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Introduction

Endothelin (ET) is a potent vasoconstrictor peptide that is
generated via unique processing of a low activity precursor, big

ET-1 by endothelin converting enzymes (ECEs). ET has a
physiological role in the maintenance of basal tone in humans
(Haynes & Webb, 1994; Haynes, 1995; Haynes et al., 1995),

but may also have a role in the pathophysiology of
cardiovascular diseases, including atherosclerosis, coronary
vasospasm and congestive heart disease (Kurihara et al., 1989;
Bacon et al., 1996; Cohn, 1996). The ET system is therefore a

potential therapeutic target in the e�ective management of
these diseases. There are two current strategies being pursued
to attenuate adverse haemodynamic e�ects and the migration

and proliferation of vascular smooth muscle cells by ET. These
include the use of antagonists to receptors that mediate
responses to ET and the use of selective inhibitors to ECE. The

pathways involved in big ET-1 processing and ET transport
are only now being elucidated and these ®ndings will be useful
in predicting the characteristics of inhibitors that best suit

inhibition of ECE. It will be important to determine whether
ECE is expressed on the cell surface and/or intracellularly to
decide whether inhibitors are required to penetrate the plasma
membrane. This article reviews the secretory pathways

involved in ET transport and the subcellular processing of
big ET-1 by ECE.

ECEs are membrane-bound proteases with structural

homology to neutral endopeptidase 24.11 (NEP) and Kell
blood group protein (for review, see Opgenorth et al., 1992;
Turner, 1993; Turner & Murphy, 1996). The cDNA sequences

of two converting enzymes, ECE-1 and ECE-2 have been
reported (Schmidt et al., 1994; Emoto & Yanagisawa, 1995;
Shimada et al., 1995; Valdenaire et al., 1995; Yorimitsu et al.,
1995). The enzymes, which have 59% overall homology, are

membrane bound phosphoramidon-sensitive metalloproteases
with speci®city for big ET-1. ECE-1 appears to be the
predominant endothelin converting enzyme in humans (Emoto

& Yanagisawa, 1995). Two isoforms of ECE-1 (ECE-1a and
ECE-1b) are encoded by a single gene and di�er only in their
cytoplasmic N-terminal domains. Studies on a soluble

construct of ECE-1 (Korth et al., 1997), and molecular
modelling experiments (Sansom et al., 1995) reveal that the
putative extracellular domain contains the catalytic site for

ECE activity. A third converting enzyme, ECE-3 has recently
been puri®ed from bovine iris microsomes (Hasegawa et al.,
1998) and this enzyme has speci®city for big ET-3. With the

exception of studies exploiting selective antisera, the precise
identity of the enzyme catalyzing conversion of big ET in

tissues in functional studies is not yet known and therefore is
referred to as ECE activity.

ECE expression in the human vasculature

ECE is widely expressed in human blood vessel endothelium,
including the cerebral, pulmonary, coronary, splanchnic, renal,

forearm and adrenal vasculature (Ahlborg et al., 1994; Haynes,
1995; HemseÂ n et al., 1995; Plumpton et al., 1995; Saleh et al.,
1997; Davenport et al., 1998a; Herman et al., 1998; Russell et

al., 1998a,b). ECE has also been identi®ed in endocardial cells
lining the ventricles of the heart and in endothelial cells of
foetal vasculature including umbilical veins and arteries

(Moldovan et al., 1996; Davenport et al., 1998a; Russell et
al., 1998c). The pattern of ECE-like immunoreactive staining
in human blood vessels corresponds to the distribution of ET

and big ET (Bacon et al., 1996; Saleh et al., 1997; Davenport et
al., 1998a; Russell et al., 1998d). Interestingly, infusion of ET-1
into the dorsal hand vein produced marked vasoconstriction
whereas infusion of big ET-1 had no e�ect (Haynes et al.,

1995), thus raising the possibility that endogenous big ET-1 is
only processed by an intracellular enzyme in this vessel.

In contrast to the high level of ECE that is expressed in

human endothelial cells, only low to moderate levels of
expression have been detected in adjacent intimal and medial
vascular smooth muscle cells (Davenport et al., 1998a).

Human umbilical vein smooth muscle cells synthesize and
secrete immunoreactive ET-1 and ET-3 (Yu & Davenport,
1995), indicating a possible physiological relevance of the
smooth muscle converting enzyme.

Evidence for expression of an intracellular ECE

ECE expression is high in endothelial cells and processing of
big ET-1 to ET-1 has been attributed to activity of a
converting enzyme that is located on the plasma membrane

and within intracellular compartments (Harrison et al., 1993;
Xu et al., 1994; Corder et al., 1995). Some studies indicate that
ECE is predominantly expressed or has main activity as an

ectoenzyme (Harrison et al., 1993; Waxman et al., 1994;
Corder et al., 1995; Takahashi et al., 1995; Barnes et al., 1996),
and therefore acts mainly in a post-secretory processing role.
When a homogenate prepared from a human endothelial

hybrid cell line, EAHY 926, was sub-fractionated on a sucrose
gradient the majority of ECE activity (60%) was associated*Author for correspondence.
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with a plasma membrane enriched fraction (Waxman et al.,
1994). In contrast, other studies have suggested that ECE is
either primarily expressed or has predominant activity within

intracellular compartments (Gui et al., 1993; Xu et al., 1994;
Davenport et al., 1998b; Russell et al., 1998c). Immunocyto-
chemical studies revealed only a low level of ECE-like
immunoreactivity on the plasma membrane of cultured

HUVECs and intense immunoreactive staining within in-
tracellular organelles, determined by scanning electron
microscopy, confocal laser scanning microscopy and immu-

no-electron microscopy (Russell et al., 1998c). Biochemical
studies showed predominant ECE activity in intracellular
compartments by comparing big ET-1 processing in permea-

bilized and non-permeabilized HUVECs (Davenport et al.,
1998b).

Pathways involved in peptide transport

Proteins are transported from the endoplasmic reticulum to
the plasma membrane in human endothelial cells via two

distinct secretory pathways; the constitutive pathway involving
continuous release and the regulated pathway involving
stimulated release. The constitutive secretory pathway is

modulated at the level of mRNA transcription and has been
proposed as the mechanism for ET release from porcine
endothelial cells (Yanagisawa et al., 1988). Although involve-

ment of the regulated pathway in ET secretion was dismissed,
based in part on a perceived lack of storage granules in
endothelial cells (Yanagisawa et al., 1988), early morphologi-

cal studies had successfully identi®ed endothelial speci®c
storage granules called Weibel-Palade bodies (Weibel &
Palade, 1964).

Basal ET release from endothelial cells is via the
constitutive secretory pathway

Secretory and plasmalemmal proteins, proteoglycans and
lysosomal enzymes follow a common pathway through the
endoplasmic reticulum and Golgi complex (Farquhar, 1985).

The proteins are continuously shuttled from the trans-Golgi
network to the cell surface in secretory vesicles via the
constitutive secretory pathway. ET-like immunoreactivity has
been detected in bovine aortic and human coronary artery

endothelial cell secretory vesicles, indicating involvement of
the constitutive pathway in peptide transport (Harrison et al.,
1993; 1995; Russell et al., 1998d). Indeed, the constitutive

pathway may be involved in peptide processing since ECE and
big ET-like immunoreactive staining was found to be co-
localized in endothelial secretory vesicles (Barnes et al., 1998).

In vivo evidence suggest that endogenous synthesis, transport
and release of ET contribute to maintenance of vascular tone
in humans. Forearm vasodilatation, measured by increased

blood ¯ow, was observed when either phosphoramidon or the
ETA selective antagonist BQ123 was infused into the brachial
artery of healthy subjects (Haynes & Webb, 1994).

Evidence for a role of the regulated secretory pathway in
ET transport

Weibel-Palade bodies store vasoactive compounds including
histamine, von Willebrand factor, P-selectin and calcitonin
gene-related peptide (Fujimoto et al., 1982; Wagner et al.,

1982; McEver et al., 1989; Doi et al., 1995; Ozaka et al., 1997).
These granules are also a repository for ET in rat (Doi et al.,
1996; Ozaka et al., 1997), rabbit (Sakamoto et al., 1993), and
human endothelial cells (Hamasaki et al., 1995; Russell et al.,

1998d). Endothelial storage granules that are distinct from
Weibel-Palade bodies were identi®ed as storage sites for tissue-
type plasminogen activator (Emeis et al., 1997). However,

these granules are unlikely to be involved in storage of ET
since, unlike ET, tissue-type plasminogen activator does not
co-localize with von Willebrand factor. Similarly, the soluble
protein multimerin which was identi®ed in round to rod-

shaped, dense core granules resembling Weibel-Palade bodies
did not co-localize with the Weibel-Palade body proteins von
Willebrand factor or P-selectin (Hayward et al., 1998).

Peptides and proteins may contain signalling motifs that
serve as important determinants for di�erential packaging at
the trans-Golgi network. For example, the cytoplasmic and

transmembrane domains of the integral membrane glycopro-
tein, P-selectin enhance the e�ciency of endothelial storage
graunule targeting (Fleming et al., 1998). Factor VIII is a

coagulation protein that does not appear to possess signalling
motifs for mobilization to the regulated pathway. However,
when Factor VIII was co-transfected with von Willebrand
factor in AtT-20 cells it displayed altered intracellular

tra�cking from a constitutive to a regulated secretory pathway
(Rosenberg et al., 1998). This suggests that proteins containing
signalling motifs, such as von Willebrand factor, may

chaperone other proteins that lack such structural determi-
nants. It is not known whether big ET-1 contains signalling
motifs that confer granular targeting. The localization of big

ET-1 like immunoreactivity in Weibel-Palade bodies (Russell
et al., 1998c) and secretory vesicles (Harrison et al., 1995)
suggest that the peptide has no sorting domain. Mobilization

of big ET-1 into secretory vesicles and granules may involve
passive bulk ¯ow in which the amount of peptide entering each
pathway is determined by internal volume of the vesicle or
granule and the number of the compartments formed per unit

time (Kelly, 1985).
We have recently proposed that endothelial cell storage

granules are an important site in the processing of big ET-1 to

the mature peptide (Russell et al., 1998c,d). Antisera raised
against big ET-1 and the isoforms of ECE-1 (ECE-1a and
ECE-1b) were found to co-localize with von Willebrand factor

in round to rod-shaped structures located beneath the plasma
membrane (Figure 1). ECE activity that was sensitive to
phosphoramidon and the ECE-1 selective inhibitor, PD159790
(Ahn et al., 1998) but insensitive to thiorphan was identi®ed in

subcellular sucrose fractions of HUVECs prepared by gradient
centrifugation (unpublished ®ndings). 5'-Nucleotidase activity,
a marker for the plasma membrane, was identi®ed in several

fractions containing ECE activity, consistent with expression
of ECE on the cell surface. However, high density fractions
that contained only low levels of 5'-nucleotidase activity

contained ECE activity and the storage granule glycoprotein,
von Willebrand factor thus presenting the possibility that an
active converting enzyme is expressed in the endothelial

granules.
Several in vivo ®ndings indicate that physiological or

pathophysiological stimuli can lead to release of ET via the
regulated secretory pathway. For example, high plasma ET

levels were measured in a patient during the early phase of
treatment for accidental hypothermia induced by cold water
immersion (Yoshitomi et al., 1998). This type of stimulus has

been proposed to mediate release of ET from endothelial cell
storage granules. When healthy volunteers were subjected to a
cold pressor test in which the forearm was immersed in ice

water, an increase in venous plasma ET concentration was
detected within 2 min (Fyhrquist et al., 1990). The detection of
ET was too rapid to indicate de novo synthesis of the peptide
and suggests release from intracellular stores.
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Other mechanical and chemical stimuli mediate degranula-
tion of Weibel-Palade bodies. Mechanical stretch applied to
cultured bovine aortic endothelial cells produced rapid

release of ET into the culture medium (420 min)
(Macarthur et al., 1994). The calcium ionophore A23187,
which elevates [Ca2+]i, also mediated release of von
Willebrand factor (Loesberg et al., 1983; Sporn et al.,

1989) and ET (Russell et al., 1998c) from cultured HUVECs.
Phorbol 12-myristate 13-acetate mediates degranulation by
activation of protein kinase C and it is speculated that other

as yet uncharacterized signal-transduction mechanisms may
be important for full induction of the regulated secretory
pathway by agonists such as histamine and thrombin (Carew

et al., 1992).

Physiological and pathophysiological implications of dual
transport pathways for ET

Identi®cation of a dual secretory pathway for release of ET-1 is
a recent and novel ®nding, not previously reported for a

vasoactive peptide (Figure 2). Dual transport pathways have
been described for other proteins, including von Willebrand
factor and tissue-type plasminogen activator in endothelial

cells and adrenocorticotropic hormone (ACTH) in pituitary

tumor cells (Gumbiner & Kelly, 1982; Sporn et al., 1986;
Mayadas et al., 1989; Emeis et al., 1997). ACTH precursor and
all multimeric forms of von Willebrand factor are released

constitutively whilst only mature ACTH and von Willebrand
factor are released following an appropriate stimulus
(Gumbiner & Kelly, 1982; Sporn et al., 1986; Mayadas et al.,
1989).

Several studies have examined the polarity of secretion of
proteins from endothelial cells. Whereas constitutive release of
von Willebrand factor from HUVECs is reportedly nonpolar-

ized, 90% of the glycoprotein secreted by the regulated
pathway is toward the basolateral membrane (Sporn et al.,
1989). Other studies show that the constitutive pathway may

be polarized with the majority of ET-1 produced in HUVECs
and porcine cerebral microvessel endothelia released from the
basolateral membrane (Yoshimoto et al., 1991; Wagner et al.,

1992). Directional secretion of ET-1 to the smooth muscle
layer is consistent with the hypothesis that the peptide
modulates vasomotor tone through local paracrine rather
than humoral systemic e�ects. An additional autocrine e�ect is

involved in ET-1 mediated vasodilatation. Activation of
endothelial ETB receptors by ET-1 mediates synthesis of nitric
oxide which in turn stimulates guanylate cyclase in the smooth

muscle leading to relaxation.

Figure 1 Microscopy of permeabilized human umbilical vein endothelial cells immunolabelled with antisera raised against ECE-1.
Cells labelled with the ECE-1 antibody and a secondary ¯uoresceinated goat anti-rabbit antibody showed positive
immuno¯uorescence staining over the perinuclear region (PN) and Weibel-Palade bodies (WP) (A). Only a moderate level of
immunoreactive staining was detected over the plasma membrane (PM). Cells incubated with preimmune serum showed negligible
staining (B). Cells were double labelled with antisera to ECE-1 (C) and von Willebrand factor (D). Electronic overlay of images to
ECE-1 and von Willebrand factor (E) revealed co-localization in Weibel-Palade bodies (yellow). Scale bar=70 mm (A, B) and 40 mm
(C±E).
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Under normal physiological conditions endothelin and
nitric oxide are constitutively released by the endothelium and
provide a balance between vasoconstrictor and vasodilator

activity. However, vascular injury can compromise endothelial
cell integrity and cause reduced nitric oxide synthesis and over
production of ET-1. Release of ET and von Willebrand factor
(Ewenstein et al., 1987) via the regulated secretory pathway

may provide an initial haemostatic response to vascular
endothelial cell damage.

Novel ECE inhibitors

Intracellular ECE activity amounts to 85% of total activity in

endothelial cells (Davenport et al., 1998b) which leads us to
propose that an e�ective therapeutic inhibitor of the enzyme
must ®rst penetrate the plasma membrane. Although
phosphoramidon is a valuable tool that enables examination

of ECE activity, the compound is non-selective, e�ciently
blocking NEP activity. ECE and NEP activity can be

Figure 2 Schematic model of ET-1 transport in the human coronary artery. In this model, it is proposed that two distinct exocytic
pathways are involved in the transport of ET-1 to the cell surface. ET-1 is stored in Weibel-Palade bodies with other vasoactive
compounds and is released at the cell surface following an appropriate stimulus. ET-1 is also sorted into secretory vesicles and
continuously released by a cyclic AMP independent constitutive pathway. It is proposed that a small amount of ET-1 is released
luminally from this pathway, binding to ETB receptors on the endothelial cells to indirectly release vasodilators. However, most ET-
1 is released (480%) from the abluminal surface where it can activate the vasoconstrictor ETA receptors that predominate on
human vascular smooth muscle cells. It is hypothesized that this continuous release via the constitutive pathway contributes to the
maintenance of normal physiological tone.
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di�erentiated by comparing the e�ects of phosphoramidon
with the NEP selective inhibitor, thiorphan.

CGS 26303 and CGS 31447 are non-peptide ECE inhibi-

tors that have IC50 values of 1.1 mM and 17 nM, respectively for
ECE-1 inhibition (De Lombaert et al., 1994; 1997). However,
neither compound is selective for ECE-1 with IC50 values of 0.9
and 4.8 nM, respectively, for inhibition of NEP. In a rabbit

model of subarachnoid haemorrhage, administration of
CGS 26303 both prevented and reversed cerebral vasospasm
(Kwan et al., 1997), thus indicating the therapeutic potential of

ECE inhibitors. SCH 54470 is an orally active triple inhibitor
of ECE, NEP and the angiotensin converting enzyme, with
IC50 values of 80, 90 and 2.5 nM, respectively (Vemulapalli et

al., 1997). This inhibitor reduced ischaemia induced ET release
in isolated perfused guinea-pig lungs, indicating inhibition of
endogenous converting enzyme activity. The therapeutic

bene®t of non-selective inhibitors of ECE and NEP awaits
further investigation. Whilst inhibition of NEP may be
bene®cial in reducing degradation of atrial natriuretic peptide,
an endogenous vasodilator, its inhibition has been shown to

cause vasoconstriction of human resistance vessels in vivo
(Ferro et al., 1998). This latter e�ect is presumably a result of
decreased ET degradation since NEP is highly e�cient at

cleaving the mature peptide at Asp18-Ile19 to produce inactive
fragments (Sokolovsky et al., 1990).

A number of ECE inhibitors that are derived from natural

products have been reported with varying degrees of selectivity
for ECE (Table 1). WS75624A and WS75624B are ECE
inhibitors isolated from the fermentation broth of Saccharo-

thrix sp. (Tsurumi et al., 1995a). The compounds have similar
inhibitory characteristics against selected metalloproteases
with 30 ± 40 fold selectivity for ECE (IC50=0.03 mg ml71) over
collagenase (IC50=1.0 mg ml71) and NEP (IC50=1.25

mg ml71). WS79089B, isolated from the culture broth of
Streptosporangium roseum (Tsurumi et al., 1995b), has a
higher reported selectivity for ECE (IC50=0.14 mM) over

collagenase and NEP (no inhibition at 50 mM). The sodium
salt of this compound, FR901533 was e�ective in inhibiting the
pressor e�ect of big ET-1 when administered intravenously in

rats (Tsurumi et al., 1995b). This compound was also
protective against the development of right ventricular
overload and medial thickening of pulmonary arteries in rats
with monocrotaline-induced pulmonary hypertension (Taka-

hashi et al., 1998).
A series of arylacetylene-containing compounds also dis-

play selectivity for the inhibition of ECE over NEP (Wallace et

al., 1998). An arylacetylene amino phosphonate dipeptide was
found to inhibit ECE and NEP with IC50 values of 28 nM and
6.3 mM, respectively (225 fold selectivity for ECE over NEP).

