., 1988; Schoeffter
& Hoyer, 1990; Limberger et al., 1991; Martin et al., 1991).
Conversely, in dog saphenous vein the rank order of agonist
potencies are similar, if not identical, to those described in
the present study as well as in other proposed 5-HTID recep-
tor models (5-HT> sumatriptan> 8-OH-DPAT; Perren et
al., 1991). However, Humphrey and co-workers were unable
to demonstrate antagonist activity to either metergoline
(0.1 M), yohimbine (1.0 1M) or rauwolscine (1.0 fM) in dog
saphenous vein, observations which were considered to pre-
clude a 5-HTlD receptor classification (Humphrey et al., 1988;
Perren et al., 1991). Since the relaxations to 5-HT (and also

Table 3 Comparison of antagonist potencies in peripheral and central putative 5-HTID receptor models

GPJV PCA RSV i

8.1 7.3 9.5
7.4 6.9 7.8
7.1 6.4 6.6
6.8 6.0 6.8
8.2 7.0 -

8.6 7.5 8.2
6.9 7.1 7.0
- -* 6.5

Data represent either pA2 or pKB values obtained with 5-HT as the agonist, taken from: GPJV, guinea-pig jugular vein, present study;
PCA, pig coronary artery, Schoeffter & Hoyer, (1990); RSV, rabbit saphenous vein, Martin et al. (1991); HPA, human pial arterioles,
Hamel & Bouchard, (1991), PBC, pig brain cortex, Schlicker et al. (1989); GPFC, guinea-pig frontal cortex, Middlemiss et al. (1988);
CSN, calf substantia nigra, Schoeffter et al. (1988); GPSN, guinea-pig substantia nigra, Stanton et al. (1991).
*Indicates presence of agonist activity.

a

b

C

Antagonist

Methiothepin
Metergoline
Yohimbine
Rauwolscine
PAPP

PBC GPFC CSN GPSN

7.0 8.9
-* 6.9
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to sumatriptan) in guinea-pig isolated jugular vein were sen-
sitive to metergoline (100-1000 nM), yohimbine (1.0-10.0
fiM) and rauwolscine (0.3-10.01M), as well as to methio-
thepin (30-300 nM) and PAPP (30-300 nM), and also mim-
icked by agonists displaying high affinity toward the 5-HTID
binding site, it is appropriate to consider a 5-HTID
classification for this receptor.

In conclusion, the receptor which mediates an endothe-
lium-dependent relaxation to 5-HT, and other 5-HT receptor
agonists, in guinea-pig isolated jugular vein is similar to that
described in porcine coronary artery (Schoeffter & Hoyer,
1990) but differs from the endothelial 5-HT receptor(s)
reported in other venous preparations (Leff et al., 1987;

Sumner, 1991). A 5-HTID classification is proposed for the
receptor described in this study, but clearly a definitive
classification is only possible following the development of
selective 5-HTID receptor antagonists. The results obtained in
this study provide further evidence for the existence of
endothelial 5-HT receptor heterogeneity.

I would like to express my thanks to Dr K.F. Rhodes and Mrs S.J.
Bill for their advice given during the preparation of this manuscript.
Thanks also to Mrs Debbie McCreanney for excellent secretarial
skills.

Methysergide and mesulergine were gifts from Sandoz Pharma
Ltd., Switzerland.
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Construction of antagonist dose-response curves for estimation
of pA2-values by Schild-plot analysis and detection of allosteric
interactions
'Gerald Poch, Friedrich Brunner & Elisabeth Kuihberger

Institut fur Pharmakologie und Toxikologie, Universitat Graz, Univ. pl. 2, A-8010 Graz, Austria

1 One aim of this paper is to show an alternative approach for the determination of antagonist affinity
estimates, KB and pA2, by construction and evaluation of antagonist dose-response curves (DRCs), using
the curve-fitting programme, ALLFIT.
2 Parallel antagonist DRCs were derived by vertical analysis of families of conventional agonist DRCs
in the presence and absence of an antagonist at a certain agonist concentration above its EDM. The
latter represents a chosen, i.e. fixed dose-ratio (DR). The antagonist concentration that reduces an

agonist effect to its Emax/2 was termed B,. It corresponds to B, the fixed antagonist concentration, tested
to obtain DR - 1, conventionally.
3 The dissociation constant was calculated as KB= BX/DR - 1, analogous to the conventional app-

roach (KB= B/DR - 1). Likewise, pA2-values were estimated by plotting log B", obtained by the
alternative approach, vs log (DR - 1) in an 'alternative Schild plot'.
4 Experimental agonist DRCs from our laboratory and from the literature were analysed and KB- and
pA2-values obtained by the alternative approach were compared with those obtained by the conven-

tional method. The results showed a very good agreement (correlation) between the pA2-values obtained
by either method (slope = 1.02, r = 0.99, n = 9), in agreement with theoretical DRCs.
5 Besides estimation of KB and pA2, antagonist DRCs were also evaluated qualitatively. The most
important finding was that allosteric antagonists or competitive antagonists with an allosteric compo-

nent, such as gallamine, showed a significant reduction in the maximum of the antagonist DRCs (Imax).
The evaluation of antagonist DRCs appears to be a sensitive procedure to detect allosteric interactions.
6 This alternative approach can supplement or replace the conventional approach for the evaluation of
antagonists on a quantitative and qualitative basis. The alternative approach appears of special
advantage where the supply and/or the solubility of the agonist is limited, resulting in incomplete
agonist DRCs.
7 For rapid screening of potential antagonists, a single antagonist DRC at the maximum effective
agonist concentration may be constructed to calculate KB reliably.

Keywords: Antagonists; dose-response curves; KB; pA2; competitive; allosteric

Introduction

The dissociation constant KB of a competitive antagonist is
derived from the shift of an agonist dose-response curve
(DRC), i.e. the dose-ratio (DR) of equieffective agonist con-
centrations at a fixed antagonist concentration of B. A plot
of log (DR - 1) vs log B (Schild plot), gives a straight line
and allows calculation of - log KB = pA2 for a dose-ratio
x = 2 (Arunlakshana & Schild, 1959). If the regression of log
(DR - 1) vs log B is linear and has a slope of unity, a
competitive antagonism between agonist and antagonist at
the receptor is inferred. More than 40 years after Schild's
formulation, the Schild regression is still a powerful tool in
experimental pharmacology and provides a cornerstone of
receptor classification (Tallarida et al., 1979; Kenakin, 1987).
The present paper, while adhering to the derivation of the

model by Schild (1947, 1957) and the pA2-analysis by Schild
regression (Arunlakshana & Schild, 1959), describes an alter-
native approach by estimating the antagonist concentration
B, which reduces the agonist response to its Emax/2 at a fixed
agonist concentration, i.e. at a fixed DR, rather than
estimating values of DR - 1 at a fixed antagonist concentra-
tion B. This procedure requires the conventional testing of an
agonist in the absence and presence of a fixed concentration

I Author for correspondence.

of an antagonist. Also, the (chosen) fixed dose-ratio corres-
ponds to the agonist concentration in the absence and
presence of an antagonist, routinely determined at the 50%
effect level of the agonist. In order to differentiate between
the fixed concentration of the antagonist B and the
antagonist concentration which reduces an agonist effect to
its Emax/2, to be determined from antagonist DRCs, the latter
was termed B,.
As a major advantage, this procedure is also applicable to

incomplete agonist DRCs, which may be due to limited
agonist availability and/or solubility. Besides this practical
aspect, it was hoped that the direct presentation of
antagonist effects in form of DRCs might provide better
information as to the type of antagonism exerted by a partic-
ular blocker in a given test tissue. Thus, purely competitive
antagonists as well as antagonists with a competitive and an
allosteric component were selected and tested in a simple
experimental set-up. In addition, published data of several
authors were analysed to give DRCs of various antagonists
at different receptors, obtained in different laboratories. The
inclusion of literature data for this paper served the purpose
of examining our new approach for a variety of different
receptors with different agonists and antagonists to exclude a
possible biased interpretation derived only from interactions
at muscarinic and P-adrenoceptors of the bovine heart and
tracheal muscle, respectively.

f,'. Macmillan Press Ltd, 1992
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The results provide evidence that this new approach is
advantageous both from a practical and theoretical point of
view: even incomplete dose-response curves give reliable
affinity estimates. In some cases, the type of antagonism that
is operative in a given experiment, is clearly more easily
discerned than in the conventional approach of agonist
DRCs.

In this paper we use the expressions 'conventional Schild
plot' and 'alternative Schild plot' to indicate that the values
for the antagonist concentrations and for DR - 1 were
obtained by the conventional and by the present alternative
approach, respectively.
A preliminary account of this work has appeared in ab-

stract form (P6ch et al., 1990).

Methods

Isolated organ preparations used in our laboratory

Trabecular muscles Left bovine atria were obtained from
the local slaughterhouse. Trabeculae (length 4-5 mm,
diameter 1-2 mm) were rapidly excised from the auricular
appendix and suspended in 5 ml organ baths filled with a
modified Tyrode solution of the following composition
(mmol 1-'): NaCl 137, KCI 5.4, CaCl2 4.8, MgCl2 1.1,
NaH2PO4 0.4, NaHCO3 11.9 and glucose 10.1, gassed with
carbogen and kept under constant temperature of 32'C.
Muscles were electrically stimulated (frequency 1 Hz; dura-
tion 5 ms; 5 fold threshold voltage) at a resting tension of
1.5 g by means of a HSE 215/I-stimulator (Hugo Sachs
Elektronik, Freiburg, Germany). Contractile force was
recorded isometrically with Gould transducers connected to a
Watanabe multichannel recorder.

Preparations were allowed to stabilize for 45 min. DRCs
for the negative inotropic effect of the muscarinic agonist
methacholine were established by adding the drug cum-
ulatively to the organ bath. After 30 min equilibration, the
trabeculae were pretreated with antagonists for 45 min and
cumulative DRCs to methacholine were repeated (10
nmol 1- to 30 mmol 1V'). For a given antagonist, each mus-
cle was exposed to all three or four antagonist concentrations
in ascending order. Each concentration was tested on three
to four different trabeculae derived from one heart, and for
each antagonist, three to four hearts were used. The negative
inotropic effect was quantitated as percentage of the control
contraction, i.e. after tissue equilibration and before adminis-
tration of methacholine.

Bovine tracheal muscle strips were prepared and treated as
described earlier (Pdch & Zimmermann, 1988). The muscles
were precontracted by 27 mmol 1` KCI in order to study the
relaxant effects of the P-adrenoceptor agonist orciprenaline in
the absence and in the presence of 0.075, 0.375, and
3.75 ftmol 1` propranolol.

Drugs

Orciprenaline sulphate was a gift of Boehringer Ingelheim,
Germany, propranolol was kindly supplied by ICI, Wilm-
slow, Cheshire, England. Methacholine bromide and gall-
amine triethiodide were purchased from Sigma Chemical Co.,
Munich, Germany. Pirenzepine dihydrochloride was a gen-
erous gift from Dr R. Hammer, di Angeli, Milano, Italy, and
AF-DX 116 (11-1j2-[(diethylamino) methyl]-l-piperidinyl]
acetyl]-5,1 1-dihydro-6H-pyrido [2,3-b][1,4] benzodiazepine-6-
one) from Dr Thomae GmbH, Biberach, Germany.

Construction of agonist- and antagonist dose-response
curves

The construction of antagonist DRCs is illustrated in Figure
1, which shows the basic difference between the conventional
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Figure 1 Theoretical dose-response curves (DRCs) of an agonist A
alone and in the presence of a competitive antagonist B at concentra-
tions of 5, 20, 100 and 300 (a,c). DRCs of inhibitory effects of the
antagonist in the presence of agonist concentrations of 10 (b) and
300(d). The antagonist DRC in (b) was derived from (a) by vertical
evaluation of inhibition of agonist response (right scale) at the
agonist concentration of 10, corresponding to a fixed DR = 10. The
antagonist DRC in (d) was derived analogously by vertical evalua-
tion at the agonist concentration of 300, corresponding to DR = 300.
Schild plots derived from the agonist DRCs in the upper panel are
shown in (e), from antagonist DRCs in the lower panel in (f),
supplemented by values obtained at DR = 30 (*).

and the alternative approach, exemplified with idealized
curves. First, agonist DRCs were constructed as usual
(Figure la,lc); second, in the submaximum to maximum
dose-range of the agonist, vertical lines were drawn at fixed
dose-ratios, exemplified for DR = 10 (Figure la) and for
DR = 300 (Figure Ic). The inhibitory effects of the
antagonist B were then calculated as indicated in Figure la
and Figure lb. They were determined by using experimental
points of the agonist DRCs, rather than points of the fitted
DRCs, when possible. With the values of inhibition obtained
graphically, antagonist DRCs were constructed, shown in
Figure lb and Figure Id, by the ALLFIT programme
package (De Lean et al., 1988), analogously to the agonist
DRCs. Bx, the concentration which reduced the effect of the
agonist to its Emax/2, corresponds to an inhibitory effect of
44.7% in Figure la and to 50% in Figure Ic. Hence, Figure
1 shows that if Bx is determined from antagonist DRCs at
submaximum effective agonist concentrations (Figure la,b), it
corresponds to a value lower than B50, i.e. to a value <IC50.
When Bx is determined at Ema, of the agonist, it equals the
half maximum effective antagonist concentration, termed B50
in the present paper (Figure Id); it corresponds to the IC50 of
B.
An important feature of the ALLFIT programme is the

possibility of doing more than one fit with and without
forcing fitting of data points to curves with the same slope
and/or the same maximum. The results of various fits are
then compared statistically, whereby P< 0.05 indicates a
significant deterioration of the respective fit. We took advan-
tage of this possibility in the analysis of experimental agonist
or antagonist DRCs in the present investigation by perform-
ing a first fit without and a second with the constraints of the



712 G. POCH et al.

same slope and the same maximum, and checked whether
these constraints were acceptable statistically, as expected in
the case of competitive antagonists. Where a reduction of the
maximum response appeared, we checked whether or not it
was statistically significant by comparing the fits with and
without the constraint of unaffected maximum.

Construction of Schild plots

Antagonist concentrations were plotted versus values of
DR- 1 as usual. B indicates the antagonist concentrations
chosen in the conventional approach, Bx the antagonist con-
centration derived by the alternative approach. As described
above, B,, was derived from antagonist DRCs at a fixed
dose-ratio. The estimation of DR - 1 in both procedures is
in principle determined at the dose-ratio level, i.e. the effect
level which represents Ema,,/2 of the agonist control curve, in
accordance with general practice.

Statistical analyses

The slopes of Schild plots were tested for difference from
unity by the partial F-test (Rodbard, 1974) as follows: The
data points log (DR - 1) were regressed against log B (or B.)
and the sum of squared deviations (SSQ) determined. In a
second step, the slope for the regression line was fixed as 1
and SSQ determined as before. Naturally, the second proce-
dure gave a larger sum of squared deviations. Using the two
SSQ values, the partial F-test was performed with the first
regression as the more complex and the second regression
(unity slope) as the less complex condition. Slopes were
considered significantly different from unity in case of
P< 0.05.

Calculation ofKB

In addition to the graphical estimation of pA2-values, des-
cribed above, KB was calculated according to the equation

KB= B/DR-1 and KB= B,,/DR-1,
respectively. The same values can be obtained from a Schild
plot with the constraint of a slope of 1. Mean values of KB
were calculated in this paper from individual values of B and
DR - 1 and B,, and DR - 1, respectively. These are listed
and compared in Table 1.

Results

Theory

Competitive antagonism DRCs of an agonist A are shown
in the absence and presence of a competitive antagonist B in
the arbitrary concentrations of 5, 20, 100 and 300 with a

slope of 1 (Figure la,c), constructed according to the theory.
An antagonist affinity corresponding to KB = 1 (pA2 =0) and
equal values for B and DR - 1 were assumed. Hence,
antagonist concentrations of B = 5, 20, 100 and 300 corres-
pond to values of DR - 1 of 5, 20, 100 and 300, derived
from Figure la. The logarithms of these values are plotted in
the conventional Schild plot in Figure le, yielding a pA2-
value of 0 with a slope of 1.

In the lower panel of Figure 1, DRCs of the inhibitory
effects of this antagonist B are shown and the corresponding
alternative Schild plot was derived from these results. Two
antagonist DRCs are shown in Figure lb and d, namely
DRCs of inhibitory effects against A at the fixed DR = 10
and 300, respectively. The antagonist DRCs had a slope close
to 1 (0.997 and 0.97, respectively) and were anticipated to
reach the same maximum, i.e. 100% inhibition of the control
response to the agonist, when completely displaced; the cont-
rol response to the undisplaced agonist represents 0% inhibi-
tion. Two additional antagonist DRCs were constructed at
DR = 30 and DR = 100 (not shown in Figure 1) which gave
slope-values of 0.991 and 0.996. All four antagonist DRCs
thus had a slope very close to 1 and a forced shared slope-
value was accepted statistically (P = 0.17). Hence, antagonist
DRCs derived from theoretical, i.e. parallel agonist DRCs
with a slope of 1 were also parallel with a slope of 1.
The BX-values in the example correspond to antagonist

concentrations which caused 44.7 (Figure 1 b) and 50%
inhibition of the agonist response (Figure Id). These
inhibitory concentrations reduced the agonist effects to the
effect level where the dose-ratio was determined in the con-
ventional approach (Figure la and c: DR-level). Bx corres-
pond to concentrations of 9 and 299 of B. They were
observed at fixed agonist concentrations of 10 and 300, which
correspond to values of DR - 1 = 9 and 299. Of necessity,
the alternative Schild plot (Figure Uf) gives the same value of
pA2 = 0 at a slope 1 as the conventional approach (Figure
le).

Allosteric interactions A parallel shift of agonist DRCs by
an antagonist can also be caused by allosteric antagonists.
However, these shifts do not follow the mass action law. We
here show theoretical curves of an agonist A in the absence
and presence of an allosteric antagonist, that were published
by Ehlert (1988a), in Figure 2a. The corresponding Schild
plot is shown in Figure 2c. From this plot it is clear that
there is a pronounced deviation of the curve from a straight
line with the slope of 1. A close inspection of the agonist
DRCs also shows deviations from a competitive type of
interaction, the shift of the DRCs is much less than would be
expected from the respective concentrations of a competitive
antagonist, namely 3, 10, 100 and 1000 B.

Antagonist DRCs in Figure 2b, derived from Figure 2a,
show a pronounced reduction in the maximum of the DRCs
of inhibitory effects (Ima,,), progressively increasing with the

Table 1 Comparison of experimental, calculated KB-values obtained by the conventional and the alternative approach

KB
Antagonist/Agonist

Propranolol/Orciprenaline
AF-DX 116/MeCh
Butoxamine/Tazolol
Butoxamine/Terbutaline
Pirenzepine/MeCh
Pirenzepine/MeCh
Gallamine/MeCh
C 6/BuNMe3Br
Theophylline/Adenosine

0.017 ± 0.005
0.13 ± 0.05
0.26 ± 0.11
0.27± 0.11
0.27 ± 0.06
1.34 ± 0.58
1.60 ± 0.69
31 ± 2.95

31.1 ± 6.23

Alternative

0.017 ± 0.003
0.09 ± 0.01
0.16 ± 0.04
0.24 ± 0.05
0.25 ± 0.006
1.35 ± 0.33
0.89 ± 0.10
32.6 ± 0.57
32.8 ± 5.24

p

0.39
0.19
0.72
0.56
0.98
0.13
0.52
0.72

Reference

This paper
Not shown
Kenakin (1982)
Kenakin (1982)
This paper
This paper
This paper
Ariens et al. (1956)
Persson et al. (1982)

KB-values are expressed as jimol 1. Mean values ± s.d. of 3-5 pairs of B or B,, and DR- 1, derived from the 9 independent
series of experiments listed. Statistical comparison by t test.
MeCh, methacholin; C6, lexamethonium.

Conventional
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Figure 2 Theoretical dose-response curves (DRCs) of an agonist A
in the absence and presence of an allosteric inhibitor in the concent-
rations of 3, 10, 100 and 1000 (a), according to Ehlert (1988a), which
shifted the DRCs by DR- 1 = 2.2, 5, 8.5 and 10. Antagonist DRCs
(b) at agonist concentrations of 2.5 (0), 5 (U) and 10 (*) were
derived analogously to Figure 1. These agonist concentrations cor-

respond to DR- 1 = 1.5, 2 and 18. The antagonist DRCs show
increasing depression of the maximum with increasing agonist con-

centrations. The Ba-values, calculated analogously to Figure 1, were
2, 8 and 160. Accordingly, a non-linear relationship between the
concentrations of B and Bx, respectively, and DR-I was obtained
from both graphs, the agonist DRCs and the antagonist DRCs in
the respective Schild plots (c,d).

agonist concentrations from 2.5 to 10 A, at which the
inhibitory effects of B have been assessed. The corresponding
alternative Schild plot in Figure 2d shows the same deviation,
i.e. from a straight line with slope = 1 as the conventional
Schild plot in Figure 2c.

Experiments

Competitive interaction: complete dose-response curves As an
example of a competitive interaction with complete agonist
DRCs, we here show DRCs of the agonist, methacholine
(MeCh), in the absence and presence of the M,-receptor
antagonist, pirenzepine, in a cardiac preparation (Figure 3).
The DRCs of methacholine are shifted to the right in a

parallel fashion up to DR - 1 = 145.
The pA2-value derived from these agonist DRCs was

found to be 5.75 at a slope of 1.21 (Figure 3c). The mean

value of calculated KB was 1.34 pmol 1- (Table 1), corres-

ponding to - log KB = pA2 = 5.87. The latter value was cal-
culated according to the equation KB = B/DR - 1, which
assumes a slope of 1.
From the results of Figure 3a, three antagonist DRCs were

obtained at concentrations of the agonist of 3, 10 and
30 jimol 1-'. The alternative Schild plot, shown in Figure 3d,
gave a pA2-value of 5.68 at a slope of 1.23, very close to the
values obtained by the conventional approach. The cal-
culated mean pA2-value was 5.87 (KB = 1.35 fimol I' in
Table 1).

Competitive interaction: incomplete dose-response curves To
illustrate the usefulness of the alternative approach to
estimate pA2-values of competitive antagonists from incomp-
lete agonist DRCs, we show DRCs of the agonist BuN3MeBr
in the absence and presence of the competitive antagonist
hexamethionium (C6) obtained with the isolated rectus mus-

r-

0)
0

log B = Pirenzepine
(log mol 1-')

d
3 ,

A 2- pA2= 5.68 ,'

o)
00.

-1 - .-7 -6 -5 -4 -3
log B,= Pirenzepine

(log mol 1-')

Figure 3 Experimental dose-response curves (DRCs) of metha-
choline (MeCh) and pirenzepine, presented as in Figure 1 together
with the Schild plots. Agonist response: negative inotropy of
trabecular muscle. The symbols indicate mean values from 3
experiments. The DRCs in (a) show the control curve (0) and the
DRCs in the presence of 1 (U), 10 (0) and 100 (0) ymoll'
pirenzepine; they were fitted with the constraints of common slope
and Ema, yielding a slope of 1.1. The DRCs in (b) represent
antagonist DRCs in the presence of 3 (0), 10 (D) and 30 (Z)
pmol 1-' MeCh; they were fitted with the constraint of common Imax
The slopes of the 3 curves were 1.1, 1.4 and 1.5, respectively. The
slopes in the Schild plots were 1.21 (c) and 1.23 (d), not significantly
different from 1.

cle of the frog. These curves have been taken from Ariens et
al. (1956) and are shown in Figure 4a as incomplete DRCs
by cutting the DRCs at concentrations >200 pmol 1'.

Figure 4a shows fitted agonist DRCs of the incomplete
data with the constraints of shared and constant parameters
of Emax = 100 and identical slope for the 4 curves. This fit
was not significantly worse than the fit without these con-
straints (P = 0.33). Thereby, a common slope of 1.58 was
obtained. The Schild-plot analysis in Figure 4c gave
pA2 = 4.49 at a slope = 1.0.

Figure 4b shows two curves for the inhibitory effects of
C6, assessed at 100 and 200 Itmol 1- i of BuN of Figure 4a, at
concentrations of the agonist which were in the range of
experimental points. The curves were parallel and showed the
same maximum (P = 0.14), and a (common) slope = 1.52.
The alternative Schild plot in Figure 4d with two points gave
pA2 = 4.51, practically identical with the value of 4.49 in
Figure 4c.

Allosteric antagonist or competitive antagonist with allosteric
component Figure 5 shows the results of antagonism
between gallamine and methacholine (MeCh) in bovine atrial
muscle strips in the same presentation as in the foregoing
figures. According to several reports, e.g. Michel et al. (1990),
gallamine is probably a competitive antagonist with an
allosteric component.
The agonist DRCs were shifted in parallel to the right up

to a DR - 1 = 358 in Figure 5a. The inhibitory effects of
gallamine at 10, 50 and 200 jimol 1-l methacholine are shown
in Figure 5b, from which it can be seen that Imax of the
antagonist DRC at 200 fmol I' MeCh was markedly, and
significantly (P = 0), reduced, a phenomenon which has been
observed with a pure allosteric antagonist in Figure 2b.
The corresponding conventional Schild plot is shown in
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Figure 4 Incomplete agonist dose-response curves (DRCs) of
BuNMe3Br (BuN) in the absence (0) and presence of 270 (-), 540
(0), and 1080 (0) Jtmol 1' (C6) (a). Agonist response: contraction
of rectus muscle of frog. Incomplete DRCs were derived from com-
plete DRCs from Ariens et al. (1956) and antagonist DRCs of
hexamethonium (C6) at 100 and 200 pmol 1 of BuNMe3Br (b), with
Schild plots (c,d), analogously to Figure 1. The agonist DRCs had a
common slope of 1.6 (a), similar (1.5) to the antagonist DRCs in (b).
The slopes of the Schild plots were 1.00 (c) and 0.97 (d).
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antagonist concentration of 1 mmol 1- gallamine, the point
in the plot deviates from a straight line, indicating an
allosteric mechanism or a possible negative allosteric com-
ponent of the inhibitory action of gallamine. We cannot
differentiate between these two possibilities by analysis of the
experimental DRCs and Schild plots.
The analysis of the alternative Schild plot (Figure 5d) does

not show a deviation from linearity up to about 100 ftmol I`
gallamine. The pA2-value was estimated to be 5.95. By cal-
culation of KB= B/DR - 1, the pA2-value was found to be
6.05 (KB = 0.89 jtmol 1 '). The finding of a straight line is not

ol-1- ) surprising in view of the fact that the points for the conven-
tional Schild plot up to about 100 jimol I' gallamine could
obviously also be fitted to a straight line (Figure 5c).