Greater selectivity (725 fold) was obtained with a tripeptide
derivative, with IC50 values of 8 nM and 5.8 mM for the
inhibition of ECE and NEP, respectively. Pretreatment of rats

with these compounds inhibited increased mean arterial
pressure produced by intravenous bolus injection of big ET-
1. PD069185, a trisubstituted quinazoline, is the ®rst ECE-1

selective inhibitor to be reported (IC50=0.9 mM). This
compound has no e�ect on ECE-2 at a concentration of
100 mM and only marginal e�ects on NEP, stromelysin,
gelatinase A, collegenase, interleukin-1b converting enzyme

and thrombin at 100 ± 300 mM (Ahn et al., 1998). Replacement
of the 7CCl3 group of PD069185 with 7CF3 (PD159790)
increased solubility without a�ecting selectivity. In biochem-

ical experiments, 100 mM PD159790 e�ectively abolished
conversion of big ET-1 to ET-1 in HUVEC cultures (Russell
et al., 1998e). Although PD069185 was slightly more potent

than PD159790 in inhibiting ET-1 production by cocultures of
CHO/ECE-1 and CHO/prepro-ET-1 cells (EC50=3.8 and
11.5 mM, respectively), the latter compound was less toxic

(Ahn et al., 1998). The cellular toxicity concentration for
PD069185 was TC50=56 mM whereas no toxicity was observed
at concentrations up to 100 mM for PD159790.

Do other ECEs exist?

Although ECE-1 appears to be the predominant endothelin

converting enzyme in mammalian tissues, recent studies
indicate that other ECEs may also have a physiological role
in big ET processing. Future studies will need to identify

converting enzymes involved in processing of the big ET
isoforms and to determine their cell surface or intracellular
localization.

Recently, Schweizer et al. (1997) proposed three isoforms of
ECE-1 encoded by the same gene. The isoform designated as
ECE-1a has an identical sequence to ECE-1b (Valdenaire et
al., 1995; Schweizer et al., 1997). The isoforms designated

ECE-1b and ECE-1c have an identical sequence to ECE-1a
except that the N-terminus is predicted to be extended by an
additional 17 and 1 amino acids, respectively in each isoform.

The functional importance of the di�erent isoforms is
presently unclear since all three enzymes expressed in CHO
cells have similar kinetic rate constants for processing of big

ET precursors to the corresponding mature peptides. How-
ever, ELISAs using antisera directed to the N-terminus of
ECE-1a/ECE-c indicate that this isoform predominates in
human tissue compared with ECE-1b/ECE-1a (Mockridge et

al., 1998).
Targeted null mutation in the mouse ECE-1 gene produces

embryos that exhibit marked craniofacial and cardiac defects

as well as an absence of epidermal melanocytes and enteric
neurons of the distal gut (Yanagisawa et al., 1998).
Surprisingly, high levels of mature ET peptide were detectable

in the homozygous ECE-1 knockout embryos, leading the
authors to speculate that a further non-ECE-1 protease is
expressed, for example ECE-2 (Yanagisawa et al., 1998). It has

Table 1 Selected endothelin converting enzyme inhibitors

Type of
inhibitor Compound IC50 Reference

Natural products

Trisubstituted
quinazolines

Arylacetylene
aminophosphates

WS75624A
WS75624B
WS79089B
(FR901533)
PD069185
PD159790

±

0.03 mg ml±1

0.14 mM

0.9 mM
±

8 ± 28 nM

(Tsurumi et al., 1995a)

(Tsurumi et al., 1995b)

(Ahn et al., 1998)

(Wallace et al., 1998)

±, value not reported.
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been postulated that ECE-2, which has optimal activity at
pH=5.5, may have a role in processing big ET-1 in the trans-
Golgi network where the vesicular ¯uid is acidi®ed (Emoto &

Yanagisawa, 1995). It remains to be determined whether
converting enzymes with acidic pH optimum, such as ECE-2
have a pathogenic role in diseases in which cellular pH is
reduced, for example ischaemic heart disease. Hearts subjected

to global ischaemia show lactate accumulation with con-
comitant intracellular acidosis (intracellular pH=5.8; Doch-
erty et al., 1997), and a correlation between myocardial

ischaemia and increased plasma levels of ET is now well
established (Tonnessen et al., 1993; Cohn, 1996).

ET-3 has been detected in human plasma but the e�ciency

of cloned ECE-1 to convert big ET-3 to the mature peptide is
usually low or not detectable. Several ®ndings have indicated
the possible existence of another converting enzyme in

neuronal cells. These cells lack detectable levels of ECE-1
mRNA (Xu et al., 1994), but produce ET-3 (Shinmi et al.,
1989; Fuxe et al., 1991) suggesting the existence of a big ET-3
speci®c converting enzyme. Interestingly, a novel endothelin

converting enzyme (ECE-3) was puri®ed by SDS ±PAGE from
bovine iris microsomes that has speci®city for big ET-3
(Hasegawa et al., 1998). This enzyme contrasts to ECE-1 and

ECE-2, both of which have speci®city for big ET-1 and big ET-

2, and may potentially modulate ET-3 production in the nerve
terminals.

ECE expressed on endothelial cells may also di�er to ECE

expressed on vascular smooth muscle cells. Whilst endothelial
ECE has been found to have speci®city for big ET-1
(Plumpton et al., 1996; Davenport et al., 1998b), smooth
muscle ECE is capable of processing big ET-1, big ET-2 and

big ET-3 (Tsukahara et al., 1993; Maguire et al., 1997;
Davenport et al., 1998b). The physiological role of this and
other novel putative converting enzymes on regulation of ET

production remains to be determined.
In conclusion, evidence is emerging within endothelial cells

for the continuous release of ET via the constitutive pathway

for maintenance of normal vascular tone. In addition, further
release of ET, possibly in high concentrations via the regulated
pathway, may be involved in responses to vascular injury.

Intracellular ECEs present within the secretory pathways are
therefore potential therapeutic targets for diseases in which ET
has been implicated.

This work was supported by grants from the British Heart
Foundation, Isaac Newton Trust, and the Royal Society.
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Pharmacological characterization of b2-adrenoceptor in PGT-b
mouse pineal gland tumour cells

1Byung-Chang Suh, 1Hee-Don Chae, 2Joo-Ho Chung & *,1Kyong-Tai Kim
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1 The adrenoceptor in a mouse pineal gland tumour cell line (PGT-b) was identi®ed and
characterized using pharmacological and physiological approaches.

2 Adrenaline and noradrenaline, adrenoceptor agonists, stimulated cyclic AMP generation in a
concentration-dependent manner, but had no e�ect on inositol 1,4,5-trisphosphate production.
Adrenaline was a more potent activator of cyclic AMP generation than noradrenaline, with half
maximal-e�ective concentrations (EC50) seen at 175+22 nM and 18+2 mM for adrenaline and
noradrenaline, respectively.

3 The addition of forskolin synergistically stimulated the adrenaline-mediated cyclic AMP
generation in a concentration-dependent manner.

4 The pA2 value for the speci®c b2-adrenoceptor antagonist ICI-118,551 (8.7+0.4) as an antagonist
of the adrenaline-stimulated cyclic AMP generation were *3 units higher than the value for the bI-
adrenoceptor antagonist atenolol (5.6+0.3).

5 Treatment of the cells with adrenaline and forskolin evoked a *3 fold increase in the activity of
serotonin N-acetyltransferase with the peak occurring 6 h after stimulation.

6 These results suggest the presence of b2-adrenoceptors in mouse pineal cells and a functional
relationship between the adenylyl cyclase system and the regulation of N-acetyltransferase
expression.

Keywords: Mouse pineal gland cell; b2-adrenoceptor; adrenaline; noradrenaline; serotonin N-acetyltransferase; adenylyl
cyclase

Introduction

The pineal gland mediates the environmental and circadian

regulation of the neuroendocrine system by producing the
hormone melatonin (Aronson et al., 1993; Brezezinski, 1997).
Melatonin synthesis is controlled by a complex system that

includes the circadian oscillator in the suprachiasmatic nucleus
(Klein & Moore, 1979). Rhythmic noradrenergic input occurs
from the sympathetic ®bres originating in the superior cervical
ganglia to the pineal gland activating the pineal adrenoceptors

which are coupled to adenylyl cyclase and thus cause an
increase of the intracellular level of cyclic AMP (Ebadi &
Govitrapong, 1986; Takahashi, 1993). The cyclic AMP-

mediated signalling then governs the circadian ¯uctuation of
serotonin N-acetyltransferase gene expression which controls
melatonin synthesis (Coon et al., 1995; Roseboom et al., 1996;

Baler et al., 1997)
Many recent studies have addressed the regulation of

adrenoceptors in pineal gland, as it has become evident that
the daily rhythm of melatonin production is linked to the

obligate action of a- and b-adrenoceptors. Studies in the rat
pineal have described that nocturnally released noradrenaline
stimulates melatonin synthesis by acting through b1-

adrenoceptors linked to the generation of cyclic AMP
(Brownstein, 1973; Machida et al., 1990). In addition, a1-
adrenoceptors which triggers the phosphoinositide pathway

and increases intracellular Ca2+ are also present and known
to be involved in the potentiation of the stimulatory e�ects of

the b-adrenoceptors (Sugden et al., 1985; Yu et al., 1993).

However, the small size of pure pinealocytes in primary
culture makes di�culties in studying mouse pineal gland.
Previously, therefore, a clonal neuroendocrine pineal cell line

(PGT-b) was developed from pineal tumour which was
established by targeted expression of the tissue-speci®c
regulatory region of tryptophan hydroxylase gene fused to
the SV40 early region encoding the large T-antigen in

transgenic mice (Son et al., 1996). Several lines of evidence
demonstrated that PGT-b cells are immortalized pinealocytes.
They express functionally active forms of two characteristic

marker enzymes of the pinealocyte, tryptophan hydroxylase
and N-acetyltransferase, and the activity of the enzymes was
enhanced by pharmacological stimulation of the cells with the

cyclic AMP analogue dibutyryl cyclic AMP or the b-
adrenergic receptor agonist isoprenaline. Here, utilizing the
pineal tumour cell line, we characterized the adrenergic
regulation of mouse pineal function. The present study

demonstrates the existence of b2-adrenoceptors on the cells
and the evidence indicating that the b2-adrenoceptor-
mediated signalling is involved in the pineal regulation of

expression of N-acetyltransferase.

Methods

Cell culture method

The cells were cultured in Dulbecco's modi®ed Eagle's medium
(DMEM) (GIBCO, Gaithersburg, MD, U.S.A.) supplemented

*Author for correspondence at: Department of Life Science,
POSTECH, San 31, Hyoja dong, Pohang, 790-784, Republic of
Korea.
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with 10% (v/v) heat-inactivated bovine calf serum (Hyclone,
Logan, UT, U.S.A.) and 1% (v/v) antibiotics containing 5,000
units ml71 penicillin G (sodium) and 5,000 mg ml71 strepto-

mycin sulphate in 0.85% saline bu�er (GIBCO), pH 7.4. Cell
cultures were maintained in a humidi®ed atmosphere of 5%
CO2 at 378C. Cells grown to con¯uence were removed from the
dishes after a 5 min incubation with 0.25% (w/v) trypsin

containing 1 mM EDTA (GIBCO). They were subcultured
about twice a week.

Cyclic AMP accumulation in whole cells

Intracellular cyclic AMP was determined by measuring the

formation of cyclic [3H]AMP from [3H]adenine nucleotide
pools as we previously described (Suh & Kim, 1995). The cells
were grown in 6-well dishes to con¯uency and loaded with

[3H]adenine (2 mCi ml71) in complete medium for 24 h. After
the loading, the cells were washed three times with Locke's
solution (NaCl, 154 mM; KCl, 5.6 mM; MgCl2, 1.2 mM; CaCl2,
2.2 mM; HEPES, 5.0 mM; glucose, 10 mM, pH 7.4) and

preincubated with 1 mM isobutylmethylxanthine (IBMX) for
15 min in Locke's solution to inhibit phosphodiesterase.
IBMX was also added to the stimulating solution. The

reaction was stopped by aspirating the medium o� and adding
1 ml of ice-cold 5% (w/v) trichloroacetic acid containing 1 mM
unlabelled cyclic AMP. The plates were left on ice for 30 min

to extract the water-soluble cyclic AMP. Then, the extracts
were transferred to Eppendorf tubes and centrifuged at
50006g for 5 min to remove cell debris. [3H]cyclic AMP and

[3H]ATP were separated by sequential chromatography on
Dowex AG50W-X4 (200 ± 400 mesh) cation exchanger and
neutral alumina columns. The [3H]ATP fraction was obtained
by elution with 2 ml distilled water from the Dowex column,

and the sequential elution with 3.5 ml distilled water was
loaded onto an alumina column. The alumina column was
washed with 4 ml imidazole solution (0.1 M, pH 7.2), and

eluant fractions were collected into scintillation vials contain-
ing 15 ml scintillation ¯uid prior to counting radioactive decay
of the cyclic [3H]AMP. The increase in intracellular cyclic

AMP concentration was calculated as [3H]cyclic AMP
([3H]ATP+[3H]cyclic AMP)716103.

Quanti®cation of inositol 1,4,5-trisphosphate in whole
cells

The inositol 1,4,5-trisphosphate concentration in the cells

was determined by [3H]-inositol 1,4,5-trisphophate competi-
tion assay in binding to inositiol 1,4,5-trisphosphate binding
protein (Suh et al., 1997). To determine the inositol 1,4,5-

trisphosphate production induced by catecholamine or a1-
selective agonist, the pineal tumour cells were grown in 6-
well culture plates to 95% con¯uency. The cells were

stimulated with agonist for speci®c intervals, and the
reaction was terminated by aspirating the medium o� the
cells followed by addition of 0.3 ml of ice-cold 15% (w/v)
trichloroacetic acid containing 10 mM EGTA. The plates

were left on ice for 30 min to extract the water-soluble
inositol phosphate. The extract was then transferred to an
Eppendorf tube, and the trichloroacetic acid was removed

with four extractions with diethyl ether. Finally the extract
was neutralized with 200 mM Trizma base, and its pH was
adjusted to 7.4. Twenty microlitres of the cell extract was

added to 20 ml of the assay bu�er (0.1 M tris(hydrox-
ymethyl)aminomethane bu�er containing 4 mM EDTA and
4 mg ml71 bovine serum albumin) and 20 ml of [3H]inositol
1,4,5-trisphosphate (0.1 mCi ml71). Then 20 ml of a solution

containing the binding protein was added, and the mixture
was incubated for 15 min on ice and centrifuged at 20006g
for 5 min. The pellet was resuspended in 100 ml of water,

and 1 ml of scintillation cocktail were added to the pellet to
measure radioactivity. The inositol 1,4,5-trisphosphate
concentration in the sample was determined based on a
standard curve and expressed as picomols per milligram

protein in cell extract with trichloroacetic acid. The inositol
1,4,5-trisphosphate binding protein was prepared from
bovine adrenal cortex according to the method of Challiss

et al. (1990).

N-acetyltransferase activity assay

PGT-b cells were grown in 60 mm culture dishes to *90%
con¯uence and stimulated with adrenaline and forskolin for

various periods of time. Then the cells were rapidly detached
and transferred to an Eppendorf tube and pelleted. The cells
in the pellet were disrupted with ultrasound in 80 ml ice-cold
phosphate bu�er (50 mM, pH 6.8). Debris was removed by

centrifugation (15,0006g, 5 min, 48C), and the supernatants
were transferred to a new tube. The extract of the PGT-b
cells was then incubated in the presence of 5 ml tryptamine-

HCl (10 mM), 1 ml acetyl CoA (0.5 mM), and 1 ml [3H]acetyl
CoA (3.6 Ci mmol71, 250 mCi ml71). 50 mM phosphate
bu�er (pH 6.8) was then added to make a ®nal volume of

20 ml. Incubation at 378C for 40 min was stopped by
diluting the reaction mixture with an additional 180 ml of
50 mM phosphate bu�er (pH 6.8). The whole reaction

mixture was transferred into a vial containing 3 ml of
Econo¯uor, a water-immiscible scintillation ¯uid. After an
incubation of 15 min without mixing the amount of
radiolabelled acetyltryptamine was determined in a liquid

scintillation counter.

Materials

(+)-adrenaline, (+)-noradrenaline, ionomycin, alumina, imi-
dazole, dowex AG50W-X4 (200 ± 400 mesh), trichloroacetic

acid, Triton X-100, glucose, HEPES, cyclic AMP, forskolin,
acetyl CoA, and tryptamine were obtained from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). Isobutylmethyl-
xanthine (IBMX), (+)-atenolol, ICI-118,551 (erythro-(+)-

1- (7-methyllindane-4- yloxy) -3-isopropylaminobutane-2-olhy-
drochloride), BRL 37344 (4-[2-[[2-(3-chlorophenyl)-2-hydro-
xyethyl] amino] propyl] phenoxy) - acetic acid), prazosine,

yohimbine, phenylephrine, clonidine, and (+)-propranolol
were purchased from Research Biochemicals Inc. (Natick,
MA, U.S.A.). [3H]Acetyl CoA was obtained from Amersham

(Arlington Heights, IL, U.S.A.) and [3H]adenine from DuPont
NEN Research Products (Boston, MA, U.S.A.).

Analysis of data

All quantitative data are expressed as means+s.e.mean.
Comparison between two groups was analysed using Student's

unpaired t-test, and comparison among more than two groups
was carried out using one-way analysis of variance (ANOVA).
Di�erences were considered to be signi®cant when the degree

of con®dence in the signi®cance was 95% or better (P50.05).
Antagonist potencies were evaluated by calculating their pA2

values. Concentration-response curves for agonist were made

in the presence of 3 ± 4 di�erent concentrations of antagonists.
All®t program was used to obtain the EC50 from the individual
experiments (De Lean et al., 1978) and the pA2 values
(7log mol l71) were calculated.
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Results

E�ect of adrenaline and noradrenaline on cyclic AMP
generation

The coupling between adrenoceptors and adenylyl cyclase was
investigated in a mouse PGT-b cell line. Stimulation of the
PGT-b cells with adrenaline and noradrenaline evoked cyclic

AMP generation. The maximal and half maximal responses
were obtained by treatments with 1.2+0.5 mM and
175+22 nM adrenaline, respectively, and 300+46 mM and

18+2 mM noradrenaline, respectively (Figure 1A). Figure 1B
shows the time course of cyclic AMP generation induced by
1 mM adrenaline and 300 mM noradrenaline, the maximal

e�ective concentrations used for each agonist. The peak level
of cyclic AMP was obtained 3 min after stimulation with either

agonists and was followed by a rapid decline to the basal level
within 30 min. The accumulation of cyclic AMP induced by
adrenaline was clearly detectable within 1 min and was

saturated after 20 min in the presence of the phosphodiesterase
inhibitor IBMX (Figure 1B, inset). The results thus indicate
that b-adrenoceptor-mediated cyclic AMP generation is
present on the cells.

To investigate whether a-adrenoceptors are also expressed
in the cells, we treated the cells with subtype selective agonists.
Figure 2A shows that treatment with adrenaline and the

speci®c a1-adrenoceptor agonist phenylephrine had no
stimulatory e�ect on inositol 1,4,5-trisphosphate generation,
whereas extracellular ATP signi®cantly increased the inositol

1,4,5-trisphosphate levels through P2 purinoceptor as pre-
viously described (Suh et al., 1997). Figure 2B shows that
treatment with the a2-adrenoceptor agonist clonidine and the

a2-adrenoceptor antagonist yohimbine did not a�ect the
adrenaline-induced cyclic AMP accumulation, while a general
b-adrenoceptor antagonist propranolol completely inhibited

Figure 1 Adrenaline- and noradrenaline-induced cyclic AMP
production in PGT-b cells. (A) [3H]adenine-loaded cells were
preincubated with IBMX (1 mM) for 20 min and then stimulated
with variable concentrations of adrenaline (Ad) and noradrenaline
(NA) for 20 min. (B) The cells were stimulated with 1 mM adrenaline
(Ad) or 300 mM noradrenaline (NA) for the indicated times (0, 1, 3, 5,
10, 20, 30 min) and cyclic AMP generation was measured as
described in Methods. The inset shows the time-dependent changes
in cyclic AMP accumulation induced by 1 mM adrenaline in the
presence of 1 mM IBMX. The experiments were done three times and
each point is the mean+s.e.mean.

Figure 2 E�ect of a-adrenoceptor agonist and antagonist in PGT-b
cells. (A) Cells were stimulated with 1 mM adrenaline, 10 mM
phenylephrine, or 300 mM ATP for 30 s, and the reactions were
stopped by addition of 15% (w/v) trichloroacetic acid containing
10 mM EGTA. The inositol 1,4,5-trisphosphate generation was
measured as described in Methods. (B) [3H]adenine-loaded cells were
preincubated with IBMX (1 mM) for 20 min and then stimulated with
1 mM adrenaline (Ad) in the absence or presence of 10 mM clonidine
(Cl), 30 mM yohimbine (Yh), and 1 mM propranolol (Pr) for 20 min.
The cyclic AMP generation was measured as described in Methods.
The experiments were done three times and each point is the
mean+s.e.mean. *P50.05, compared to control.
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the adrenaline-induced cyclic AMP generation. The results,
therefore, indicate that a1-adrenoceptor which is coupled to
phospholipase C and a2-adrenoceptor which is negatively

linked to adenylyl cyclase are not expressed in the PGT-b cells.

Synergistic activation of adenylyl cyclase by forskolin

To determine the susceptibility of the adenylyl cyclase coupled
to the b-adrenoceptor to other activating signalling, the e�ect
of a co-treatment with adrenaline and forskolin was examined.

Forskolin by itself induced a concentration-dependent cyclic
AMP accumulation (Figure 3A, inset), but addition of 1 mM
adrenaline to each concentration of forskolin synergistically

enhanced the forskolin-activated cyclic AMP generation. Co-
treatment with 10 mM forskolin plus 1 mM adrenaline produced
a *20 fold increase over the 10 mM forskolin-generated cyclic

AMP level (Figure 3A). Time course of cyclic AMP generation
demonstrates that the peak cyclic AMP level was obtained
3 min after stimulation with 10 mM forskolin as shown in that
of adrenaline or noradrenaline (Figure 3B, inset). However,

co-treatment with forskolin and adrenaline resulted in
synergistic enhancement of the response with the peak level
of cyclic AMP seen at 20 min after stimulation (Figure 3B).

The high level of cyclic AMP induced by simultaneous
treatment was persistent up to 1 h even in the absence of
IBMX (data not shown). The results thus indicate that the

adenylyl cyclase after being maximally stimulated via b-
adrenoceptors could be further stimulated by other Gs-
protein-mediated signalling.

Cytosolic Ca2+-mediated inhibition of adrenaline- and
forskolin-stimulated adenylyl cyclase activity

To examine the regulatory role of intracellular Ca2+ on
adenylyl cyclase, the cells were treated with ionomycin, a Ca2+

ionophore. Figure 4A shows the time course of cyclic AMP

generation induced by adrenaline treatment in the presence or
absence of 1 mM ionomycin. Addition of ionomycin signi®-
cantly decreased the adrenaline-induced cyclic AMP genera-

tion. The inhibition by ionomycin was concentration-
dependent and signi®cant in micromolar concentrations
(Figure 4B). Forskolin-stimulated cyclic AMP generation was
also inhibited by *30% in the presence of 1 mM ionomycin

(Figure 4C), indicating that intracellular Ca2+ has a direct
e�ect on the adenylyl cyclase rather than the adrenoceptor or
other components of the receptor-mediated signalling path-

ways.

Pharmacological characterization with b-adrenoceptor
antagonists and agonists

To investigate which subtype of b-adrenoceptor mediates the

e�ect of adrenaline on cyclic AMP generation, we determined
the pA2 values for speci®c b1- and b2-adrenoceptor blockers in
adrenaline concentration-response experiments performed at
several concentrations of antagonist in each individual

experiment. Figure 5A and B show that the pA2 value of the
selective b2-adrenoceptor antagonist ICI 118,551 versus
adrenaline was 8.7+0.4. In a corresponding way the pA2

value for the selective b1-adrenoceptor antagonist atenolol
versus adrenaline was 5.6+0.3 (Figure 5C and D). On the
other hand, the presence of b3-adrenoceptor was tested with

the speci®c b3-adrenoceptor agonist BRL 37344. Figure 6
shows that the addition of isoprenaline, a general b-
adrenoceptor agonist, stimulated cyclic AMP generation with
EC50 seen at 120+15 nM. In contrast, BRL 37344 exhibited an

EC50 of 184+28 mM, which is approximately 103 fold higher
concentration than that of isoprenaline. The data, therefore,

indicate that the e�ects of adrenaline or noradrenaline on
cyclic AMP generation occur primarily through the b2-
adrenoceptors on the cells.

Elevation of the N-acetyltransferase activity upon
b2-adrenoceptor stimulation

Because it has been known that b-adrenoceptor-induced cyclic
AMP generation is responsible for N-acetyltransferase gene
expression in the pineal gland by involvement of the cyclic

AMP response element (Baler et al., 1997), we measured the N-
acetyltransferase activity after stimulating the adrenoceptors.
Figure 7 shows that treatment with 1 mM adrenaline and 10 mM
forskolin elevated the N-acetyltransferase activity according to

Figure 3 Enhancement of forskolin-stimulated cyclic AMP genera-
tion by adrenaline. (A) [3H]adenine-loaded PGT-b cells were
preincubated with IBMX (1 mM) for 20 min and then stimulated
with various concentrations of forskolin plus 1 mM adrenaline (*) for
20 min. The inset shows the concentration-dependent changes in
forskolin-stimulated (*) cyclic AMP generation. (B) The time-
dependent changes in cyclic AMP accumulation induced by 10 mM
forskolin plus 1 mM adrenaline (*) or forskolin alone (*) for the
indicated times (0, 1, 3, 5, 10, 20, 30 min) in the absence of IBMX.
The cyclic AMP levels were measured as described in Methods. The
experiments were done three times and each point is the mean
+s.e.mean.

b2-adrenoceptor in PGT-b cells402 B.-C. Suh et al



incubation time. The peak level of N-acetyltransferase activity
was achieved 6 h after agonist stimulation and was followed by
a slow decrease to the basal level within 24 h. However,

simultaneous addition of ICI-118,551 blocked the increase of
enzyme activity. The results imply that the b2-adrenoceptor-
mediated cyclic AMP production is involved in the regulation
of induction of the N-acetyltransferase gene expression.

Discussion

Adrenoceptors are found in nearly all peripheral tissues and on
many neuronal populations within the central nervous system

(Bond & Clarke, 1988). They mediate the central and
peripheral action of the primary sympathetic neurotransmitter
noradrenaline, and the primary adrenal medullary hormone

and central neurotransmitter adrenaline. The adrenoceptors
have been divided into three major types, a1-, a2- and b-
adrenoceptors receptors based on several lines of evidence:
di�erences in a�nity of selective drugs, second-messenger

responses, and di�erences in the predicted amino acid
sequences of the adrenergic receptor proteins. However, as
new pharmacological tools and new techniques for studying

drug-receptor interactions have become available, each
adrenoceptor type has been subdivided into an increasing
number of distinct subtypes (Bylund et al., 1994). Mammalian

tissues contain three types of b-adrenoceptor, b1, b2, and b3,
based on their pharmacological properties (Emorine et al.,
1994). The b1-adrenoceptor is equally sensitive to noradrena-

line and adrenaline, whereas the b2-adrenoceptor has a higher
a�nity for adrenaline than for noradrenaline (Blin et al., 1993;
Nantel et al., 1993). In contrast, the b3-adrenoceptor has a
higher a�nity for noradrenaline (Strosberg & Pietri-Rouxel,

1996). It has been suggested that the b1- and b2-adrenoceptors
mediate the e�ects of circulating catecholamines and that the
b3-adrenoceptor subtype plays a major role in regulating

lipolysis and thermogenesis in adipose tissue (Zilberfarb et al.,
1997) and sympathetic nerve stimulation in the large intestine
(Luckensmeyer & Keast, 1998).

Figure 4 E�ects of ionomycin on cyclic AMP generation. (A) Time-
dependent changes in intracellular cyclic AMP levels stimulated by
1 mM adrenaline in the presence or absence of 1 mM ionomycin. (B)
Concentration-dependent inhibition of adrenaline-stimulated cyclic
AMP generation by ionomycin. [3H]adenine-loaded cells were treated
with 1 mM adrenaline and variable concentrations of ionomycin for
3 min. The cyclic AMP generation was presented as percentage of the
maximal response induced by treatment with 1 mM adrenaline. (C)
Inhibition of forskolin-stimulated cyclic AMP generation by
ionomycin. [3H]adenine-loaded cells were treated with 10 mM
forskolin and ionomycin for 3 min. The cyclic AMP levels were
measured as described in Methods. The experiments were done three
times and the results were reproducible. Data are the mean-
s+s.e.mean. *P50.05, compared to control.

Isoprenaline

Figure 5 E�ect of isoprenaline and BRL 37344 on cyclic AMP
production in PGT-b cells. [3H]adenine-loaded cells were preincu-
bated with IBMX (1 mM) for 20 min and then stimulated with
variable concentrations of isoproterenol and BRL 37344 for 20 min.
The cyclic AMP generation was measured as described in Methods
and presented as percentage of the maximal response induced by
treatment with 1 mM isoproterenol. The experiments were done three
times and each point is the mean+s.e.mean.
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The present study clearly demonstrates the existence of b2-
adrenoceptors on the PGT-b cell line which is established from
the targeted pineal tumours in transgenic mice. In our
experiments with subtype selective adrenergic receptor

antagonists, the sensitivity to the inhibiting e�ect of the
selective b2-adrenoceptor antagonist ICI-118,551 was much
more pronounced for the antagonistic e�ect of the selective b1-

adrenoceptor antagonist atenolol. The pA2 value for the ICI-
118,551 was *3 units higher than that for atenolol. In
addition, the b3-adrenoceptor agonist BRL 37344 was 100 fold

less potent in stimulating adenylyl cyclase than that of the
general b-adrenoceptor agonist isoproterenol, which is
consistent with the property of b2-adrenoceptor (Dolan et al.,
1994). Moreover, adrenaline was more e�ective in stimulating

cyclic AMP generation than noradrenaline with a di�erence of
*2 orders of magnitude. Previous studies have shown that the
distribution of adrenoceptor subtypes in mammalian pineal

gland presents a species dependent di�erence. For example,

Machida et al. (1990) showed that the b1-adrenoceptor is
prominently distributed and functionally responsive to
noradrenaline in the rat pineal gland. However, autoradio-
graphic analysis in human post-mortem specimens demon-

strate that b2-adrenoceptors are present in an overlapping
anatomical distribution with b1-adrenoceptor throughout the
gland (Little et al., 1996). Therefore, although the anatomical

pattern of adrenergic receptor subtypes present on mouse
pinealocytes was not elucidated, b2-adrenoceptors might be
primarily situated on mouse pineal gland. However, a

possibility that the prominence of b2-adrenoceptor in PGT-b
cells is due to the immature stage of the cells could not be
excluded, since functional adrenergic stimulation required the
developmental maturation of pinealocytes (Stehle et al., 1995).

Duman et al. (1989) also reported that the mRNA levels of b1-
adrenoceptor is low on postnatal day 1 but increases several
fold in parallel with an increase in b1-adrenoceptor binding

sites to adult levels, although the level of G protein mRNA

Figure 6 The antagonism by b-adrenoceptor antagonists of adrenaline-stimulated cyclic AMP generation. Concentration-response
curves for the antagonistic e�ect of increasing concentrations of ICI 118,551 (A) and atenolol (C) on adrenaline-stimulated cyclic
AMP generation are shown. The pA2 values of ICI 118,551 (B) and atenolol (D) were calculated for each antagonist by plotting: log
(dose ration71) vs 7log(antagonist) concentration. The concentrations of ICI 118,551 used to counteract the e�ects of adrenaline
were 0 (*), 10 nM (*), 100 nM (D), 1 mM (~), and 10 mM (&). The concentrations of atenolol were 0 (*), 3 mM (*), 30 mM (D),
and 300 mM (~). The concentration of adrenaline ranged from 1079 ± 1073

M. The cyclic AMP generation was presented as
percentage of the maximal response induced by treatment with adrenaline. One typical experiment out of three independent
experiments in duplicate is shown.
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transcript on day 1 is equal to that of the adult. These reports,
therefore, suggest that e�ective signalling of b1-adrenoceptor

in PGT-b cells might require the developmental switch to b1-
adrenergic innervation on the di�erentiating processes of the
cells.

Noradrenaline plays an important role in controlling pineal
function through its e�ect on N-acetyltransferase regulation in
mammalian pineal glands (Roseboom & Klein, 1995).
Recently, in vitro studies with isolated rat pineal glands

showed that noradrenaline elevated N-acetyltransferase gene
expression and enzyme activity more than 100 fold (Coon et
al., 1995). The magnitude of the N-acetyltransferase activity

rhythm occurred over a *10 fold di�erence in sheep
(Namboodiri et al., 1985) and a *20 fold di�erence in chicken
(Binkley et al., 1973). However, in our PGT-b cells, the N-

acetyltransferase activity increased*3 fold upon simultaneous
stimulation with 1 mM adrenaline and 10 mM forskolin. This
weak N-acetyltransferase response may be due to the origin of

the cells, since these pineal tumour PGT-b cells were originated
from transgenic mice which were hybrids of a circadian clock-
expressing mouse (CBA/J) and a circadian clock-de®cient

mouse (C57BL/6J) (Son et al., 1996). Goto et al. (1989)
demonstrates that most of the laboratory mice do not have
pineal melatonin because of a genetic defect in the activity of
N-acetyltransferase. For example, C57BL/6J mice do not have

N-acetyltransferase activity because of a mutation in an
autosomal gene required for the normal activity of N-
acetyltransferase (Goto et al., 1994). However, our experiment

with PGT-b cells shows that the noradrenaline's e�ect on
cyclic AMP generation was only signi®cant at above 100
micromolar concentrations. Accordingly, it seems likely that

the coupling between noradrenaline released from superior
cervical ganglion and adrenergic receptor could not function
e�ciently in the mouse pineal gland, which might be one of the

causes for loss of pineal function in the circadian rhythm of the
mouse.

Our ®nding that the elevation of N-acetyltransferase
activity occurred 6 h after agonists stimulation was consistent

with previous studies in which the pineal N-acetyltransferase
activity peaked 6 ± 9 h after adrenergic stimulation and then
slowly declined to the basal level within 24 h (Roseboom &

Klein, 1995). The time interval between receptor stimulation
and the subsequent elevation of N-acetyltransferase activity
indicates that the increase in N-acetyltransferase activity was

the result of gene expression and subsequent enzyme protein
synthesis.

The present results are particularly signi®cant insofar as

they show that the distribution of adrenoceptors and the
adrenoceptor-adenylyl cyclase system di�er according to the
species. They also support the conclusion that the b-
adrenoceptors-mediated signals are responsible for the

regulation of N-acetyltransferase activity. The pharmacologi-
cal results also clearly indicate that b2-adrenoceptors are
expressed and coupled to the adenylyl cyclase system in the

mouse pineal gland.
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BSRI Special fund, the Korea Science and Engineering Foundation
(KOSEF 97-0401-02), the Basic Science Research Institute Program
(Project BSRI-98-4435) from the Ministry of Education.

Figure 77 Time-dependent e�ect of b-adrenoceptor activation on N-
acetyltransferase activity in PGT-b cells. The cells were treated with
1 mM adrenaline and 10 mM forskolin in the absence (*) or presence
(*) of ICI-118,551 (10 mM) for the indicated times (0, 1, 3, 6, 12,
24 h) and N-acetyltransferase activity was assayed as described in
Methods. Results were con®rmed by two independent experiments
and expressed as the means+s.e.mean.
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Bene®cial e�ects of raxofelast (IRFI 016), a new hydrophilic
vitamin E-like antioxidant, in carrageenan-induced pleurisy

*,1Salvatore Cuzzocrea, 1Giuseppina Costantino, 2Emanuela Mazzon & 1Achille P. Caputi

1Institute of Pharmacology, University of Messina, Piazza XX Settembre no 4, 98123 Messina, Italy and 2Department of
Biomorphology, School of Medicine, University of Messina, Italy

1 Peroxynitrite is a strong oxidant that results from reaction between NO and superoxide. It has
been recently proposed that peroxynitrite plays a pathogenetic role in in¯ammatory processes. Here
we have investigated the therapeutic e�cacy of raxofelast, a new hydrophilic vitamin E-like
antioxidant agent, in rats subjected to carrageenan-induced pleurisy.

2 In vivo treatment with raxofelast (5, 10, 20 mg kg71 intraperitoneally 5 min before carrageenan)
prevented in a dose dependent manner carrageenan-induced pleural exudation and polymorpho-
nuclear migration in rats subjected to carrageenan-induced pleurisy. Lung myeloperoxidase (MPO)
activity and malondialdehyde (MDA) levels, as well as histological organ injury were signi®cantly
reduced by raxofelast.

3 Immunohistochemical analysis for nitrotyrosine, a footprint of peroxynitrite, revealed a positive
staining in lungs from carrageenan-treated rats. No positive nitrotyrosine staining was found in the
lungs of the carrageenan-treated rats, which received raxofelast (20 mg kg71) treatment.

4 Furthermore, in vivo raxofelast (5, 10, 20 mg kg71) treatment signi®cantly reduced peroxynitrite
formation as measured by the oxidation of the ¯uorescent dihydrorhodamine 123, prevented the
appearance of DNA damage, the decrease in mitochondrial respiration and partially restored the
cellular level of NAD+ in ex vivo macrophages harvested from the pleural cavity of rats subjected to
carrageenan-induced pleurisy.

5 In conclusion, our study demonstrates that raxofelast, a new hydrophilic vitamin E-like
antioxidant agent, exerts multiple protective e�ects in carrageenan-induced acute in¯ammation.

Keywords: Raxofelast; peroxynitrite; carrageenan; free radicals; in¯ammation

Abbreviations: ecNOS, constitutive endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; MPO,
myeloperoxidase; NO, nitric oxide; NOS, nitric oxide synthase; PARS, poly (ADP-ribose) synthetase; PMN,
polymorphonuclear cells

Introduction

The role of oxyradical formation in various forms of

in¯ammation is well established. Recent data demonstrate
that the expression of the inducible isoform of nitric oxide
(NO) synthase also plays important pathogenetic roles in
various models of in¯ammation (Moncada et al., 1991; Nathan

1992; Cuzzocrea et al., 1998a). The systemic in¯ammatory
response is also associated with the production of oxygen-
derived free radicals (Youn et al., 1991; McCord, 1993), and

there is now substantial evidence that much of the cytotoxicity
is due to a concerted action of oxygen- and nitrogen-derived
free radicals and oxidants. Peroxynitrite, a cytotoxic oxidant

species formed from the reaction of NO and superoxide
(Beckman et al., 1990) may mediate part of the oxidative injury
associated with simultaneous production of NO and oxyradi-
cals. The biological activity and decomposition of peroxyni-

trite is very much dependent on the cellular or chemical
environment (presence of proteins, thiols, glucose, the ratio of
NO and superoxide, carbon dioxide levels and other factors),

and these factors in¯uence its toxic potential (Beckman et al.,
1990; Villa et al., 1994; Rubbo et al., 1994; Pryor & Squadrito,
1995). Peroxynitrite formation has been demonstrated in

various in¯ammatory disorders (Halliwell, 1995; Salvemini et
al., 1996a,b; Cuzzocrea et al., 1997b,c; 1998a) and in
circulatory shock (Wiseman et al., 1994; SzaboÁ , 1996).

Using the experimental model described here, previous
work has demonstrated the anti-in¯ammatory potential of

various therapeutic approaches aimed at the inhibition of NO

synthesis and peroxynitrite formation (Tracey et al., 1995;
Cuzzocrea et al., 1997c; 1998a). In our studies we utilized
raxofelast (IRFI 016; 5-acetyloxy-2,3-dihydro-4,6,7-trimethyl-
2-benzofuranacetic acid; Figure 1) a new hydrophilic vitamin

E-like antioxidant agent (Campo et al., 1997). It was selected
from a series of new compounds (Ceccarelli et al., 1993)
designed with the aim of maximizing the antioxidant potency

of phenols chemically related to a-tocopherol (vitamin E). The
antioxidant activity of raxofelast has been convincingly
demonstrated in several in vitro studies (Mattioli et al., 1991)

and in various models of ischaemia-reperfusion injury (Campo
et al., 1992; 1994). The purpose of the present study was to
investigate the protective e�ect of raxofelast against the
cellular energetic failure and the development of in¯ammation

in rats treated with carrageenan.