Comparison of methods From the foregoing results it
appears that similar pA2-values can be obtained by the con-
ventional and alternative approach. Figure 6 compares the
results of Figures 3-5 but also includes results, obtained in
the same way, not shown as figures. There is a very good
agreement between the pA2-values obtained by the two
methods. The regression line in Figure 6 has a slope near 1
(1.02), the correlation coefficient is 0.99, r2 = 0.98. The pA2-
values were obtained by Schild-plot analysis as shown in
Figures 3-5 without constraint to slope = 1.

Table 1 gives a comparison of KB-values calculated accord-
ing to the equation KB= B/DR - 1, and KB= BX/DR - 1,
respectively, for the individual pairs of antagonist concentra-
tions, B or Bx, and the shift of agonist DRCs, DR - 1. These
calculations are based on the mass action law and, in princi-
ple, assume a slope of 1 in the Schild plot. As is evident from
Table 1, the KB-values calculated from Ba-values are com-
parable with the corresponding KB-values derived from B-
values. The differences were in no case significant. It is
interesting that the KB-values calculated as mean values from
the Ba-values of the antagonist DRCs in many cases showed
a lower standard deviation (s.d.) than those obtained by the
conventional approach. One possible reason might be that
the antagonist DRCs were always assessed at submaximum
to maximum effective agonist concentrations, avoiding possi-
ble deviations from competitive interaction, which are more
likely to occur at higher agonist concentrations. For example,
an allosteric component of the action of gallamine was

7 -

~0

4-0
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._

ai 5-

1- --. ...

5 -5 -4 -3 -2
log B. = Gallamine

(log mol 1-')

Figure 5 Experimental dose-response curves (DRCs) of metha-
choline (MeCh) in the absence and presence of 3, 30, 100, 300 and
1000 pimol I- gallamine, presented as in Figure 1. Agonist response:
negative inotropy of trabecular muscle. Antagonist DRCs of gall-
amine in the presence of 10 (0), 50 (-) and 200 (") ItmolV'
MeCh (b). The reduction of Imax of the antagonist DRCs in (b) was

significant. The symbols indicate mean values of 3 experiments. The
agonist DRCs had a slope of 1.4 (a), the antagonist DRCs had
slopes of 1.5, 1.5 and 2.0, respectively (d).

Figure Sc. Extrapolation of the linear part of the curve yields
a pA2-value of 5.75. The calculated value for KB =
1.60 pmol I', corresponding to pA2 = 5.80. At the highest

Conventional method (pA2)

Figure 6 Correlation of pA2-values of antagonism, evaluated from
Schild plots by the conventional and alternative approach, respec-
tively: slope = 1.02, r = 0.99, n = 9. The numbers refer to the follow-
ing interactions of agonists/antagonists: (1) = BuNMeBr/C6 (Ariens
et al., 1956); (2) adenosine/theophylline (Persson et al., 1982);
(3) = MeCh/gallamine (Figure 5); (4) = MeCh/pirenzepine (Figure 3);
(5) = terbutaline/butoxamine (Kenakin, 1982); (6) = MeCh/pirenze-
pine (tested analogously to Figure 3); (7) = tazolol/butoxamine
(Kenakin, 1982); (8) = MeCh/AF-DX 116 (tested analogously to
Figure 3); (9) = orciprenaline/propranolol in bovine trachea (exp.
conditions: Poch & Zimmerman, 1988).
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obviously not yet clearly evident in the Schild plot, although
the antagonist DRCs showed a pronounced reduction in Imax
(Figure 5).
The statistical analysis of the slope factors obtained by

both methods for the drugs listed in Table 1 gave no
evidence for a significant deviation from unity (P> 0.05).
The observed deviations ranged from 0.87 to 1.27 and 0.89 to
1.26, respectively.

Discussion

An alternative method for the evaluation of agonist-
antagonist interactions is described in this paper. It is based
on the usual DRCs of an agonist in the absence and in the
presence of fixed concentrations of an antagonist.

Antagonist DRCs were constructed at a submaximum to
maximum effective control response to the agonist by expres-
sing the inhibitory effects as a percentage of the maximum
possible inhibitory effect. The antagonist concentration which
reduced the control effect of the agonist to its Ema,,/2 was
termed B. in order to differentiate it from the fixed
antagonist concentration B used for testing the agonist in its
presence. As can be seen from Figure 1, Bx equals B50 = IC50
of the antagonist at the maximum effect of the agonist, only.
At submaximum effective concentrations of the agonist, B,,
corresponds to values lower than IC50. Hence, the antagonist
concentration was determined at fixed agonist concentra-
tions, and hence at fixed DR, by 'vertical examination' of
agonist DRCs, rather than the DR - 1 at fixed antagonist
concentrations.
The procedure outlined in this paper has in part been used

by others. In an attempt to measure the potency with which
muscarinic antagonists inhibit muscarinic agonist-stimulated
phosphoinositol breakdown, Lazareno & Roberts (1987)
have calculated KB = IC50/[(fixed agonist concentration/EC50)-
1], with [(fixed agonist concentration/EC50)-1] corresponding
to DR - 1. The approach of these authors was to test the
responses to a fixed concentration of agonist in the presence
of various concentrations of antagonist. In addition, in each
experiment a concentration-effect curve to the agonist alone
was obtained. The authors pointed out in their paper
(Lazareno & Roberts, 1987) that using the principles of dose
ratio analysis, it need only be assumed that equieffective
agonist concentrations correspond to equal receptor occ-
upancy of agonist. Since they measured the IC50- and EC50-
values at the same effect level, their mathematical treatment
is identical to the one used in this paper. The experimental
procedure of Lazareno & Roberts (1987) is, however, limited
to a single fixed agonist concentration and thus does not
extend to Schild plots.
Another attempt at quantifying functional inhibition data

was presented by Eglen & Whiting (1989), who tested the
dose response of inhibitory effects of the antagonist in the
presence of a maximum effective concentration of an agonist,
and calculated dissociation constants by inappropriately
applying (Lazareno & Roberts, 1987; Lazareno, in prepara-
tion) the Cheng-Prusoff equation for the determination of
enzyme inhibitor constants (Ki) (Cheng & Prusoff, 1973).
Our approach allowed antagonist DRCs to be derived

from experimental data points of incomplete agonist DRCs,
as exemplified in Figure 4, as an alternative to an estimation
of DR-1 which then yields only a few or extrapolated points
for a conventional Schild plot (Figure 4c). Although dose
ratios may be estimated at the 50% or lower effect level,
estimated values are likely to have a higher variation at low
compared with the half maximum effect level. Antagonist
DRCs can be determined from experimental data points of
incomplete agonist curves, as in Figure 4, in the same way as
from complete agonist curves (e.g. Figure 4). In this example,
as in others not shown, the pA2- or KB-values derived by the
present procedure were in good agreement with those

obtained from incomplete agonist DRCs (Figure 4c vs d)
which were complemented, i.e. extrapolated by fitting the
experimental points to complete DRCs by ALLFIT. The
procedure of assessment of antagonist DRCs can thus mean-
ingfully supplement an investigation or can be chosen as an
attractive alternative.

It is noteworthy that even in the case of complete experi-
mental agonist DRCs, the antagonist DRCs were determined
as if they were incomplete. Where possible, as in Figures 3
and 5, antagonist DRCs were assessed up to concentrations
of the agonist exhibiting effects lower than 50% in the
presence of the antagonist, in order to obtain rather complete
DRCs for the inhibition of agonist response.
The antagonist DRCs also allow a qualitative evaluation

of various aspects of DRCs, e.g. with respect to slope and
Imax. In theory, DRCs of competitive antagonists give parallel
DRCs with a common slope and Im,, = 100% inhibition of
agonist effects, independent of agonist concentrations. The
experimental DRCs shown in Figures 3 and 4 are in accor-
dance with the theory.

Allosteric antagonists or competitive antagonists with an
allosteric component exhibit antagonist DRCs with reduced
Imax. Experimental results with gallamine (Figure 5) share this
phenomenon with theoretical antagonist DRCs of an
allosteric antagonist (Figure 2). As a matter of fact, the
depression of Imax of the antagonist DRCs appears to be a
sensitive indicator of allosteric interaction. The results
obtained with gallamine support this view, since deviations
from a straight line in the conventional Schild plot were
hardly detectable (Figure Sc) while the reduction in Im.. of
the DRC of the inhibitory effects of gallamine against
methacholine was clearly seen (Figure 5b). In the literature,
allosteric interaction by gallamine with binding of agonists or
antagonists to muscarinic receptors has been described by
various groups, either as the sole mechanism or as an addi-
tional property of this muscarinic antagonist at higher con-
centrations (Ehlert, 1988b; Lee & El-Fakahany, 1988; Roffel
et al., 1989; Michel et al., 1990).
A drawback of the alternative Schild plot is that deviations

from linearity at high antagonist concentrations are more
difficult to detect since the highest antagonist concentrations
B,, plotted are somewhat lower than B in conventional Schild
plots. This disadvantage appears to be more than compen-
sated for by the sensitive depression of Imax of antagonist
DRCs since deviation from linearity in the respective Schild
plots with gallamine was barely seen while Imax was
significantly reduced from 100 to 78% (Figure 5).
A comparison between KB and pA2-values obtained by

either method showed an excellent agreement (Figure 6,
Table 1). The values for DR-I and B by the conventional
approach were determined from more or less complete exper-
imental agonist DRCs. B,,-values at a fixed DR were
obtained from antagonist DRCs which in principle were
assessed from incomplete DRCs. For example, the agonist
response above 50 pmol 1` methacholine in Figure 3 was not
taken into consideration for the determination of antagonist
DRCs. However, it appears that the alternative approach
leads to KB and pA2-values which are at least as precisely
estimated as by the conventional approach. This means that
accurate affinity estimates can be obtained from incomplete
DRCs. This finding appears of practical importance where
incomplete experimental agonist DRCs have to be evaluated,
e.g. due to limited supply and/or solubility of the agonist.
The KB-values determined by the alternative approach

showed small differences between those obtained at the sub-
maximum to maximum effective range of agonist concentra-
tions (Table 1). Hence, it appears reasonable to estimate
rapidly KB-values of antagonists in screening experiments by
the assessment of a single antagonist DRC at a maximum
effective agonist concentration. This procedure is applicable
irrespective of whether or not the experimental data points
correspond to complete or incomplete agonist DRCs.
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Characterization of potassium currents modulated by
BRL 38227 in rat portal vein

'Thomas Noack, Petra Deitmer, *Gillian Edwards & *Arthur H. Weston

Department of Physiology, Philipps University, Deutschhausstrasse 2, W-3550 Marburg, Germany and *Smooth Muscle
Research Group, Department of Physiological Sciences, University of Manchester, Manchester, M13 9PT

1 Smooth muscle cells of the rat portal vein were dispersed by enzymatic treatment and recordings of
whole-cell membrane potassium currents were made by the voltage-clamp technique. In isolated cells by
use of combined voltage- and current-clamp the effect of BRL 38227 on membrane potential and ionic
currents was also studied.
2 BRL 38227 (0.1 to 10 JM) induced a non-inactivating potassium current (IKCO) which developed
slowly (900 s to 300 s, respectively) to its full size. These effects of BRL 38227 were reversible.
3 In addition to its K-channel opening properties, BRL 38227 (1 to 10 JIM) inhibited the amplitude and
changed the activation and inactivation characteristics of a slowly-inactivating, calcium influx-
independent, outward potassium current (ITO).
4 Application of stationary fluctuation analysis to IKCO, showed a mean single channel current of
0.65 pA at - 10 mV under a quasi-physiological potassium gradient.
5 In a combined voltage-clamp/current-clamp configuration, BRL 38227 (1 JIM) induced a mean hyper-
polarization of 22 mV.
6 The induction of IKCO by BRL38227 and the associated hyperpolarization were suppressed by
glibenclamide (1 to 10 JIM) in a concentration-dependent manner. Glibenclamide (1 JIM) had no effect on
the inhibition of ITO by BRL 38227 (1 JIM).

Keywords: BRL 38227; glibenclamide; voltage-clamp; current-clamp; rat portal vein; K-channel; K-current

Introduction

BRL 38227, the active enantiomer of the racemate
cromakalim (BRL 34915), is a smooth muscle relaxant
classified as a potassium channel opener (KCO) (Edwards &
Weston, 1990). Although the effects of KCOs on potassium
(K) currents in smooth muscle have been widely studied
(Standen et al., 1989; Beech & Bolton, 1989b; Klockner et
al., 1989; Gelband et al., 1990; Kajioka et al., 1990; 1991;
Okabe et al., 1990; Clapp & Gurney, 1991; Lindeman et al.,
1991; Nakao & Bolton, 1991; Noack et al., 1991; Pavenstadt
et al., 1991) the K-channel responsible for the characteristic
hypotensive and vasorelaxant effects of these agents has not
been unequivocally identified.

In rat mesenteric artery it was reported that KCOs opened
a K-channel with a relatively large single channel conduc-
tance (Standen et al.,1989) and in human mesenteric artery
an increased open probability of the large conductance
calcium-activated K-channel (BKCa) was detected (Klockner
et al., 1989). In contrast to these findings, a variety of studies
in vascular smooth muscle has indicated that BKCa is not
opened by KCOs (Beech & Bolton, 1989b; Okabe et al.,
1990; Lindeman et al., 1991; Pavenstadt et al., 1991). Fur-
thermore, investigations on rat and rabbit portal vein have
shown that the KCOs open a K-channel with a unitary
conductance of approximately 10pS (Kajioka et al., 1990;
Nakao & Bolton, 1991).
To date, the majority of studies on the detailed smooth

muscle single cell electrophysiology of the KCOs have
involved isolated membrane patches but no clear picture of
the target K-channel has emerged. For this reason we
decided to characterize the electrophysiological effects of the
KCOs using BRL 38227 and whole-cell voltage-clamp techni-
ques. In the present study in rat portal vein we now show
that BRL 38227 induces a non-inactivating, calcium influx-

' Author for correspondence.

independent K-current that is glibenclamide-sensitive. The
results, some of which were previously presented to the Ger-
man Physiological Society (Noack et al., 1991) indicate that a
small conductance K-channel is the site of action of the
KCOs.

Methods

All experiments were performed on single smooth muscle
cells isolated from portal veins which were removed from
male Spague-Dawley rats, previously killed by stunning and
bleeding.

Production of isolated cells

Each portal vein (about 20 mm length) was carefully cleaned
of fat and connective tissue with fine scissors in conjuction
with a dissecting microscope. The vein was cut into small
pieces and then incubated in a nominally Ca2"-free
physiological salt solution (PSS) for 30 min. The cell disper-
sion consisted of a consecutive treatment of the tissue with a
high K+ PSS (1 ml) containing purified collagenase (100
units ml-'; Sigma) and a high K+ PSS containing papain (20
units ml-'; Sigma) and collagenase inhibitor (phosphor-
amidon, 200 pg ml'; Sigma) (for details see Lammel et al.,
1991). The cells were used for experiments within 12 h of
separation, during which time they were stored at 40C in
Kraftbruhe (KB-medium; Klockner & Isenberg, 1985). All
experiments were performed at 26°C.

Single-cell electrophysiology
The whole-cell configuration of the patch-clamp technique
(Hamill et al., 1981) using a clamp system designed in our
laboratory which was functionally similar to the
commercially-available EPC 7 (List, Germany), was used in

'." Macmillan Press Ltd, 1992
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all experiments. The settling time of this system was less than
500 gts. Patch pipettes were pulled from Pyrex glass (H15/10,
Jencons, UK) and had resistances of 3-4MQ when filled
with the internal (intracellular) solution.

Voltage commands and data acquisition were performed
on-line with an AT-compatible computer equipped with an
appropriate interface (Axolab 1100 or Axon TL-1, Axon
Instruments, U.S.A.). For cell stimulation and for recording
and analyzing data the pCLAMP 5.5 programme was used
(Axon Instruments, U.S.A.). A video recorder in conjunction
with a pulse code modulator was used to store data. Voltage
protocols and evoked membrane currents were monitored
continuously on a chart pen recorder (Series 2400, Gould,
U.S.A.). Currents were displayed on the computer monitor
and hard copies were obtained using a plotter (Taxan, U.S.A.).
Leakage current was estimated at the end of an experiment
by addition of 5 mM CdCI2 to the extracellular solution
(Noack et al., 1992). The leak resistance ranged from 3 to
S GO and the experimental values were used to estimate
errors of potential measurement under whole-cell current-
clamp. The cadmium (5 mM) resistant current (leakage cur-
rent) was not subtracted from either current traces or from
current-voltage relationships in this paper. Recordings were
evaluated from a total of 30 cells from which continuous
measurements of at least 20 min were made. The effects of
BRL 38227 were investigated by adding the appropriate
amount of this agent to the main reservoir containing the
external solution to ensure that responses were obtained
under steady-state conditions. The bath (volume: 1 ml) was
continuously perfused (1 ml min-') with fresh external solu-
tion using a pump (Microperpex, Pharmacia LKB, Freiburg,
Germany); a second identical pump was used to remove
excess solution from the recording chamber.
To determine the effects of BRL 38227 and glibenclamide

on membrane potential, a series of measurements was per-
formed with a voltage-clamp amplifier which permitted fast
(<1 Ims) switching to current-clamp conditions. The proper-
ties of this combined voltage/current-clamp amplifier were
similar to those described by Clark & Giles (1987).

Drugs and solutions

The nominally Ca2+-free PSS used for the cell separation
comprised (mM): NaCl 137, KCI 2.7, MgCl2 1.0, glucose 5.6,
HEPES 4.2; buffered with NaOH to pH 7.3. High K+ PSS
contained (mM): KCI 140, MgCI2 1.0, glucose 5.6, HEPES
4.2, buffered with KOH to pH 7.3. The PSS in the bath had
the following composition (mM): NaCI 125, KCI 4.8, MgCI2
3.7, KH2PO4 1.2, glucose 11, HEPES 10, EGTA 1.0 buffered
with NaOH to pH 7.3; aerated with 02. The pipette (internal)
solution contained (mM): NaCI 5, KCI 120, MgCl2 1.2,
K2HPO4 1.2, glucose 11, HEPES 10, EGTA 1.2, oxalacetic
acid 5, sodium pyruvate 2, sodium succinate 5, buffered with
KOH to pH 7.3. After buffering, the pipette solution con-
tained a total of 152 mM K+. Assuming a contaminant con-
centration of 10 JlM calcium in the external and in the pipette
solutions, the addition of 1 mM and 1.2 mM EGTA (ethylene
glycol-bis (P-aminoethyl ether) tetra-acetic acid; Sigma) to the
bath and pipette solutions, respectively, should have pro-
duced an average free calcium concentration in these solu-
tions of less than I nM.
To minimize solvent effects on membrane currents,

BRL 38227 (SmithKline Beecham, UK) was first dissolved in
dimethyl sulphoxide (DMSO; Sigma) to produce a concent-
rated stock solution (250 mM). Glibenclamide (Hoechst,
FRG) was prepared as 10 mM stock solution in DMSO.
From such stocks, dilutions were prepared with distilled
water immediately before they were required.

Results

Whole-cell currents in calcium-free PSS

When a rat portal vein cell was depolarized from a holding
potential of - 90 mV to a test potential of - 30 mV in the
calcium-free PSS (free calcium lower than 1 nM), a current
with fast activation kinetics which inactivated to a steady
current level within less than 20 ms was observed (Figure
la(i), 6th and 7th trace from bottom). On depolarization to
test potentials positive to - 30 mV (Figure la(i), 8th to 10th
trace from bottom) an additional outward current compo-
nent became activated. This component also inactivated but
exhibited slower kinetics than the current previously des-
cribed. Both of these time-dependent outward current com-
ponents declined to a steady current level. The complete
inactivation of the slower component is not shown in Figure
la(i) because of the relatively short test pulse duration. The
faster outward current showed some similarity to the A-like
K-current which has previously been described in rabbit
portal vein (Beech & Bolton, 1989a). The more slowly-
inactivating current was comparable to ITO, a K-current
recently characterized in guinea-pig portal vein (Noack et al.,
1990) and the designation ITO will also be used to describe
the slowly-inactivating current in the present study. The
steady current level observed after complete inactivation of
ITO (deviation from zero current; zero current indicated by
arrows in Figure 1) could also be obtained when the memb-
rane potential was stepped from a holding potential of
-10 mV to the same test potentials as those used when the
holding potential was - 90 mV (Figure la(ii)). Thus the
magnitude of ITO is given by the difference between the peak
outward current elicited from a holding potential of - 90 mV
and that current elicited from a holding potential of
-10 mV. The difference between the non-inactivating cur-
rent and zero current was designated INI,

Effects of BRL 38227 on whole-cell currents

When portal vein cells were held at a potential of - 10 mV
and BRL 38227 (10AM) was added to the bathing solution,
the current slowly increased in an outward direction (Figure
2a). In contrast, when the cells were exposed to BRL 38227
(1 to 10 JAM) at a holding potential of - 90 mV (close to the
calculated potassium equilibrium potential, EK =- 83 mV)
BRL 38227 had no effect or induced a small inward current
indicating that a K-current was induced by this substance
(compare holding currents in Figure la(i) and b(i) and hold-
ing currents in Figure la(ii) and b(ii)). The time-course of
action of BRL 38227 (10 JAM) on membrane currents (IKcO)
was relatively slow and was essentially complete after 300 s.
Such a slow effect cannot be explained by the time-course of
the increase in the bath concentration of BRL 38227. For
example, on perfusing with 10 JM BRL 38227, a concentra-
tion of 1 JAM was achieved within the first 10 s. At a steady-
state concentration of BRL 38227 (1 pM), a very marked
enhancement of evoked membrane currents was observed at
all test voltages (positive to EK) on stepping from holding
potentials of either - 90 mV or -10 mV (Figure Ib). At a
concentration of 1 JAM, BRL 38227 produced near-maximal
effects. Increasing the concentration of BRL 38227 to 10 JAM
did not produce significantly larger effects but the onset of
IKCO was somewhat faster. When BRL was used in a concent-
ration of 0.1IAM, IKCO reached approximately 20% of the
magnitude produced by 1 JAM BRL 38227. From this the EC50
value of BRL 38227 for generation of IKCO can be estimated
to be approximately 0.5 JAM.
A more detailed analysis of the interaction of BRL 38227

with the different K-currents in rat portal vein was derived
from the construction of the current-voltage relationships
(I- V curves) under control conditions and in the presence of
BRL 38227 with holding potentials of - 90 mV and
- 1O mV (Figure 3a and b). In Figure 3a the peak
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Figure 1 Effect of BRL 38227 on whole-cell currents in a smooth muscle cell from rat portal vein bathed in a calcium-free
physiological salt solution (containing 1 mM EGTA). (a) The cell was held either at - 90 mV (i) or -10 mV (ii) and stepped for
500 ms to the different test potentials as indicated. Note the fast inactivating outward current shortly after the capacitive transient
in (i). (b) Conditions as in (a) but after exposure to BRL 38227 (1 gM) for 5 min. The arrows indicate the zero current. Note that
the current associated with a holding potential of - 90 mV was virtually unchanged in the presence of BRL 38227.
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Figure 2 Effect of BRL 38227 (1O gM) on the current associated with a holding potential of - 1O mV. (a) The onset of the

BRL 38227-induced current IKCO was accompanied by increased current noise. (b) Time-course of the onset of IKCO (curve fitted by
eye). The results are expressed as a percentage of the maximum current induced by BRL 38227 (10 FM ) in each cell (n = 5 cells).
The vertical bars indicate s.e.mean. Assuming an exponential time-course for the development of IKCO, the mean activation time

constant (time taken to achieve 63% of the maximum current produced by BRL 38227) was 190 s (dashed line in b).

outwardly-directed current was measured between 100 ms
and 300 ms after the start of the depolarizing pulse from a
holding potential of - 90 mV. This peak current in the
absence of BRL 38227 represents the sum of the components
ITO and INI, On exposure to BRL 38227 (1 jAM) the current

reflects the sum of ITo and IN,, together with the effects of
BRL 38227 on one or both of these components, plus any
new current (IKcO) induced by BRL 38227 and which was not
present under control conditions.
From a holding potential of - 90 mV, the I- V curve in
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Compared with the control I- V curve obtained at the same
test potentials elicited from a holding potential of - 90 mV,
the curve derived from a holding potential of -IO mV
exhibited very little or no outward rectification (Figure 3b).
In the presence of BRL 38227 (1 .M) the steady current-
voltage relationship ran above the control curve, crossed it
near - 80 mV and showed outward rectification (Figure 3b).
The effects of BRL 38227 can be seen more clearly in

Figure 3c in which the current difference curves (obtained by
subtracting control currents from currents in the presence of
BRL 38227) for the two holding potentials of - 90 mV and
- 10 mV are illustrated. In the potential range up to
- 1OmV both curves are nearly identical. However, at
potentials more positive than - 10 mV, the currents induced
by BRL 38227 and observed on stepping from a holding
potential of - 90 mV were smaller than those elicited from a
holding potential of -10 mV. Since the inactivating current
ITO was only available on stepping from - 90 mV and at
potentials positive to - 30 mV, these data suggest that
BRL 38227 inhibits ITO.
To determine the effects of BRL 38227 on ITO alone, this

current was separated from total current by subtracting the
current which was available on stepping to test potentials
from a holding potential of - 1O mV from that current
which was achieved at the same test potentials but by stepp-
ing from a holding potential of - 90 mV (i.e. ITO = IHP-90 -
IHP-10). The fast inactivating A-like current was digitally sub-
tracted from current traces and thus did not contaminate
re-fitting to zero time.
Under control conditions the activation time constant for

ITO was about 20 ms and the inactivation could be described
by a single exponential process with a time constant of
990 ms at + 1OmV (Figure 4). As indicated by the I- V
curves in Figure 3a and 3b and shown in Figure 3c, ITO was
reduced in magnitude (by 21%) by 1 gM BRL 38227. How-
ever, BRL 38227 reduced the activation and inactivation time
constants of ITO by approximately 50% (assuming a single
exponential process for each), both of which would
independently reduce the magnitude of ITO. Thus the
BRL 38227-induced reduction of ITO, which was independent

0.

a

600

-100

Figure 3 Current-voltage relationships of the currents in rat portal
vein and the effect of BRL 38227. (a) Current-voltage relationship of
the peak total current (peak of ITO) under control conditions (0)
and in the presence of BRL 38227 (1 jiM) (U). The holding potential
was - 90 mV to ensure full activation of ITO (b) Current-voltage
relationship of the non-inactivating currents under control conditions
(0) and in the presence of 1 ItM BRL 38227 (-) obtained from the
same cells as in (a). The holding potential was - 10 mV which
ensured complete inactivation of the time-dependent current com-
ponents. (c) Current-voltage relationships of the net current induced
by BRL (difference between currents in the presence and absence of
BRL 38227: IBRL - ICOntro) for the two holding potentials (A,
- 90 mV;@, - 10 mV). The data were obtained from three different
cells. In all cells, the current induced by BRL 38227 had a reversal
potential of - 80 mV and showed a significant flattening at poten-
tials positive to - 10 mV when the holding potential was - 90 mV.

the presence of BRL 38227 lies above the control curve and
crosses it at approximately - 80 mV. The difference between
the control and test curves, which represents the net effect of
BRL 38227 (1 !LM) on ITO and INI is shown in Figure 3c and
exhibits a conspicuous flattening at potentials positive to
- 10 mV. The current-voltage relationship for IN, alone was
constructed by plotting the steady current under control
conditions against the test potentials at which it was
activated from a holding potential of - 1O mV (Figure 3b).