Methods

Experimental groups

In the treated group of animals, raxofelast, was given
intraperitoneally (i.p.) 5 min before carrageenan (5, 10,

20 mg kg71) (carrageenan+raxofelast group). In a vehicle-
treated group of rats, vehicle (saline) was given instead of
raxofelast (carageenan group). In separate groups of rats,
surgery was performed in its every aspect identical to the one in*Author for correspondence; E-mail: salvator@imeuniv.unime.it
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the carrageenan group, except that carrageenan was not
injected (control group). In an additional group of animals,

control surgery was combined with the administration of
raxofelast (dose as above) (control+raxofelast).

Carrageenan-induced pleurisy

Rats were lightly anaesthetized under iso¯urane and submitted
to a skin incision at the level of the left sixth intercostal space.

The underlying muscles were dissected and 0.2 ml saline alone
or containing 1% l-carrageenan were injected into the pleural
cavity. The skin incision was closed with a suture and the

animals were allowed to recover. At 4 h after the injection of
carrageenan, the animals were sacri®ced under CO2 vapour.
The chest was carefully opened and the pleural cavity washed
with 2 ml of saline solution with heparin (5 u ml71) and

indomethacin (10 mg ml71). The exudate and washing were
removed by aspiration and the total volume measured.
Exudates contaminated with blood were discarded. The results

were calculated by subtracting the volume injected (2 ml) from
the total volume recovered. Leucocytes in the exudate were
suspended in phosphate bu�er saline and counted with an

optical microscope using a Burker's chamber after vital
Trypan Blue stain.

Cell culture

Resident pleural cells macrophages were collected 4 h after the
carrageenan injection from rats treated with or without

raxofelast (Cuzzocrea et al., 1998b). The cells (16106 ml71),
being mainly macrophages (approximately 70%) were cultured
in DMEMmedium, supplemented with M-glutamine (3.5 mM),

penicillin (50 u ml71, streptomycin (50 mg ml71) and heparin
sodium (10 u ml71) in 12-well 2 h and allowing cells to adhere
at 378C in a humidi®ed 5% CO2 incubator. Nonadherent cells

were removed by rinsing the plates three times with 5%
dextrose water. After removing nonadherent cells (approxi-
mately 10%), adherent macrophages were scraped from the

measurement of DNA strand breaks and cellular NAD+.
Mitochondrial respiration and peroxynitrite formation were
measured in the adherent cells in the subsequent 1 h period.

Measurement of peroxynitrite-induced oxidation of
dihydrorhodamine 123

The formation of peroxynitrite was measured by the
peroxynitrite-dependent oxidation of dihydrorhodamine 123
to rhodamine 123, as previously described (Cuzzocrea et al.,

1998b). Cells were rinsed with phosphate-bu�ered saline and

then medium was replaced with phosphate-bu�ered saline
containing 5 mM dihydrorhodamine 123. After a 60 min
incubation at 378C, the ¯uorescence of rhodamine 123 was

measured using a ¯uorimeter at an excitation wavelength of
500 nm, emission wavelength of 536 nm (slit widths 2.5 and
3.0 nm, respectively). Thus this method is an indirect
measurement of peroxynitrite production because also other

oxidant species can induce oxidation of dihydrorhodamine
123.

Measurement of mitochondrial respiration

Cell respiration was assessed by the mitochondrial-dependent

reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] to formazan (Zingarelli et al., 1996).
Cells in 96-well plates were incubated at 378C with MTT

(0.2 mg ml71) for 1 h. Culture medium was removed by
aspiration and the cells were solubilized in DMSO (100 ml).
The extent of reduction of MTT to formazan within cells was
quantitated by the measurement of OD550. As previously

discussed (Darley-Usmar & Halliwell, 1996), the measurement
of reduction of MTT appears to be mainly by the
mitochondrial complexes I and II, it also may involve NADH-

and NADPH-dependent energetic processes that occur outside
the mitochondrial inner membrane. Thus, this method cannot
be used to separate the e�ect of free radicals, oxidants or other

factors on the individual enzymes in the mitochondrial
respiratory chain, but is useful to monitor changes in the
general energetic status of the cells (Darley-Usmar & Halliwell,

1996).

Determination of DNA single-strand breaks

The formation of DNA strand breaks in double-stranded
DNA was determined by the alkaline unwinding methods as
previously described (Zingarelli et al., 1996; Schraufstatter et

al., 1986). Cells in 12-well plates were scraped into 0.2 ml of
solution A bu�er (myoinositol 250 mM, NaH2PO3 10 mM,
pH 7.2.). The cell lysate was then transferred into plastic tubes

designated T (maximum ¯uorescence), P (¯uorescence in
sample used to estimate extent of DNA unwinding), or B
(background ¯uorescence). To each tube, 0.2 ml of solution B
(alkaline lysis solution: NaOH 10 mM, urea 9 M, ethylenedia-

mineteraacetic acid 2.5 mM, sodium dodecyl sulphate 0.1%)
was added and incubated at 48C for 10 min to allow cell lysis
and chromatin disruption. 0.1 ml each of solutions C (0.45

volume solution B in 0.2 N NaOH) and D (0.4 volume
solution B in 0.2 N NaOH) were then added to the P and B
tubes. 0.1 ml of solution E (neutralizing solution: glucose 1 M,

mercaptoethanol 14 mM) was added to the T tubes before
solutions C and D were added. From this point incubations
were carried out in the dark. A 30 min incubation period at

0 8C was then allowed during which the alkali di�used into the
viscous lysate. Since the neutralizing solution, solution E, was
added to the T tubes before addition of the alkaline solutions
C and D, the DNA in the T tubes was never exposed to a

denaturing pH. At the end of the 30 min incubation, the
contents of the B tubes were sonicated for 30 s to ensure rapid
denaturation of DNA in the alkaline solution. All tubes were

then incubated at 158C for 10 min. Denaturation was stopped
by chilling to 08C and adding 0.4 ml of solution E to the P and
B tubes. 1.5 ml of solution F (ethidium bromide 6.7 mg ml71 in

13.3 mM NaOH) was added to all the tubes and ¯uorescence
(excitation: 520 nm, emission: 590 nm) was measured by a
¯uorimeter. Under the conditions used, in which ethidium
bromide binds preferentially to double stranded DNA, the

Figure 1 Chemical structure of IRFI 016 (raxofelast).
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percentage of double stranded DNA (D) may be determined
using the equation: % D=1006[F(P)7F(B)]/[F(T)7F(B)];
where F(P) is the ¯uorescence of the sample, F(B) the

background ¯uorescence, i.e. ¯uorescence due to all cell
components other than double stranded DNA, and F(T) the
maximum ¯uorescence.

Measurement of cellular NAD+ levels

Cells in 12-well plates were extracted in 0.25 ml of 0.5 NHC104
scraped, neutralized with 3 M KOH, and centrifuged for 2 min
at 10,0006g. The supernatant was assayed for NAD+ using a
modi®cation of the colorimetric method (Heller et al., 1995) in

which NADH produced by enzymatic cycling with alcohol
dehydrogenase, reduces MTT to formazan through the
intermediation of phenazine methosulphate. The rate of MTT

reduction is proportional to the concentration of the co-
enzyme. The reaction mixture contained 10 ml of a solution of
2.5 mg ml71 MTT, 20 ml of a solution of 4 mg ml71 phenazine
methosulphate, 10 ml of a solution of 0.6 mg ml71 alcohol

dehydrogenase (300 u mg71), and 190 ml of 0.065 M glycyl-
glycine bu�er, pH 7.4, that contained 0.1 M nicotinamide and
0.5 M ethanol. The mixture was warmed to 378C for 10 min,

and the reaction was started by the addition of 20 ml of the
sample. The rate of increase in absorbance was read
immediately after the addition of NAD+ samples and after

10- and 20-min incubation at 378C against blank at 560 nm in
the ELISA microplate reader (SLT-Labinstruments Salzburg,
Austria).

Light microscopy

Lung biopsies were taken 4 h after the induction of pleurisy by

carrageenan injection. The tissue slices were ®xed in Dietric
solution (14.25% ethanol, 1.85% formaldehyde, 1% acetic
acid) for 1 week at room temperature, dehydrated by graded
ethanol and embedded in Paraplast (Sherwood Medical,

Mahwah, NJ, U.S.A.). Section (thickness 7 mm) were
depara�nized with xylene, stained with trichromic Van Gieson
and observed in Dialux 22 Leitz microscope.

Immunohistochemical localization of nitrotyrosine

Tyrosine nitration, a speci®c `footprint' of peroxynitrite
formation, was detected as previously described (Cuzzocrea
et al., 1997b) in lung sections by immunohistochemistry.

Tissues were ®xed in 10% bu�ered formalin and 8 mm sections
were prepared from para�n embedded tissues. After depar-
a�nization, endogenous peroxidase was quenched with 0.3%
H2O2 in 60% methanol for 30 min. The sections were

permeabilized with 0.1% Triton X-100 in phosphate bu�ered
saline for 20 min. Non-speci®c adsorption was minimized by
incubating the section in 2% normal goat serum in phosphate

Figure 2 Volume exudate (A) and polymorphonuclear accumulation
(B) in pleural cavity at 4 h after carrageenan injection. Raxofelast (5,
10, 20 mg kg71) treatment signi®cantly reduced in a dose dependent
manner pleural exudation and leukocyte migration. Data are
means+s.e.mean of ten rats for each group. *P50.01 versus control;
8P50.01 versus carrageenan.

Figure 3 Myeloperoxidase (MPO) (A) and malondialdehyde (MDA)
(B) in the lungs of carrageenan-treated rats. MPO activity and MDA
levels were signi®cantly increased in the lungs of the carrageenan-
treated rats in comparison to control rats raxofelast (5, 10,
20 mg kg71) signi®cantly reduced the carrageenan-induced increase
in MPO activity and MDA levels. Values are means+s.e.mean of ten
rats for each group. *P50.01 versus control; 8P50.01 versus
carrageenan.
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bu�ered saline for 20 min. Endogenous biotin or avidin

binding sites were blocked by sequential incubation for 15 min
with avidin and biotin (DBA, Milan, Italy). The sections were
then incubated overnight with 1 : 1000 dilution of primary anti-

nitrotyrosine antibody (DBA, Milan, Italy) or with control
solutions. Controls included bu�er alone or non speci®c
puri®ed rabbit IgG. Speci®c labelling was detected with a
biotin-conjugated goat anti-rabbit IgG and avidin-biotin

peroxidase complex (DBA, Milan, Italy).

Myeloperoxidase activity

Myeloperoxidase (MPO) activity, an index of polymorpho-
nuclear leukocyte (PMN) accumulation, was determined as

previously described (Mullane et al., 1988). At the speci®ed
time following the intrapleural injection of carrageenan lung
tissues, were obtained and weighed. Each piece of tissue was

homogenized in a solution containing 0.5% hexa-decyl-
trimethyl-ammonium bromide dissolved in 10 mM potassium
phosphate bu�er (pH 7) and centrifuged for 30 min at
20,0006g at 48C. An aliquot of the supernatant was then

allowed to react with a solution of tetra-methyl-benzidine
(1.6 mM) and 0.1 mM H2O2. The rate of change in absorbance
was measured spectrophotometrically at 650 nm. Myeloper-

oxidase activity was de®ned as the quantity of enzyme
degrading 1 mmol of peroxide min71 at 378C and was
expressed in milliunits per gram weight of wet tissue.

Malondialdehyde (MDA) measurement

Malondialdehyde (MDA) levels in the lung tissue were

determined as an index of lipid peroxidation, as described

by Okhawa et al. (1979). Lung tissue, collected at the

speci®ed time, were homogenized in 1.15% KCl solution. An
aliquot (100 ml) of the homogenate was added to a reaction
mixture containing 200 ml of 8.1% SDS, 1500 ml of 20%

acetic acid (pH 3.5), 1500 ml of 0.8% thiobarbituric acid and
700 ml distilled water. Samples were then boiled for 1 h at
958C and centrifuged at 30006g for 10 min. The absorbance
of the supernatant was measured by spectrophotometry at

650 nm.

Materials

Raxofelast was supplied by Biomedica Foscama, Ferentino
(FR), Italy. Cell culture medium, heparin and foetal calf serum

were obtained from Sigma (Milan, Italy). Biotin blocking kit,
biotin-conjugated goat anti-rabbit IgG, primary anti-nitrotyr-
osine antibody and avidin-biotin peroxidase complex were

obtained from DBA (Milan, Italy). All other reagents and
compounds used were obtained from Sigma Chemical
Company (Sigma, Milan, Italy).

Data analysis

All values in the ®gures and text are expressed as mean+
standard error (s.e.m.) of the mean of n observations. For the
in vitro studies, data represent the number of wells studied (6 ±
9 wells from 2 ± 3 independent experiments). For the in vivo

studies n represents the number of animals studied. In the
experiments involving histology or immunohistochemistry, the
®gures shown are representative of at least three experiments
performed on di�erent experimental days. The results were

analysed by one-way ANOVA followed by a post-hoc

Figure 4 Representative lung sections from (A) control rats demonstrating the normal alveolar architecture. Lung sections from a
carrageenan-treated rat (B) demonstrate in¯ammatory in®ltration by neutrophil, lymphocytes and plasma. Lung sections from a
carrageenan-treated rat that received raxofelast (20 mg kg71) (C) demonstrate reduced in¯ammatory in®ltration. Original
magni®cation: 662.5. Figure is representative of at least three experiments performed on di�erent experimental days.
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Bonferroni test. A P-value less than 0.05 was considered
signi®cant.

Results

E�ects of raxofelast in carrageenan-induced pleurisy

All carrageenan-injected rats developed an acute pleurisy,
producing 1.8+0.15 ml of turbid exudate (Figure 2A). Trypan

blue stain revealed 77+6.46106 rat71 PMNs in comparison to
control rat (2.4+0.86106 rat71) (Figure 2B). Control animals
demonstrated no abnormalities in the pleural cavity or ¯uid.

The degree of peritoneal exudation and polymorphonuclear
migration were signi®cantly reduced in rats with raxofelast
(Figure 2A,B). Raxofelast treatment did not cause signi®cant
changes in these parameters in control rats (Figure 2A,B).

Lungs obtained from carrageenan-treated rats were exam-
ined for the measurement of MPO activity, the latter being
indicative of neutrophil in®ltration, and for MDA levels, in

order to estimate lipid peroxidation. As shown in Figure 3A,
B, MPO activity and MDA levels (7.2+6.4 mu 100 mg71 wet
tissue and 286+4.4 mM mg71 wet tissue, respectively) were

signi®cantly (P50.01) increased in the lung from carrageenan-
treated rats when compared to control rats
(16+3.5 mu 100 mg71 wet tissue; 133+6.8 mM mg71 wet

tissue respectively.) MPO activity and MDA levels were
signi®cantly (P50.01) reduced in a dose dependent manner
by raxofelast treatment (Figure 3A,B).

Histological examination of lung section showed in¯amma-

tory in®ltration by neutrophil, lymphocytes and plasma cells
extravasation (Figure 4B). Raxofelast treatment reduced
histological organ injury (Figure 4C).

Lung sections were also analysed for the presence of
nitrotyrosine, a footprint of peroxynitrite. Immunohistochem-
ical analysis, using a speci®c anti-nitrotyrosine antibody,

revealed a positive staining in lungs from carrageenan-treated

Figure 5 Immunohistochemical localization of nitrotyrosine in the
rat lung. Staining was absent in control tissue (A). Four hours
following carrageenan injection, nitrotyrosine immunoreactivity was
localized mainly to macrophages and some epithelial cells (B). There
is a marked reduction in the immunostaining in the lungs of
carrageenan-treated rats when rats were pretreated with raxofelast
(20 mg kg71) (C). Original magni®cation: 6125. Figure is repre-
sentative of at least three experiments performed on di�erent
experimental days.

Figure 6 Peroxynitrite formation (A) and DNA single strand
breakage development in pleural macrophages harvested from
control and carrageenan-treated rats. Four hours after carrageenan
injection a signi®cant peroxynitrite production and a marked increase
in DNA strand breakage was observed. Raxofelast signi®cantly (5,
10, 20 mg kg71) inhibited in a dose dependent manner dihydrorho-
damine 123 oxidation and prevented the carrageenan-induced DNA
single strand breakage. Data represent the number of wells studied
(6 ± 9 wells from 2 ± 3 independent experiments). *P50.01 versus
macrophages from control rats; 8P50.01 represents a signi®cant
inhibitory e�ect of raxofelast.
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rats, which was primarily localized in alveolar macrophages

and in airway epithelial cells (Figure 5B). No positive
nitrotyrosine staining was found in the lungs of the
carrageenan-treated rats when they were treated with
raxofelast (Figure 5C).

Raxofelast protects against the cellular energetic failure

In pleural macrophages obtained from carrageenan-treated
rats, a signi®cant peroxynitrite production was detectable
(66+4 pmoles min71 cells; Figure 6A). A marked increase in

DNA strand breakage was also observed after carrageenan-
induced pleurisy (Figure 6B). Carregeenan-mediated disrup-
tion of cellular energetic pool was evidenced by a signi®cant

decrease in mitochondrial respiration and intracellular con-
centration of NAD+ (Figure 7A,B). The in vivo treatment of
the animals with raxofelast signi®cantly inhibited in a dose
dependent manner dihydrorhodamine 123 oxidation, pre-

vented the carrageenan-induced DNA single strand breakage
(Figure 6A,B), signi®cantly inhibited the decrease in cellular
respiration and partially restored the depletion of intracellular

levels of NAD+ (Figure 7A,B).

Discussion

In¯ammatory process is invariably characterized by a

production of prostaglandins, leukotrienes, histamine, brady-
kinin, platelet-activing factor (PAF) and interleukin I (IL-1),
by a release of chemicals from tissues and migrating cells (Vane
& Botting, 1987; Tomlinson et al., 1994). Furthermore, one

possibility that has been frequently discussed is that
production of reactive oxidants such as hydrogen peroxide,
superoxide and hydroxyl radical at site of in¯ammation

contributes to tissue damage (Oh-Ishi et al., 1989; Dawson et
al., 1991; Peskar et al., 1991; Da Motta et al., 1994; Salvemini
et al., 1996a,b; Cuzzocrea et al., 1997c; 1998a). Pharmacolo-

gical inhibitors of NOS have been shown to reduce the
development of carrageenan-induced in¯ammation and sup-
port a role of NO in this model of in¯ammation (Tracey et al.,

1995; Wei et al., 1995; Salvemini et al., 1996a,b; Cuzzocrea et
al., 1997c; 1998a). More recent studies have shown the
formation of peroxynitrite in carrageenan-induced in¯amma-
tion (Salvemini et al., 1996a,b; Cuzzocrea et al., 1997c;

1998a,b). Using nitrotyrosine immunohistochemistry, this
study has con®rmed the production of peroxynitrite in the
lung of rats subjected to carrageenan-induced pleurisy.

The biological activity and decomposition of peroxynitrite
is very much dependent on the cellular or chemical
environment (presence of proteins, thiols, glucose, the ratio

of NO and superoxide, carbon dioxide levels and other
factors), and these factors in¯uence its toxic potential
(Beckman et al., 1990; Villa et al., 1994; Rubbo et al., 1994;

Pryor & Squadrito, 1996).
In the present study we found that (1) raxofelast reduces the

development of carrageenan-induced pleurisy (2) raxofelast
reduces morphological injury and neutrophil in®ltration in

carrageenan-induced in¯ammation; and (3) raxofelast reduces
nitrotyrosine immunostaining, an indicator of peroxynitrite
formation in in¯ammation.

It could be speculated that the pharmacological e�ects of
raxofelast may be dependent upon a combination of: (1) a
scavenging action toward oxygen radicals, which results in the

prevention of peroxynitrite formation with consequent
protection against the development of peroxynitrite-induced
cellular energetic failure, (2) a reduced neutrophil recruitment
into the in¯ammatory site, which may represent an important

additional mechanism for the observed anti-in¯ammatory
action. The reduced neutrophil in®ltration into the in¯amed
tissue may be related to a prevention of endothelial oxidant

injury by raxofelast and to a preservation of endothelial barrier
function. Therefore, the relative contribution of the raxofe-
last's multiple modes of action observed in the current study to

be determined in further studies.
Recent studies have proposed that a novel pathway,

involving the nuclear enzyme poly (ADP-ribose) synthetase

(PARS) play an important role in in¯ammation (SzaboÁ et al.,
1997a; 1998; Cuzzocrea et al., 1998b,c). It is well known that
this pathway plays an important role in various forms of shock
(SzaboÁ et al., 1997b) and reperfusion injury (Thiemermann et

al., 1997; Zingarelli et al., 1997; Cuzzocrea et al., 1997b).
Raxofelast has been shown to display potent protective e�ects
against oxidative damage in in vitro studies (Mattioli et al.,

1991) and in various models of oxyradical-mediated ischaemia-
reperfusion injury (Campo et al., 1992; 1994). The protection
by raxofelast against the development of DNA single strand

breakage and the partially restoration of intracellular NAD+

depletion (as shown in Figures 6A and 7B), may thus be related
to a decreased peroxynitrite formation, which may thus lead to
a prevention of the activation of PARS in in¯ammation.

Figure 7 Reduction of mitochondrial respiration (A) and cellular
levels of NAD+ (B) in macrophages from control and carrageenan-
treated rats. Four hours after carregeenan administration the
disruption of cellular energetic pool was evidenced by a signi®cant
decrease in mitochondrial respiration and intracellular concentration
of NAD+. Raxofelast (5, 10, 20 mg kg71) signi®cantly inhibited in a
dose dependent manner the decrease in cellular respiration and
partially restored the depletion of intracellular levels of NAD+. Data
represent the number of wells studied (6 ± 9 wells from 2 ± 3
independent experiments). *P50.01 versus macrophages from
control rats; 8P50.01 represents protective e�ects of raxofelast.
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Taken together, the results of the present study coupled
with recent data by several groups support the view that
raxofelast can exert protective e�ects on cellular injury. In

conclusion raxofelast, an a-tocopherol analogue with free
radical scavenging properties, reduces the in¯ammatory
response in rats subjected to carrageenan-induced pleurisy. It
may therefore have potential therapeutic e�ects.

We gratefully acknowledge Biomedica Foscama Research Centre,
Ferentino, (FR), Italy for the generous supply of raxofelast. We also
thank Fabio Giu�reÁ and Carmelo La Spada for their excellent
technical assistance during this study, Mrs Caterina Cutrona for
secretarial assistance and Miss Valentina Malvagni for editorial
assistance with the manuscript.

References

BECKMAN, J.S., BECKMAN, T.W., CHEN, J., MARSHALL, P.A. &

FREEMAN, B.A. (1990). Apparent hydroxyl radical production
by peroxynitrite: implication for endothelial injury from nitric
oxide and superoxide. Proc. Natl. Acad. Sci. U.S.A., 87, 1620 ±
1624.

CAMPO, G.M., SQUADRITO, F., IOCULANO, M., AVENOSO, A.,

ZINGARELLI, B., CALANDRA, S., SCURI, R., SAITTA, A. &

CAPUTI, A.P. (1992). IRFI 016 a new radical scavenger limits
ischemic damage following coronary artery occlusion in rats.
Res. Commun. Chem. Pathol. Pharmacol., 76, 287 ± 303.

CAMPO, G.M., SQUADRITO, F., IOCULANO, M., POLLICINO, A.M.,

RIZZO, A., CALAPAI, G., CALANDRA, S., SCURI, R. & CAPUTI,

A.P. (1994). Protective e�ect of IRFI 016, a new antioxidant
agent, in myocardial damage following coronary artery occlusion
and reperfusion in rats. Pharmacol., 48, 157 ± 166.

CAMPO, G.M., GECCARELLI, S., SQUADRITO, F., ALTAVILLA, D.,

DORIGOTTI, L. & CAPUTI, A.P. (1997). Raxofelast (IRFI 016): a
new hydrophilic vitamin E-like antioxidant agent. Cardiovasc.
Drug Rev., 15, 157 ± 1173.

CECCARELLI, S., DE VELLIS, P., SCURI, R. & ZANARELLA S. (1993).
Synthesis of novel 2-substituted-5-oxycoumarans via a direct
route to 2,3-dihydro-5-hydroxy-2-benzofuranacetic acids. J.
Heterocycl. Chem., 30, 679 ± 690.

CUZZOCREA, S., ZINGARELLI, B., CALAPAI, G., NAVA, F. &

CAPUTI, A.P. (1997a). Zymosan-activated plasma induces paw
oedema by nitric oxide and prostaglandin production. Life Sci.,
60, 215 ± 220.

CUZZOCREA, S., ZINGARELLI, B., COSTANTINO, G., SZABOÂ , A.,

SALZMAN, A.L., CAPUTI, A.P. & SZABOÂ , C. (1997b). Bene®cial
e�ects of 3-aminobenzamide, an inhibitor of poly (ADP-ribose)
synthetase in a rat model of splanchnic artery occlusion and
reperfusion. Br. J. Pharmacol., 121, 1065 ± 1074.

CUZZOCREA, S., ZINGARELLI, B., GILARD, E., HAKE, P., SALZ-

MAN, A.L. & SZABOÂ , C. (1997c). Protective e�ect of melatonin in
carrageenan-induced models of local in¯ammation. J. Pineal
Res., 23, 106 ± 116.

CUZZOCREA, S., ZINGARELLI, B., GILARD, E., HAKE, P., SALZ-

MAN, A.L. & SZABOÂ , C. (1998a). Anti-in¯ammatory e�ects of
mercaptoethylguanidine, a combined inhibitor of nitric oxide
synthase and peroxynitrite scavenger, in carrageenan-induced
models of in¯ammation. Free Rad. Biol. Med., 24, 450 ± 459.

CUZZOCREA, S., CAPUTI, A.P. & ZINGARELLI, B. (1998b).
Peroxynitrite-mediated DNA strand breakage activates poly
(ADP-ribose) synthetase and causes cellular energy depletion in
carrageenan-induced pleurisy. Immunology, 93, 96 ± 101.

CUZZOCREA, S., ZINGARELLI, B., GILARD, E., HAKE, P., SALZ-

MAN, A.L. & SZABOÂ , C. (1998c). Protective e�ects of 3-
aminobenzamide, an inhibitor of poly (ADP-ribose) synthase in
carrageenan-induced models of local in¯ammation. Eur. J.
Pharmacol., 342, 67 ± 76.

DA MOTTA, J.I., CUNHA, F.Q., VARGAFTIG, B.B. & FERREIRA, S.H.

(1994). Drug modulation of antigen-induced paw oedema in
guinea-pigs: e�ects of lipopolysaccharide, tumour necrosis factor
and leucocyte depletion. Br. J. Pharmacol., 112, 111 ± 116.

DARLEY-USMAR, V. & HALLIWELL, B. (1996). Blood radicals.
Reactive nitrogen species, reactive oxygen species, transition
metal ions, and the vascular system. Pharmaceut. Res., 13, 649 ±
655.

DAWSON, J., SEDGWICK, A.D., EDWARDS, J.C. & LEES, P. (1991). A
comparative study of the cellular, exudative and histological
responses to carrageenan, dextran and zymosan in the mouse.
Int. J. Tissue React., 13, 171 ± 185.

HALLIWELL, B. (1995). Oxygen radicals, nitric oxide and human
in¯ammatory joint disease. Ann. Rheumat. Dis., 54, 505 ± 510.

HELLER, B., WANG, Z.Q., WAGNER, E.F., RADONS, J., BURKLE, A.,

FEHSEL, K., BURKART, V. & KOLB, H. (1995). Inactivation of the
poly(ADP-ribose) polymerase gene a�ects oxygen radical and
nitric oxide toxicity in islet cells. J. Biol. Chem., 270, 11176.

MATTOLI, S., MEZZETTI, M., ALLEGRA, L. & BRAGA, P.C. (1991).
Dihydro-hydroxy-trimethyl-benzofuranyl acetic acid inhibits
lipid peroxydation and lysosomal enzyme release in bronchial
epithelial cells and macrophages. Ital. J. Chest Dis., 45, 78 ± 80.

MCCORD, J. (1993). Oxygen-derived free radicals. New Horizons, 1,
70 ± 76.

MONCADA, S., PALMER, R.M.J. & HIGGS, E.A. (1991). Nitric oxide:
Physiology, Pathophysiology and Pharmacology. Pharmacol.
Rev., 43, 109 ± 142.

MULLANE, K.M., WESTLIN, W. & KRAEMER, R. (1988). Activated
neutrophils release mediators that may contribute to myocardial
injury and dysfunction associated with ischemia and reperfusion.
Ann. N.Y. Acad. Sci. U.S.A., 524, 103 ± 121.

NATHAN, C. (1992). Nitric oxide as a secretory product of
mammalian cells. FASEB J., 6, 3051 ± 3064.

OHKAWA, H., OHISHI, N. & YAGI, K. (1979). Assay for lipid
peroxides in animal tissues by thiobarbituric acid reaction. Anal.
Biochem., 95, 351 ± 358.

OH-ISHI, S., HAYASHI, I., HAYASHI, M., YAMAKI, K. & UTSUNO-

MIYA, I. (1989). Pharmacological demonstration of in¯amma-
tory mediators using experimental in¯ammatory models: rat
pleurisy induced by carrageenin and phorbol myristate acetate.
Dermatologica, 179 (suppl 1), 68 ± 71.

PESKAR, B.M., TRAUTMANN, M., NOWAK, P. & PESKAR, B.A.

(1991). Release of 15-hydroxy-5,8,11,13-eicosatetraenoic acid
and cysteinyl-leukotrienes in carrageenin-induced in¯ammation:
e�ect of non-steroidal anti-in¯ammatory drugs. Agents Actions,
33, 240 ± 246.

PRYOR, W. & SQUADRITO, G. (1995). The chemistry of peroxyni-
trite: a product from the reaction of nitric oxide with superoxide.
Am. J. Physiol., 268, L699 ± L772.

RUBBO, H., RADI, R., TRUJILLO, M., TELLERI, R., KALYANARA-

MAN, B., BARNES, S., KIRK, M. & FREEMAN, B.A. (1994). Nitric
oxide regulation of superoxide and peroxynitrite-dependent lipid
peroxidation. Formation of novel nitrogen-containing oxidised
lipid derivatives. J. Biol. Chem., 269, 26066 ± 26075.

SALVEMINI, D., WANG, Z.Q., WYATT, P., BOURDON, D.M., MAR-

INO, M.H., MANNING, P.T. & CURRIE, M.G. (1996a). Nitric
oxide: a key mediator in the early and late phase of carrageenan-
induced rat paw in¯ammation. Br. J. Pharmacol., 118, 829 ± 838.

SALVEMINI, D., WANG, Z.Q., BOURDON, D.M., STERN, M.K.,

CURRIE, M.G. & MANNING, P.T. (1996b). Evidence of peroxyni-
trite involvement in the carrageenan-induced rat paw edema. Eur.
J. Pharmacol., 303, 217 ± 220.

SCHRAUFSTATTER, I.U., HINSHAW, D.B., HYSLOP, P.A., SPRAGG,

R.G. & COCHRANE, C.G. (1986). Oxidant injury of cells: DNA
strand-breaks activate polyadenosine diphosphate-ribose poly-
merase and lead to depletion of nicotinamide adenine dinucleo-
tide. J. Clin. Invest., 77, 1312 ± 1320.

SZABOÂ , C. (1996). The role of peroxynitrite in the pathophysiology of
shock, in¯ammation and ischemia-reperfusion injury. Shock, 6,
79 ± 87.

SZABOÂ , C., LIM, L.H.K., CUZZOCREA, S., GETTING, S.J., ZINGAR-

ELLI, B., FLOWER, R.J., SALZMAN, A.L. & PERRETTI, M. (1997a).
Inhibition of poly (ADP-ribose) synthetase exerts anti-in¯am-
matory e�ects and inhibits neutrophil recruitment. J. Exp. Med.,
186, 1041 ± 1049.

Raxofelast and carrageenan-induced inflammation 413S. Cuzzocrea et al



SZABOÂ , C., CUZZOCREA, S., ZINGARELLI, B., O'CONNOR, M. &

SALZMAN, A.L. (1997b). Endothelial dysfunction in endotoxic
shock: importance of the activation of poly (ADP ribose
synthetase (PARS) by peroxynitrite. J. Clin. Invest., 100, 723 ±
735.

SZABOÂ , C., VIRAÁ G, L., CUZZOCREA, S., SCOTT, G.S., HAKE, P.,

O'CONNOR, M., ZINGARELI, B., MA, Y., HIRSCH, R., BOIOVIN,

G.P., SALZMAN, A.L. & KUN, E. (1998). Protection against
peroxynitrite-induced ®broblast injury and arthritis development
by inhibition of poly (ADP-Ribose) synthetase. Proc. Natl. Acad.
Sci. U.S.A., 95, 3867 ± 3872.

THIEMERMANN, C., BOWES, J., MYNNY, F.P. & VANE, J.R. (1997).
Inhibition of the activity of poly(ADP ribose) synthase reduces
ischaemia-reperfusion injury in the heart and skeletal muscle.
Proc. Natl. Acad. Sci. U.S.A., 94, 679 ± 683.

TOMLINSON, A., APPLETON, I., MOORE, A.R., GILROY, D.W.,

WILLIS, D., MITCHELL, J.A. & WILLOUGHBY. (1994). Cyclo-
oxygenase and nitric oxide isoforms in rat carrageenin-induced
pleurisy. Br. J. Pharmacol., 113, 693 ± 698.

TRACEY, W.R., NAKANE, M., KUK, J., BUDZIK, G., KLINGHOFER,

V., HARRIS, R. & CARTER, G. (1995). The nitric oxide synthase
inhibitor, L-NG-monomethylarginine, reduces carrageenan-in-
duced pleurisy in the rat. J. Pharmacol. Exp. Ther., 273, 1295 ±
1299.

VANE, J. & BLOTTING, R. (1987). In¯ammation and the mechanism
of action of antiin¯ammatory drugs. FASEB J., 1, 89 ± 96.

VILLA, L.M., SALAS, E., DARLEY-USMAR, M., RADOMSKI, M.W. &

MONCADA, S. (1994). Peroxynitrite induces both vasodilatation
and impaired vascular relaxation in the isolated perfused rat
heart. Proc. Natl. Acad. Sci. U.S.A., 91, 12383 ± 12387.

WEI, X.Q., CHARLES, I.G., SMITH, A., URE, J., FENG, G.J., HUANG,

F.P., XU, D., MULLER, W., MONCADA, S. & LIEW, F.Y. (1995).
Altered immune responses in mice lacking inducible nitric oxide
synthase. Nature, 375, 408 ± 411.

WIZEMANN, T., GARDNER, C., LASKIN, J., QUINONES, S., DUR-

HAM, S., GOLLER, N., OHNISHI, T. & LASKIN, D. (1994).
Production of nitric oxide and peroxynitrite in the lung during
acute endotoxemia. J. Leukoc. Biol., 56, 759 ± 768.

YOUN, Y.K., LALONDE, C. & DEMLING, R. (1991). Use of
antioxidant therapy in shock and trauma. Circ. Shock, 35,
245 ± 249.

ZINGARELLI, B., CUZZOCREA, S., ZSENGELLER, Z., SALZMAN,

A.L. & SZABOÂ , C. (1997). Protection against myocardial ischemia
and reperfusion injury by 3-aminobenzamide, an inhibitor of
Poly (ADP-Ribose) synthetase. Cardiovasc. Res., 36, 205 ± 215.

ZINGARELLI, B., O'CONNOR, M., WONG, H., SALZMAN, A.L. &

SZABOÂ , C. (1996). Peroxynitrite-mediated DNA strand breakage
activates poly-adenosine diphosphate ribosyl synthetase and
causes cellular energy depletion in macrophages stimulated with
bacterial lipolysaccharide. J. Immunol., 156, 350 ± 358.

(Received April 15, 1998
Revised September 25, 1998
Accepted October 6, 1998).

Raxofelast and carrageenan-induced inflammation414 S. Cuzzocrea et al



Speci®c inhibition of ADP-induced platelet aggregation by
clopidogrel in vitro

1Artur-Aron Weber, 1Stephanie Reimann & *,1 Karsten SchroÈ r

1Institut fuÈ r Pharmakologie, Heinrich-Heine-UniversitaÈ t DuÈ sseldorf, Germany

1 The thienopyridine clopidogrel is a speci®c inhibitor of ADP-induced platelet aggregation ex
vivo. No direct e�ects of clopidogrel (4100 mM) on platelet aggregation in vitro have been described
so far.

2 Possible in vitro antiaggregatory e�ects (turbidimetry) of clopidogrel were studied in human
platelet-rich plasma and in washed platelets.

3 Incubation of platelet-rich plasma with clopidogrel (4100 mM) for up to 8 h did not result in any
inhibition of ADP (6 mM)-induced platelet aggregation.

4 Incubation of washed platelets with clopidogrel resulted in a time- (maximum e�ects after
30 min) and concentration-dependent (IC50 1.9+0.3 mM) inhibition of ADP (6 mM)-induced platelet
aggregation. Clopidogrel (30 mM) did not inhibit collagen (2.5 mg ml71)-, U46619 (1 mM)- or
thrombin (0.1 u ml71)-induced platelet aggregation. The inhibition of ADP-induced aggregation by
clopidogrel (30 mM) was insurmountable indicating a non-equilibrium antagonism of ADP actions.
The R enantiomer SR 25989 C (30 mM) was signi®cantly less active than clopidogrel (30 mM) in
inhibiting platelet aggregation (32+5 % vs 70+1 % inhibition, P50.05, n=5).

5 In washed platelets, clopidogrel (430 mM) did not signi®cantly reverse the inhibition of
prostaglandin E1 (1 mM)-induced platelet cyclic AMP formation by ADP (6 mM).
6 The antiaggregatory e�ects of clopidogrel were unchanged when the compound was removed
from the platelet suspension. However, platelet inhibition by clopidogrel was completely abolished
when albumin (350 mg ml71) was present in the test bu�er.

7 It is concluded that clopidogrel speci®cally inhibits ADP-induced aggregation of washed platelets
in vitro without hepatic bioactivation. Inhibition of ADP-induced platelet aggregation by clopidogrel
in vitro occurs in the absence of measurable e�ects on the reversal of PGE1-stimulated cyclic AMP
by ADP.

Keywords: Clopidogrel; SR 25989 C; platelets; aggregation; shape change; ADP

Abbreviations: ADP, adenosine 5'-diphosphate; cyclic AMP, adenosine 3':5'- cyclic monophosphate; PGE1, prostaglandin E1

Introduction

Clopidogrel is an antiplatelet compound that has recently been
shown to be e�ective in the secondary prevention of

cardiovascular complications of atherosclerosis (CAPRIE
Steering Committee, 1996). The thienopyridines clopidogrel
and ticlopidine are speci®c inhibitors of ADP-induced platelet

aggregation but not of ADP-induced shape change or Ca2+

transients (for reviews see Coukell & Markham, 1997; SchroÈ r,
1998). Although the exact mechanisms are not known,

treatment with clopidogrel reduces the binding of ADP or
stable ADP analogues to high-a�nity binding sites on platelets
(Mills et al., 1992; Savi et al., 1994b; 1997; Gachet et al., 1995).
The ADP receptors that are modi®ed by clopidogrel are also

believed to mediate the inhibition of prostaglandin I2- or E1-
induced cyclic AMP formation by ADP (Defreyn et al., 1991;
Mills et al., 1992).