400

Q.
0

200

0
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Figure 4 Time course of ITO and effect of BRL 38227. The current
values of ITO were sampled in steps of 22 ms under control condi-
tions (0) and in the presence of BRL 38227 (1 g4M, *). Both sets of
data were fitted with a single exponential process of activation and
inactivation according to the equation: I= I, x (I-e-'ta) x e-t/"i, where
I. is the maximum current, t the time and ra and Ti the activation
and inactivation time constants, respectively. The continuous lines
give the least square fits for control and BRL 38227 time courses.
Note, that ITO changed its inactivation in the presence of BRL 38227
so that it could no longer be described by a single exponential
inactivation process. A second exponential power could not improve
the fit.
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of changes in the kinetics of ITO activation and inactivation,
was in the order of 14%. It should be noted that the inac-
tivation phase of ITO in the presence of BRL 38227 was not
well-fitted by a single or double exponential process (Figure
4).

Single channel conductance underlying IKCO

As can be seen from Figure 2b the increase of outward
current induced by BRL 38227 was always accompanied by
an increase in current noise. To derive information about the
conductance of the channels associated with this effect of
BRL 38227, we used the stationary fluctuation analysis tech-
nique (Neher & Stevens, 1977). Amplitude histograms of the
level of total current at a constant holding potential were
fitted by Gaussian normal distributions to provide the mean
current (i) and the standard deviation (a) of the mean value.
To determine single channel conductance from 1t and a, three
general assumptions were made concerning the channels
activated by BRL 38227. Firstly, they were assumed to exist
only in either conducting or non-conducting states, with a
probability po of being in the conducting state. Secondly, the
gating of each channel was assumed to be statistically
independent of other channels and thirdly, the population of
channels was assumed to be homogeneous (for details see
Noack et al., 1992). Thus, the current (i) flowing through one
channel is given by:

i= a2/(p x (l-po)) (1)
It can be seen from this equation that i is described by three
variables of which only two (p and a) can be measured.
However, for a low open probability, this expression can be
simplified to i = a2/p but the use of this simple equation leads
to a significant error in the estimation of i if po is large.
As shown in Figures 2a and 2b, the increase of

BRL 38227-induced current was very slow and required more
than 300 s to become completely established. Thus the open
probability for the channels influenced by BRL 38227 in-
creased very slowly with time and this feature of IKCO was
used to determine the variable po. For this quasi-stationary
fluctuation analysis, the time course of current was divided
into segments, each of 2 s duration. Such a period was long
enough to describe current fluctuation with a Gaussian nor-
mal distribution and short enough to ensure that the increase
of mean current over this 2 s period was negligible compared
with the current noise associated with IKCO. Figure 5a shows
amplitude histograms and fitted normal distributions ob-
tained from such 2 s intervals of current recording at a
holding potential of -10 mV both under control conditions
and in the presence of BRL 38227. In the case depicted, the
mean control holding current was 6.62 pA with a standard
deviation of 3.38 pA. The mean current had increased to
90.48 pA, with a standard deviation of 7.12 pA, 300 s after
exposure to BRL 38227. As mentioned above, the current
(IKco) generated by BRL 38227 showed outward rectification
and was selective for K+. Both these features of IKCO are
different from those of INI (see Figure 3b and 3c) and it thus
seems likely that the current noise generated under control
conditions and in the presence of BRL 38227 arose from
independent sources (i.e. INI and IKco). Therefore, the mean
current values (gA) quoted above and shown in Figure 5a and
the associated variances (a2) are additive.
Thus the difference between the mean currents (.) and the

differences between the variances (a2) determined under cont-
rol conditions and in the presence of BRL 38227 (10 lM)
were calculated. These pairs of g and a2 were grouped ac-
cording to increasing values of pa. Observations where the
difference between u-values was smaller than 2 pA were
summed. These values for mean current and variance were
transferred to a graph (Figure 5b) and represent the pure
membrane current and current noise associated with the
presence of BRL 38227. The mean current can be expressed
as a function of the number of channels involved (N), the

current flowing through a single channel (i) and the channel
open probability (p.).

Thus:

= N x i x po (2)

or

PO = g/(N x i)
Substituting po in equation (1) gives the variance, a2 as a
function of i, p and N.

a2 = ix 1-g2/N (3)
This equation predicts a parabolic shape of the current
variance - mean current plot; with increasing N the max-
imum of the curve increases and the right-hand intercept with
the gA-axis shifts to the right. Fitting equation 3 to the
experimental data points (criterion: weighted least squares)
by variation of i and N produced a value of 500 for N with a
corresponding single channel current (i) of 0.6 pA (Figure
5b). Data from six cells gave a mean single channel current
of 0.65 pA ± 0.06 pA (mean ± s.e.mean). Although the exper-
imental values in Figure 5b tend to deviate from a straight
line, we never observed the opening of all the channels which
carried IKCO (which would have been indicated by a reduction
of current noise to control values). The calculated number
for N (500) gives the minimum number of channels involved
in the observed BRL 38227-induced effects. From the rising
phase of the parabola in Figure Sb the unitary current (i)
could have been calculated from the simpler equation (i= 2/
li). However, using this over the whole range of experimental
points would have produced an error (a reduction of about
10%) in the calculated value of i.

If the mean single channel current (0.65 pA) is simply
divided by the driving force [holding potential EK: (10 mV -
(- 83 mV) = 73 mV)], a single channel conductance of
8.9 pS ± 0.82 pS (mean ± s.e.mean) results. When the single
channel conductance was calculated according to the
Goldman-Hodgkin-Katz equation a value of 16.6 pS at 0 mV
was the result. Under symmetrical potassium concentrations
[KJ = [K.] = 152 mM this value would be approximately
34 pS.

Effect ofBRL 38227 on membrane potential

The above calculations suggest that in a single cell,
BRL 38227 (I gM) induces a current (IKco) carried by a few
hundred channels each with a relatively small single channel
conductance. To what extent this current can induce hyper-
polarization can be approximately determined from the shift
in the zero current potentials of the I- V curves in Figure 3b.
A more precise way to determine the hyperpolarization
induced by BRL 38227 was to measure the membrane poten-
tial and the ionic currents in the same cells. This was per-
formed with an amplifier which provided fast switching
between voltage-clamp and current-clamp. The upper traces
of Figure 6 show the mean ionic currents generated by
stepping to 0 mV from a holding potential of - 50 mV under
control conditions and in the presence of BRL 38227 (I gM).
Data from three different cells, each subjected to 10 identical
voltage/current-clamp protocols have been averaged. After
600 ms, the system was switched to current-clamp at 0 pA
and the corresponding lower traces show the measured mem-
brane potentials. BRL 38227 (1 gM) induced an average
hyperpolarization of 22 mV in the investigated cells. An
injection of a positive-going current pulse (10 pA) gave in-
formation about the input resistance of the cell under each
condition. The marked deviation of membrane potential
which was achieved immediately after switching into current-
clamp from that potential achieved after 3000 ms at the end
of the current-clamp was due to the deactivation of ITO. The
absolute value of membrane potential measured using whole-
cell current-clamp is always influenced by the leakage current
between membrane and pipette. Although the leakage current
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Figure 5 Determination using stationary fluctuation analysis of the single channel current associated with IKCO. (a) Typical
amplitude histograms of the current and accompanying current noise under control conditions (first peak) and in the presence of
10 JuM BRL 38227 (peaks 2-4) in a single cell. The control reading was taken immediately prior to exposure to BRL 38227 and the
effects of this agent were assessed at three different times, chosen to reflect the time-course of action of BRL 38227 in that
particular cell. The numbers in (a) show the mean current (JL) after 50 s, 100 s and 300 s exposure to 10 jM BRL 38227 with the
associated standard deviation (a) of the current. Each histogram was constructed from 2048 data points. (b) Current variance (a2)
- mean current (u) plot for IKCO. The numbers near each data point indicate the number of histograms and thus observations
from which the points were derived. The data points were best fitted with a single channel current of 0.6 pA and with N (number of
channels) = 500 channels. The open probability of the channels was calculated according to these values (lower scale in b).

was small because of the high leakage resistance (3 to 5 GU),
the measured membrane potential was nevertheless shifted 10
to 20 mV in a positive direction (see Methods for an estima-
tion of leakage current). However, the relative hyperpolariza-
tion measured with the present experimental configuration
was little affected by such leakage.

Effect ofglibenclamide on membrane currents and
potential in the presence ofBRL 38227

To study the effect of glibenclamide on the currents induced
(IKco) and inhibited (ITO) by BRL 38227, the same voltage/
current-clamp protocol was used as described above. At a
concentration of 1 gM, nearly 600 s was required to produce
a steady-state response to BRL 38227, and thus the recording
conditions of these long-lasting experiments (usually more
than 45 min) had to be extremely stable. Figure 7 shows an
experiment in which it was possible to determine the effects
of glibenclamide at two different concentrations (1 and
10GM). The results clearly demonstrate that the large hyper-
polarizations induced by BRL 38227 (1 ILM) were substan-
tially reversed by glibenclamide (1 jLM). Almost complete
reversal of the BRL 38227-induced hyperpolarization was
established at a concentration of 10 pM glibenclamide.
The ability of glibenclamide to oppose BRL 38227-induced

membrane hyperpolarization has been described above. How-
ever, this does not indicate which current components were
influenced by glibenclamide. We therefore performed a series
of voltage-clamp protocols in which the initial control run
was followed by a second sequence in the presence of 1 pM
BRL 38227 and a third in the presence of both 1 jaM
BRL 38227 and 1 gLM glibenclamide. Current traces obtained
on stepping to test potentials from holding potentials of
- 90 mV and -10 mV under each of the three conditions
were analysed and current-voltage relationships were con-
structed (Figure 8). Stepping from a holding potential of
- 90 mV under control conditions elicited INI and ITO (Figure
8a). The addition of BRL 38227 induced IKco and inhibited a

fraction (designated P) of ITO This dual effect of BRL 38227
(also evident in Figure 3) is clearly demonstrated in Figure
8c, in which the current induced by BRL 38227 was less
under conditions in which ITO was activated than when there
was no current contribution from ITO. The current-voltage
relationship for the current induced by BRL 38227 (Figure
8c) was similar to that shown in Figure 3c which was
obtained in a cell from a different animal. Glibenclamide
(1 gLM) added to the bathing fluid in the continuous presence
of BRL 38227, inhibited IKCO in a concentration-dependent
manner. The fraction of IKCO inhibited by glibenclamide is
designated a in Figure 8. It is clear from Figure 8c that
glibenclamide (1 IAM) did not inhibit ITO since the currents
which were available from holding potentials of - 90 mV or
- 10 mV were inhibited by glibenclamide to the same extent.
Any inhibition of ITO by glibenclamide would have produced
a larger suppression of current when stepping from a holding
potential of - 90mV than when stepping from - 10mV.
Thus the current IKCO was always reversed by glibenclamide
(with an EC50 value of approximately 3 AM; n = 5) but no
significant reduction of ITO by glibenclamide (1 gM) was
detected.

Discussion

The results described in this paper demonstrate that
BRL 38227 (100 nM to 10 jAM) opens K-channels in the
plasma membrane of isolated smooth muscle cells from the
rat portal vein. The time taken for K-channel opening to
reach steady-state (several minutes) was dependent on the
concentration of BRL 38227. In those experiments in which a
low concentration of BRL 38227 (100 nM) was used, it took
nearly 15 min to produce such a response. A slow onset of
the action of cromakalim was also observed in cells from rat
and rabbit portal veins (Beech & Bolton, 1989b; Okabe et al.,
1990).
The current induced by BRL 38227 was non-inactivating

1



BRL 38227 AND K CURRENTS IN VASCULAR SMOOTH MUSCLE 723

BRL 38227 (1 FLM)

Control

BRL 38227 (1 FIM)

Control

[- Current - clamp--'

a
600

BRL 38227 (1 lLM)@

400

i _ BRL 38227 (1 FM) +

c 200 _ IC glibenclamide (1 IIM)0O

0 glibenclamide (10vM);3

- 200

E

a)

0)
0

-50 L

= 5.3 mV

Control I Current - clamp I
b

0

BRL 38227 (1 FIM)

500 ms

Figure 6 Mean effect of BRL 38227 (1 tIM) on membrane currents
and membrane potential using the voltage-clamp/current-clamp pro-
tocol. (a) The superimposed current traces show the effect of
BRL 38227 on membrane currents when the potential was stepped
from a holding potential of - 50 mV to 0 mV. Under current-clamp
the membrane current was held at 0 pA apart from a current pulse
of + 10 pA injected to give an indication of membrane input
resistance. (b) Voltage protocol and membrane potential which cor-
responds to the current traces above. The size of the BRL 38227-
induced hyperpolarization at the end of the 3000 ms current-clamp
protocol (V = 22 mV) is given by the vertical arrow. The slow decay
of membrane potential immediately after switching into current-
clamp (V = 5.3 mV) is due to deactivation of ITO. From the electro-
tonic potential, following current injection of 10 pA it can be
deduced that ITO contributed about 20 pA to the total current
immediately after switching into current-clamp. Data are the mean
of 10 identical successive voltage/current-clamp protocols in each of
three different cells (i.e. a total of 30 episodes).
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Figure 7 Effect of glibenclamide on membrane currents in the
presence of BRL 38227 (I IM). The experimental protocol was the
same as that used in Figure 6. After the first trial (control, A) the
cell was exposed to BRL 38227 (1 IM, 0). The outward current
induced by depolarization to 0 mV was markedly increased by BRL
application and the membrane potential hyperpolarized by more

than 30 mV. The addition of glibenclamide (I tM, 0 or M, U)
in the continuous presence of I JM BRL reversed BRL 38227-
induced current increase and shifted the membrane potential towards
control values in a concentration-dependent manner. Each current
and voltage trace is the average derived from 10 identical successive
voltage/current-clamp protocols.

and was associated with an increase of current noise density.
Analysis of this noise indicated that the channel involved in
this response had a quite small single channel conductance
and the single channel current associated with IKCO was
0.65 pA at - 10 mV. The macroscopic current induced by
BRL 38227 was well-described by the Goldman-Hodgkin-
Katz equation and using this, the unitary conductance of the
channel which underlies IKCO was calculated to be close to
17 pS. Importantly, this current was inhibited in a con-
centration-dependent manner by glibenclamide, a compound
which blocks all the effects of the KCOs both in vivo and in
vitro (Buckingham et al., 1989; Newgreen et al., 1990). In
experiments using isolated patches, the KCOs have been
demonstrated to increase the open probability of a large var-
iety of K-channels, ranging from small conductance (7.5 pS)
K-channels (Nakao & Bolton, 1991) to very large (251 pS)
K-channels (BKCa; Hu et al., 1990) and from small conduc-
tance (30 pS) K-channels sensitive to extracellular calcium
(Inoue et al., 1989) to small conductance calcium-dependent
K-channels sensitive to intracellular ATP (Kajioka et al.,
1990). In the present study, the whole-cell current induced by
BRL 38227 was associated with a small (17 pS) K-channel.
The involvement of a small conductance K-channel in the
whole-cell current was also reported by Beech & Bolton
(1989b).

This contrasts with data obtained from isolated patches, or
from planar lipid bilayers into which several KCOs were
found to increase the open probability of a large conductance
Ca-sensitive K-channel which was identified as BKCa by its
sensitivity to charybdotoxin (Gelband et al., 1990; Hu et al.,
1990). However, purified charybdotoxin (which blocks BKCa)
has no effect in vitro on the mechano-inhibitory response to
either cromakalim or the structurally dissimilar KCO, min-
oxidil sulphate, in rat portal vein or rabbit aorta (Winquist et
al., 1989; Wickenden et al., 1991). In addition, charybdotoxin
has no effect on cromakalim-induced 86Rb+ efflux from rab-
bit aorta (Strong et al., 1989).
Furthermore, the whole-cell current induced by croma-

kalim in the rabbit portal vein was unaffected by chary-
bdotoxin (Beech & Bolton, 1989b). Thus, the observations
that KCOs are capable of increasing the open probability of
large conductance Ca-sensitive K-channels in isolated patches
or after incorporation into lipid bilayers (Gelband et al.,
1990; Hu et al., 1990) may have little physiological relevance.

Since the effects of the KCOs are inhibited by gliben-
clamide (Buckingham et al., 1989; Newgreen et al., 1990), a
selective blocker of the ATP-sensitive K-channel (KATP) in
insulin-secreting cells (Sturgess et al., 1988) and cardiac cells
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Figure 8 Current-voltage relationships of the currents in rat portal
vein and effects of BRL 38227 and glibenclamide. (a) Current-voltage
relationship of the peak of total current (peak of ITO) under control
conditions (0), in the presence of BRL 38227 (1gM) (U) and in the
presence of both 1 gM BRL 38227 and I tM glibenclamide (+). The
holding potential was - 90 mV to ensure full activation of ITO. (b)
Current-voltage relationship of the non-inactivating currents under
control conditions (El) and in the presence of I gm BRL (U),
obtained from the same cell as in (a). The holding potential was
- 10 mV which ensured complete inactivation of the time-dependent
current components. (c) Current-voltage relationships of the net
current induced by BRL 38227 (difference between currents in the
presence and absence of BRL 38227) for the two holding potentials
(A, -90 mV; 0, - 10 mV). Also shown is the effect of gliben-
clamide (difference between currents in the presence of BRL 38227
and those in the presence of both BRL 38227 and glibenclamide) for
the two holding potentials (A, - 90 mV; 0, -10 mV).

(Escande et al., 1988) it has been suggested that this channel
might be involved in the effects of the KCOs in smooth
muscle (Quast & Cook, 1989). However, the relative sensi-
tivity of the heart and pancreatic P-cell to KCOs and gliben-
clamide differs from that of smooth muscle (see Weston &
Edwards, 1991), suggesting that the channel activated by the
KCOs in smooth muscle differs from that at which they exert
their effect in the heart or pancreas. Indeed, a channel similar
to KATP in the pancreatic P-cell or the heart has not been
found in smooth muscle. A brief report has described an

ATP-sensitive K-channel in rat and rabbit mesenteric artery
which was opened by cromakalim and inhibited by gliben-
clamide (Standen et al., 1989). Whether ATP per se or wheth-
er magnesium released from the ATP salt was responsible for
the channel inhibition (Kajioka et al., 1991) is not certain.
Further evidence that an ATP-sensitive K-channel exists in
vascular smooth muscle is still awaited. Nevertheless, the
suggestion (Standen et al., 1989) that this relatively large
conductance channel (135 pS under asymmetrical K+ condi-
tions, 60 mM extracellular K+; 120 mM intracellular K+)
might be the main carrier of the K-current induced by
BRL 38227 would be inconsistent with the findings of the
present study.
Although single channel recordings are useful to indicate

the properties of identified channels, it is impossible to extra-
polate to what extent changes in single channel parameters
influence membrane potential. The experimental conditions
used in the present study (whole-cell voltage-clamp; whole-
cell current-clamp; stationary fluctuation analysis) provide
information about whole-cell currents, single channel current
and membrane potential in the same cell. Using this app-
roach the observed single channel responses and associated
whole-cell currents are the determinants of the change in
membrane potential. Having concluded that, under our ex-
perimental conditions, the main channel responsible for the
actions of BRL 38227 is a non-inactivating channel with a
conductance of 17 pS, future single channel experiments can
now be performed in which patches which do not possess this
channel will be excluded. In the present experiments IKCO was
recorded under conditions of very low intra- and extracel-
lular calcium (free calcium lower than 1 nM). This suggests
that the calcium-dependency of the channel is very low,
especially in comparison to BKca. However, it is not possible
to conclude that the current is totally Ca-independent since
the intracellular Ca2+ distribution might not be homo-
geneous. Under similar experimental voltage-clamp condi-
tions, 'KCO was described as a non-inactivating current with a
small single channel conductance by Okabe et al. (1990) and
Kajioka et al. (1990). However, these workers concluded that
IKCO was calcium-dependent from the observation that IKCO
decreased when manganese was substituted for extracellular
calcium. In our experiments extracellular calcium was
replaced with magnesium and EGTA was added (see
Methods) which should have provided a much lower concen-
tration of extracellular calcium in our experiments than in
those of Okabe et al. (1990) and Kajioka et al. (1990). The
most likely explanation for the discrepancy is that manganese
can act as a K-channel blocker.

In the present study, BRL 38227 inhibited a transient out-
ward current which activated and inactivated relatively
slowly (ITO) and which is probably identical to the delayed
rectifier current (IdK) described by Beech & Bolton (1989b).
Although we have already briefly described this effect (Noack
et al., 1991), the finding that a K-channel opener can also
inhibit a K-current is essentially novel. A similar inhibition
of K-current by nicorandil or cromakalim was not described
in the papers by Kajioka et al. (1990) or Okabe et al. (1990),
respectively, although this inhibitory effect appears to be
evident in many of the figures which illustrate current-voltage
relationships in the presence of these KCOs. A suppression
of ITO and an induction of IKCO by the KCOs can lead to a
net current which exhibits two reversal potentials. Such I- V
relationships were usually obtained when positive test poten-
tials (up to + 50 mV) were applied. One reversal potential
corresponded to the potassium equilibrium potential,
indicating that both IKCO and ITO were K+ currents. The
other reversal potential varied between + 10mV and
+ 50 mV in different cells and was dependent on the mag-
nitude of IKCO and the degree of suppression of ITO. The
variability in this second reversal potential was evidence that
the induction of IKCO and the inhibition of ITO were indepen-
dent processes. The suppression of ITO by BRL 38227 led to a
reduction in the outward current which was quite marked at
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very depolarized potentials. However, such potentials (+ 10
mV to + 50 mV) are unlikely to be achieved physiologically
and it is unlikely that inhibition of ITO would diminish the
hyperpolarizing effect of BRL 38227 in vivo. Nevertheless, it
will be interesting to determine whether such an effect on ITO
is shared by other structurally-dissimilar KCOs.

Based on the relative potencies of a variety of compounds
to inhibit the K-channels present in the rabbit portal vein,
Beech & Bolton (1989b) concluded that cromakalim exerted
a stimulatory effect on the delayed rectifier current, IdK (To).
Although cromakalim apparently induced a non-inactivating
current (in contrast to IdK itself), Beech & Bolton (1989b)
concluded that the voltage sensitivity of the channel underly-
ing IdK had been modified by cromakalim. In our study, the
total K-current (compare Figures 3c and 8c) in the presence
of BRL 38227 showed a pronounced point of inflection at
potentials over which ITO was strongly activated. This cannot
be explained by modification of the voltage-dependent activa-
tion and inactivation parameters of ITO (IdK) by BRL 38227,
such that ITO is always activated but that the underlying
single channel conductance is unchanged. Moreover, noxius-
toxin, a blocker of the delayed rectifier current (Carbone et
al., 1982), did not inhibit the mechano-inhibitory response to
either cromakalim or minoxidil sulphate in rabbit aorta
(Wickenden et al., 1991). In the study performed by Beech &
Bolton (1989b), glibenclamide (50jaM) blocked only the cur-
rent induced by cromakalim but apparently not IdK which
was of a similar magnitude in the presence of glibenclamide
and cromakalim as before exposure to these two agents
(which would mean that cromakalim both changes the
voltage-dependency of IdK-channels and induces gliben-
clamide-sensitivity to the channels). In the present study,
glibenclamide inhibited the current induced by BRL 38227
but had no relevant effect on the inhibition of ITO by
BRL 38227. This is illustrated in Figure 8c but is clearly
evident in Figure 7, in which the current suppressed by
glibenclamide was not influenced by changing the holding
potential from - 90 mV to -lOmV. Since glibenclamide
neither modified the effect of BRL 38227 on ITO significantly
nor reduced the non-inactivating current component which
could not be attributed to BRL 38227, it appears that
glibenclamide is a selective blocker of IKcO. This is consistent

with the finding in vitro that glibenclamide only inhibits
BRL 38227-induced efflux of 42K' but has no effect on the
basal 42K' efflux from rat portal vein (Edwards et al., 1991).