In platelet-rich plasma, clopidogrel (4100 mM) does not
inhibit platelet aggregation in vitro (Herbert, 1994). In rats, the
in vivo activity of clopidogrel has been proposed to be

dependent on hepatic biotransformation to an active
metabolite (Savi et al., 1992). In these studies, clopidogrel
(40 mg kg71) was less e�ective in hepatectomized rats as
compared to normal control rats. In addition, clopidogrel did

inhibit platelet aggregation in isolated, blood-perfused rat
livers. The bioactivation of clopidogrel has been suggested to

be mediated by the hepatic cytochrome P450 system (Savi et
al., 1994a).

However, an active metabolite of clopidogrel has not been

published so far and the need for hepatic activation of
clopidogrel has not been demonstrated in humans. In this
context, it is noteworthy that in animal studies much higher

doses of clopidogrel were used as compared to the standard
dosage for humans (75 mg d71). Thus, di�erent mechanisms
may account for platelet inhibition in humans as compared to
animal studies.

This study demonstrates that clopidogrel speci®cally
inhibits ADP-induced aggregation of washed human platelets
in vitro without the need of hepatic bioactivation. Inhibition of

ADP-induced platelet aggregation by clopidogrel in vitro
occurs in the absence of measurable e�ects on the reversal of
PGE1-stimulated cyclic AMP by ADP.

Methods

Preparation of washed human platelets

Washed human platelets were prepared as previously described

(Weber et al., 1993). Fresh citrated blood was obtained from a
local blood-bank. Platelet-rich plasma was prepared by

*Author for correspondence at: Institut fuÈ r Pharmakologie,
Heinrich-Heine-UniversitaÈ t DuÈ sseldorf, Moorenstr. 5, D-40225
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centrifugation at 2506g for 10 min at room temperature. The
pH was adjusted to 6.5 with acidic citrate dextrose (Biotest,
Frankfurt, Germany). The platelets were washed twice in a

bu�er (pH 6.5) containing [mM]: NaCl 113, Na2HPO4 4,
NaH2PO4 24, KH2PO4 4, supplemented with 0.05 u ml71

apyrase (Grade V, Sigma, Deisenhofen, Germany), 5 mM

glucose and 50 nM prostaglandin E1. Washed platelets were

resuspended in HEPES-bu�ered Tyrode solution (pH 7.4) of
the following composition [mM]: NaCl 134, NaHCO3 12, KCl
2.9, NaH2PO4 0.36, MgCl2 1, CaCl2 2, HEPES 5, supplemen-

ted with 5 mM glucose. When indicated, clopidogrel (0.3 ±
30 mM) or vehicle was incubated with the platelets for 2.5 ±
120 min at 378C prior to stimulation. In some experiments,

platelet-rich plasma was pre-incubated with acetylsalicylic acid
(10 mM) for 15 min.

Platelet aggregation and shape change

Platelet function was measured as previously described
(Weber et al., 1993). Brie¯y, 400 ml of washed platelet

suspension or 400 ml of platelet-rich plasma were incubated
with 90 ml of test bu�er (HEPES-bu�ered Tyrode, see above)
supplemented with 1.5 mg ml71 ®brinogen (®nal concentra-

tion 0.3 mg ml71) in a 2-channel aggregometer (Labor,
Hamburg, Germany) for 2 min at 378C. Platelets were
stimulated by adding 10 ml of the respective stimulus (0.2 ±

600 mM ADP, 2.5 mg ml71 collagen, 1 mM U46619, or 0.1 u
ml71 thrombin, respectively). Changes in light transmission
were recorded during constant stirring of the samples

(1,200 r.p.m., 378C). Aggregation responses were assessed
by measuring the maximum change of light transmission
(% of control) and the change of light transmission (% of
control) 4 min after addition of the stimulus. For shape

change measurements, washed platelets were resuspended in
Ca2+-free test bu�er. 400 ml of washed platelet suspension
were incubated with 90 ml of test bu�er supplemented with

10 mM EGTA (®nal concentration 2 mM) in a 2-channel
aggregometer (Labor, Hamburg, Germany) for 2 min at
378C. Platelets were stimulated by adding 10 ml of the

stimulus (0.2 ± 20 mM ADP). Shape change responses were
assessed by measuring the decrease in light transmission.

Determination of cyclic AMP in washed platelets

Washed platelets (480 ml) were incubated in an aggregometer
for 1 min at constant stirring (1,200 r.p.m., 378C). Then, 1 mM
prostaglandin E1 (10 ml) or bu�er (10 ml) were added for
1 min. Subsequently, the platelets were stimulated with 6 mM
ADP (10 ml). After 1 min, the reaction was terminated by

adding 100 ml 25% HClO4. The samples were neutralized with
125 ml 2 M K2CO3 and centrifuged at 10,0006g for 5 min.
Cyclic AMP was determined in the supernatants by radio-

immunoassay as previously described (SchroÈ der & SchroÈ r,
1993).

Materials

Acidic citrate-dextrose (Biostabil1, Biotest, Frankfurt, Ger-
many); ADP (Boehringer, Mannheim, Germany); clopidogrel,

SR 25989 C (Sano® Recherche, Toulouse, France); collagen
(Collagenreagent Horm1, Nycomed, MuÈ nchen, Germany);
[3H]-cyclic AMP (New England Nuclear, Dreieich, Germany),

U46619 (Upjohn Diagnostics, Heppenheim, Germany). a-
Thrombin was a gift from Dr J. StuÈ rzebecher, Erfurt,
Germany. All other reagents were obtained from Sigma
(Deisenhofen, Germany).

Statistics

Data are means+s.e.mean from n experiments. Statistical

analysis was performed using two-tailed Student's t-test for
paired or unpaired data, as applicable. P50.05 was considered
signi®cant.

Results

Clopidogrel does not inhibit platelet aggregation in
platelet-rich plasma

When clopidogrel (4100 mM) was incubated with platelet-rich
plasma, no inhibition of ADP (6 mM)-induced platelet
aggregation was observed. Even an incubation of clopidogrel

with platelet-rich plasma for up to 8 h did not result in any
antiaggregatory activity of the compound (not shown).

Clopidogrel selectively inhibits ADP-induced aggregation
in washed platelets

In contrast, when clopidogrel (0.3 ± 30 mM) was incubated with
washed platelets for 1 h, a concentration-dependent inhibition
of ADP (6 mM)-induced platelet aggregation was seen (Figure
1). Incubation of washed platelets with clopidogrel resulted in

a reduction of the maximum aggregation amplitude. In
addition, there was a marked e�ect on the reversibility of
ADP-induced aggregation in clopidogrel-treated platelets.

Thus, both, maximum aggregation amplitudes as well as
aggregation amplitudes 4 min after addition of the stimulus,
were used for quanti®cation of clopidogrel e�ects (Figure 2).
Data analysis revealed a signi®cant (P50.05) inhibition of

ADP-induced platelet aggregation by 50.3 mM clopidogrel.
From the data presented in Figure 2B, an IC50 value of
1.9+0.3 mM was calculated. Importantly, the inhibitory e�ects

of clopidogrel on aggregation of washed platelets were
selective for ADP. Platelet aggregation, induced by collagen
(2.5 mg ml71), the thromboxane A2 mimetic U46619 (1 mM) or
thrombin (0.1 u ml71), was not signi®cantly inhibited by
clopidogrel (30 mM) (Figure 2). Interestingly, in the aggrega-
tion experiments, ADP (6 mM)-induced platelet shape change
did not seem to be a�ected by clopidogrel. However, because

platelet aggregation interferes with the measurement of platelet

Figure 1 Representative original tracings demonstrating the e�ects
of clopidogrel (0.3 ± 30 mM) on ADP (6 mM)-induced aggregation and
shape change of washed human platelets.
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shape change, possible e�ects of clopidogrel on platelet shape
change were studied in a separate series of experiments,
performed in the presence of EGTA. In these studies, a

complete inhibition of platelet shape change by clopidogrel
was observed at low concentations of ADP (0.2 mM) (Figure
3). At higher ADP concentrations (2 mM, 20 mM), the
inhibitory e�ects of clopidogrel on ADP-induced platelet

shape change were less obvious (Figure 3).

The inhibitory e�ects on platelet aggregation are
restricted to apyrase-sensitive mechanisms

In order to further characterize if the in vitro actions of

clopidogrel are speci®c for ADP-mediated processes, the
antiaggregatory e�ects of clopidogrel were compared with
apyrase, an ADP/ATP-degrading enzyme. In control

experiments, apyrase (1 u ml71) has been shown to
completely inhibit ADP-induced platelet aggregation. The
e�ects of apyrase on collagen (2.5 mg ml71)- and U46619
(1 mM)-induced platelet aggregation were studied. Similar to

clopidogrel, (see Figure 2), apyrase (1 u ml71) did not
inhibit collagen (2.5 mg ml71)- or U46619 (1 mM)-induced
aggregation of washed platelets (not shown). Therefore, we

have repeated the experiments with acetylsalicylic acid

(10 mM) pre-treated platelets. In this system, apyrase
signi®cantly (P50.05) inhibited collagen-induced platelet
aggregation, indicating that ADP is an essential ampli®ca-

tion mechanism for collagen-induced aggregation of acetyl-
salicylic acid-treated platelets (Figure 4). Interestingly,
clopidogrel (30 mM) also signi®cantly reduced the aggrega-
tion of acetylsalicylic acid-treated platelets to an extent

similar to the e�ects of apyrase (Figure 4). In contrast, when
the e�ects of apyrase and clopidogrel, respectively, on
U46619-induced aggregation of acetylsalicylic acid-treated

platelets were studied, apyrase did not inhibit U46619-
induced platelet aggregation, indicating that the thrombox-
ane A2 mimetic is capable of stimulating platelet aggregation

independently of ADP-mediated ampli®cation mechanisms
even after cyclooxygenase inhibition. Consistently, there was
no inhibition of U46619-induced aggregation of acetylsa-

licylic acid-treated platelets by clopidogrel (30 mM). Thus,
antiaggregatory actions of clopidogrel can only be observed
in apyrase-sensitive systems. These data provide further
evidence for the ADP selectivity of clopidogrel actions in

vitro.

The inhibition of ADP-induced aggregation by
clopidogrel is insurmountable

In order to further characterize the e�ects of clopidogrel

(30 mM, 60 min) on ADP-induced platelet aggregation in vitro,
ADP concentration-e�ect curves had been constructed (Figure
5). In these experiments, the maximum response to ADP was

reduced by clopidogrel indicating a non-equilibrium antagon-
ism of ADP actions.

The antiaggregatory e�ects of clopidogrel are dependent
on the incubation time but not on the presence of the
compound in the test medium

The inhibition of ADP-induced platelet aggregation was
time-dependent (Figure 6). Measurable e�ects could be
detected after 2.5 min. However, there was an increase in

the inhibitory e�ects of clopidogrel upon further incubation.
Maximum and stable inhibition was observed after 30 min
(Figure 6). In order to study if the presence of clopidogrel is
required for the antiaggregatory e�ects of the compound,

clopidogrel (30 mM, 60 min) pre-incubated washed platelets

Figure 2 E�ects of clopidogrel (0.3 ± 30 mM) on ADP (6 mM)-,
collagen (2.5 mg ml71), U46619 (1 mM) or thrombin (0.1 u ml71)-
induced aggregation of washed human platelets. The aggregation was
assessed by measuring the maximum change of light transmission (A)
and the change of light transmission 4 min after addition of the
stimulus (B). Data are given as % of aggregation response induced
by the respective agonists without clopidogrel (control=100%).
(means+s.e.mean of n=5±6 independent experiments, *P50.05 vs
control, Student's t-test for paired data).

Figure 3 Original tracings demonstrating the e�ects clopidogrel
(30 mM) on ADP (0.2 ± 20 mM)-induced platelet shape change. The
experiments were carried out in a Ca2+- and ®brinogen-free medium
supplemented with 2 mM EGTA. Shown is one representative
experiment of n=3 with similar results.

Figure 4 E�ects of clopidogrel (30 mM) on collagen (2.5 mg ml71)
(A) and U46619 (1 mM) (B)-induced aggregation of acetylsalicylic
acid (10 mM)-treated washed human platelets. Experiments were
carried out in the absence and presence of apyrase (1 u ml71). The
aggregation was assessed by measuring the maximum change of light
transmission. Data are given as % of aggregation response induced
by the respective agonists without clopidogrel (control=100%).
(means+s.e.mean of n=4 independent experiments, *P50.05 vs
control, Student's t-test for paired data).

In vitro platelet inhibition by clopidogrel 417A.-A. Weber et al



were washed again and resuspended in clopidogrel-free
bu�er. Untreated control platelets were processed in the
same way and served as controls. In these experiments, the

inhibitory e�ects of clopidogrel were not changed (not
shown).

The antiaggregatory e�ects of clopidogrel are
stereoselective

The in vitro antiaggregatory e�ects of clopidogrel were also

compared with the R enantiomer SR 25989 C. In these
experiments, SR 25989 C (30 mM) was signi®cantly less active
as compared to clopidogrel (30 mM) with respect to the

inhibition of ADP (6 mM)-induced platelet aggregation
(32+5% vs 70+1% inhibition, P50.05, Student's t-test for
paired data, n=5), indicating a relative stereoselectivity of

clopidogrel e�ects.

Clopidogrel does not reverse the inhibitory e�ects of
ADP on prostaglandin E1-induced cyclic AMP formation

Stimulation of washed platelets with prostaglandin E1 (1 mM)
resulted in a signi®cant (P50.05) increase in cyclic AMP levels
(Figure 5). When ADP (6 mM) was added to prostaglandin E1-
stimulated platelets, the stimulatory e�ects on cyclic AMP

formation were completely abolished. Pretreatment of the
platelets with clopidogrel (3 ± 30 mM) for 1 h did not
signi®cantly reverse the ADP-mediated inhibition of platelet

adenylate cyclase. The data are summarized in Figure 7.

Protein prevents in vitro antiaggregatory actions of
clopidogrel in platelet-rich plasma

Finally, we have tested the hypothesis that proteins, present in

platelet-rich plasma, might prevent the in vitro antiaggregatory
actions of clopidogrel. Therefore, experiments were carried
out, using washed human platelets in test bu�er supplemented
with albumin (350 mg ml71). When protein was present in the

bu�er, the antiaggregatory e�ects of clopidogrel (30 mM) were
completely abolished (not shown). Interestingly, when washed
platelets were preincubated with clopidogrel for 1 h, subse-

quent addition of albumin was not able to reverse the
inhibition of platelet aggregation by clopidogrel (not shown).

Discussion

The thienopyridine clopidogrel is believed to be inactive in
vitro and it has been suggested that its activity is dependent on
hepatic biotransformation (for review see Coukell & Mark-
ham, 1997). The present study is the ®rst to demonstrate direct

inhibition of platelet aggregation by clopidogrel in vitro. The in
vitro inhibition of platelet aggregation by clopidogrel is
selective for ADP and does not require hepatic bioactivation.

In line with previous reports (for review see Herbert, 1994),
we were not able to detect any direct antiaggregatory e�ects of
clopidogrel (4100 mM) in platelet-rich plasma. However, when
washed human platelets were studied, a concentration-
dependent inhibition of ADP-induced platelet aggregation by
clopidogrel was observed. Several lines of evidence indicate
that the observed in vitro antiaggregatory e�ects of clopidogrel

Figure 5 ADP (0.2 ± 600 mM)-induced platelet aggregation in control
and in clopidogrel (30 mM)-treated washed platelets. Data are given as
% of maximum aggregation response (control=100%). (means
+s.e.mean of n=3 independent experiments).

Figure 6 Original tracings demonstrating the time course of the
inhibitory actions of clopidogrel (30 mM) on ADP (6 mM)-induced
platelet aggregation. Shown is one representative experiment of n=4
with similar results.

Figure 7 E�ects of clopidogrel (3 ± 30 mM) on the inhibitory e�ects
of ADP (6 mM) on prostaglandin E1 (PGE1, 1 mM)-stimulated platelet
adenylate cyclase. (means+s.e.mean of n=4 independent experi-
ments, *P50.05 vs control, #P50.05 vs PGE1, Student's t-test for
unpaired data).

In vitro platelet inhibition by clopidogrel418 A.-A. Weber et al



are due to a speci®c mechanism that is similar to the ex vivo
inhibition of platelet aggregation by the compound.

The inhibitory e�ects of clopidogrel were selective for ADP,

because no inhibition of platelet aggregation was seen when
collagen, thrombin, or the thromboxane A2 agonist U46619
were used as proaggregatory stimuli. In addition, the
selectivity of clopidogrel for ADP-induced platelet activation

was con®rmed using apyrase, an ADP-degrading enzyme
(Cattaneo et al., 1991). In these experiments, acetylsalicylic
acid-treated platelets were sensitive to apyrase, when aggrega-

tion was stimulated with collagen. In contrast, U46619-
induced aggregation of acetylsalicylic acid-treated platelets
was not a�ected by apyrase. These data indicate that, when

acetylsalicylic acid-treated platelets are used, collagen- but not
U46619-induced platelet aggregation partially depends on
endogenous ADP. Interestingly, in the presence of acetylsa-

licylic acid, clopidogrel inhibited collagen-induced platelet
aggregation to an extent similar to apyrase. In contrast, there
was no inhibition of U46619-induced aggregation of acetyl-
salicylic acid-treated platelets by clopidogrel. Thus, in vitro

antiaggregatory actions of clopidogrel are restricted to
apyrase-sensitive systems and involve the suppression of the
e�ects of released ADP. This is in line with previous reports on

the ex vivo inhibition of platelet aggregation by the compound
(Feliste et al., 1987). The demonstration of synergistic e�ects of
clopidogrel and acetylsalicylic acid is interesting and corre-

sponds to experimental and clinical data with ticlopidine (De
Caterina et al., 1991; Neumann et al., 1997). In addition, in
accordance to ex vivo data that demonstrate antiaggregatory

e�ects of clopidogrel in washed platelets (Gachet et al., 1990),
in vitro platelet inhibition persisted even when clopidogrel-
treated platelets were washed again in order to remove any free
compound from the platelet suspension. Thus, the antiag-

gregatory activity of clopidogrel was associated with the
platelets and was not dependent on the presence of the
compound in the test bu�er. Since the time periods to study

inhibition of washed human platelets are limited (washed
platelet preparations are stable only for several hours), no
statement about possible irreversibility of platelet inhibition by

clopidogrel in vitro can be made. In line with previous ex vivo
studies (Defreyn et al., 1991; Savi et al., 1992), clopidogrel (SR
25990 C) was signi®cantly less e�ective in inhibiting ADP-
induced platelet aggregation as compared to its levorotatory

enantiomer (SR 25989 C). Finally, the inhibitory e�ects of
clopidogrel on ADP-induced platelet aggregation were
insurmountable. Thus, the in vitro actions of clopidogrel on

human platelets involve a non-equilibrium antagonism, similar
to the e�ects observed ex vivo (Mills et al., 1992). In line with
the ex vivo data (Gachet et al., 1990; 1992; Mills et al., 1992),

incubation of clopidogrel with washed platelets did not appear
to inhibit ADP (6 mM)-induced platelet shape change.
However, when shape change was measured separately, i.e.

under conditions precluding aggregation, a marked inhibition
of ADP (0.2 mM)-induced platelet shape change was seen. With
higher ADP concentrations (2 mM, 20 mM), the inhibition of
platelet shape change by clopidogrel was less obvious.