Using the fast-switching voltage-clamp/current-clamp
amplifier, a very large hyperpolarization was induced by
1 AM BRL 38227. Such a large hyperpolarization, produced
by activation of IKCO alone, would be sufficient to reduce
calcium influx through voltage-operated calcium channels
and to account for the observed effects of BRL 38227 in
whole tissues. This observation, together with the inability of
charybdotoxin to modify the response to BRL 38227 in vitro
(see earlier) questions the possible role of other K-channel
types (e.g. BKCa; Gelband et al., 1989; Hu et al., 1989) in the
action of the KCOs.
The present study strongly suggests that the effects of

BRL 38227 in whole tissues can be fully explained by the
generation of a K-current which we have designated IKCO.
Based on stationary fluctuation analysis, the channel underly-
ing IKCO has a unitary conductance of 17 pS. Some of the
characteristics of IKCO are apparently different from those of
the KCO-induced current and KCO-activated K-channel
described by Kajioka et al. (1990, nicorandil; 1991, pinacidil),
Xiong et al. (1991, pinacidil) and Nakao & Bolton (1991,
cromakalim). However, it seems possible that all these recent
investigations (present study; Nakao & Bolton,1991; Kajioka
et al., 1990; 1991; Xiong et al., 1991) describe an identical
channel, the properties of which are modified by the different
cell separation procedures and/or detailed recording condi-
tions in the various laboratories. In particular there are close
similarities between our raw data and those of Beech &
Bolton (1989b); the more detailed analysis in the present
study strongly suggests that the K-current activated by
KCOs is indeed a separate current (IKco) rather than a
modified IdK (ITO) as suggested by Beech & Bolton (1989b).
Studies are now in progress to characterize IKCO further and
to establish its ATP-sensitivity and unitary conductance in
isolated patches.
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Cooling and response to adrenoceptor agonists of rabbit ear

and femoral artery: role of the endothelium
A.L. Garcia-Villalon, L. Monge, J.J. Montoya, J.L. Garcia, N. Fernandez, B. Gomez &
G. Dieguez

Departamento de Fisiologia, Facultad de Medicina, Universidad Autonoma, Arzobispo Morcillo 1, 28029 Madrid, Spain

1 The effects of cooling on the response of the rabbit central ear (cutaneous) and femoral (non-
cutaneous) arteries to stimulation of adrenoceptors and the role of the endothelium in these effects, were

studied in 2 mm long cylindrical segments.
2 Concentration-response curves for noradrenaline (10-9-3 x 10-4 M), phenylephrine (a,-adrenoceptor
agonist, 10-9-3 x 10- M) and B-HT 920 (M2-adrenoceptor agonist, l0-7- I0-3 M) were recorded isomet-
rically in arteries with and without endothelium at 37°C and at 24°C (cooling). To analyze further the
endothelial mechanisms in the responses to adrenoceptor stimulation during cooling, the effects of the
adrenoceptor agonists on ear arteries in the presence of N0-nitro-L-arginine methyl esther (L-NAME)
(10-iM) were also determined.
3 In every condition tested, the three adrenoceptor agonists produced a concentration-dependent
arterial contraction and the order of potency in ear and femoral arteries was noradren-
aline > phenylephrine> B-HT 920. The response of ear and femoral arteries to phenylephrine or B-HT
920 was blocked by prazosin (10-6M). Yohimbine (10-6M) decreased slightly the response of ear

arteries and increased that of femoral arteries to B-HT 920.
4 The sensitivity of both ear and femoral arteries to the three adrenoceptor agonists was significantly
lower at 24°C than at 37°C.
5 In ear arteries, endothelium removal or treatment with L-NAME did not influence the response at
37°C, but did increase it during cooling to adrenoceptor stimulation. In femoral arteries, endothelium
removal increased the sensitivity to noradrenaline and, especially, to B-HT 920 at 37°C, but did not
affect the response at 24°C.
6 The results suggest that: (a) rabbit ear and femoral arteries are equipped mainly with at-
adrenoceptors; (b) at 37°C, the contraction of the ear artery to adrenoceptor agonists is mostly
endothelium-independent, and in the femoral artery the contraction to x2-adrenoceptor activation is
endothelium-dependent; (c) cooling inhibits the contraction to adrenoceptor agonists in both ear and
femoral arteries: in the ear artery probably by increasing the availability of endothelial nitric oxide, but
in the femoral artery by depressing the sensitivity of x-adrenoceptors in the smooth musculature.
7 The results suggest that the endothelium may modulate the adrenoceptor response of cutaneous
arteries during changes in temperature.

Keywords: Skin arteries; temperature; nitric oxide; noradrenaline; phenylephrine; B-HT 920; adrenoceptors

Introduction

The endothelium appears to play a major role in the regula-
tion of vascular tone by releasing relaxing and contracting
factors (Furchgott & Vanhoutte, 1989). As vascular relax-
ants, the endothelium can produce nitric oxide from L-
arginine (Palmer et al., 1987; 1988), which acts via the
stimulation of the soluble guanylate cyclase in the vascular
smooth muscle (Rapoport & Murad, 1983). The synthesis of
endothelial nitric oxide can be inhibited by arginine
analogues such as N0-nitro-L-arginine methyl ester (L-
NAME) (Moore et al., 1990; Rees et al., 1990).
At present very little is known about the role of the

endothelium in the effects of temperature on vascular re-
activity (Karaki & Nagase, 1987; Bodelsson et al., 1989).
This could be of relevance in blood vessels such as cutaneous
ones that have thermoregulatory functions. Experimental
evidence shows that cutaneous vessels of several species,
including man, are equipped with a mixed population of
postjunctional al- and a2-adrenoceptors, frequently with a
predominance of the a2-adrenoceptor subtypes (Vanhoutte &
Flavahan, 1986; Borbujo et al., 1989; Harker et al., 1991),

and that cooling augments the constrictor response of these
vessels to adrenergic activation by an increased a2-
adrenoceptor responsiveness (Flavahan et al., 1985) or by an
increased responsiveness of both a,- and a2-adrenoceptors
(Gomez et al., 1991). The role of the endothelium in these
cooling-induced effects has not been studied.
The present experiments were designed to study the effects

of moderate cooling on the response of cutaneous and non-
cutaneous arteries to a-adrenoceptor activation with analysis
of the role of the endothelium in these effects. To achieve
this, central ear and femoral arteries from rabbits were
mounted in an organ bath at 370C and 24°C (cooling), and
the effects of a-adrenoceptor activation were recorded isomet-
rically in intact arteries and in arteries without endothelium
or treated with an inhibitor of nitric oxide synthesis. The
central ear artery was selected because this vessel is easily
accessible and used as a model of cutaneous blood vessels
(Patton & Wallace, 1978; Roberts & Zygmunt, 1984; Harker
& Vanhoutte, 1988).

Methods

Seventeen male New Zealand White rabbits, weighing
2-2.5 kg, were killed by intraperitoneal injection of sodium' Author for correspondence.

'." Macmillan Press Ltd, 1992
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pentobarbitone, 100 mg kg-'. Central ear and femoral
arteries were dissected free and cut into cylindrical segments
2 mm in length. Each segment was prepared for isometric
tension recording in a 6-ml organ bath containing modified
Krebs-Henseleit solution of the following composition (milli-
molar): NaCl 115, KCI 4.6, KH2PO4 1.2, MgSO4 1.2, CaCI2
2.5, NaHCO3 25 and glucose 11.1. The solution was equilib-
rated with 95% 02 and 5% CO2 to give a pH of 7.3-7.4.
Briefly, the method consists of passing two fine, stainless steel
pins, 150 pm in diameter, through the lumen of the vascular
segment. One pin is fixed to the organ bath wall while the
other is connected to a strain gauge for isometric tension
recording, thus permitting the application of passive tension
in a plane perpendicular to the long axis of the vascular
cylinder. The recording system included a Universal Trans-
ducing Cell UC3 (Statham Instruments, Inc.), a Statham
Microscale Accessory UL5 (Statham Instruments, Inc.) and a
Beckman Type RS Recorder (model R-411, Beckman
Instruments, Inc.). A resting tension of 0.5 g was applied to
the tissue and the segments were allowed to equilibrate for
60-90min before any drug was added.

Part of the ear and femoral arteries were kept in the bath
at a temperature of 37TC throughout the experiment, and the
others were kept at 24TC (cooling). In some of the arterial
segments, at 37TC or 240C, the endothelium was removed
prior to mounting the vessels in the organ bath. The removal
of the endothelium was accomplished by gently rubbing the
lumen of the vessel with a roughened steel rod. The presence
of the endothelium in non-rubbed arteries as well as the
adequacy of endothelium removal in rubbed arteries was
functionally tested by recording the response to acetylcholine
(10-6 M) in arteries precontracted with 5-hydroxytryptamine
(10-6 M), and at the end of the experiments by morphological
observation after 'en face' silver staining. In non-rubbed,
intact arteries acetylcholine produced relaxation and more
than 60-70% of the luminal surface was covered by
endothelium. In rubbed arteries acetylcholine did not cause
any reponse and less than 5% of the luminal surface was
covered by endothelium.

Cumulative concentration-response curves were determined
in central ear and femoral arteries with and without
endothelium for noradrenaline (10-9-3 x 10-4 M), the
specific al-adrenoceptor agonist, phenylephrine (10-9-3 x -
10-4 M) and the M2-adrenoceptor agonist, B-HT 920 (lO-7-
10-3 M) at 37C and at 24°C. Propranolol (10-6 M) was
added to the bath 10 min before adding the agonists to block
a possible P-adrenoceptor effect of the drugs. To test the
specificity of B-HT 920 for M2-adrenoceptors and phenyleph-
rine for a,-adrenoceptors, experiments with these drugs were
also done in presence of the al-adrenoceptor antagonist,
prazosin (10-6 M) or the oX2-adrenoceptor antagonist, yohim-
bine (10-6M), at 37°C and at 24°C.

In order to analyze the role of endothelial nitric oxide in
the vascular response, concentration-response curves to each
adrenoceptor agonist were obtained in ear arteries in the
presence of NG-nitro-L-arginine methyl esther (L-NAME,
10-5 M), a nitric oxide-synthase inhibitor (Moore et al., 1990;
Rees et al., 1990) at 37°C and 24°C. This drug was added to
the bath 30 min before beginning the experiments. These
types of experiments were not performed in femoral arteries
because in these vessels endothelial removal did not affect the
response to the ax-adrenoceptor agonists used.

Concentrations of the a-adrenoceptor drugs causing 50%
of the maximal response (EC50) were calculated from each
individual concentration-response curve. The geometric mean
of EC50 and its 95% confidence interval were obtained for
each group of experiments. At 37°C and 24°C the logarithms
of the ECso obtained in vascular segments with or without
endothelium, and in the presence of L-NAME or the a-
adrenoceptor antagonists were compared statistically. The
data expressed as means ± s.e.mean, were evaluated by
Student's t test, considering as significant a probability value
of less than 0.05.

Drugs used were: (- )-noradrenaline bitartrate (Sigma),
(- )-phenylephrine hydrochloride (Sigma), B-HT 920 (5-
allyl- 2- amino- 5,6,7,8- tetrahydro- 4H-thiazolo- [4,5]-
dazepin dihydrochloride, Boehringer Ingelheim), L-NAME
(N0-nitro-L-arginine methyl ester hydrochloride, Sigma),
prazosin (1- [4- amino- 6,7- dimethoxy -2- quinazolinyl] -4-
[furanyl - carbonyl] piperazine hydrochloride, Sigma) and
yohimbine hydrochloride (Sigma).

Results

Ear arteries

Noradrenaline The effects of noradrenaline on ear arteries
with and without endothelium obtained at 370C and 240C
are summarized in Figure 1. At 370C, noradrenaline (10-9--
3 x 10-4 M) produced a concentration-dependent contraction
of intact ear arteries (EC50 = 1.3 x 10' M, 95% confidence
interval = 7 x 10'- 1.6 x I0- M), and after endothelium
removal the sensitivity was not significantly (P> 0.05)
affected and the maximal contraction was decreased
(P< 0.001) to noradrenaline.
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Figure 1 Contractile response of rabbit central ear (a,b) and
femoral (c,d) arteries to noradrenaline at 37'C and 240C in segments
with (0) and without (0) endothelium. Values are means with
s.e.mean shown by vertical bars. Statistically significant difference
*P<0.05; **P<0.01; ***P<O.O01; n= number of animals.
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During cooling (24°C), the sensitivity (EC50 = 5.6 x 10-7 M,
95% confidence interval = 3.4 x 10-7 M), but not the max-
imal response, of intact ear arteries to noradrenaline was
lower (4 times, P<0.001) than at 37°C. At 24°C, ear arteries
without endothelium showed an increased sensitivity (4 times,
P<0.001) and lower maximal contraction with respect to
intact arteries to noradrenaline.
At 37°C ear arteries treated with L-NAME (10-5 M)

exhibited a comparable sensitivity (P< 0.05) and a lower
maximal contraction (P< 0.05) than non-treated arteries,
whereas at 24°C treatment with L-NAME induced a parallel
leftward shift (2.5 times, P<0.01) of the concentration-
response curve to noradrenaline (Table 1).

Phenylephrine The effects of phenylephrine on ear arteries
with and without endothelium at 37°C and 24°C are sum-
marized in Figure 2. At 37°C, phenylephrine (10-9-3 x-
10-4 M) induced a concentration-dependent contraction of
intact arteries (EC50 = 1.7 x 10-7 M, 95% confidence inter-
val = 1.2 x 10-7-2.4 x 10-7 M), and after endothelium re-
moval the sensitivity was comparable (P> 0.05) and the
maximal contraction was significantly reduced (P<0.001) to
this a1-adrenoceptor agonist.

During cooling the sensitivity (EC50 = 3.4 x 10-7 M, 95%
confidence interval = 2.2 x 10-7-5.i x 10-7 M), but not the
maximal contraction, of intact arteries to phenylephrine was
reduced about 2 times (P<0.001) as compared to that
obtained at 37°C. At 24°C, in arteries without endothelium
the concentration-response curves for phenylephrine (EC0 =
1.0 X 10-7 M, 95% confidence interval = 7.5 x 10-8-
1.4 x 10-7 M) were shifted to the left in a parallel way about
3.4 times (P<0.001) in comparison to intact arteries.
Treatment with L-NAME (10-5 M) did not significantly

affect the response of ear arteries at 37°C, and tended to
induce a parallel leftward shift of the response at 24°C to
phenylephrine (Table 1) although this was not significant.

Prazosin (10'6 M) induced a parallel rightward shift of the
concentration-response curve to phenylephrine in intact
arteries at 37°C and at 24°C. The displacement at 37°C was
about 82 times (P<0.001), and at 24°C was about 132 times
(P<0.001). Yohimbine (10-6M) did not significantly modify
the response of intact ear arteries to phenylephrine at either
temperature.

B-HT 920 The effects of B-HT 920 on ear arteries with and
without endothelium at 37°C and at 24°C are summarized in
Figure 3. At 37°C this substance contracted the intact ear
arteries in a concentration-dependent manner (EC50 =
2.1 x 10-6 M, 95% confidence interval = 1.4 x 10-6_

2.7 X 10-6 M) and the response was not significantly affected
by endothelium removal.

During cooling a rightward shift (EC0 = 5.7 X 10-5 M,
95% confidence interval = 3.3 X 10-5-7.1 X 10-5 M; 27 times,
P<0.001) was found in the response of the intact ear arteries
to B-HT 920 with respect to that obtained at 37TC. At 24TC,
arteries without endothelium showed a response to B-HT 920
that was shifted to the left in a parallel way (5 times,
P<0.001) in comparison to that recorded in intact arteries.
Yohimbine (10-6 M) produced a rightward shift of the

response at 37TC (3 times, P<0.001), but it did not
significantly affect the response at 24TC (P>0.05) of intact
arteries to B-HT 920. Prazosin (10-6 M) also shifted to the
right in a parallel way the response of intact ear arteries at
37TC (124 times, P<0.001), and it markedly reduced the
response at 24TC to B-HT 920.
Treatment with L-NAME (10-5 M) did not modify

significantly the concentration-response curve at 37TC, but it
did produce a parallel leftward shift (3.5 times, P<0.001) of
the response at 24TC to B-HT 920 (Table 1).

Femoral arteries

Noradrenaline (10-9-3 x 10-4M) produced a concentra-
tion-dependent contraction of intact femoral arteries at 37TC,
and the sensitivity (EC0 = 3.1 x 10-8 M, 95% confidence
interval = 1.8 X 10-8-4.4 x l0-8 M) and maximal contraction
(5.5 ± 0.27 g) exhibited by these arteries were significantly
(P< 0.001) higher than with intact ear arteries (EC50 =
1.3 x I0-7M, 95% confidence interval = 7 x 10-'- 1.6 x
10-7 M; maximal contraction = 4.1 ± 0.13 g) (Figure 1). At
370C the response of femoral arteries without endothelium to
noradrenaline was shifted to the left (2.4 times, P<0.05) as
compared with the intact arteries.

During cooling, the sensitivity (EC50 = 2.5 x 10-7 M, 95%
confidence interval = 1.4 X 10-7-4.6 X 10-7 M), but not the
maximal response, of the intact femoral arteries was
significantly lower (8 times, P<0.001) than at 37°C. At 24°C,
endothelium removal did not affect significantly the arterial
response to noradrenaline with respect to intact arteries
(Figure 1).

Phenylephrine (10-9-3 x 1-0M) caused a concentration-
dependent contraction of intact femoral arteries, the sensi-
tivity being similar (EC50 2.4 X 10-7M, 95% confidence
interval = 1.2 X 10-7-4.8 X I0- M vs. 1.7 x l0- M, 95%
confidence interval = 1.2 X 10-7-2.4 x 10-7 M, P>0.05) and
the maximal response being higher (5.5 ± 0.15 vs. 3.9 ± 0.02 g,
P<0.001) than in ear arteries at 37°C (Figure 2).

Table 1 EC50 values with 95% confidence intervals and maximal contraction for the adrenoceptor agonists used in rabbit central
ear arteries in absence (control) and in the presence of NG-nitro-L-arginine methyl ester (L-NAME, 10-1 M) at 37°C and at 24°C

Noradrenaline
Control

With L-NAME

Phenylephrine
Control

With L-NAME

B-HT 920
Control

With L-NAME

37°C
EC50 (M)

1.3 x 10-7
(7.0 x 10-8-1.6 x 10-7)

1.6 x 10-7
(1.0 x 10-7-2.3 x 10-7)

1.7 x 10-7
(1.2 x 10-7-2.4 x 10-7)

1.1 x 10-7
(6.3 x 10-8-1.8 x 10-7)

2.1 x 10-6
(1.4 x 10-6-2.7 x 10-6)

1.1 x 10-6
(5.8 x 10-7-1.8 x 10-6)

24°C

5.6 x 10-7
(3.4 x 10-7-7.0 x 10-7)

2.3 x 10-7**
(1.3 x 10-7-3.9 x 10'7)

3.4 x 10-7
(2.2 x 10-7-5.1 x 10-7)

1.7 x 10-7
(1.0 x 10-7-3.5 x 10-6)

5.7 x 10-5
(3.3 x 10-5-7.1 x*10-5)

1.6 x 10-5***
(9.1 x 10-6-2.1 x 10-5)

Maximal contraction (g)
37°C 24°C

4.1 ± 0.13
(n= 13)

3.0 ± 0.56*
(n = 6)

3.9 ± 0.09
(n= 16)

3.8 ± 0.42
(n = 8)

3.2 ± 0.35
(n = 8)

3.7 ± 0.43
(n = 5)

4.3 ± 0.11
(n= 12)

3.8 ± 0.33
(n = 6)

4.1 ± 0.15
(n= 17)

4.2 ± 0.32
(n = 8)

2.1 ± 0.18
(n= 14)

3.0 ± 0.20***
(n = 10)

Statistically different with respect to its control at the same temperature. *P<0.05; **P<0.01; ***P<0.001. n= number of
animals.
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Figure 2 Contractile response of rabbit central ear (a,b) and
femoral (c,d) arteries to phenylephrine at 37'C and 24°C in segments
with (0) and without (0) endothelium. Values are means with
s.e.mean shown by vertical bars. Statistically significant difference
*P<0.05; **P<0.01; ***P<0.001; n = number of animals.

During cooling, the sensitivity (EC50 = 1.5 x 10-" M, 95%
confidence interval = 9.6 x 10-'-2.3 x 10-6 M), but not the
maximal response, of intact femoral arteries to phenylephrine
was lower (6 times, P<0.001) than at 37TC (Figure 2).
At 370C and 24TC endothelium removal did not significantly

influence the response of femoral arteries with respect to intact
arteries to phenylephrine.

Prazosin (10-6 M) induced a parallel rightward shift of the
response of femoral arteries to phenylephrine at 37TC (207
times, P< 0.001) and at 24TC (80 times, P< 0.001). Yohimbine
(10-6 M) also produced a small parallel rightward shift of the
response of these arteries to phenylephrine at 37TC and 24TC,
these displacements being only about 2 times (P<0.05) in
both cases.

B-HT 920 (10-7- 10-3 M) contracted intact femoral arteries
in a concentration-dependent manner, the sensitivity (EC50 =
6.8 x 1-0 M, 95% confidence interval = 4.7 x 10-5-9 x
10-5 M vs. 2.1 X 10-6 M, 95% confidence interval = 1.4 x
10-6-2.7 X 10-6 M, P< 0.001) and maximal response (2.1 ±
0.43 vs. 3.2 ± 0.35 g, P<0.05) being significantly lower than

in intact ear arteries at 370C (Figure 3).
During cooling the response of intact femoral arteries to

B-HT 920 was markedly depressed, and this response was
very small so that reliable values of EC50 for these responses
could not be obtained (Figure 3).
At 370C femoral arteries without endothelium showed a

response to B-HT 920 (EC50 = 2.3 x 10' M, 95% confidence
interval = 1.1 x 10-5-3.6 x 10-5 M) that was significantly
shifted to the left (2 times, P< 0.05) in comparison with
intact arteries. At 240C the response to this agonist was very
small and similar in endothelium-denuded and intact arteries
(Figure 3).
Yohimbine (10-6 M) produced, paradoxically, a parallel

leftward shift (2 times, P<0.05) of the response of femoral
arteries to B-HT at 37TC. The response to B-HT 920 in the
presence of yohimbine (10-6 M) at 240C was very small and
difficult to evaluate. Prazosin (10-6 M) abolished completely
the response of intact arteries to this agonist at 370C and at
240C.

Discussion

In the present work we have studied the effects of moderate
cooling on the response of the ear (cutaneous) artery of the
rabbit to x-adrenoceptor stimulation, paying special attention
to the influence of the endothelium in these effects. The ear
artery was used because this superficial vessel has been used
as a model of cutaneous blood vessels (Patton & Wallace,
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Figure 3 Contractile response of rabbit central ear (a,b) and
femoral (c,d) arteries to BH-T 920 at 37'C and 240C in segments
with (0) and without (0) endothelium. Values are means with
s.e.mean shown by vertical bars. Statistically significant difference
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1978; Roberts & Zygmunt, 1984; Harker & Vanhoutte,
1988). Cooling to 240C was chosen because it represents a
modest tissue cooling that is likely to occur in skin surface
exposed to ambient temperature under certain circumstance
and comparable data are available in the literature for blood
vessels. The results in this cutaneous artery are compared
with those obtained in the femoral artery of the rabbit, which
is a deep, non-cutaneous vessel.
Our results indicate that at 370C the x-adrenoceptor

agonists used produce contraction in rabbit ear and femoral
arteries by stimulating postjunctional x-adrenoceptors located
probably on the smooth muscle cells. In both types of
arteries the sensitivity to noradrenaline and to the zc,-
adrenoceptor agonist phenylephrine was similar, but the
sensitivity to the M2-adrenoceptor agonist, B-HT 920, was
much lower than to noradrenaline or phenylephrine, this
being more evident for femoral arteries. The response of both
types of arteries to phenylephrine was blocked, as expected,
by prazosin but not by yohimbine, indicating that this
adrenoceptor agonist indeed acts on these arteries by
activating ax-adrenoceptors. The al-adrenoceptor antagonist
prazosin, paradoxically, also blocked in a competitive man-
ner the response to B-HT 920 in both femoral and ear
arteries, whereas the a2-adrenoceptor antagonist, yohimbine,
produced a very small blockade of the response in ear
arteries, or increased the sensitivity of femoral arteries to
B-HT 920. This suggests that at the concentrations producing
arterial contraction in these arteries, B-HT 920 produces
contraction by acting mainly on al-adrenoceptors in ear and
femoral arteries. Therefore, our results suggest that in the ear
and femoral arteries of the rabbit a,-adrenoceptors
predominate over a2-adrenoceptors to mediate vasoconstric-
tion, probably by a higher concentration and/or sensitivity of
the ao-adrenoceptor subtype. The a2-adrenoceptor subtype
would have a relatively small importance for inducing cons-
triction, especially in femoral arteries. Our data for the ear
artery agree with those found in this artery by others (Harker
& Vanhoutte, 1988). The ear artery, a cutaneous thermo-
regulatory vessel, seems to differ from other cutaneous vessels
in which a predominance of the x2-adrenoceptor over the
al-adrenoceptor subtype has frequently been observed (Van-
houtte & Flavahan, 1986; Borbujo et al., 1989; Harker et al.,
1991). The observations in the femoral artery correlate with
those found in deep, non-cutaneous vessels (Vanhoutte &
Flavahan, 1986).
At 370C the sensitivity of the ear artery to the three

adrenoceptor agonists used was not affected by removing the
endothelium, thus suggesting that the adrenergic contraction
of -this artery is mostly caused by activation of the a-
adrenoceptors located in the smooth musculature. The max-
imal contraction to noradrenaline and phenylephrine was
found to be significantly reduced and tended to be lower to
B-HT 920 in the ear arterial segments without endothelium.
This feature could be related to some damage of the smooth
muscle of these particular arteries when rubbed for removing
the endothelium. This procedure, however, did not appar-
ently affect the sensitivity of ear arteries to the adrenoceptor
agonists used. In the femoral artery at 37°C, endothelium
removal did not affect the effects by phenylephrine, but
increased the response to noradrenaline and, especially, to
B-HT 920. This suggests that a2-adrenoceptors are also pre-
sent in the endothelial cells of the femoral artery, and the
activation of these particular receptors would induce the
release of relaxant factors to oppose the adrenergic vasocons-
triction mediated by activation of a-adrenoceptors of smooth
musculature. This correlates with the paradoxical facilitating
effect of yohimbine on the response to B-HT 920 found in
intact femoral arteries. Yohimbine, by blocking the x2-
adrenoceptors in the endothelium, could reduce the release of
relaxant factors from the endothelium, and thus unmask the
direct effects of B-HT 920 on a-adrenoceptors located on
smooth musculature. The influence of the endothelium on the
adrenergic vasoconstriction has been observed in some

vessels (Cocks & Angus, 1983; Carrier & Shite, 1985; Miller
& Vanhoutte, 1985) but not in others (Rimele & Vanhoutte,
1983; Singer & Peach, 1983; Nava-Hernandez et al., 1991).
a2-Adrenoceptor activation seems to be very sensitive to the
endothelium modulatory effect, because activation of a2-
adrenoceptors in the endothelium strongly stimulates nitric
oxide release (Vanhoutte & Miller, 1989).

It is accepted that cooling depresses the contractile res-
ponse of both cutaneous and non cutaneous blood vessels by
direct activation of vascular smooth muscle with KCI or
BaC12, an effect that has been considered to be due mainly to
a decrease in permeability of vascular smooth muscle memb-
rane for calcium ions (Vanhoutte, 1980). The inhibitory effect
of cooling on the response of ear arteries to KCI has been
described previously (Monge et al., 1991) and was also
observed in ear and femoral arteries (not shown). The pres-
ent results also show that cooling inhibits the contraction of
the ear and femoral arteries to a-adrenergic activation. Most
of the results indicate that cooling potentiates the adrenergic
contraction of cutaneous blood vessels and this has been
related to the relative predominance of the x2-adrenoceptors
in these vessels (Vanhoutte & Flavahan, 1986; Borbujo et al.,
1989; Harker et al., 1991). The lack of a potentiating effect of
cooling on adrenergically induced contraction in the ear
artery could be related to the relative paucity of the a2-
adrenoceptor subtype in this artery, a feature also observed
by Harker & Vanhoutte (1988). The reduction of the
adrenergic contraction by cooling found in the femoral artery
is in accordance with that described in deep, non-cutaneous
blood vessels (Vanhoutte & Flavahan, 1986).
Our results suggest that mechanisms underlying the

inhibitory effects of cooling on the adrenergic response differ
in the ear and femoral arteries. In femoral arteries
endothelium removal did not affect the action of cooling,
whereas in ear arteries endothelium removal reversed the
inhibitory effects of cooling on the a-adrenoceptor response.
This suggests that the inhibitory action of cooling on the
adrenergic constriction in the femoral artery is the result of
the reduced sensitivity of the a-adrenoceptors located in the
smooth musculature, whereas in the ear artery it is mediated
by an endothelium-dependent mechanism. In the ear artery
the endothelium inhibits the contraction to a-adrenoceptor
activation during cooling as derived from the results in this
artery with and without endothelium. Treatment with L-
NAME, an inhibitor of the nitric oxide synthesis (Moore et
al., 1990; Rees et al., 1990), also increased the sensitivity of
ear arteries to noradrenaline and B-HY 920 at 240C, but not
at 37TC, as occurred in the endothelium-denuded ear arteries.
This suggests that the inhibitory effect of cooling on the
response of the ear artery to a-adrenergic activation is prob-
ably due to the increased effects of endothelium-released
nitric oxide at a low temperature. These increased effects of
nitric oxide may counteract the response of cutaneous
arteries to direct adrenergic activation during cooling. Under
resting conditions L-NAME at the concentration used
(l0-5 M) did not modify the basal tension of the arteries.
This feature was also observed when higher concentrations of
L-NAME (10-4 M) were used (Monge et al., 1991), and both
of them suggest that the endothelium of these arteries does
not release or releases insufficient nitric oxide to produce a
vasodilator tone under resting conditions after applying a
passive tension of 0.5 g. With regard to the observation that
L-NAME reduced the maximal contraction of ear arteries to
noradrenaline, but not to phenylephrine or B-HT 920 we
have no explanation for this feature. Recently we have found
that the contraction of the rabbit ear artery to endothelin-l is
also inhibited, probably by an augmented production in the
endothelium or an increased half-life of nitric oxide, during
cooling (Monge et al., 1991). In that study (Monge et al.,
1991) it was found that the relaxation of the ear artery to
nitroprusside, a compound that relaxes vascular smooth mus-
cle in a similar way to nitric oxide (Ignarro & Kadowitz,
1985), was independent of the endothelium and was
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decreased during cooling. Thus, cooling may increase the
availability of endothelial nitric oxide not only when the ear
artery is activated with endothelin-1, but also when it is
adrenergically stimulated. These effects of cooling on the
endothelial nitric oxide might be specific for cutaneous blood
vessels as a cooling-induced inhibitory effect of the
endothelium on the adrenergic contraction was not observed
in femoral arteries. It is remarkable that in the study of
Monge et al. (1991) o-4 M concentrations of L-NAME were
needed to increase the reactivity of the rabbit ear artery to
endothelin-I during cooling, whereas in the present study
10' M concentrations of this inhibitor of nitric oxide prod-
uction were sufficient to increase the reactivity of this artery
to noradrenaline or B-HT 920. This lower concentration of
L-NAME was found to be capable of reducing the relaxation
of precontracted ear arteries to acetylcholine at 370C and
24°C (unpublished observations), thus suggesting that lo-5 M
concentration of L-NAME is sufficient for blocking the prod-
uction of endothelial nitric oxide. It can be suggested,
therefore, that the inhibitory effect of cooling on the response
of the ear artery by increasing the effects of endothelial nitric
oxide may be more sensitive to adrenergic stimulation than
to endothelin-l.

In conclusion, the main observation of the present study

indicates that cooling inhibits the contraction of the ear and
femoral arteries of the rabbit to adrenergic activation by
different mechanisms. In the ear artery cooling inhibits this
contraction, probably by increasing the availability of
endothelial nitric oxide, whereas in the femoral artery by
decreasing the sensitivity of a-adrenoceptors of smooth mus-
culature. If the results in the ear artery could be extended to
other cutaneous vessels, the endothelial function might be of
relevance to thermoregulatory function of the cutaneous circ-
ulation as well as to the physiopathology of some
pathological situations. Patients with Raynaud's pheno-
menon, which is in part characterized by intense cold-induced
cutaneous vasospasm (Harper & LeRoy, 1987), present alter-
ations in the endothelium of finger arteries (Rodnan et al.,
1980). Thus, we can speculate that damage of the cutaneous
vascular endothelium in these patients may underlie the
augmented response of cutaneous vessels by lack of the
inhibitory function of the endothelium during cooling.
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Responses to endothelins in the rat cutaneous
microvasculature: a modulatory role of locally-produced nitric
oxide
Elizabeth Lawrence & 'Susan D. Brain

Pharmacology Group, Biomedical Sciences Division, King's College, Manresa Road, London SW3 6LX

1 The response of the cutaneous microvasculature to intradermal injection of the endothelins (ET-1,
ET-2 and ET-3) and the modulatory effect of endogenously produced nitric oxide (NO) have been
determined in the rat.
2 Intradermal injection of endothelins (0.1- 10 pmol/site) induced dose-dependent local reductions in
blood flow, measured by '33xenon clearance, with the following potency order; ET-l = ET-2> ET-3.
3 Laser Doppler blood flowmetry established that ET-l (1O pmol/site) significantly (P <0.05) reduced
microvascular blood flow for 3 h after injection. Over a wide dose-range, the response to the endothelins
did not include any vasodilatation or visible flare.
4 A possible modulatory role of locally-produced NO was investigated by the intradermal injection of
the potent inhibitor of NO generation NG-nitro-L-arginine methyl ester (L-NAME). L-NAME (100
nmol/site) injected alone induced a significant decrease in blood flow. The vasoconstriction induced by
L-NAME was partially reversed by L-arginine (P <0.05) but not observed with NG-nitro-D-arginine
methyl ester (D-NAME).
5 L-NAME significantly (P<0.05) enhanced the decrease in blood flow induced by submaximal doses
of ET- 1, ET-2 and ET-3 and vasopressin, although the results do not suggest that any of the
vasoconstrictors stimulate NO release. The response to L-NAME was still observed 3.5 h after inducing
a prolonged constriction with ET-l (10 pmol/site).
6 These results indicate that locally produced NO maintains a dilator tone in the cutaneous microvas-
culature of the rat and acts to modulate the effect of vasoconstrictors such as endothelins. Hence, it is
suggested that in conditions where endogenous NO release is reduced, vasoconstrictor agents such as the
endothelins could induce a dangerous decrease in blood flow possibly leading to ischaemia and tissue
necrosis.

Keywords: Nitric oxide; skin; endothelins; blood flow; microvascular vasoconstrictors

Introduction

Endothelin-1 was originally described as a potent and long-
lasting vasoconstrictor derived from porcine endothelial cells
(Yanagisawa et al., 1988b). It is a member of a small mam-

malian family of highly homologous vasoconstrictor peptides
which includes ET-2 and ET-3 (Yanagisawa et al., 1988a;
Inoue et al., 1989). The in vivo actions of ET-l on mic-
rovessels in the skin of several species (Brain et al., 1989) and
in the rat mesenteric preparation (Fortes et al., 1989) have
been characterized. Intradermal injection of ET-l induces a

potent, long-lasting vasoconstriction in rabbit and human
skin (Brain et al., 1988; 1989). It is equipotent with angioten-
sin II and vasopressin and more potent as a vasoconstrictor
than noradrenaline in rabbit skin (Brain et al., 1988). ET-1
inhibits oedema formation and neutrophil accumulation in
rabbit skin (Brain et al., 1988), these anti-inflammatory
actions are a consequence of the intense vasoconstriction
induced in this microvascular bed by ET-1.

Although ET-1, ET-2 and ET-3 have a high degree of
structural homology (Inoue et al., 1989), they vary in potency
and biological activity. ET-2 is equipotent with ET-1 as a

vasoconstrictor of macrovessels and as a pressor agent when
given intravenously to rats, but ET-3 is less potent with
respect to both these activities (Yanagisawa et al., 1988a;
Inoue et al., 1989). Systemic administration of low doses of
endothelins to anaesthetised rats induces a biphasic response
consisting of an initial transient fall in blood pressure fol-

I Author for correspondence.

lowed by a long-lasting pressor effect. The initial depressor
response is greater in response to ET-3 than ET-1, (Inoue et
al., 1989) and at low doses ET-3 is a vasodilator in the
preconstricted rat isolated perfused mesentery (Warner et al.,
1989). It has been reported that both ET-1 and ET-3 induce
regional vasodilatations in vivo when administered intraven-
ously at doses lower than those causing vasoconstrictions
(Wright & Fozard 1988; Gardiner et al., 1990a). The mecha-
nisms underlying the vasodilator responses induced by syste-
mic ET-1 and ET-3 are not clear, although the vasoconstriction
is thought to be a direct effect on vascular smooth muscle
receptors. The vasodilatation may be an indirect effect of the
endothelins acting via endothelial cell receptors to stimulate
release of vasodilators including prostanoids (Rakugi et al.,
1989) and/or endothelium-derived relaxing factor (EDRF)
(De Nucci et al., 1988; Warner et al., 1989). NO derived from
L-arginine is a mediator of endothelium-derived vasodilata-
tion (Palmer et al., 1987; 1988). The biosynthesis of NO by
endothelial cells can be inhibited by several L-arginine ana-
logues, one of the most potent described is NG-nitro-L-arg-
inine methyl ester (L-NAME) (Moore et al., 1990). The
development of NO synthase inhibitors has revealed the
importance of basal NO production for the maintenance of
blood pressure (Rees et al., 1989). It is evident that a basal
level of NO synthesis occurs at the microvascular level in the
gastric mucosa (Whittle et al., 1990) and rat skin, where it
can act to modulate inflammatory oedema induced by sub-
stance P (Hughes et al., 1990).
The aims of the present study were initially to compare

activities of the endothelin isotypes on cutaneous microvas-

'." Macmillan Press Ltd, 1992
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cular blood flow in the rat, and then to investigate the
possible modulatory role of endogenous NO on the cutane-
ous responses to the endothelins. This work has been presented
as a preliminary communication to the British Pharmaco-
logical Society (Lawrence & Brain, 1991).

Methods

Male adult Wistar rats (Bantin and Kingman, Hull, U.K.)
weighing between 150 and 250 g were used. Animals had free
access to food (SDS RM1E) and tap water; they were housed
in a room maintained at a temperature of 20-22C, with
lights on from 07h 00min to 19h 00min.

Bloodflow measured by '33xenon clearance

Rats were anaesthetized by an intraperitoneal injection of
pentobarbitone sodium (50 mg kg-', plus maintenance doses
as necessary) and the dorsal skin was shaved. Blood flow
changes produced by intradermal injections of agents were
calculated as percentage increase or decrease of '33Xe wash-
out over that in the control, Tyrode-injected sites. Measure-
ments were made at multiple sites in the dorsal skin using a
'33Xe clearance technique described in the rabbit (Williams
1979), modified for use in the rat. Endothelins and other test
agents were made up in a balanced salt solution (Tyrode)
and kept on ice until use. Equal quantities of "'Xe (3.6
MBq) were mixed with each 1 ml sample of test agent for
each experiment. The solutions were drawn up into 1 ml
syringes fitted with 27 gauge needles. The samples were then
given rapidly by intradermal injection in 100 ptl volumes. The
samples were randomised in each experiment and then in-
jected in random order according to a predetermined site
pattern. Three rats were used on each study day. The injec-
tion pattern was designed as follows: the dorsal skin was
separated into two halves by drawing a central line in a neck
to tail direction. Either eight or nine sites were marked on
each half. The sites were allocated with one duplicate on each
half, according to a balanced site pattern in order to min-
imize inter-site variations in basal blood flow. The site pat-
tern was then rotated in the second and third rats. The order
of injection was changed in the second and third rats. On
completion of injections, 100 fil of each sample was put into
counting vials, covered with 2 ml paraffin oil and capped
immediately. These samples provide the total '"3Xe activity in
each 100 ftl injection. Fifteen minutes after completion of the
first half of duplicate injections on the first rat, the animal
was killed by pentobarbitone overdose. The second and third
rats were similarly killed 15 min after completion of the first
set of duplicate injections. The area of dorsal skin encompas-
sing all the skin sites was removed from the lumbar muscles
and any subcutaneous and connective tissue was dissected
away. The sites were then punched out with a 16 mm
diameter steel punch. The discs of skin were placed in coun-
ting vials and covered with 2 ml of paraffin oil before capp-
ing. The radioactivity in the samples was immediately
counted in fixed order in an automatic gamma-counter (LKB
1282 commpugamma CF).
Percentage blood flow change was calculated from the

following equation:
[lnXeT-lnXeA]/[ I nXei-lnXeT],

where XeT= count min-' Tyrode-injected skin
XeA = count min-' agent-injected skin
Xei = count min-' in 100 fI volume of injection fluid

A 15 min clearance period was used in the experiments. The
clearance process is treated as mono-exponential if a short
clearance period is used, as described by Williams (1976;
1979). If the clearance period is 15 min, as in the present
study, the experimental variation caused by the time taken
for intradermal injections is reduced and there is sufficient
time to inject up to nine samples in duplicate in a rat.

Modifications to '33xenon clearance technique

In one set of experiments it was necessary to inject test
agents in volumes other than the standard 100 Il. In these
experiments changes in blood flow induced by the test agents
were always compared with that induced by an equivalent
volume of Tyrode solution, injected at other sites in the same
rat. Volumes used are indicated in the results.

In other experiments local and systemic pretreatments were
given. When the skin sites were pretreated, pretreatment
agents were given by intradermal injection (100 gl volume)
and then at a specific time point (indicated in the results) the
second intradermal injections were made. "'Xenon clearance
was then measured over 15 min as above.

Systemic pretreatment of agents was given via a 25 gauge
butterfly needle inserted into the tail vein, as a bolus injection
make up in isotonic saline (0.9% w/v NaCl solution, 0.25 ml
injection volume) and flushed through with 0.25 ml of saline.
Intradermal injections were then made as above and "'xenon
clearance measured over 15 min.

Bloodflow measured with laser Doppler bloodflow
meter

In separate experiments the time course of the constrictor
activity of ET-1 on microvascular blood cell flow in rat skin
was determined through the use of a dual channel laser
Doppler blood flow meter (Moor Instruments, Devon, U.K.).
The technique used was similar to that described previously
(Brain & Williams 1989). The rats were anaesthetized with
pentobarbitone sodium (50 mg kg- ') the dorsal skin was
shaved and depilated with a commercial depilatory cream
(Immac). Throughout the experiments the rats were kept on
a heating pad at 37°C. The Moor laser Doppler blood flow
meter was set at a band width of 14.9 kHz with a time
constant of 0.1 s and 0.5 s for flux and concentration respec-
tively. Skin sites with equal basal blood cell flux were located
and numbered in random order. The agents under test were
made up in Tyrode solution and given by intradermal injec-
tion (100 fd volume) to each of a pair of predetermined sites,
the laser Doppler blood flow meter used was equipped with
dual channels thereby allowing simultaneous measurement at
a test and a control site. A second pair of sites located on the
opposite side and end of the dorsal skin (therefore a balanced
site pattern) were injected 5 min later. Measurements were
taken at each of the duplicate sites. Three readings of 1 min
each were taken sequentially at both pairs of sites at the
following time points after intradermal injection: 3, 15,
30 min and then every 30 min until 4.5 h after the intrader-
mal injections. The mean of the 3 readings at each time point
was calculated and results expressed as percentage change in
blood cell flux compared with flux at the sites prior to
injection. The flux value is a measure of the number of red
blood cells moving in the path of the laser beam multiplied
by the mean cell velocity. This value is used as an index of
blood flow. The technique is based on the assumption that an
increase in blood flux is linear with an increase in skin blood
flow provided that the haematocrit is constant. The laser
Doppler flowmeter records blood cell flux in a 1-2 mm3 area
of skin observed by the laser probe.

Materials

The following drugs were used: human endothelins 1, 2 and
3, were purchased from Bachem (U.K.) Ltd. (Essex). These
peptides were all stored in aliquots at - 30°C until just
before use. L-NAME, the enantiomer N-nitro-D-arginine
methyl ester (D-NAME), L-arginine, vasopressin and (-)-
phenylephrine were all purchased from Sigma Chemical
Company Ltd. (Dorset). L-NG-monomethyl-arginine (L-
NMMA) was a gift from Wellcome Research Laboratories
(Kent). All of these agents were made up immediately before
use. "'Xe was obtained from Amersham International
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(Amersham, Bucks). Sagatal was bought from May and
Baker Ltd. (Kent). In all the experiments test agents were
made up in Tyrode solution of the following composition
(mM): NaCl 137, KCl 2.7, MgCl2 1.1, NaH2PO4 0.4, NaHCO3
11.9 and glucose 5.6.

Statistical treatment of results

The significance of differences between treatments was asse-
ssed by Bonferroni's modified t test; the standard error
estimate for the analysis of variance was used to allow
comparison of multiple sites. P <0.05 was accepted as statis-
tically significant.

Results

The effect of endothelin-J, -2 and -3, phenylephrine and
vasopressin in rat skin

ET-1, ET-2 and ET-3 all induced concentration-dependent
decreases in rat skin microvascular blood flow as measured
by '33xenon clearance over 15 min (Figure 1). The three
endothelins caused a similar range of blood flow changes,
however ET-1 and ET-2 were approximately 3 times more
potent on a molar basis than ET-3 and 100 times more
potent than phenylephrine; vasopressin was 100 times more
potent that ET-1 and ET-2. Very low doses of the
endothelins (0.0001 -100 fmol/site) did not exhibit any
activity, suggesting that at these doses neither a vasoconstric-
tion nor a vasodilatation is observed.
The laser Doppler blood flow meter was used to measure

the length of the reponse to vasopressin (0.1 pmol/site) and
ET-1 (10 pmol/site). Both induced a similar decrease in blood
cell flux 3 min after injections, vasopressin 28.1 ± 2.6% and
ET-1 20.6 + 5.7% decrease in flux compared with Tyrode-
injected sites, but by 15 min the blood cell flux at vasopres-
sin-injected sites had returned to the levels at Tyrode-injected
sites while blood cell flux at the ET-1 injected-sites was still
significantly depressed (P <0.05) mean s.e.mean, n = 6.

0

0

~0
0
0
.0
CU

0

0)
C
CU

cm

----------------Tyrode

-201-

-40 F

The effect of nitric oxide synthase inhibitors on blood
flow and endothelin responses

We have previously shown that the nitric oxide inhibitor
L-NAME inhibits, in a dose-dependent manner, oedema for-
mation induced by substance P (Hughes et al., 1990). A dose
effective in decreasing oedema formation (100 nmol/site) was
chosen for this study. L-NAME but not the enantiomer
D-NAME, inhibited microvascular blood flow in rat skin as
measured by '"xenon clearance. The blood flow was signifi-
cantly lower at L-NAME-injected sites than at D-NAME-injected
sites (P<0.01, Figure 2). Pretreatment with intravenous L-
arginine attenuated this inhibitory action of L-NAME
(P<0.05, Figure 2), indicating that intradermal L-NAME
inhibits the local generation of vasodilator quantities of NO
in the cutaneous microvasculature. L-arginine was given in-
travenously because, at the required doses, intradermal L-
arginine alone induced inconsistent vascular changes. Further
evidence for NO generation was obtained with a second
inhibitor of nitric oxide synthase. L-NMMA (100 nmol/site),
had a similar inhibitory effect (23.9 ± 6.8% decrease, n = 11
rats) on blood flow in experiments using an identical protocol
to that described for L-NAME. The possibility that local
generation of NO was stimulated by the trauma of a 100 p1
injection into rat skin was examined by investigating effects
of the same concentration of L-NAME, injected in different
volumes of Tyrode solution, on local blood flow. Blood flow
was measured at sites receiving 20, 50, 100 and 200 p1 Tyrode
solution and the effect of these different volumes of L-NAME
(100 nmol/100 Ml) determined in each case. L-NAME
inhibited blood flow by 38.5 ± 2.0% when 20 p1 was injected,
by 46.3 ± 5.9% when 50 pL was injected, by 37.5 ± 2.4%
when 100 p1 was injected and by 37.4 ± 4.4% when 200 p1
was injected. Results are expressed as the mean ± s.e.mean of
n = 6 rats and as a percentage decrease in blood flow when
compared with Tyrode-injected sites. Thus, a similar
inhibitory effect of L-NAME was observed over a range of
injection volumes suggesting that the pressure increase caused
by injecting fluid into rat skin does not itself stimulate release
of NO.

Effect of NM-nitro-L-arginine methyl ester on endothelin
responses

The results in Figure 3 show that L-NAME alone caused a
mean inhibition of blood flow of between 30 and 40% in
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Figure 1 The effect of endothelins and other vasoconstrictors on

blood flow in rat skin. Results are expressed as percentage change in
local blood flow at test sites compared with at Tyrode solution-
injected sites in the same rat. The dashed line represents blood flow
at control sites injected with Tyrode solution alone. Responses to
endothelin-1 (0), endothelin-2 (0), endothelin-3 (A), vasopressin
(V) and phenylephrine (0) are shown. The results are expressed as

the mean of 5-12 rats in each group; s.e.mean shown by vertical
bars.
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Figure 2 The effect of a nitric oxide synthase inhibitor on blood
flow in rat skin. The first and second columns represent the response
to N0-nitro-L-arginine methyl ester (L-NAME, 100 nmol/site) and
the enantiomer D-NAME (100 nmol/site) respectively. The third and
fourth columns represent the effect of intradermal L-NAME
(100 nmol/site) following a I min pretreatment with either intra-
venous saline (Sal) or L-arginine (L-Arg, 600 pmol kg-'). A
significant effect of L-arginine on the action of L-NAME is shown by
*P <0.05. The dashed line represents blood flow at control sites
injected with Tyrode solution alone. Each column is the mean from
6-8 rats; s.e.mean shown by vertical bars.
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recalculated so that the decrease in blood flow induced by the
vasoconstrictors in the presence of L-NAME was compared
with that at sites injected with L-NAME alone (Figure 3).
When the results are expressed in this way it is clear that the
dose-response curves to ET-l in the presence and absence of
L-NAME coincide almost exactly, suggesting that ET-l does
not stimulate release of NO. The same lack of additional
vasoconstriction by L-NAME can be seen for ET-2, ET-3
and vasopressin (Figure 3), also for phenylephrine (not
shown).