Taken together, several lines of evidence indicate that
clopidogrel speci®cally and selectively inhibits ADP-induced
platelet aggregation in vitro. These data are in contrast to the

general assumption that hepatic biotransformation is required
for antiaggregatory activity of clopidogrel (Savi et al., 1992;
1994a). However, this assumption is based on animal studies

only, and the requirement of hepatic biotransformation in
humans has not yet been demonstrated. Although several
metabolites are known, a biologically active metabolite has not
been published so far. Our data indicate that hepatic

biotransformation is not required for platelet inhibition by
clopidogrel. It is well possible that clopidogrel itself and not an
unknown metabolite accounts for the antiaggregatory activity

of the compound. This view is supported by early pharmaco-
kinetic studies with ticlopidine, a sister-compound of clopido-
grel. In these studies (Di Perri et al., 1991), a single dose
(500 mg) was given to healthy volunteers and the time course of

platelet inhibition was correlated with the plasma concentra-
tions of ticlopidine as well as with the amount of cell-associated
(unchanged) compound. The maximum concentration of

erythrocyte- and neutrophil-associated ticlopidine clearly
paralleled the peak plasma concentration of the compound. In
contrast, maximum inhibition of platelet aggregation occurred

several hours later and paralleled the concentration of platelet-
associated (unchanged) compound. Thus, it has been speculated
that a redistribution into a platelet-compartment, possibly via a

speci®c uptake mechanism, can explain the delayed platelet
inhibition by ticlopidine (Di Perri et al., 1991). Alternatively, it
is also possible that platelets are capable to generate the putative
active metabolite of clopidogrel. This possibility is supported by

the time-dependence of platelet inhibitory actions of clopido-
grel, as demonstrated in the present study. Clearly, further
studies are needed to address this issue.

The second interesting point of our study is the ®nding that
the in vitro inhibition of ADP-induced platelet aggregation by
clopidogrel can be observed without a signi®cant reversal of

the inhibitory e�ects of ADP on platelet adenylate cyclase. It is
well known that clopidogrel treatment selectively reduces the
number of functional ADP receptors mediating the inhibition

of stimulated adenylate cyclase (Defreyn et al., 1991; Mills et
al., 1992; for review see Coukell & Markham, 1997). However,
in a recent study, Savi et al. (1996) have proposed that cyclic
AMP is not an essential messenger for ADP-induced platelet

aggregation. Although clopidogrel reversed the inhibitory
e�ects of ADP on platelet adenylate cyclase, this mechanism
was not responsible for the ex vivo antiaggregatory actions of

the compound (Savi et al., 1996). Our data support this
conclusion and demonstrate that inhibition of ADP-induced
platelet aggregation by clopidogrel can occur without a

measurable alteration of cyclic AMP metabolism. However,
it is well possible that the measurement of cyclic AMP by
radioimmunoassay is not sensitive enough to detect small,
though functionally relevant changes in platelet cyclic AMP

concentrations. Furthermore, additional studies examining the
e�ects of clopidogrel using a wider range of ADP concentra-
tions are also required.

Finally, the discrepancy between the antiaggregatory e�ects
of clopidogrel in washed platelets as compared to platelet-rich
plasma needs to be addressed. Using platelet-rich plasma, we

were not able to detect any in vitro inhibition of platelet
aggregation by clopidogrel. This is in line with previous studies
(for review see Coukell & Markham, 1997). In contrast, when

washed human platelets were used, clopidogrel concentration-
dependently inhibited platelet aggregation. There is an early
study with ticlopidine, demonstrating no in vitro antiaggrega-
tory e�ects in washed platelets (Di Minno et al., 1985).

However, in this study, albumin was present in the test
medium. We have, therefore, hypothesized that the presence
of protein might explain the lack of platelet inhibition of

clopidogrel in platelet-rich plasma. In fact, the addition of
albumin to the test medium completely prevented the
antiaggregatory actions of clopidogrel. Although these data

can explain why in vitro antiaggregatory e�ects of clopidogrel
have not yet been described, the question why clopidogrel is
active in vivo, i.e. in the presence of high protein concentrations,
remains open. However, it is known that several days of
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treatment with clopidogrel are needed to achieve maximum
platelet inhibitory e�ects (Coukell & Markham, 1997). Thus,
one might speculate that saturation of protein binding sites for

clopidogrel might occur during this time. Alternatively, speci®c
uptake or intercellular redistribution mechanisms (Di Perri et
al., 1991) might explain the delayed onset of platelet inhibition
in vivo.

In summary, we demonstrate that clopidogrel speci®cally
and selectively inhibits ADP-induced aggregation of washed
platelets in vitro without hepatic bioactivation. It is di�cult to

speculate about the ADP receptor(s) involved in the
antiaggregatory actions of clopidogrel in vitro. At least three
di�erent ADP receptors are expressed in platelets (Hechler et

al., 1998; Geiger et al., 1998): (i) the Gq-coupled P2Y1 receptor
which is thought to be involved in ADP-induced platelet shape
change and aggregation; (ii) the Gi-coupled P2Y receptor,

which has been termed `P2Ycyc' and which is thought to
complete and to potentiate the initial P2Y1-mediated platelet
activation; and (iii) P2X1, a receptor-operated Ca2+ channel
the role of which is unknown. Hechler et al. (1998) speculate

that the Gi-coupled P2Y receptor is involved in the
antithrombotic actions of clopidogrel. A signi®cant reversal
of the inhibitory e�ects of ADP on platelet adenylate cyclase

was not involved in the inhibition of ADP-induced platelet
aggregation by clopidogrel in vitro. Thus, our data do not
support the concept of a Gi-coupled P2Y receptor-mediated
inhibition of platelet function by clopidogrel. On the other

hand, the marked inhibition of ADP (0.2 mM)-induced platelet
shape change by clopidogrel is also compatible with the
concept that the P2Y1 receptor is the target of the compound.

However, the present data do not allow de®nitive statements
about the receptor(s) clopidogrel is acting on and further
studies are needed to resolve this issue. The demonstration of

an inhibition of platelet aggregation by clopidogrel in vitro
should facilitate the investigation of many open questions
regarding the mode of action of this exciting antiplatelet

compound.

The authors gratefully acknowledge the competent secretarial help
of Erika Lohmann.
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Endothelium-dependent hyperpolarization in resting and
depolarized mammary and coronary arteries of guinea-pigs

1,2Anna K.M. HammarstroÈ m, *,1Helena C. Parkington, 1Marianne Tare & 1H.A. Coleman

1Department of Physiology, Monash University, Clayton, Victoria 3168, Australia

1 The membrane potential responses in guinea-pig coronary and mammary arteries attributable to
endothelium-derived nitric oxide (NO), prostaglandin (PG) and hyperpolarizing factor (EDHF), and
to exogenous NO and the prostacyclin analogue, iloprost, were compared at rest and when
depolarized with the thromboxane analogue, U46619.

2 In the coronary artery, stimulation of the endothelium with acetylcholine (ACh) evoked
hyperpolarization attributable to NO and a PG with similar pD2s at rest and in the presence of
U46619. However, in depolarized tissues, the pD2 of the response attributed to EDHF required a 10
fold lower concentration of ACh compared with at rest.

3 In the mammary artery, lower concentrations of ACh were required to evoke NO- and EDHF-
dependent hyperpolarizations in depolarized mammary artery compared with at rest, while PG-
dependent hyperpolarization did not occur until the concentration of ACh was increased some 10
fold both at rest and in U46619.

4 The smooth muscle of the coronary artery of guinea-pigs was some 4 fold more sensitive to
exogenous NO and iloprost than was the mammary artery.

5 In conclusion, the membrane potential response in arteries at rest, that is, in the absence of
constrictor, may be extrapolated to events in the presence of constrictor when NO and PG are under
study. However, the sensitivity to ACh and the magnitude of the hyperpolarization attributed to
EDHF obtained in tissues at rest may underestimate these parameters in depolarized tissues.

Keywords: Nitric oxide; prostacyclin; EDHF; iloprost; U46619; hyperpolarization; coronary artery; mammary artery

Abbreviations: ACh, acetylcholine; EDHF, endothelium-derived hyperpolarizing factor; Ilo, iloprost; Indo, indomethacin; L-
NAME, No-nitro L-arginine methylester; NO, nitric oxide; PG, prostaglandin; Vmax, peak hyperpolarization
amplitude

Introduction

The vascular endothelium is capable of releasing nitric oxide
(NO), prostacyclin (PGI) and endothelium-derived hyperpo-

larizing factor (EDHF) which evoke hyperpolarization of the
smooth muscle in a variety of vascular beds: NO, (Tare et al.,
1990; Garland & McPherson, 1992; Parkington et al., 1993),

PGI (Siegel et al., 1987; Parkington et al., 1993) and EDHF
(Chen et al., 1988; Feletou & Vanhoutte, 1988). Attempts to
understand the role of hyperpolarization in relaxation of

vascular smooth muscle has received considerable attention.
However, in many studies hyperpolarization is not recorded
simultaneously with relaxation. While relaxation is studied in

preconstricted arterial tissue, hyperpolarization is most
commonly recorded in tissues at rest, in the absence of
constrictors. Potassium channels are likely to be an important
mechanism of endothelium-dependent hyperpolarization in

many arterial beds (Nelson & Quayle, 1995). The open
probability of some K+ channels is in¯uenced by membrane
potential, while others are sensitive to cytoplasmic Ca2+. Both

membrane potential and cytoplasmic Ca2+ are commonly
altered by constrictors.

It is well established that not all of the agents used to

preconstrict arteries have the same e�ect on ionic conductances
in vascular smooth muscle, an important consideration in view
of the role of competing conductances in determining the

ability to hyperpolarize. For example, a-adrenoceptor agonists

provide a substantial increase in calcium-activated chloride
conductance in arterial smooth muscle (AmeÂ deÂ e et al., 1990),

while the thromboxane A2 analogue U46619 has been shown
to inhibit Ca2+-activated K+ channels (Scornik & Toro, 1992).
In rat mesenteric arteries that are depolarized and contracted

with noradrenaline, stimulation of the endothelium causes
relaxation and hyperpolarization that are resistant to blockade
of NO synthesis, whereas in arteries that are depolarized and

contracted with U46619 no hyperpolarization is observed
(Plane & Garland, 1996).

The e�ectiveness of the agents released from the

endothelium to relax an artery is pivotally dependent upon
the ability of the smooth muscle to respond. This issue has
been largely neglected, with few exceptions (Christie & Lewis,
1988). This omission may complicate interpretation of

comparison between endothelium responsiveness in di�erent
arterial beds.

In the present study we compared the ability of

endothelium-derived NO, PG and EDHF to hyperpolarize
guinea-pig coronary and mammary arteries. The coronary
artery has been studied in some detail in this laboratory and

the mammary artery was included to broaden interpretation.
The responsiveness of the smooth muscle of the two arteries to
exogenous vasorelaxants was compared. Finally, the responses

to endogenous and exogenous vasodilators were compared at
rest and, in view of the focus on membrane hyperpolarization,
under conditions where underlying membrane conductances
were altered with U46619.

Some of these results have been presented previously
(HammarstroÈ m et al., 1991).
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Methods

Preparations

Guinea-pigs of either gender (300 ± 700 g) were killed by

decapitation. The mammary artery, just proximal to its major
branch point within the mammary fat, and the main
descending coronary artery, just prior to its entry into the

myocardium, were removed. Ring segments, 1 ± 2 mm in
length, were mounted on a myograph (bath capacity 1 ml)
(Mulvany & Halpern, 1977) using a pair of stainless steel wires

(40 mm in diameter) and continuously superfused with
physiological solution (at 358C) containing (mM): NaCl, 120;
KCl, 5; CaCl2, 2.5; MgSO4, 1.2; KH2PO4, 1; NaHCO3, 25;

glucose, 11, bubbled with O2, 95% and CO2, 5%, at a rate of
3.6 ml min71. The preparations were stretched to a tension
equivalent to approximately 60 mmHg, the mean blood
pressure of guinea-pigs. Conventional intracellular glass

microelectrodes, ®lled with 1 M KCl and having resistances
of around 100 MO, were used to impale the smooth muscle
cells and record membrane potential (Parkington et al., 1993).

Isometric tension was recorded simultaneously via a force
transducer (Kistler-Morse, DSC-6BE4-110) attached to one
arm of the myograph. The data were recorded on chart

(Linearcorder) and stored on video cassette using a digital data
recorder for analysis.

Experiments

The endothelium was stimulated by injecting acetylcholine
(ACh) straight into the perfusion line close to the tissue (1 s

delay) for a period of 10 s. This method of stimulation allows
the component of membrane hyperpolarization attributable to
each of the vasorelaxants to be distinguished unambiguously,

in contrast with the responses to more prolonged (1 ± 2 min)
applications (Parkington et al., 1993; 1995). The exogenous
vasorelaxants NO and iloprost, a stable analogue of

prostacyclin, were also applied for 10 s. Injection of 5 ± 100 ml
of saline (the range of volumes used when injecting agonists)
had no e�ect on membrane potential or tension. The
concentration of these agonists reached equilibrium within

3 ± 5 s (see Parkington et al., 1993). Concentration-response
relationships using this method of applying ACh have been
shown not to di�er from the relationship obtained when ACh

is added to the superfusate for 1 min (HammarstroÈ m et al.,
1995). NO synthesis was blocked using 561075

M No-nitro-L-
arginine methyl ester (L-NAME) and prostaglandin synthesis

was blocked using 1076
M indomethacin, both applied for 30 ±

40 min prior to and during testing. In a pilot study of ®ve
coronary and ®ve mammary arteries, increasing the concen-
tration of L-NAME to 1074

M and then to 1073
M had no

additional inhibitory e�ect compared with that of 561075
M

on the concentration-hyperpolarization curve in response to
ACh. Similarly, increasing indomethacin to 1075

M failed to

produce an e�ect additional to 1076
M. NO solution was made

by transferring the appropriate volume of NO gas, using a gas
tight micro-syringe, to a sealed vial containing 0.9% saline

that had been de-oxygenated by bubbling with argon for
60 min.

Analysis of data

The amplitude (mV) of the hyperpolarization was measured
from the level of the membrane potential prior to the

application of vasorelaxant to the peak of the response. The
maximum amplitude of the response to each agonist has been

designated as Vmax according to convention. The sensitivity of
the endothelium and smooth muscle was determined by
converting the hyperpolarization to a percentage of the

maximum hyperpolarization obtained in that particular
preparation, whether the latter was due to an endogenously
released relaxing factor or to exogenously applied vasorelax-
ant. A sigmoid curve was ®tted to the data for each

preparation, using the least-squares method, using the
computer software package Prism (GraphPad Software, Inc.).
The concentration of agonist which was e�ective in producing

a response that was 50% of maximum (EC50) and the Hill
slope of the curve were determined for each tissue. The mean
values of EC50 and the mean slope for 4 ± 8 preparations were

then used to generate a curve that was representative of all
preparations in the group. pD2 values (7log EC50) have been
quoted throughout.

The statistic quoted with each mean is the standard error
based on the number of animals tested (n). A Student's t-test
was used to test for signi®cance which was accepted at
P50.05.

Drugs

The following drugs were used: ACh (Merck), L-NAME and
indomethacin (Sigma, U.S.A.), U46619 and PGE2 (Cayman
Chemical Co.), Iloprost (a gift from Schering, Germany), NO

(Matheson Gas Products Inc., U.S.A.).

Results

When stretched to the equivalent of approximately 60 mmHg,
the e�ective diameter of preparations of mammary artery was

476+16 mm (n=12), which was not signi®cantly di�erent from
the value of 519+26 mm (n=13) for coronary artery. The
resting membrane potential of the smooth muscle cells of the

mammary artery was 757+1 mV (n=20), which was not
signi®cantly di�erent from the 755+1 mV (n=12) recorded
in the coronary artery.

Hyperpolarization evoked by acetylcholine at rest

At rest, ACh evoked hyperpolarization in the mammary artery

that consisted of an initial transient component, followed by a
slow component, similar to that reported previously for the
coronary artery in this laboratory (Parkington et al., 1993).

The amplitudes of both components were concentration
dependent. Either L-NAME (561075

M) or indomethacin
(1076

M) alone reduced the amplitude of the slow component

in both arteries. In the presence of both blockers the slow
component was completely abolished, and hence can be
attributed to the combined actions of NO and PG in both

arteries. The transient component remaining in the presence of
both L-NAME and indomethacin has been attributed to the
actions of EDHF (Komori & Suzuki, 1987; Taylor & Weston,
1988; Parkington et al., 1993).

L-NAME and indomethacin together caused signi®cant
depolarization, from 755+1 to 745+1 mV (n=6), in the
coronary artery. In contrast, these blockers did not

signi®cantly change the resting membrane potential in the
mammary artery (from 754+1 to 751+2 mV, n=6).
Furthermore, the membrane potential of the smooth muscle

cells of the mammary artery were unchanged following
removal of the endothelium (754+1 mV, n=6), and this is
in contrast with previous observations in coronary artery
(Parkington et al., 1993).
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Endogenous prostaglandin

ACh was applied at rest in the presence of L-NAME to abolish

a contribution by NO to the slow component, allowing
examination of the component of the hyperpolarization
evoked by endothelium-derived PG (Figure 1A, and B). In
the presence of L-NAME, the resting membrane potential in

the coronary artery (751+2 mV, n=6) was less negative than
that of the mammary artery (758+2 mV, n=8). The slow
component of the hyperpolarization increased in amplitude as

the concentration of ACh was increased, reaching a maximum
of 15+2 mV (n=6) in the coronary artery and a signi®cantly

smaller value of 10+1 mV (n=8) in the mammary artery.
However, the maximum absolute level of membrane potential
reached during the slow component of hyperpolarization

attributable to a PG was not di�erent in the two arteries (to
768+1 mV, n=6, in the coronary and to771+3 mV, n=8,
in the mammary arteries). The ACh-induced hyperpolarization
attributable to a PG in the coronary artery had a pD2 of

6.66+0.12 (n=6) and this was signi®cantly larger than the pD2

of 5.25+0.14 (n=7) for the mammary artery (Figure 1C,
Table 1).

Exogenous prostaglandin

Prostacyclin is the main PG released from the guinea-pig
coronary artery by ACh (Parkington et al., 1993) and is also
likely to be the principal vasodilator PG in the mammary

artery since PGE2 evoked only a small (0 ± 2 mV) hyperpolar-
ization in the latter (n=3, data not shown). The e�ects of the
stable analogue of prostacyclin, iloprost, on membrane
potential was tested, also in the presence of L-NAME. Iloprost

evoked concentration-dependent hyperpolarization (Figure 2)
with a pD2 of 7.95+0.09 (n=5) in the coronary artery and a
signi®cantly smaller pD2 of 7.31+0.14 (n=7) in the mammary

artery (Figure 2, Table 1). Vmax for the hyperpolarization was
signi®cantly greater in the coronary (17+1 mV, n=6) than in
the mammary (12+1 mV, n=8) artery. However, the

maximum level of the membrane potential reached during the
response to iloprost was not di�erent in the two arteries (to

Table 1 Sensitivity to vasorelaxants at rest

Source of factor Artery
L-NAME (PG)
(pD2+s.e.)

Indomethacin (NO)
(pD2+s.e.)

L-NAME+Indo
(EDHF) (pD2+s.e.)

Endogenous

Exogenous

Coronary
(n)

Mammary
(n)

Coronary
(n)

Mammary
(n)

6.66+0.12
(6)

5.25+0.14
(7)

7.95+0.09
(5)

7.31+0.14
(7)

6.83+0.15
(5)

6.27+0.18
(5)

5.56+0.11
(4)

5.14+0.08
(5)

6.5+0.2
(6)

6.4+0.1
(5)

ACh evoked hyperpolarization that could be attributed to the release of endogenous PG, NO and EDHF in arteries at
rest. Iloprost was used as the exogenous PG. The number of animals in each group is represented by n.

Figure 1 In the presence of L-NAME, ACh evoked hyperpolariza-
tion in the mammary (A) and coronary (B) arteries that consisted of
an initial transient component followed by a slow, more sustained
component. The amplitude of the slow component was expressed as a
percentage of the maximum hyperpolarization in each respective
tissue. C shows the mean+s.e.mean and the curves generated from
the mean EC50 and mean Hill slope for responses from six coronary
and seven mammary arteries.