Effect ofpretreatment with high doses of endothelin-J on
subsequent effect of NG-nitro-L-arginine methyl ester on
bloodflow
The laser Doppler blood flow meter was used to measure
blood cell flux just before injection of either Tyrode solution
or ET-l (10 pmol/site) and at 3, 15 and 30 min, and then
every 30 min until 4.5 h after the injection. The results shown
in Figure 4 demonstrate that a high dose of ET-l (10 pmol/
site) caused a reduction in blood flow which was significantly
different from that at Tyrode-injected sites (P <0.05) for 3 h
after injections.
Having established that the vasoconstriction induced by

ET-1 is so long-lasting, we designed experiments to determine
whether NO could still be released in dilator quantities from
the skin following long term constriction by a high dose of
ET-1. The results in Figure 5 show that ET-1 (10 pmol/site)
still caused a significant vasoconstriction at sites where blood
flow was measured for 15 min by '33xenon clearance after a
3.5 h pretreatment with a constricting dose of ET-1. L-
NAME potentiated this vasoconstrictor response suggesting
that the local generation of vasodilator quantities of NO still
occurs after prolonged and intense constriction of the cut-
aneous microvasculature.

i-NAME **

L~~~~ X

0.1 1 10 100

ET-3 (pmol/site)

20

0-

-20

-40 - L-NAME\

-60

-80 .1

100
0.001

.01 01 110

Vasopressin (pmol/site)

Discussion

The results clearly show that ET-1, ET-2 and ET-3 are
potent vasoconstrictors in the cutaneous microvasculature,
acting to inhibit unstimulated blood flow in rat skin. The
techniques used in the present study do not allow accurate
localization of the endothelin binding sites within the
cutaneous microvasculature. However, our previous studies
using intravital microscopy in the hamster check pouch

Figure 3 The effect of N0-nitro-L-arginine methyl ester (L-NAME)
on the vasoconstrictor responses induced by endothelins and
vasopressin in rat skin. The change in blood flow when each was

injected alone is shown by the open symbols and when co-injected
with L-NAME (10 nmol/site) by the closed symbols. The solid line
indicates results expressed as % change compared with Tyrode
injected sites and the dotted line indicates results recalculated as

percentage change in blood flow compared with sites which received
L-NAME alone. The response to L-NAME (100 nmol/
site) injected alone is indicated by (*) in each group. A significant
effect of L-NAME on the action of the vasoconstrictors when com-

pared with Tyrode-injected sites is indicated as follows: *P <0.05;
**P <0.01. The dashed line in each graph represents blood flow at
Tyrode-injected sites. Each point is the mean of 3-18 rats with
vertical bars showing s.e.mean.

each case, compared with Tyrode-injected sites. L-NAME
enhanced the vasoconstrictor effects of submaximal doses of
all the endothelins and vasopressin as shown in Figure 3,
when all results were calculated by comparison with Tyrode-
injected sites. Similar results were obtained with phenyle-
phrine (not shown). We wanted to determine whether the
effect of L-NAME was due to the vasoconstrictors stimu-
lating NO release. Therefore, to attempt this, results were
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Figure 4 The duration of the vasoconstrictor response to endo-
thelin-1 (ET-1) in rat skin measured by the laser Doppler blood flow
meter. Either ET-1 (10 pmol/site, A) or the vehicle Tyrode solution
(0) was injected at time 0 h. Measurements were initially taken at 3,
15 and 30 min after the injections and then at 30 min intervals for
the next 4.5 h. The results are expressed as the percentage change in
blood cell flux compared with the initial flux at the uninjected sites
(100%), and as the mean of 3 readings at each site and time point in
4 rats; s.e.mean shown by vertical bars. A significant difference from
Tyrode-injected sites is indicated by *P<0.05 and **P<0.01.
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Figure 5 The effect of N0-nitro-L-arginine methyl ester (L-NAME)
on blood flow at sites preconstricted by endothelin-l (ET-1). Sites
were pretreated with Tyrode solution (a), ET-1 (1 pmol/site, b) or
ET-I (10 pmol/site, c); 3.5 h later the 133xenon was mixed with either
Tyrode solution (open column) or L-NAME (100 nmol/site, solid
columns) and injected as normal. A significant difference between the
response to Tyrode and to L-NAME preinjection is indicated by
**P <0.01. The horizontal dashed line represents the blood flow at
Tyrode-injected sites. Each column is the mean of 6 rats; s.e.mean
shown by vertical bars.

established that ET-1, applied topically, has a direct and
selective effect on arterioles (Brain, 1989). Subsequent studies
suggest that larger venules are equally sensitive to ET-1 in
the same preparation (Boric et al., 1990). Autoradiographical
studies in porcine skin have shown that ET-1 binding sites
are located on both arterioles and venules, (Zhao et al., 1991)
further supporting the findings that both types of microvessel
are responsive to ET-1.

In the present study, ET-1 is equipotent with ET-2 as a
vasoconstrictor, whereas ET-3 is significantly less potent.
This rank order of vasoconstrictor potency is in accordance
with that observed on isolated macrovessels, (Inoue et al.,
1989), and may be due to different selectivities of the
endothelin receptor subtypes. Two endothelin receptor sub-
types have been cloned to date. One receptor has been
located in many vascular and non-vascular tissues and has a
high selectivity for ET-1 (Arai et al., 1990). The other sub-
type binds with similar affinities to all the endothelins and is
not located on vascular smooth muscle cells, (Sakurai et al.,
1990). It has been suggested that this is the endothelial cell
receptor responsible for endothelin-induced release of
vasodilators in some tissues. In the present study, intrader-
mal injections of endothelins, including ET-3, induced only
vasoconstriction in rat skin and no vasodilatation was

observed, even at very low doses. This is in contrast to the
studies which showed that low doses of the endothelins, ET-3
in particular, when administered intravascularly to rats
induce an initial hypotensive response and regional increases
in perfusion (Yanagisawa et al., 1988a; Wright & Fozard
1988; Inoue et al., 1989; Gardiner et al., 1990a). The route of
administration may well be an important factor for the
mediation of vasodilator effects in response to the
endothelins. In the cerebral microvasculature, systemic treat-
ment of rats with low doses of ET-1 induced an increase in
cortical microvascular perfusion (Willette et al., 1990) while
intraparenchymal application induced a dose-related decrease

in perfusion, with a transient increase at only the highest
dose of ET-1 (Willette & Sauermelch, 1990). These authors
concluded that ET-1 mediates vasoconstriction at the adven-
titia while any vasodilatation is mediated by an intraluminal
action. Our results, obtained by the intradermal injection of
endothelin, support this concept. Further, a recent study by
Ohlstein and co-workers (1990) has shown that intra-arterial
administration of ET-1 increased hindquarters blood flow in
the rat without causing a significant increase in cutaneous
microvascular perfusion as measured by laser Doppler blood
flowmetery. In human skin, intradermal ET-1 produces pal-
lor, due to decreased blood flow at the injection site, accom-
panied by a surrounding axon-reflex flare. It is suggested that
in human skin ET-1 could directly activate C-fibre nerves,
(Crossman et al., 1991); however, from the present study we
have no evidence of a neurogenic component in the response
to any endothelin in rat skin.
We consider that intradermal injection of vasoactive agents

mimics the action of locally produced endothelins in skin
more closely than the systemic administration of the
endothelins. The obvious source of endogenous ET-l is
endothelial cells, and the precursor preproendothelin-1 is
expressed in cultured microvascular endothelial cells, (Mac-
Cumber et al., 1989); however, ET-2 and ET-3 are not
derived from endothelial cells (Inoue et al., 1989). The best
evidence of a source for ET-2 and ET-3 comes from studies
carried out with nervous tissue (MacCumber et al., 1989;
Shinmi et al., 1989). It has been shown that endothelins, and
related molecules are found in the brain and dorsal root
ganglia in man (Giaid et al., 1989) as well as in animal
species including the rat (Matsumoto et al., 1989). Thus, it is
possible that endothelins are released from extravascular sites
in skin.
Our results demonstrate that L-NAME, an inhibitor of NO

synthase, given intradermally reduces blood flow in the rat
cutaneous microcirculation. This supports previous results in
rat skin (Hughes et al., 1990). Thus, local constitutive release
of NO may play an important role in maintaining microvas-
cular blood flow in rat skin. The vasoconstriction to L-
NAME is consistent with findings of a recent study on the
regional haemodynamic effects of intravenous L-NAME in
conscious rats, (Gardiner et al., 1 990b), where similar
vasoconstriction to L-NAME occurred in the mesenteric and
hindquarters vascular beds and at a higher dose in the renal
vascular bed. Our results suggest a continuous release of NO
occurs at rest in rat skin; also that this basal level of NO acts
to antagonize in a functional manner the constrictor actions
of endothelins, phenylephrine and vasopressin.

These studies provide no evidence that ET-l, ET-2 and
ET-3 act to stimulate additional NO release. Agents which
are known to stimulate NO release in major blood vessels are
weak vasodilators in rat skin, e.g. acetylcholine (Lawrence &
Brain, unpublished observation) and substance P (Brain &
Williams, 1989). Thus, although it is suggested that the cons-
titutive release of NO is important in skin, it is unknown
whether further NO release can be stimulated.

In conclusion, we have shown that the endothelins are
potent constrictors in rat skin. Basal release of NO could
have an important role maintaining basal blood flow as well
as opposing the vasoconstrictor effects of endothelins. We
suggest that in conditions where damage to, or loss of
endothelial cells, leads to a reduced generation of nitric oxide
in the periphery, vasoconstrictors such as endothelin can act
to cause a potentially damaging decrease in blood flow.

E.L. is the recipient of a British Heart Foundation Ph.D. student-
ship.
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Effect of 1713-oestradiol on contraction, Ca2+ current and
intracellular free Ca2+ in guinea-pig isolated cardiac myocytes

Canwen Jiang, Philip A. Poole-Wilson, *Philip M. Sarrel, Seibu Mochizuki, Peter Collins &
'Kenneth T. MacLeod

Department of Cardiac Medicine, National Heart and Lung Institute, Dovehouse Street, London SW3 6LY and *Department
of Obstetrics, Gynecology and Psychiatry, Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06510,
U.S.A.

1 The effect of 17p-oestradiol on cardiac cell contraction, inward Ca2+ current and intracellular free
Ca2+ ([free Ca2+]j) was investigated in guinea-pig single, isolated ventricular myocytes. The changes of
cell length were measured by use of a photodiode array, the voltage-clamp experiments were performed
with a switch clamp system and [free Ca2+]J was measured with the Ca2+ indicator, Fura-2.
2 17P-Oestradiol (10, 30pM) caused a decrease in cell shortening at both 22 and 35°C. This negative
inotropic effect was accompanied by a decrease in action potential duration mainly brought about by a

shortening of the plateau region of the action potential. 17P-Oestradiol (10, 30 SM) induced a similar
decrease in cell shortening in voltage-clamped and current-clamped cells.
3 In Fura-2 loaded cells, 17p-oestradiol (10 and 30 IM) decreased systolic Fura-2 fluorescence to
72 ± 7% and 47 ± 4% (n = 6, P<0.001) of control respectively. 17P-Oestradiol (10tM) had no

significant effect on diastolic Fura-2 fluorescence, but at higher concentration (30 gM) induced a slight
decrease in resting Fura-2 fluorescence. The effect of 17p-oestradiol was reversible after 1-2 min of
washout of the steroid.
4 17P-Oestradiol (10 and 30 SM) decreased the peak inward Ca2+ current (ICa), which was sensitive to
[Ca2+]0, dihydropyridines and isoprenaline, to 59 ± 3% and 39 + 5% (n = 7-9, P<0.01) respectively,
without producing any significant change in the shape of the current-voltage relationship.
5 The recovery time of ICa from inactivation was delayed by 17p-oestradiol (10tiM). The inhibitory
effect of 17p-oestradiol on ICa was less at a holding potential of -80 mV than at -40 mV.
6 We conclude that 17,B-oestradiol has a negative inotropic effect on guinea-pig single ventricular
myocytes by inhibiting ICa and so reducing systolic [Ca2+]i. 17P-Oestradiol may therefore have a Ca2+
channel blocking property in guinea-pig isolated ventricular myocytes.

Keywords: Calcium current; intracellular free calcium; Fura-2; 17p-oestradiol; hormone; cardiac muscle

Introduction

The direct effects of oestrogen on heart muscle are largely
unknown though there are oestrogen receptors present in the
tissue (Stumpf et al., 1977). Recently, it has been demon-
strated that at micromolar concentrations, 1 7p-oestradiol
decreases the contraction of perfused rabbit hearts (Raddino
et al., 1986), but the mechanism was not understood. It was
uncertain whether this effect was due to alterations in the
contractility of the myocardium or in the coronary circula-
tion. In order to investigate the mechanism underlying the
effects of those concentrations of 17p-oestradiol on cardiac
muscle, we have assessed the in vitro effect of 17p-oestradiol
on contraction, Ca2" current ('Ca) and intracellular free Ca2"
([free Ca2`]i) in single ventricular myocytes isolated from
guinea-pig hearts. Thus, we can observe changes at the single
cell level, independent of any effect of coronary circulation.

Methods

Preparation of guinea-pig ventricular myocytes

Single ventricular myocytes from male guinea-pigs (450-
600 g) were prepared by enzymatic dissociation as previously
described (MacLeod & Harding, 1991). Briefly, animals were
heparinised and after killing by cervical dislocation, the heart

' Author for correspondence.

was rapidly removed and placed in Krebs-Henseleit solution
(composition see below). The aorta was cannulated and the
heart retrogradely perfused on a Langendorff apparatus with
fresh Krebs-Henseleit solution, then with low-Ca2l
(Ca2t~12 L1M) Tyrode solution (composition see below).
Protease (4 u ml-', Sigma type) XXIV and then a mixture of
1.0 mg ml1' collagenase (Worthington) and 1.0 mg ml- '
hyaluronidase (Sigma) was added to the low-Ca2l Tyrode
solution and perfused through the heart for 2 and 10 min
respectively. The ventricular muscle was chopped and incu-
bated for two periods of 5 min in fresh low-Ca2" Tyrode
solution containing enzymes (for the second period of diges-
tion, free Ca2+ was increased to t200 pM and nitrolotriacetic
acid (NTA, Sigma) was absent). The medium was shaken
gently and the dispersed cells were then strained through a
gauze and centrifuged. The pellet was resuspended and stored
in Dulbecco's medium (Gibco) buffered with hydroxyethyl-
pipirazine-ethanesulphonic acid (HEPES) at room tempera-
ture.

Solutions

The Krebs-Henseleit solution contained (mM): NaCl 119;
KCI 4.2, CaC12 1.0, MgSO4 0.9, KH2PO4 1.2, NaHCO3 25
and glucose 11.5, and was vigorously bubbled with 95% 02
and 5% CO2 to obtain a pH = 7.4 at room temperature.
Low-Ca2' Tyrode solution contained (mM): NaCl 120, KCI
5.4, MgSO4 5.0, pyruvate (Sigma) 5, glucose 20, taurine
(Sigma) 20, HEPES 10; NTA 5 and free Ca2+t~12 M.

'." Macmillan Press Ltd, 1992
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Normal Tyrode solution contained (mM): NaCl 140, KCI
6, CaC12 1 or 2.5, MgCl2 1, HEPES 10, glucose 10, pH = 7.4
at 220C or 35°C. 17P-Oestradiol was dissolved in ethanol to
give a stock solution of 10-2 M. Ethanol (1:2000 v/v) was
usually added to Normal Tyrode for control purposes.

Drugs

The following drugs and chemicals were used: 17p-oestradiol
(Sigma or Fluka, dissolved in ethanol); testosterone (Sigma,
dissolved in ethanol).

Potential and current recording

Myocytes were placed in a perspex superfusion chamber
(volume = 60 1Al), mounted on the stage of an epifluorescence
microscope (Nikon Diaphot). Solutions were carried to the
chamber via gas-impermeable tubing. Cells were superfused
(1.5 ml min ') with either Normal Tyrode at room temper-
ature (about 220C) or 35°C. The exchange of solution in the
superfusion chamber was complete within 20s. Microelec-
trodes were filled with either 3 M KCI or 2.1 M K-citrate plus
60 mM KCl and had resistances from 10-25 MQ. No differ-
ences in effects of 17p-oestradiol were observed with different
filling solutions. Action potentials were recorded with an
Axoclamp-2A system (Axon Instruments, Foster City, Cali-
fornia, U.S.A.) and were elicited by passing a pulse of
current up to 1 nA for 10 ms in duration down the microelec-
trodes at 0.5 Hz or 1 Hz. Action potential duration (APD)
was measured at 90% repolarization with a circuit described
by Kentish & Boyett (1983). Voltage-clamp experiments were
performed with the Axoclamp-2A in switch-clamp mode (dis-
continuous single microelectrode voltage-clamp), switching at
5-8 kHz at gains > 1 nA mV '. Voltage-clamp software for
data acquisition, analysis and control was kindly provided by
John Dempster, University of Strathclyde.

Cell length and Fura-2 measurements

The methods for recording cell length and changes in [free
Ca2+]i with Fura-2 have been described previously (MacLeod
& Harding, 1991). Briefly, cells were loaded with Fura-2
using the acetoxymethyl ester form of the indicator (Fura-2
AM; Molecular Probes, Eugene, Oregon, U.S.A.). After
20 min incubation in 5 1AM Fura-2 AM at 22°C, the cells were
pelleted and resuspended in fresh Dulbeccos.

Effect of 17P-oestradiol on cell contraction, action
potentials and [free Ca27,

Cell shortening, action potentials and APD were continually
recorded in current-clamped conditions either at 22°C or
35C. Normal Tyrode solution containing 1 mM Ca2" was
used in these experiments. The effects of 17p-oestradiol were
studied in a non-cumulative manner. 1 7P-Oestradiol was
washed out after a stable maximum effect was achieved at
any one concentration. This usually took 2 min. Different
concentrations of 1 7p-oestradiol were added after action
potentials returned to control conditions 3-5 min after wash-
out. Some cells were loaded with Fura-2 and the fluorescence
ratio (340 mm/380 mm), action potentials and APD were
continually recorded in control or in the presence of 17P-
oestradiol at 22°C. The effects of testosterone (10 and 30 t1M)
on action potentials were performed in a similar manner.

Effect of 17p-oestradiol on 'Ca

Voltage-clamp experiments were carried out at 22°C. In
different groups of cells, different voltage-clamp protocols
were used to investigate the possible effects of 17p-oestradiol
on ICa, the recovery time of ICa from inactivation and the
voltage-dependency of the inhibitory effect of the hormone.
The individual protocol was applied to cells in control condi-
tions, 2 min after application and washout of 17p-oestradiol
respectively.

Statistical analysis

Data are expressed as mean ± standard error of mean
(s.e.mean). Unpaired or paired Student's t tests were used to
analyse the data. A probability value (P) less than 0.05 was
considered significant.

Results

Effect of 17Pf-oestradiol on cell contraction

Figure 1 demonstrates the effect of 17p-oestradiol on cell
contraction in current-clamped or voltage-clamped condi-
tions at 220C. The top trace of panel (a) shows that addition
of 17P-oestradiol (30 1M) decreased cell shortening after
1 min in the current-clamped condition. The resting memb-
rane potential was -86 mV. The effect was reversible after
1 min washout. We noted that the negative inotropic effect
was accompanied by a decrease in APD mainly due to a
shortening of the plateau of the action potential. The same
cell was then voltage-clamped at -80 mV. The effect of

E

IL.S
-

roI

0

Ina) L

E

ILO._

0 .-
u

2

(i) (ii)

1 7,B-Oestradiol

b 1

\J

2

E
:L
Ln

c (i)

I

(ii)

4 m400 ms

EI 2
Lo

E
U,

Figure 1 Effect of 17p-oestradiol (30 JAM) on cell shortening. Top
trace of (a) shows the time course over which 17p-oestradiol induced
a reversible negative inotropic effect in a current-clamped cell. The
resting potential was -86 mV. The bottom trace of (a) shows the
effect 17p-oestradiol (30 tiM) on cell shortening in the same cell now
voltage clamped at -80 mV. Twitches were elicited by depolarizing
voltage steps for 400 ms to 0 mV. These were applied at 0.5 Hz. (b)
Shows the changes in cell shortening taken from parts 1 (before
application of 17p-oestradiol) and 2 (in the presence of 17p-
oestradiol) of the top trace respectively at a faster chart speed. These
traces have been signal averaged to reduce noise (n = 8). In (c), the
changes of cell shortening taken from parts (i) (before application of
17p-oestradiol) and (ii) (in the presence of 17p-oestradiol) respec-
tively of the bottom trace of (a) are shown at a faster chart speed.
These traces have also been signal averaged (n = 8).

1
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17P-oestradiol (30 JLM) on cell shortening, induced by a
depolarizing step to 0 mV for 400 ms in duration, is shown in
the bottom trace of Figure la. The time course and the
magnitude of the effect of 17p-oestradiol on cell shortening
was similar in current-clamped and voltage-clamped cells.
17P-Oestradiol (10, 30 ftM) decreased cell shortening to
72 ± 6.2% and 56 4.8% in current-clamped cells, and to
76 7.5% and 59 3.6% in voltage-clamped cells (n ) 6)
respectively. To assess the effects of 17,-oestradiol on cell
shortening and action potentials at a more physiological
temperature and higher stimulation frequency, we carried out
experiments at 350C with stimulation rate of 1 Hz. In these
conditions, APD (584 ± 42 ms, n = 6) is much shorter than
that at 22°C (795 ± 56ms, n = 10) in the absence of 17p-
oestradiol. At 350C, 17P-oestradiol (10 and 30 tiM) decreased
cell shortening to 79 ± 5.4% and 63 ± 6.1% in current-
clamped cells (n = 6), accompanied by a reduction in APD.
Thus, the effects of 17p-oestradiol on cell shortening were
similar at either temperature. In order to control for any
possible effect of the solvent, ethanol (1:2000 v/v) was also
present in the control solutions during this and subsequent
experiments. In addition, testosterone (10 and 30 pM) had no
effect on APD.

Effect of 17p-oestradiol on [free Ca2]i
To understand the possible mechanism by which 17p-oestra-
diol induced a negative inotropic effect, we have examined
the effect of 17p-oestradiol on [free Ca2+]i as indicated by
Fura-2. Because of the difficulties of the calibration of Fura-2
(Roe et al., 1990), we have chosen to use the ratios of Fura-2
fluorescence as a qualitative indicator of changes in [free
Ca2+]i but not to quantify the absolute value of [free Ca2`]j.
Figure 2a shows the time course over which 10 and 30 pM
17p-oestradiol decreased both the fluorescence ratio (340/380)
and APD in a concentration-dependent manner without pro-
ducing any signifcant effect on resting membrane potential.
The decrease in both APD and Fura-2 fluorescence occurred
within 1 min after the addition of 17p-oestradiol. The effects
were reversible after washout. In Figure 2b, action potentials
and Ca2" transient taken from portions 1, 2 and 3 of Figure
2a trace are shown at faster chart speeds. These records have
been signal averaged (n = 8). The decrease of Fura-2 fluore-
scence was accompanied by a reduction in APD. We note
that 10 tLM 17P-oestradiol had no effect on resting Fura-2
fluorescence, whilst 30;LM 17p-oestradiol slightly decreased
the resting fluorescence. Figure 2c shows that 10 and 30 gM
17P-oestradiol decreased Fura-2 fluorescence ratio (340/380)
to 72± 7% and 47 ± 4% (P<0.01, n = 6) respectively. In
order to compare the effects of 17p-oestradiol on Ca2" tran-
sients with its action on ICa and APD, we carried out the
experiments at 22°C. We noted that the time course over
which the Ca2" transient rose to a peak and then fell to
diastolic levels was closely related to temperature. The Ca2+
transients at 22C-were greatly slowed in rise and fall com-
pared with those at 35°C (data not shown).

Effect of 17P-oestradiol on 1Ca
The effect of 17P-oestradiol on ICa is shown in Figure 3. This
ICa was typically increased by increasing extracellular Ca2+
concentration or in the presence of isoprenaline and decreas-
ed by addition of Co2", Cd2+ or nifedipine in cells from
similar preparations (data not shown). In the experiments
shown here, the initial holding potential was -40mV to
inactivate the fast inward sodium current. Depolarizing vol-
tage steps of 200 ms in duration were applied to the cells at a
frequency of 0.5 Hz. Figure 3a demonstrates that 10 and
30 pM 17p-oestradiol decreased ICa in a concentration-depen-
dent manner. The maximal inhibition occurred within 2 min
of application of 17p-oestradiol. Thus, the time course of
effects induced by 17i-oestradiol on cell shortening, ICa and
[free Ca2+], were similar. The inhibition ofICa was reversible
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Figure 2 Effect of 17P-oestradiol (10 and 30 ftM) on membrane
potential (Em), action potential duration (APD) and [free Ca2+]i
indicated by Fura-2. The fluorescence ratio was filtered at 10 Hz. (a)
Shows the time course with which 17P-oestradiol induced a concen-
tration-dependent and reversible decrease in systolic fluorescence
ratio and APD. No significant alterations to resting membrane
potential and diastolic fluorescence ratio were seen, although 17p-
oestradiol at a concentration of 30 1LM slightly decreased the diastolic
fluorescence ratio; (b) shows specimen action potentials and fluore-
scence ratio transients taken from points 1 (control), 2 (in the
prescence of 1O JM 17p-oestradiol) and 3 (in the presence of 30 fiM
17p-oestradiol) in (a). These have been signal averaged (n = 8) and
played at a faster chart speed. The vertical scale is increased by 85%.
(c) Shows the average decreases in fluorescence ratio induced by 10
and 30 ;iM 17p-oestradiol in 6 cells. Data are expressed as mean
(with s.e.mean, vertical bars) test/control. * indicates P<0.01 in
comparison with control; # indicates P <0.01 in comparison
between 10 and 30tiM 17p-oestradiol.

after 2 min washout indicating that the decrease is unlikely to
be due to 'run-down' or use-dependence of ICa (Fedida et al.,
1988). We were able to hold this particular cell under voltage
clamp for 1 h and over this time we did not see any decline
in the size of ICa. In 84% of cells tested we did not see
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Figure 3 Effect of 17p-oestradiol on ICa: (a) shows ICa elicited by depolarizing voltage steps from a holding potential of -40 mV

to -20, 0 and + 20 mV in control and again 2 min after the addition of 17p-oestradiol (10 and 30 pM). 17P-Oestradiol induced a

concentration-dependent decrease in ICa* Please note that ICa traces elicited by depolarizing steps to -20 mV and 20 mV are

overlapped in the presence of 30 pM 17p-oestradiol. (b) Shows the current-voltage relationship in control (U) and in the presence of

17p-oestradiol (10 and 30 pM, A and * respectively) in the same cell of panel as in (a). (c) Shows the measured data in 7-9 cells.

Data were expressed as mean with s.e.mean (vertical bars) of 'Test/Icontrol * indicates P<0.01 in comparison with control. #

indicates P< 0.01 in comparison between 10 and 30 EM 1713-oestradiol.

significant run-down of ICa after washout of the steroid.
Figure 3b shows the current-voltage relationship in the
absence and presence of 10 and 30pM 17p-oestradiol. The
shape of the relation is not significantly changed. Figure 3c
demonstrates that ICa was decreased by 10 and 30 gM 170-
oestradiol to 59±3% (P<0.01, n=7) and 39±5% (P<
0.01 compared with control and 10pM, n = 9) respectively.
To ensure inactivation of the fast inward sodium current, we

performed similar voltage-clamp experiments in the presence
of tetrodotoxin (25 gIM). In these experiments, 17p-oestradiol
decreased ICa by the same percentage. In addition, testo-
sterone (10 and 30 gM) had no effect on ICa.

In another group of experiments, we tested the effect of
17p-oestradiol on the recovery time of ICa from inactivation.
The initial holding potential was -40 mV. A control
depolarizing voltage step to 0 mV of 200 ms in duration was

followed by an identical test step 100 ms later. The time
between control and test steps was then increased in incre-
ments of 200 ms. Figure 4a shows that the recovery time of

ICa was delayed by application of M 17p-oestradiol. 17p-
Oestradiol (10 jM) shifted the relationship between the inter-

pulse interval and ICa reactivation as shown in Figure 4b. At

interpul$e intervals of 300, 700 and 900 ms the values for test

ICa (It) divided by control ICa (Ij) were significantly different
(P <0.02, 0.05 and 0.01 respectively; n = 6) in the presence
of M 17p-oestradiol, whilst at the other interpulse inter-

vals there was a trend of delay but no statistically significant

differences. In order to increase the magnitude of the I, and I,
2.5 mM external Ca21 was used in these experiments. When
the inhibition of ICa by 17p-oestradiol was large we often had
difficulty in calculating the value of h/IJ, so we have chosen
experiments where the inhibition of ICa by 17p-oestradiol was

small. We may therefore have underestimated the effect of
17p-oestradiol on the recovery of ICa from inactivation. The
time of 63% of recovery for control cells was 403 ms (c.f.
300 ms measured by Hadley & Hume, 1987). This time in-
creased to 730 ms in the presence of 10 gM 17p-oestradiol.

In 6 cells, the process of ICa inactivation during the clamp
pulse (-40 mV to 0 mV and 200 ms in duration) was also
analysed. The decay of ICa during the clamp step could be
fitted by the following equation:

ICa = x x exp(-t/T) + y

where tau, T = decay constant (ms), x = peak ICa (nA) and
y = steady-state current at the end of the pulse (nA). r =

36.3 ± 4.2, x =- 1.5 ± 0.5 and y =-0.26 ± 0.08 in control
and 48.2 ± 7.1, -0.68 ± 0.26 and -0.17 ± 0.07 respectively,
in the presence of 17p-oestradiol (10 jiM). 17P-Oestradiol
(10 jM) increased T by 31.3 ± 9.2% whilst x decreased by
54.4 ± 2.9%
We have also examined the voltage-dependency of the

inhibitory effect of 17p-oestradiol on ICa. In this group of
experiments, 10 JiM 17p-oestradiol was applied to the
preparation at a holding potential of -80 mY for 2 min. In
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Figure 4 Effect of 17p-oestradiol (10 ItM) on the recovery time of ICa
from inactivation. Top trace of (a) shows the protocol. A control
pulse (c) was followed by an identical test pulse (t) with an interpulse
interval starting at 100 ms. The interpulse interval was increased in
steps of 200 ms. The ICa induced by the test pulse and the control
pulse (indicated as 'c' and 't' respectively) are shown in the other
traces in (a). Note the tonic effect of 17p-oestradiol on I, and its
effect on It. (b) Shows the relationship between It/IC (the ICa induced
by the test pulse divided by the Ica induced by the control pulse) and
interpulse interval in control (0) and in the presence of 10 IlM
17P-oestradiol (0). Data were calculated from 6 cells and expressed
as mean with s.e.mean of It/I. The curves were fitted to the equation
Y = A*(-X-'kt), where A = 88.6 and k = 0.003 for control data (r =
0.825, 0) and A = 82.9 and k = 0.002 for 17P-oestradiol data
(r = 0.929, *). *, **, *** indicate a significant difference from
control: P<0.005, 0.02, 0.01 respectively.
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Figure 5 Effect of the initial holding potential on the inhibition of
ICa induced by IO jM 17p-oestradiol. The protocol is shown in the
top trace of (a). After holding at -80 mV, a voltage step to 0 mV
for 5 ms in duration was followed by a voltage step to -40 mV for
5 ms in duration. Then another voltage step to 0 mV for 200 ms was

given to elicit the 'Ca in the absence or presence of 10 tiM 17p-
oestradiol. In the same cell, after 2 min holding at - 40 mV, a

voltage step of 200 ms in duration was repeated in the absence or

presence of 10 IpM 17p-oestradiol. From lower traces of (a) we see the
different holding potentials did not significantly alter the control
peak ICa. 17P-Oestradiol 1O gM, had little effect when the holding
potential was -80 mV in this particular cell. (b) Shows the data
calculated from 6 cells and expressed as mean with s.e.mean (vertical
bars) percentage ICa in the control condition. Note that 1 7p-
oestradiol (10 gM) induced a significant inhibition of ICa at either
holding potential. However, 17p-oestradiol (10 M) was less effective
at a holding potential of -80 mV compared with its effects at
-40 mV. * indicates P<0.01 in comparison with control; #
indicates P< 0.01, comparison between holding potentials of
-8OmV and -40 mV.

order to inactivate fast inward sodium current, a depolarizing
voltage step to 0 mV of 5 ms in duration was given. This was
followed by another step of 5 ms in duration to -40 mV
from where a depolarizing voltage step of 200 ms to 0 mV
was applied to elicit ICa. The size of 'Ca so elicited was

compared with that produced on a depolarizing step to 0 mV
after 17p-oestradiol had been applied from 2 min at a hold-
ing potential of -40 mV. From Figure 5a, we noted that the
initial holding potential did not significantly affect the size of
ICa recorded using the above protocols in this particular cell.
However, the effect of 1713-oestradiol on ICa was greater at
the more depolarized holding potential of -40 mV. The
statistical data from 6 cells are shown in Figure Sb. At a
holding potential of -80mV, 10 AM 17P-oestradiol signifi-
cantly reduced ICa to 83 ± 3.1% of control. At a holding
potential of -40mV, however, the same concentration of
17p-oestradiol reduced ICa to 61 ± 5.4%. These results sug-
gest that the inhibitory effect of 17p-oestradiol on ICa may be
voltage-dependent.

Discussion

We have demonstrated that 17p-oestradiol induces a negative
inotropic effect in guinea-pig single ventricular myocytes.
17P-Oestradiol inhibits ICa and decreases systolic [free Ca2+]J
in a concentration-dependent manner. 17P-Oestradiol delays
the recovery time of 'Ca from inactivation and its inhibition
of 'Ca appears to be voltage-dependent. In addition, tes-
tosterone had no effect on APD and I~.

Effect of 17P-oestradiol on 'Ca

1 7P-Oestradiol has been shown to enhance the inhibitory
effect of nifedipine, a Ca2" channel antagonist, on arterial
smooth muscle contraction and this enhancement can be
reversed by increasing the external Ca2" (Downing et al.,
1988). It has also been reported that 4-hydroxylated oestra-
diol reduced the Ca2l uptake in uterine smooth muscle pos-
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sibly by affecting the potential-sensitive Ca2" channel (Stice
et al., 1987a,b). In the present study, we have examined the
effect of 17p-oestradiol on Ica in guinea-pig ventricular
myocytes. In order to maintain the myocytes in as normal a
physiological state as possible with intact intracellular ionic
and biochemical environments, we have used the switch
clamp to record ICa This technique allows adequate voltage
control of the cell during the peak of ICa (Fedida et al., 1988;
Salata & Wasserstrom, 1988). In addition, we did not usually
observe any decrease or 'run-down' in 'Ca (see Belles et al.,
1988) after washout of the steroid. We have demonstrated
that 17,-oestradiol induces a reversible and concentration-
dependent inhibition of Ca. The indications are that the
inhibition of ICa is probably due to 17p-oestradiol inducing a
modification of the Ca2" channel which decreases the macro-
scopic Ca2+ current.

In general, the action of Ca2+ channel antagonists appears
to be voltage-dependent (Bean, 1984; Sanguinetti & Kass,
1984). The compounds are more efficacious in heart if the
cells are maintained in a depolarized condition (more positive
than -50 mV) and exhibit less inhibitory activity if the cells
are maintained near their resting membrane potential of
around -80 mV. We tested the effect of initial holding
potential on the inhibition of ICa induced by 17p-oestradiol.
The inhibition of ICa was significantly greater when the initial
holding potential was -40 mV rather than -80 mV. This
finding is in keeping with observed mechanisms of Ca2+-
channel inhibition by dihydropyridines. This behaviour
would be expected if 17p-oestradiol bound more effectively to
the inactivated state of the Ca2+ channel. Thus, the concent-
ration and voltage-dependent inhibition of ICa suggests that
17p-oestradiol has a Ca2+ channel antagonistic property in
guinea-pig single ventricular myocytes. We note that 17p-
oestradiol induced a decrease in cell shortening or Fura-2
fluorescence ratio in non voltage-clamped cells whilst the
resting potential was about -80 mV. This decrease presum-
ably results from at least some 17p-oestradiol binding at a
holding potential of -80 mV. It is possible that there is
significant binding of 17p-oestradiol during the long plateau
phase of the action potential. Where cells were voltage-
clamped, 17p-oestradiol induced a similar decrease in cell
shortening at a holding potential of -80 mV. We assume
that this inhibition is due to the same effect of 17p-oestradiol
on ICa which is less at a holding potential of -80 mV than
-40 mV, but still occurs.
One of the factors which will regulate how much Ca2`

enters the cell during excitation is Ca2'-channel inactivation.
It seems that, in heart, both voltage and intracellular Ca2+
can control the rate of inactivation (Sanguinetti & Kass,
1984; Lee et al., 1985; Hadley & Hume, 1987) though
changes in intracellular Ca2+ can account for many of the
alterations in ICa observed during staircases, increasing
[Ca2+]o and in the presence of isoprenaline (Fedida et al.,
1988). We assessed the recovery time of ICa from inactivation
in the presence and absence of 17p-oestradiol. We found that
17p-oestradiol induced a delay in the recovery time (Figure 4)
and affected the process of ICa inactivation during the clamp
pulse. If [free Ca2+]i is important in controlling ICa inactiva-
tion then a reduction in [free Ca2+],, presumably resulting
from the tonic effect of 17p-oestradiol on ICa, should not
induce a delay of ICa inactivation. Therefore, we presume that
the effect of 17p-oestradiol on inactivation is likely to be due
to its direct effect on a channel site rather than an indirect
effect via ICa or [free Ca2+]i.

Effect of 17f-oestradiol on [free Ca+]i
lCa and Ca2+-induced Ca2+ release from sarcoplasmic reticu-
lum (SR) are thought to be the main contributors to the
transient increase in [free Ca2+]i which produces contraction
in cardiac muscle, though the relative contributions of SR
Ca2" and extracellular Ca2" to the Ca2` transient are not
clear (Fabiato, 1989) and vary from species to species (Bers,

1985). In the present study, we have demonstrated that 17l-
oestradiol decreased [free Ca2+]i as indicated by Fura-2. This
reduction was accompanied by a decrase in APD with a
decreased and shortened plateau of the action potential. The
time course of the effect of 17p-oestradiol on [free Ca2+]i and
ICa and the percentage decrease of the effect were similar.
Since there is strong evidence that the release of Ca2+ from
the SR is under the control of Ca2+ influx through the
sarcolemmal Ca2" channel (Fabiato, 1985a,b), our results
suggest that the reduction of systolic [free Ca2+], can be
mainly attributed to the inhibitory effect of 17p-oestradiol on
ICa. While there may be a secondary effect of APD shortening
producing a decrease in twitch, the primary effect is that of
ICa inhibition.
A reduction in ICa during stimulation can reduce the dura-

tion of the action potential appreciably (Noble, 1984) and,
indeed, the inverse relation between APD and contraction
has been shown in guinea-pig single cardiac myocytes (Fedi-
da et al., 1988). This originates from alterations in the
amount of Ca2+ entering the cell which may change the size
of the [free Ca2+]i transient and hence the strength of con-
traction either by affecting the myofilaments directly (Bers,
1985) or the Ca2+ load and subsequent release from SR
(Fabiato, 1985a,b). In the present study, we have demon-
strated that 17p-oestradiol induced a similar decrease in cell
shortening in either current-clamped or voltage-clamped con-
ditions. This provides evidence that the negative inotropic
effect of 17p-oestradiol is mainly caused by its direct inhibi-
tion of Ca2+ influx rather than a secondary effect through the
alterations of action potential duration. Thus, a possible
Ca2+ channel blocking property mediating a reduction of
systolic [free Ca2+]i may be one of the mechanisms under-
lying the inotropic effect of 17p-oestradiol in guinea-pig vent-
ricular myocytes. A shortening of the action potential could
also be brought about by an alteration in Na+/Ca2+
exchange. The decrease in systolic [free Ca2+]i will mean there
will be less depolarizing current through Na+/Ca2+ exchange
though the present experiments were not designed to look at
this in detail. In addition, we cannot say if the Na+/Ca2"
exchange mechanism is directly affected by the steroid.
The effect of 17p-oestradiol on the contraction of perfused

rabbit hearts has been demonstrated but whether it is due to
an effect on myocardium or on coronary circulation is uncer-
tain (Raddino et al., 1986). In the present study, we have
demonstrated the negative inotropic effect of 17p-oestradiol
in single ventricular myocytes of guinea-pigs. In this case we
can observe the effect at the single cell level independent of
any effect of circulating hormones, blood volume or coronary
circulation. This effect occurs at concentrations that are
above the normal plasma concentration of 1 7p-oestradiol
which have been shown to be under 10 nM in various species
including guinea-pig (Naftolin et al., 1990). Thus, it is
difficult to establish any relationship between the acute in
vitro effects of the 17i-oestradiol and the in vivo effects over a
long period of time.
The heart is also a target for androgens in female monkeys

(McGill et al., 1980), although their acute effects on myocar-
dium are not well known. In this study, we did not observe
any significant effect of testosterone, a most active androgen,
on APD and Ca. Therefore we assume that the acute in vitro
effect of 17fp-oestradiol on ICa is not a common action of
steroids.

In conclusion, 17i-oestradiol induces a negative inotropic
effect in single ventricular myocytes isolated from guinea-
pigs. This effect may be the mechanism underlying the
inhibitory effect of 1713-oestradiol on the contraction of per-
fused rabbit heart. Inhibition by 17i-oestradiol of ICa, which
results in a reduction of systolic [free Ca2+]1, may partially
explain this negative inotropic effect.

We would like to thank Mr Peter O'Gara for expert technical
assistance, John Dempster for electrophysiological software and the
British Heart Foundation for, financial support.
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Calcitonin gene-related peptide increases blood flow and
potentiates plasma protein extravasation in the rat knee joint

H. Cambridge & S.D. Brain

Pharmacology Group, Biomedical Sciences Division, King's College, Manresa Road, London SW3 6LX

1 The effects of calcitonin gene-related peptide (CGRP) and other vasoactive mediators of
inflammation on blood flow in the synovial vessels and plasma protein extravasation into the knee
(femoro-tibial) joint of the pentobarbitone-anaesthetized rat were measured.

2 Changes in synovial blood flow were estimated by '33xenon clearance from the synovial cavity.
CGRP (O.1 pmol and 1O pmol) and prostaglandin El (PGE,; 3 pmol and 300 pmol) significantly in-
creased clearance from the knee joint measured 5 min after intra-articular injection. Substance P

(1O pmol) had no effect on synovial blood flow.
3 Intra-articular perfusion of the rat knee with CGRP at concentrations up to 0.1 mM, or PGE, at

concentrations up to 10 #LM, did not increase plasma extravasation into the synovial cavity measured by
accumulation of intravenously injected '25I-albumin in the perfusate.
4 Plasma extravasation into the knee was significantly increased by infusion of bradykinin (0.1 0LM),
5-hydroxytryptamine (1 jiM) and histamine (0.1 mM), compared with the contralateral joints in the same

animals which were perfused with Tyrode solution.
5 Perfusion of the knee joint with substance P did not specifically induce '251-labelled albumin
accumulation in the synovial cavity even at doses that had systemic effects as observed by marked
plasma extravasation into other tissues.
6 The increase in plasma extravasation induced by histamine (0.1 mM) was potentiated by co-infusion
with CGRP (0.1 jIM) and PGEI (3 gM). However the response to a submaximal dose (0.1 jIm) of
bradykinin, which induced similar plasma extravasation to histamine (0.1 mM), was not increased by
co-infusion with CGRP or PGEI.
7 These results show that CGRP is a potent vasodilator in the rat knee. CGRP released from sensory

nerves may act synergistically with mediators of increased vascular permeability to modify the
inflammatory response in this site.

Keywords: CGRP; calcitonin gene-related peptide; knee joint, synovium; blood flow; plasma protein extravasation; substance P

Introduction

Small diameter primary afferent, or C-fibre, nerves contain-
ing the vasoactive peptides, calcitonin gene-related peptide
(CGRP) and substance P, have been identified in rat

synovium, (Konttinen et al., 1990). Release of peptides by
antidromic stimulation may contribute to inflammation by
increasing blood flow and vascular permeability. The nerves

also have a close anatomical relationship to mast cells in

normal tissue (Hukkanen et al., 1991) and may modulate
mast cell function in this site.

Extravasation of plasma protein into the synovial cavity or

joint capsule is a commonly used marker of acute
inflammation in the joint although the neural mechanisms
and mediators which control this process are not well defined
and may be species-dependent. In the cat knee joint, Ferrell

& Russell (1986) showed plasma extravasation was decreased

by stimulation of sympathetic efferents and increased by
stimulation of C-fibre afferent nerves. Based on intra-

articular perfusion of mediators in surgically or chemically
sympathectamised rats, the possibility of an interaction
between the sympathetic nerves and C-fibre nerves has been

proposed by Coderre et al. (1989). They consider C-fibre
evoked plasma extravasation to be at least partly dependent
on intact sympathetic postganglionic nerves and mast cells.

Specific roles for individual neuropeptides in the joint have

not been defined, but there is some evidence that substance P

may exacerbate adjuvant arthritis (Colpaert et al., 1983;
Weihe et al., 1988). Elevated levels of substance P have also

been found in rabbit knee joints after injection of

inflammatory cytokines (O'Byrne et al., 1990). A recent study
showed intra-articular injection of substance P at high doses

increased vascular permeability in the rat joint by releasing
histamine and 5-hydroxytryptamine (5-HT) from mast cells
and possibly by acting on vascular receptors (Lam & Ferrell,
1990).
CGRP is established as a potent and long-lasting

vasodilator in the skin (Brain et al., 1985). In this tissue
CGRP also potentiates oedema formation by mediators of
increased vascular permeability (Brain & Williams, 1985;
1989). The activity of CGRP has not been extensively studied
in the joint although Kidd et al. (1990) have demonstrated
modulation of vascular permeability changes in this site and
Lam & Ferrell (1991) have shown a prolonged vasodilator
response following topical application to the rat knee.
The aim of this study was to establish the effects of CGRP

and other mediators of inflammation on synovial blood flow
and plasma extravasation in the rat knee joint. Interactive
effects of CGRP and two mediators of vascular permeability,
histamine and bradykinin were also investigated. We have
adapted and validated a '33xenon clearance method, pre-
viously described in skin (Williams, 1979), for measuring
synovial blood flow. Plasma extravasation was studied by a
modification of the joint perfusion method described by
Coderre et al. (1989).

Methods

Blood flow and oedema formation were measured in the knee
joint of male Wistar rats (300-400 g) anaesthetized with
50 mg kg-' pentobarbitone by intraperitoneal injection.

'." Macmillan Press Ltd, 1992
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Measurement of bloodflow changes by '33xenon
clearance

One ml of test agent in Tyrode solution or Tyrode solution
alone (for control) was mixed with 10 MBq of '`Xe and then
100 gl rapidly injected into the synovial cavity with a 30G
needle. The animals received Tyrode solution in one knee
and test agent in the opposite joint so that each acted as its
own control. Five minutes after completion of the intra-
articular injections the animals were killed by anaesthetic
overdose and the knee joints removed and counted for
radioactivity. Changes in blood flow were calculated by com-
paring '"Xe clearance over 5 min from both knees in the
same animal.

Measurement ofplasma extravasation by '25I-albumin
accumulation

Each rat received a mixture of Evans Blue (25 mg kg-') and
'251-labelled human serum albumin (50 kBq) by injection via
the tail vein. A 1 cm incision was made in the skin over the
anterior aspect of both femoro-tibial joints. Two 27 G
needles were placed in the synovial cavity approximately
3 mm apart and connected via flexible cannulae to a roller
pump (Watson-Marlow). Tyrode solution was infused and
withdrawn at a constant rate of 100 yIL min' into both joints
for 30 min. Placement of the needles within the synovial
space was verified by lack of swelling of peri-articular tissues
and a clear perfusate which could be continuously withdrawn
at 100 tl min'. Mediators were then perfused for 4 min into
one joint whilst the opposite joint acted as a control and was
perfused with Tyrode solution. The solutions were left in the
joint for a further 1O min after which perfusion was recom-
menced and 1 ml of perfusate collected from each joint. At
the end of the experiment, blood (1 ml) was withdrawn by
cardiac puncture and then the animal killed by anaesthetic
overdose. Radioactivity was counted in 100 fil of plasma and
in the 1 ml perfusate samples to quantify extravasation into
the joint as il1 of plasma. To measure potentiation of
oedema, histamine or bradykinin were perfused with CGRP
or prostaglandin El (PGE,) into one joint whilst histamine or
bradykinin alone was perfused into the opposite joint.

'25I-labelled albumin accumulation was also measured in
the skin of the hind paws in some experiments to assess
systemic effects of test agents on vascular permeability.
Immediately after death, approximately 100 mg of skin was
removed from the dorsal aspect of each of the hind paws,
weighed, counted for radioactivity and extravasation cal-
culated as for the joint perfusates.
The effect of cyclo-oxygenase inhibition on plasma extra-

vasation was investigated in animals treated with ind-
omethacin (20 mg kg-', subcutaneously) or vehicle 30 min
before the start of joint perfusion.

Statistical analysis
Results are expressed as mean ± s.e.mean and each data
point represents one rat. The significance of the blood flow
data was analyzed by Bonferroni's modified t test using the
s.e. estimate for the analysis of variance to account for
multiple comparisons to the control value. Student's paired t
test was used to compare the treated and control limbs in the
plasma extravasation studies.

Materials

The following drugs were used: histamine, 5-hydroxy-
tryptamine, bradykinin, indomethacin, substance P, prostag-
landin El (PGEI), all from Sigma Chemical Company, Poole,
Dorset; human alpha calcitonin gene-related peptide, a gift
from Dr U. Ney, Celltech, Slough, Berks; human endothelin-
1 (ET-1) from Bachem Ltd, Saffron Walden, Essex. Each was
dissolved in Tyrode solution except for PGE, and brady-

kinin, which were initially prepared in stock solutions of
1 mg ml-' in absolute ethanol, and indomethacin which was
dissolved in 5% NaH2CO3. 133Xenon and '251-labelled human
serum albumin (251I-HSA) were obtained from Amersham
International, Aylesbury, Bucks. The composition of the
Tyrode solution was as follows (mM): NaCl 136.89, KCl
2.68, NaH2PO4 0.42, NaHCO3 11.9, MgCI2 1.05, glucose
5.55.

Results

Bloodflow

Changes in blood flow were calculated by comparing '3"Xe
clearance in test joints with that observed in control joints of
the same animal. In initial experiments (designed to test the
validity of the assay) the difference in '"3Xe clearance between
joints when both were injected with equal amounts of '"Xe
in 0.1 ml Tyrode solution was small (Figure 1). To establish
whether a decrease in synovial blood flow could be detected,
the response to the potent vasoconstrictor peptide
endothelin-l was measured. There was virtually no clearance
(3.9 ± 6.0% of total radioactivity injected, mean ± s.d.,
n = 3) from the joint after injection of 100 pmol endothelin-l.
In joints which received 10 pmol of endothelin-l 18.2 +
22.7% of total radioactivity injected (mean ± s.d., n = 3) was
cleared. CGRP and PGET produced a dose-dependent in-
crease in blood flow of up to 300% over the 5 min clearance
period when compared with contralateral Tyrode injected
knee (Figure 1). A significant effect was seen with a dose of
100 fmol CGRP but, by contrast, substance P did not in-
crease blood flow at doses of 0.1 and 10 pmol.

Plasma extravasation

In animals where both joints were perfused with Tyrode
solution there was minimal plasma extravasation into the
synovial cavity (0.76 gil ± 0.22, mean ± s.e.mean, n = 6).
Plasma extravasation into the treated joint was increased in a
dose-dependent manner by bradykinin, histamine and 5-
hydroxytryptamine (Figure 2a), but not by CGRP or PGE,
(Figure 2b). Substance P induced plasma extravasation only
at the highest dose tested (0.1 mM) when systemic effects,
resulting in the death of 3 out of 8 animals, were also seen.

450 *
400 -

350 *

-: 300

, 250

0 200
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73 150-
C100
a)~~~~~~~~~~~~~~~~~f50
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Tyrode 0.01 0.1 10 3 30 0.1 10
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Figure 1 The effect of intra-articular injection of 0.1 ml of cal-
citonin gene-related peptide (CGRP), prostaglandin El (PGEI) or
substance P (SP) on blood flow in the rat knee joint. Clearance of
'"3Xe from test knees is compared, over 5 min, with the clearance of
Tyrode alone (solid line at 0%) in the opposite knee of each rat
(n = 5-8 animals). The hatched column represents the effect of
Tyrode solution into the test joint. Results are mean values (s.e.mean
indicated by vertical bars) and * indicates a significant change
(P<0.05, Bonferroni's t test) in blood flow compared with control.
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At the highest doses of the mediators, plasma extravasa-
tion into the control joint was not increased by any mediator
(Figure 3a). Infusion of 0.1 mM substance P, but none of the
other mediators into the treated joint produced significant
plasma extravasation into the skin of both the treated and
control limbs (Figure 3b).

In further experiments interactions between the vaso-
dilators (CGRP and PGE1) and mediators of increased vas-
cular permeability were studied. Plasma extravasation
produced by submaximal doses of histamine and bradykinin
is shown in Figure 4. The response to histamine was poten-
tiated by co-perfusion with doses of CGRP and PGE1
previously shown to have significant vasodilator activity in
the '33Xe clearance assay. Co-perfusion of the vasodilators
with a submaximal dose of bradykinin, however, did not
result in potentiation of oedema formation (Figure 4).
The response to a high dose of histamine (0.2 mM)

appeared to be reduced in indomethacin-treated rats,
presumably due to the inhibition of vasodilator prostaglandin
production, but this was not significant (P = 0.0593, n = 12).
Co-perfusion with CGRP (0.1 LM, n = 7) or PGE1 (3 gM,
n =4) attenuated the inhibitory trend of indomethacin on
histamine-induced plasma extravasation. Indomethacin pre-
treatment had no effect on the response to bradykinin
(0.1 AM) or 5-HT (1 gLM) in other experiments, (results not
shown).

Discussion

These results show CGRP to be a potent vasodilator in the
rat knee joint, as intra-articular injection of 100 fmol caused
a significant increase in synovial blood flow. Although
endogenous release of CGRP into rat joints has not been
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Figure 2 The effect of mediators on plasma extravasation into the
rat knee. Plasma extravasation induced by increasing doses of
bradykinin (O), 5-hydroxytryptamine (A), substance P (0) and
histamine (U) is shown in (a) and by calcitonin gene-related peptide
(*) and prostaglandin E1 (0) in (b) Plasma extravasation was
measured by comparing the accumulation of intravenously injected
1251-albumin in the joint perfusate to activity in plasma, as detailed in
the methods section. The dashed line refers to plasma extravasation
in joints infused with Tyrode solution alone. Results are mean values
(s.e.mean indicted by vertical bars) of n = 6-12 rats.
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Figure 3 Effect of high doses of mediators on plasma extravasation
into (a) knee joints and (b) skin of both hind paws. Results in (a)
show plasma exudation induced by high doses of mediators infused
into the treated knee (solid columns), whilst the control knee
received Tyrode solution alone (cross-hatched columns). Plasma
exudation into the skin in these experiments is shown in (b). The
open column, and dashed line, refers to 3 rats which received Tyrode
solution into both knees. BK: bradykinin; SP: substance P; CGRP:
calcitonin gene-related peptide; Hist: histamine; 5-HT: 5-
hydroxytryptamine. Results are the mean values (s.e.mean indicated
by vertical bars) for n = 6-10 rats. A significant effect of mediator in
injected knee compared to the opposite knee in the same animal is
indicated *(P<0.05, paired t test). Significant extravasation into the
skin compared to Tyrode solution is indicated **(P<0.01, unpaired
t test).

studied, our results show that physiological amounts of this
peptide could modulate blood flow (a fundamental compo-
nent of the inflammatory response), at this site. CGRP alone
did not stimulate oedema formation in our model, however
co-infusion of CGRP potentiated the effects of histamine,
probably by increasing blood flow to leaky microvessels.
Thus CGRP may be important in modulating oedema forma-
tion induced by amines released from activated mast cells.
Synergy between CGRP and a range of mediators of in-
creased vascular permeability have been demonstrated in skin
(Brain & Williams, 1985; Gamse & Saria, 1985). There is also
evidence that CGRP may also potentiate acute inflammation
by increasing neutrophil accumulation induced by mediators
that include interleukin-l, in skin (Buckley et al., 1991a,b).

In our study bradykinin was the most potent mediator of
plasma extravasation into the joint but the effects of a sub-
maximal dose were not increased by the vasodilators, pos-
sibly because bradykinin alone was able to stimulate blood
flow in addition to increasing vascular permeability. Interest-
ingly, using a different protocol Kidd et al. (1990) were able
to show potentiation of bradykinin by CGRP in the rat knee.
In our study 5-HT was also a potent mediator of joint
oedema and, if released in to the joint from mast cells, could
contributed to acute inflammation in rodents. Sensory C-fibre
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Figure 4 The effect of calcitonin gene-related peptide (CGRP) and
prostaglandin El (PGE1) on plasma extravasation induced by his-
tamine (Hist) and bradykinin (BK). Extravasation induced by
Tyrode solution, CGRP (0.1 gIM) and PGE1 (3 JtM) is shown by the
solid, cross-hatched and stippled columns respectively. The response
to histamine and BK alone is shown in the open columns. The effect
of co-administration of CGRP and PGEI with histamine and BK is
shown by the adjacent cross-hatched and striped columns. Results
are mean values (s.e.mean indicated by vertical bars) for n = 6-12
rats. A significant potentiating effect of CGRP and PGE1 compared
to histamine alone in the opposite joint is indicated * (P<0.05,
paired t test.

nerves in the rat ankle are activated by 5-HT (Grubb et al.,
1988) and it is possible that some of the actions of both
5-HT and bradykinin may be related to release of neuropep-
tides, including CGRP. Alternatively it is possible that
vasodilator prostanoids contribute to the responses, although
this is not supported by the results of our study where
indomethacin had no effect on bradykinin or 5-HT-induced
plasma extravasation. Plasma extravasation induced by a
high dose of histamine was attenuated by indomethacin
(although this did not reach significance).
The importance of substance P in producing joint

inflammation is difficult to assess. Lam & Ferrell (1989)
showed that intra-articular injection of 20fig substance P
caused significant plasma extravasation into the joint capsule
of the rat knee. In our study, minimal plasma extravasation
was found in the joint even at doses sufficient to cause
generalized plasma extravasation into most tissues, as dem-
onstrated by accumulation of radioactivity in the skin. At
lower concentrations, substance P had no significant effect on
blood flow or plasma extravasation. O'Byrne and colleagues
(1990) found levels of substance P up to 0.5 pmol in lavage
fluid from rabbit knees after intra-articular injection of
interleukin-l. Our results indicate that this amount would
not contribute to oedema and we consider it unlikely that
sufficient substance P can be released in the joint to cause
local vasoactive effects. There is indirect evidence, however,
for a pro-inflammatory role of capsaicin-sensitive nerves in

chronic arthritis in the rat. Capsaicin selectively activates
then desensitizes sensory nerves and systemic capsaicin
pretreatment decreased substance P content of peripheral
nerves in arthritic rats (Colpaert et al., 1983). Paw swelling
and degree of arthritis was also decreased in these animals
although it is difficult to establish a direct relationship
between these findings. Capsaicin also depletes CGRP and
this may also contribute to its long-term anti-inflammatory
effects. Levine et al. (1984) showed that intra-articular injec-
tions of substance P exacerbated arthritis in rats and more
severe arthritis was found in joints, such as the ankle, which
are densely innervated with substance P-containing fibres.
Substance P may play a more important role in activating
cellular rather than vascular mechanisms, as small doses of
substance P stimulate proliferation of rheumatoid syno-
viocytes in culture and cause release of collagenase and PGE2
(Lotz et al., 1987). Recently, however, O'Byrne et al. (1991)
have shown interleukin-1-induced cartilage degradation to be
independent of substance P.
The specific contribution of CGRP to arthritis is not clear

although the chronic stages of adjuvant arthritis in rats may
be attentuated by immunization with CGRP prior to induc-
tion of disease (Louis et al., 1990). Immunohistochemical
methods have demonstrated substance P- and CGRP-
containing nerves throughout the synovium of normal rats
but inflammatory arthritis produces complex changes in
peripheral innervation. In rats with chronic adjuvant arthritis
there is increased staining for CGRP and substance P in the
sciatic nerve, dorsal root ganglia and tissue overlying the
joints (Weihe et al., 1988) suggesting increased synthesis of
these neuropeptides. In the proliferating synovium, however,
the amount of nervous tissue is reduced and neuropeptide
containing nerves are found only at the junction of the bone
and the synovial membrane (Konttinenn et al., 1990). This
may be due to increased turnover and release of neuropep-
tides but it is also possible that release of CGRP is decreased
in severe inflammatory arthritis. The relevance of these
findings to disease progression is as yet unknown. Raud et al.
(1991) have recently reported that pretreatment with either
CGRP or capsaicin leads to an inhibition of oedema induced
by inflammatory mediators in human skin, rat paw and
hamster cheek pouch. These findings illustrate significant
species differences but also raise the possibility that loss of
sensory nerves in severe arthritis may contribute to, rather
than inhibit, synovial inflammation. The role of neuropep-
tides may therefore differ in acute or chronic inflammation as
the distribution of sensory nerves is altered by the ongoing
inflammatory response.

In conclusion, our results show that CGRP is a potent
vasodilator in the rat knee and can potentiate oedema forma-
tion induced by histamine. CGRP is significantly more potent
as a vasodilator than substance P with which it is often
co-localized in sensory nerves. We consider that CGRP may
modulate blood flow in the synovium and hence contribute
to the inflammatory response in the joint.

This study was supported by the Arthritis and Rheumatism Council.
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The selective action of quinacrine on high-threshold calcium
channels in rat hippocampal cells
S.L. Mironov & 'H.D. Lux

Department of Neurophysiology, Max-Planck-Institute for Psychiatry, Am Klopferspitz 18a, 8033 Planegg-Martinsried,
Germany

1 The whole-cell patch-clamp technique has been used to examine Ca channel currents carried by Ba
(IBa) in rat hippocampal neurones.

2 Quinacrine selectivity decreased the high-threshold current activated by membrane depolarization
from a holding potential of -70 mV. Neither the low-threshold Ca channel current nor the fast
tetrodotoxin (TTX)-sensitive sodium current were affected by quinacrine.
3 Bath application of quinacrine caused a dose-dependent reduction of the peak amplitude of IBa. This
effect was fast, voltage-independent, reversible and had a Kd of 30 ± 5 fAM.
4 The quinacrine-induced block did not change the time-course and the voltage dependence of IBa
activation and deactivation. The inhibition revealed no use-dependence, ruling out an open channel
block by quinacrine.
5 p-Bromophenacyl bromide had no effect on 'Ba suggesting the lack of involvement of phospholipase
A2 in the action of quinacrine. In addition, the quinacrine-induced block was not related to the
calmodulin pathway and internal quinacrine did not affect the peak amplitude of IBa.
6 The effect of quinacrine on the amplitude of hBa was dependent of the external pH, and suggested
that only the single-protonated form of the drug can bind to the channel receptor with a Kd of 3 EM.

Quinacrine and other substituted acridines can thus be useful for pharmacological and structure-activity
studies of Ca channels.

Keywords: High-threshold calcium current; hippocampal neurones; quinacrine

Introduction

Quinacrine is used as an antihelmintic and antiprotozoan
agent (Chou et al., 1984). It has reported to bind to DNA
(Darzynkiewicz et al., 1984), to inhibit phospholipase A2
(Schweitzer et al., 1990) and calmodulin (Prozialeck & Weiss,
1982) and to block potassium channels in rat melanotrophs
(Kehl, 1991). As part of the pharmacological characterization
of neuronal Ca channels the effects of quinacrine were inves-
tigated. The results described in this paper show that the
drug exerts a specific action on a high-threshold Ca channel
current in neurones.

Methods

Acutely isolated pyramidal neurones from rat hippocampus
were prepared by conventional techniques (Yaari et al., 1987)
with slight modifications. Briefly, following the dissection of
one hippocampus from the brain of rat embryos (18-19 days
gestation), tissue chunks (1 mm3) were prepared and placed
into Earle's saline containing 1% of antibiotic-antimycotic
liquid, 0.4% glucose and Mg2SO4 7H20 1.5 mg ml- 1; they
were then washed twice with serum-free BME medium with
1% L-glutamine, 0.44% glucose, 0.375% insulin and 0.25%
penicillin-streptomycin. After dissociation by trituration, the
cells were plated on poly-L-ornithine coated tissue-culture
dishes, each containing 2 ml of incubation medium (BME
medium enriched with 10% horse serum). The plates were
kept in a humified incubator at 370C. To suppress the pro-
liferation of glial cells, on the 4th day of cultivation the cell
culture medium was supplied with 1 iLM cytosine-p-D-arabino-
furanoside hydrochloride. The cells were used for the experi-
ments 8-14 days after plating.

' Author for correspondence.

The whole-cell currents were recorded by conventional
patch-clamp technique using the amplifier EPC-7 (List Elec-
tronics, Darmstadt-Eberhardt, Germany) with about 70%
compensation of the series resistance. Patch pipettes were
pulled in two steps from a soft Kimax glass (Witz Scientific,
Maumee, Ohio, U.S.A.) and heat polished with a final inner
tip diameter between 1 and 1.5 pm. Their resistance ranged
from I to 3 MOhm when filled with the standard pipette
solution and the seal resistance was from 1 to 10 GOhm. The
holding potential was -70 to -60 mV, a potential at which
the inactivation of low-threshold Ca channels is complete.
For recording of this current component, the holding

potential was set to -100 or - 110 mV; 3-5 min was allow-
ed for equilibration of patch pipette contents with the cyto-
plasm before recording was begun, although interfering
potassium currents usually washed out earlier. Data were
stored and digitized at 10 kHz, for analysis with PC pro-
gramme. Records were correlated for linear leak and capaci-
tance currents. All mean data are given ± s.e.mean of the
number of experiments given in parentheses. All the experi-
ments were carried out at room temperature (18-22°C).
The standard recording solution contained (mM): BaCl2 5,

NaCl 120, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic
acid (HEPES) 20 (adjusted to pH 7.5 with NaOH), glucose
10, and tetrodotoxin (TTX) 0.001 to block the fast sodium
current. In some experiments TTX was not added. The patch
electrodes were filled with a solution containing (mM): CsCl
100, tetraethylammonium (TEA) chloride 40, glucose 10,
ethyleneglycol-bis-(13-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA) 100, HEPES 10 (adjusted to pH 7.5 with
CsOH). To record the sodium current through the Ca chan-
nel BaCl2 was replaced by 51iM EGTA.

All chemicals and drugs were obtained from Sigma and
culture reagents were from Gibco. Solutions containing
quinacrine dihydrochloride were prepared fresh from 10 mM
stock solutions. Experiments were performed under dimmed

(D Macmillan Press Ltd, 1992
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lights to prevent photoinactivation of the test drugs. Solution
changes were carried out with the fast perfusion system
(Konnerth et al., 1987), consisting of a large bore six-
barrelled pipette placed 30-601tm from a patched cell.

Results

Reduction by quinacrine of the peak amplitude of
high-threshold Ca channels

In each cell examined the Ba current decreased after the
application of quinacrine (Figure 1). The effects of the drug
were similar for both rat hippocampal and chick sensory
neurones, but only the data obtained for the former cell type
are shown. The block developed within several seconds and
wash-out of quinacrine was accomplished in 10-20 s with
complete removal of the block in most cases. The block of
Ca channel current by quinacrine was concentration-depen-
dent but it was independent of the test voltage.
With voltage steps from the holding potential of - 100 mV,

both high- and low-threshold Ba currents could be observed.

a

Quinacrine

b

Quinacrine blocked only the high-threshold current (Figure
1). Nowycky et al. (1985) suggested a division of high-
threshold Ca channels into L- and N-type. N-type channels
are largely inactivated at holding potentials more positive
than -70 mV. Quinacrine always blocked the same amount
of current elicited by test pulses from the holding potential of
-100 and -70 mV. This result rules out the effect of the
drug on N-type channels, if present in the cells examined.
The drug was equally effective in blocking the Na current

through the Ca channel in Ca-free solutions (Figure 2). In
cells exposed to 36 pM quinacrine the peak amplitude of the
current carried by Ba, Ca and Na decreased by 49 ± 4%
(n = 12), 45 ± 6% (n = 10), 47 ± 8% (n = 8), respectively,
indicating that the drug blocks the Ca channel independently
of its conductive mode. Quinacrine had no effect on TTX-
sensitive Na current. As shown in Figure 3, the drug applica-
tion selectivity suppressed the steady component of the total
current while the amplitude of fast transients remained
unchanged.

Lack of effect of quinacrine on Ca channel kinetics

Quinacrine did not change the time-course and the voltage-
dependence of whole-cell Ca channel current. Inactivation
kinetics was not changed by quinacrine (Figure 4a) and no
shift in the voltage-dependence of the steady state inactiva-
tion was observed in 5 cells exposed to 36,UM quinacrine
(data not shown).
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Figure 1 Quinacrine block of Ca channel current. (a) The traces
show Ba currents recorded before and at equilibrium after 2min
application of 36 JM quinacrine in standard external solution.
Recordings were made from holding potentials of - 70 mV (top) and
of -100 mV (bottom) for different depolarizing steps as indicated (in
mV). (b) The dependence of peak currents on applied voltage for the
same cell recorded before (open symbols) and after the application of
quinacrine (solid symbols) for a holding potential of -O00 mV
(circles) and of -70 mV (squares). Note the unchanged peak current
amplitudes between -70 and -50 mV which are attributable to
low-threshold Ba currents.

-1000L_
Figure 2 Quinacrine block of the sodium current through the Ca
channel. (a) The traces show currents recorded before and 2min
after application of 36tJM quinacrine in Ca-free external solution.
Recordings were made from the holding potential of -9OmV for
different depolarizing steps in (mV) as indicated. The holding poten-
tial was made more negative regarding the shift of the activation
curve of high-threshold Ca channels in solutions free of divalent
cations. (b) The dependence of peak currents on the applied voltage
for the same cell recorded before (0) 2 min after quinacrine applica-
tion (0) and 2 min after wash-out of the drug (U).
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Figure 3 Quinacrine block of fast Na and slow Ba currents. The
dependence of peak currents on applied voltage for the same cell
recorded in tetrodotoxin TTX-free standard external solution before
(open symbols) and at equilibrium after 2 min application of 50 fiM
quinacrine (solid symbols). Holding potential, - 100 mV. Circles -

peak current; squares - steady current measured at the end of 15 ms
depolarizing steps. The inset shows two superimposed inward cur-

rents during test pulses from -I00 to -30 mV, with and without
the drug.
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Like local anaesthetics acting on the fast sodium channels
and some organic Ca antagonists, the quinacrine-induced
block might possess use-dependence, originating from the
block of open channels. Three lines of evidence, however, are

against this possibility. First, the deactivation time constant
was not affected by quinacrine (data not shown), although
many drugs which block open channels alter tail current
kinetics. Secondly, the time-course of the Ba current observed
during long depolarizing pulses was unaffected by quinacrine
(Figure 4a). Finally, no additional block was observed when
the Ba current was evoked by a high-frequency train of
depolarizing pulses. Quinacrine produced a fast decline of IBa
and the block was still developing even when the stimulation
was interrupted and the membrane was held at -70 mV
(Figure 4b).

0 5 10 15 20

Time (s)

Figure 4 Absence of use-dependence in the quinacrine-induced
block. (a) Ba currents recorded from the holding potential of
-70 mV (upper row of records) and - 100 mV (lower row of
records), with voltage steps (in mV, as indicated near corresponding
traces) before (left panel) and after 2 min application of 30 IM

quinacrine (right panel). (b) Ba currents elicited by a train of 40 ms-
long test pulses to 0 mV from holding potential of -70 mV delivered
with a frequency of 3 s-'. The pulse protocol was interrupted several
times, indicated by the intervals between the experimental points.
During these periods the cell membrane was held at -70 mV.
Application of gM quinacrine is indicated by an arrow. Six other
cells demonstrated similar behaviour.

pH-dependence of quinacrine block

The dose-response curve of the quinacrine block of the high-
threshold Ba current is shown in Figure 5. The Hill coeffic-
ient was 0.97 ± 0.03 suggesting 1:1 quinacrine binding to the
corresponding receptor in the channel. The dissociation con-
stant was 30 ± 5 piM (confidence limits 19-41 tiM). The drug
can exist in several forms with different charge. One positive
charge is located at the aminoacridine ring nitrogen, having a

PKa of 8.2, whereas the pKa of the tertiary amine of the side
chain is 10.2. Thus, at normal pH, quinacrine is mostly
present as a single charged cation. Since the hydrophobicity
of the ring might be an important determinant of binding,
the pH-dependence of the quinacrine-induced block of the
Ca channel current was studied.

Figure 6a shows that IBa was progressively reduced by
successive applications of standard recording solution con-

taining 36 ,UM quinacrine with increased external pH. Apppli-
cation of acidic solutions produced brief transients in the
current at holding potential due to the pH-activated non-
selective conductance, INa(H) (Krishtal & Pidoplichko, 1980;
Konnerth et al., 1987). In six out of ten cells examined, this
current was absent but quinacrine revealed the same amount
of IBa block. The quinacrine-induced block at different pH

(8)

'60 (7)
(6)

0 40
E ~~~~~~~~~~~~~7)

(6)~

20_

01
2 10 20 100

Quinacrine concentration (IJM)

Figure 5 The dose-response curve of quinacrine block of high-
threshold Ca channel current carried by Ba. For each cell examined
the normalized amplitude (I nacreIIconno) was measured for 2 to 3
different concentrations of quinacrine. All data are mean values with
s.e.mean (vertical bars) and with number of cells given in paren-
theses. The solid line represents the least squares fit to a Michaelis-
Menten equation with a Kd of 30 ItM.

Voltage (mV)
-20

I
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Holding current

Ba current

pH 6.7 7.4 8.7 6.7

+ Quinacrine 36 FM

its block by quinacrine. An inhibition of calmodulin activity
by quinacrine has also been demonstrated (Prozialeck &
Weiss, 1982) but the Ca channel current was only increased
after bath application of the calmodulin antagonists, tri-
fluoperasine and W-13 (Mironov & Lux, 1991b). Thus, the
mechanisms underlying this effect seem to be different from
the quinacrine action on Ca channels observed in this study.
The results of experiments when quinacrine was included

in the pipette solution are in line with data mentioned above.
The persistence of the inward current at 0 mV with 36 gM
internal quinacrine (-210±60pA, n=6 vs. -285± 104pA
in 12 control cells and vs. -99 ± 31 pA in 36 LM external
quinacrine, n = 6) indicated that there was little or no effect
of quinacrine when it was applied internally.

c

L-

0E
z

70
Time (s)

140 210

pHout

Figure 6 Dependence on pH of the block of Ca channel current by
quinacrine. (a) Shown are the peak Ba currents (@) and the current
at holding potential (solid line). The data were received after a

transient current response which appears with fast application of
acidic solutions. The test pulses to 0 mV from -70 mV holding
potential lasted 40 ms and were delivered every 3 s. Horizontal bars
indicate the periods of application of standard external solution
containing 36 gM quinacrine at different pH. (b) The pH-dependence
of peak Ba currents shown by (0). A new steady value of IB, was

established within min of cell perfusion with standard external
solution of a different pH. The pH-dependence of the quinacrine
block obtained as the ratio of peak currents at a given pH in the
presence and in the absence of the drug shown by (0). All data are

mean values with s.e.mean (bars) and number of cells denoted in
parentheses. Curves represent the least squares fits to Michaelis-
Menten equations. The solid curve was drawn according to
IBa(%) = 220/(1 + l07'PH) and the dotted line was drawn evaluated
according to the equation IB4(%) = 100 x KQI(KQ + CQ+) with the
concentration of single-protonated quinacrine given by CQ+ = CQ/
(1 + IOPK-PH), where the total quinacrine concentration CQ is 36 JiM
and pK = 8.2 for protonation of the nitrogen in the aminoacridine
ring.

should be corrected for the pH-dependence of Ca channel
current shown in Figure 6b. This effect is due to IBa increase
with intracellular alkalinization as has recently been shown in
sensory neurones (Mironov & Lux, 1991a). The block pro-
duced by quinacrine at different pH can be described as the
binding of its single-protonated form to the channel with a

dissociation constant of 3 pM, see the legend to Figure 6b.

External action of quinacrine

The voltage-independence of the quinacrine-induced block of
the Ca current may indicate an intracellular target. Quina-
crine has been reported to affect potassium current by inhib-
iting phospholipase A2 (Schweitzer et al., 1990). However,
10 jLM p-bromophenacyl bromide, another inhibitor of this
enzyme, was without effect either on Ca channel current or

Discussion

It has been shown that quinacrine blocks specifically high-
threshold Ca channel currents blocked by quinacrine while
no effect was observed on the low-threshold Ca channel and
the fast Na channel. The fast transient potassium current IKf
has been shown to be inhibited by quinacrine, 70% inhibition
by 100 IAM quinacrine at pH 8.5 (Figure 7 in Kehl, 1991). Our
data show that Ca channels are more sensitive since a 90%
block of IBa was produced by 36 pLM quinacrine at pH 8.8 (cf.
Figure 6).

Internal application of the drug had little if any effect on

IE,. Inhibitors of phospholipase A2 and calmodulin did not
mimic the action of quinacrine which was reported to affect
these two enzymes. These results speak against an intracellu-
lar action of quinacrine.
Amongst the possibilities that might explain the action of

quinacrine observed in this study are a reduction of the
probability of channel opening and/or a decrease of the
single channel conductance. The absence of use-dependence
rules out the modulated receptor-hypothesis suggested to
describe the block of the fast Na current by local anaesthetics
(Hille, 1977) and of the Ca channels by other organic anta-
gonists (Lee & Tsien, 1983).
The effect of quinacrine was essentially similar for the two

cell types examined, hippocampal neurones of the rat and
peripheral sensory neurones of the chicken. For neuronal Ca
channels the drug efficiency appears similar to that of other
Ca antagonists (this only concerns the comparison of disso-
ciation constants determined in electrophysiological studies).
The data suggest that a quinacrine-binding site may be a

distinct structural element common to neuronal high-thres-
hold Ca channels.
The quinacrine molecule consists of a hydrophobic por-

tion, the heterocyclic aminoacridine ring with the aliphatic
side chain attached. The pH-dependence of the quinacrine-
induced block indicates that only a single-protonated form
can bind to the channel receptor. At pH 7.2 only about 10%
of total quinacrine is active, resulting in a difference between
the apparent and the putative dissociation constants of one

order of magnitude. This information may provide a useful
clue to increase the drug efficiency. Chemical modification in
the aminoacridine ring can be made by introduction of
nucleophylic substituents which will pump the electronic den-
sity on an aromatic nitrogen. The resulting shift of pKa to the
alkaline side should increase the percentage of single-charged
drug molecules at normal pH: this will be evident as a

decrease of the apparent dissociation constant for the block.
A specific action of quinacrine on a high-threshold Ca chan-
nel, therefore, makes acridines suitable for biophysical and
biochemical studies of this membrane protein.

We are grateful to Ms S. Engers and Ms H. Tyrlas for isolation and
maintenance of cells and making the electrodes.
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Erratum

Br. J. Pharmacol. (1992), 105, 973-979

L. Fagni, A. Dumuis, M. Sebben & J. Bockaert. The 5-HT4
receptor subtype inhibits K+ current in colliculi neurones via
activation of a cyclic AMP-dependent protein kinase.

In the above paper three lines were omitted from the final
paragraph of column 1 on page 976. The complete paragraph
is reproduced below.

Our results show that PKA was involved in 5-HT4-mediat-
ed inhibition of K+ current in colliculi neurones. However,
we do not know, as is the case with other K+ channels,
whether the modulation is due to direct phosphorylation of
the channel or to phosphorylation of some intermediate pro-
teins. The final answer to this question must await specific
experiments on purified or cloned K+ channels.
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