Figure 2 The hyperpolarizations evoked by iloprost, in the presence
of L-NAME, were expressed as a percentage of the maximum
hyperpolarization in each tissue (mean+s.e.mean). Curves were
generated from the mean EC50 and mean Hill slope for responses
from ®ve coronary and seven mammary arteries.
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768+3 mV, n=6 in the coronary and to 772+4 mV, n=7
in the mammary).

Endogenous NO

Indomethacin was used to block the release of PGs from the
endothelium, and hence isolate the slow component of the

hyperpolarization attributable to the actions of endogenous
NO alone. In the presence of this blocker the resting
membrane potential in the two arteries was not di�erent

(753+3 mV, n=5 in the coronary and 755+1 mV, n=5 in
the mammary). In these experiments L-NAME was applied at
the end of the experiment and a range of concentrations of

ACh applied again in order to unequivocally con®rm the
response to NO.

The slow component of hyperpolarization elicited by ACh

in the presence of indomethacin had a pD2 of 6.83+0.15
(n=5) in the coronary artery and a pD2 of 6.27+0.18 (n=5) in
the mammary artery (Figure 3 and Table 1), values that were
signi®cantly di�erent. The Vmax of the response attributable to

NO had similar values in both preparations (13+3 mV, n=6,
in coronary and 10+1 mV, n=5, in mammary artery).

Exogenous NO

Since the responses to endogenous NO were obtained in the

presence of indomethacin, that blocker was also present when
examining the e�ects of exogenous NO (Figure 4). The
hyperpolarizations evoked by exogenous NO had similar

maximum amplitudes in the coronary (11+1 mV, n=7) and
the mammary (9+1 mV, n=5) arteries. The pD2 of 5.56+0.11
(n=4) in the coronary artery was signi®cantly di�erent from
the value of 5.14+0.08 (n=5) in the mammary artery (Figure

4, Table 1). However, the level of membrane potential reached
was the same for both arteries (764+3 mV, n=5 for
coronary; 763+2 mV, n=4 for mammary).

Endothelium-derived hyperpolarizing factor (EDHF)

The initial transient component of the hyperpolarization in
response to ACh, which was resistant to both L-NAME and
indomethacin, was attributed to EDHF. In the presence of
both blockers, to avoid contamination with endogenous NO

and PG, the peak amplitude of the transient component
increased progressively in both arteries as the concentration of

ACh was increased, reaching a maximum of 24+2 mV (n=5)
in the coronary artery. This was signi®cantly larger than the
8+1 mV (n=5) evoked in the mammary artery (Figure 5).

Furthermore, the absolute maximum level of membrane
potential reached at the peak of the transient component was
signi®cantly more hyperpolarized in the coronary artery (to
772+5 mV, n=5) than in the mammary artery (to

757+3 mV, n=6) (Figure 5). The pD2 for the transient
component was 6.5+0.2 (n=6) in the coronary artery and
6.4+0.1 (n=5) in the mammary artery (Figure 5, Table 1).

These values were not signi®cantly di�erent.

Hyperpolarization in the presence of U46619

The concentration of U46619 was varied (1078 ± 1077
M) in

order to achieve a submaximal depolarization that was similar

in both arteries (to738+1 mV). The depolarization was often
accompanied by the ®ring of action potentials, as shown
previously for coronary artery (Parkington et al., 1995) and an
example in mammary artery is shown in Figure 6. ACh evoked

concentration-dependent, biphasic hyperpolarizations, similar
in form to those observed in tissues at rest (Figure 6).
Application of L-NAME or indomethacin in the presence of

U46619 evoked an additional depolarization of approximately

Figure 3 The slow component of the hyperpolarization evoked by
ACh, in the presence of indomethacin, was expressed as a percentage
of the maximum hyperpolarization in each tissue (mean+s.e.mean).
Curves were generated from the mean EC50 and the mean Hill slope
for responses from ®ve coronary and ®ve mammary arteries.

Figure 4 The hyperpolarizations evoked by NO, in the presence of
indomethacin, were expressed as a percentage of the maximum
hyperpolarization in each tissue (mean+s.e.mean). Curves were
generated from the mean EC50 and the mean slope from four
coronary and ®ve mammary arteries.

Figure 5 The level of membrane potential attained during the
transient hyperpolarization evoked by ACh, in the presence of L-
NAME and indomethacin, was plotted for six coronary and ®ve
mammary arteries.
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5 mV in both arteries. In order to avoid a change in membrane
potential the concentration of U46619 was reduced, for
example, from 361078

M to 261078
M or from 761078

M to

561078
M, which maintained the starting level of membrane

potential constant for all treatments.

Endogenous prostaglandin and NO in the presence of
U46619

In the presence of L-NAME to block NO production, the slow

component of hyperpolarization in response to ACh had a pD2

of 6.54+0.16 (n=5) in the coronary which was signi®cantly
di�erent from the pD2 of 5.59+0.07 (n=5) in the mammary

artery (Figure 7, Table 2). In the presence of indomethacin to
block PG production, the pD2s for the slow component evoked
by ACh were similar in the coronary (6.80+0.10, n=5)

compared with the mammary (6.74+0.29, n=5) (Figure 7,
Table 2). The combined application of L-NAME and
indomethacin abolished the slow component completely (solid
squares in Figure 7).

Vmax for the hyperpolarization attributable to NO and PG
was similar in the coronary (18+4 and 20+4 mV, respectively,
n=5 for each) and in the mammary (17+3 and 15+4 mV,

respectively, n=5 for each tissue) artery. Since the starting
membrane potential was the same, the maximum level of the

Figure 6 In the mammary artery ACh evoked hyperpolarization (upper panel) and relaxation (lower panel) in control solution.
Indomethacin reduced the duration of the response. In the presence of indomethacin plus L-NAME the responses were brief: the
slow component was abolished leaving the transient component that has been attributed to EDHF. U46619 was present throughout.
All responses are from a continuous impalement in the same cell.

Figure 7 E�ect of L-NAME, indomethacin and L-NAME plus indomethacin on the peak levels of the slow (n=5 in each group)
and fast (n=10) components of hyperpolarization in response to ACh in coronary and mammary arteries in the presence of
U46619.

Table 2 Sensitivity to vasorelaxants in U46619

Artery

L-NAME
(PG)

(pD2+s.e.)

Indomethacin
(NO)

(pD2+s.e.)

L-NAME+Indo
(EDHF)
(pD2+s.e.)

Coronary
(n)
Mammary
(n)

6.54+0.16
(5)

5.59+0.07
(5)

6.80+0.10
(5)

6.74+0.29
(5)

7.77+0.09
(10)

6.93+0.05
(10)

ACh evoked hyperpolarization that could be attributed to
the release of endogenous PG, NO and EDHF in arteries
depolarized using U46619. The number of animals in each
group is represented by n.
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membrane potential reached during the hyperpolarizations
were not di�erent (751 to 759 mV).

EDHF in the presence of U46619

The initial fast component (in the presence of L-NAME and
indomethacin) of the hyperpolarization in response to ACh,

and attributable to EDHF, had a pD2 of 7.77+0.09 (n=10) in
the coronary artery and this was signi®cantly di�erent from the
pD2 for the mammary artery (6.93+0.05, n=10) (Figure 7,

Table 2).
Vmax for the hyperpolarization was signi®cantly greater in

the coronary (37+1 mV, n=5) than in the mammary artery

(20+4 mV, n=5). Hence, the maximum level of the membrane
potential reached during the initial hyperpolarization was
greater in the coronary (774+1 mV, n=5) compared with in

the mammary artery (to 757+3 mV, n=5).

Direct e�ects of ACh on the smooth muscle

We have previously shown that high concentrations of ACh
evoke only a small direct depolarization (1 ± 3 mV) of the
smooth muscle in preparations of coronary artery denuded of

endothelium (Parkington et al., 1993). Following removal of
the endothelium from preparations of mammary artery, ACh
failed to evoke hyperpolarization. ACh, 41076

M applied to

the superfusate for 1 min, had only a weak direct depolarizing
e�ect (1.5+0.4 mV) on the smooth muscle in 5 of 6
preparations, with no change in membrane potential in the

remaining tissue. The depolarization was accompanied by a
small (less than 3% of maximal) transient contraction (data
not shown). The integrity of the smooth muscle was con®rmed
by the ability of nitroprusside or iloprost to hyperpolarize

denuded preparations (data not shown).
Since L-NAME and indomethacin were used extensively in

this study, their possible e�ects on the responses to exogenous

NO and iloprost were tested. In ®ve preparations of coronary
artery L-NAME had no e�ect on the hyperpolarization evoked
by iloprost or exogenous NO (data not shown). Likewise,

indomethacin had no e�ect on the response to iloprost or
exogenous NO in ®ve other tissues (data not shown). The
hyperpolarization evoked by either iloprost or exogenous NO
was unaltered by removal of the endothelium.

Discussion

The results of the present study demonstrate that the ability of
ACh to evoke L-NAME and indomethacin sensitive hyperpo-

larization is similar in coronary artery at rest as it is when
depolarized with U46619. This contrasts with observations in
the presence of both these blockers, in which the coronary is

more than an order of magnitude more sensitive to ACh when
depolarized compared with at rest. The mammary artery
appears to be half an order of magnitude more sensitive to
ACh when depolarized with U46619, irrespective of the

presence of L-NAME, indomethacin or both blockers. The
results presented here complement the study of Plane &
Garland (1996) which demonstrated a di�erence in endothe-

lium-dependent hyperpolarization according to the nature of
the constrictor.

The peak levels of membrane potential attained during the

hyperpolarization attributable to NO and PG were more
negative at rest in both arteries. This presumably results from
the inability of the conductance underlying the hyperpolariza-
tion to fully compete against the additional conductances

associated with the U46619-induced depolarization. In
contrast, the hyperpolarization attributed to EDHF attained
the same absolute level at rest and in depolarized tissues and

this is consistent with a more robust conductance underlying
the response to EDHF. The nature of the conductance
involved has not been resolved de®nitively. However, a
channel that may be similar to the large conductance, Ca2+-

activated K+ channel has been implicated (Hashitani &
Suzuki, 1997; Zygmunt et al., 1997).

The pD2s for hyperpolarization recorded here are of similar

order of magnitude for relaxation reported previously by us
(Parkington et al., 1995) and by others (Keef & Bowen, 1989;
Bruch et al., 1997). The coronary artery was 4 fold more

sensitive to the ACh-evoked hyperpolarization attributable to
NO than was the mammary artery. This could be accounted
for entirely by the similar lower sensitivity of the mammary

smooth muscle to exogenous NO. Christie & Lewis (1988) have
also reported a greater sensitivity to nitroprusside of pig
coronary artery compared with aorta.

Stimulation of the coronary endothelium induced consider-

able indomethacin sensitive hyperpolarization, and the smooth
muscle hyperpolarized in response to the prostacyclin mimetic,
iloprost. This con®rms previous observations on this vessel in

which relaxation was recorded (Lee et al., 1990, Parkington et
al., 1995). The present study revealed that the mammary artery
does not behave similarly. While the smooth muscle was some

4 fold less sensitive to exogenous prostacyclin in the mammary
compared with the coronary artery, the mammary appeared to
be some 26 fold less sensitive to ACh-induced hyperpolariza-

tion attributable to PG than the coronary artery. Thus, there
remained a 6 fold lower sensitivity of the mammary
endothelium with respect to prostacyclin release compared
with that of the coronary artery. Lee et al. (1990) also found

that the guinea-pig aorta was not relaxed by endothelium-
derived PG. It is interesting that the hyperpolarization
attributable to endogenous PG is reduced to around one third

of normal in human coronary artery with atherosclerosis
(Siegel et al., 1993), while the literature abounds with reports
of other arterial beds in which endothelium-dependent

relaxation is resistant to indomethacin. Thus, it may be that
prostacyclin is especially important in the physiology of the
coronary circulation.

In the coronary artery, the concentration of ACh required

to evoke the release of all three endogenous vasorelaxants,
NO, PG and EDHF was similar in arteries at rest. Using
di�erent arteries and species, several studies have indicated

that the muscarinic receptor responsible for the production of
NO (Adeagbo & Triggle, 1993), PG (Jaiswal & Malik, 1990)
and EDHF (Adeagbo & Triggle, 1993; HammarstroÈ m et al.,

1995) is likely to be the M3 sub-type. Hence, the lesser ability of
the mammary endothelium to produce PG is unlikely to be a
consequence of a lower density of muscarinic receptors.

Possible factors contributing to the reduced response of the
mammary endothelium include the availability of arachidonic
acid or prostacyclin, or the shunting of the pathway towards
the production of thromboxanes, or via the lipoxygenase or

cytochrome P450-like enzyme pathways.
The responses of the two arteries to exogenous NO and

prostacyclin were remarkably similar. The extent to which the

smooth muscle of the coronary artery was more sensitive than
that of the mammary was similar for both vasodilators, 3 ± 4
fold. The maximum amplitudes of the hyperpolarizations were

similar in both arteries.
The maximum amplitude of the hyperpolarization attribu-

table to EDHF and the level of membrane potential reached
was much larger in the coronary compared with the mammary
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artery. This result was complicated by the di�erent levels of the
membrane potential in these tissues at rest, a problem that was
overcome in the presence of U46619, which induced

depolarization to the same value in both arteries. The result
may re¯ect a greater number of receptors for EDHF in the
coronary artery, enhanced post-receptor mechanisms or the
nature and/or density of K+ channels on the smooth muscle

cells. Vascular smooth muscle cells possess a variety of
di�erent K+ channels and considerable heterogeneity exists
between di�erent vascular beds (Nelson & Quayle, 1995;

Garland et al., 1995).
When depolarized and constricted with U46619, the

mammary artery was more sensitive to all three dilators, NO,

PG and EDHF. This could re¯ect an increase in the driving
force for K+. The situation is more complicated in the
coronary artery. The sensitivity of the latter to NO and PG

was unchanged when depolarized and constricted with U46619
compared with at rest. This could re¯ect a signi®cant
conductance in response to NO and PG at rest, which is
capable of withstanding the additional conductances evoked

by U46619 in the coronary. The enhanced sensitivity to EDHF
in the presence of U46619 could re¯ect an enhancement by
U46619 of EDHF release. Another possibility is that U46619,

or perhaps the associated increase in cytoplasmic Ca2+,
enhances the availability of the channel involved in the EDHF
hyperpolarization. The di�erences in the e�ect of depolariza-

tion in the EDHF responses in the coronary and mammary
arteries raises the possibility that the identity of EDHF may
not be the same in the two arteries.

Removal of the endothelium was without e�ect on either
the resting membrane potential or on resting tone in the

mammary artery, in contrast with observations in coronary
artery. Likewise, blockers of NO and PG synthesis were also
without e�ect on these parameters in the mammary, in

contrast with the coronary artery. The reasons for this are
unclear but it suggests that at least some of the con¯icting
reports in the literature may be due to inherent di�erences
between arteries.

In conclusion, the relatively clear-cut nature of the
observations supports a role for measurement of membrane
potential in the assessment of the role of hyperpolarization in

mediating vasorelaxation. The recording of membrane
potential at rest may be a reliable indicator of events over a
wider range of conditions when dealing with the response to

NO and PG. However, the arteries are likely to reveal the
EDHF component of hyperpolarization more readily in
depolarized tissues than at rest. The study of membrane

potential alone to probe endothelial function can provide an
alternative perspective on the possibilities of di�erential
responsiveness to vasorelaxants uncomplicated by constrictor
agents and elevated extracellular K+, which can introduce

variability in their own right according to agent, concentration
and arterial bed. The study provides the basis from which to
introduce some of these variables, one at a time and in a

controlled manner and in this way facilitate interpretation of
the observed di�erences between blood vessels.

The authors thank Dr Neela Kotecha for discussion of the
manuscript. This work was supported by the National Heart
Foundation of Australia and the National Health and Medical
Research Council of Australia.
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Cell type-speci®c ATP-activated responses in rat dorsal root
ganglion neurons

3Shinya Ueno, 1Makoto Tsuda, 2Toshihiko Iwanaga & *,1Kazuhide Inoue

1Division of Pharmacology, National Institute of Health Sciences 1-18-1 Kamiyoga, Setagaya-ku, Tokyo Japan 158; 2Department
of Biomedical Science, Graduate School of Veterinary Medicine, Hokkaido University, Sapporo, Japan

1 The aim of our study is to clarify the relationship between expression pattern of P2X receptors
and the cell type of male adult rat (Wistar) dorsal root ganglion (DRG) neurons. We identi®ed the
nociceptive cells of acutely dissociated DRG neurons from adult rats type using capsaicin sensitivity.

2 Two types of ATP-activated currents, one with fast, the other with slow desensitization, were
found under voltage-clamp conditions. In addition, cells with fast but not slow desensitization
responded to capsaicin, indicating that there was a relationship between current kinetics and
capsaicin-sensitivity.

3 Both types of neurons were responsive to ATP and a, b methylene-ATP (a,bmeATP). The
concentration of a,bmeATP producing half-maximal activation (EC50) of neurons with fast
desensitization was less (11 mM) than that of neurons with slow desensitization (63 mM), while the
Hill coe�cients were similar. Suramin and pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid
tetrasodium (PPADS) antagonized a,bmeATP-induced currents in both types of neurons.

4 In situ hybridization revealed that small cells of the DRG predominantly expressed mRNAs of
P2X3 and medium-sized cells expressed mRNAs of P2X2 and P2X3. In contrast, both of mRNAs
were not detected in large cells of the DRG.

5 These results suggest that capsaicin-sensitive, small-sized DRG neurons expressed mainly the
homomeric P2X3 subunit and that capsaicin-insensitive, medium-sized DRG neurons expressed the
heteromultimeric receptor with P2X2 and P2X3.

Keywords: Dorsal root ganglia; P2X; ATP; capsaicin; patch-clamp; in situ hybridization; pain

Abbreviations: a,bmeATP, a,b-methylene ATP; DRG, dorsal root ganglia; HEK, human embryonic kidney; PPADS, pyridoxal-
phosphate-6-azophenyl-2',4'-disulphonic acid tetrasodium

Introduction

Extracellular ATP opens ligand-gated cation channels (P2X

receptors) in neuronal preparations (Suprenant et al., 1995). In
sensory neurons, the properties of ATP-gated cation channels
have been extensively studied using electrophysiological

approaches since the early 1980's (Jahr & Jessell, 1983;
Krishtal et al., 1983; 1988; Bean, 1990). Recently, the P2X
receptors have been cloned into seven subunits (P2X1 ± P2X7)

(Soto et al., 1997). One of these, the P2X3 receptor subunit,
was cloned from a rat DRG cDNA library (Lewis et al., 1995;
Chen et al., 1995) and expressed in capsaicin-sensitive, small-

sized DRG neurons (Chen et al., 1995), suggesting that ATP
might be involved in the transduction of pain via P2X
receptors.

ATP-evoked currents in heterologously expressed P2X3

receptor showed rapid desensitization, whereas P2X2 receptor
showed slow desensitization under voltage-clamp conditions.
The sensitivity of P2X receptors to the ATP analogue, a,b-
methylene ATP (a,bmeATP) is also di�erent from homomeric
P2X receptors. a,bmeATP can evoke a rapidly desensitizing
current in homomeric P2X3 receptors but evokes no response

in homomeric P2X2 receptors. Although two di�erent P2X
subtypes among the P2X1 ±P2X4 subunits were coexpressed in
human embryonic kidney (HEK) 293 cells, only a combination
of the P2X2 and P2X3 subtypes resulted in functional ligand-

gated channels. This heteromer of P2X2 and P2X3 (P2X2+3)

showed distinct functional properties from homomeric P2X2 or
P2X3 channels as regards agonist sensitivity, desensitization
kinetics and Ca2+ in¯ux (Lewis et al., 1995; Ueno et al., 1998;

Virginio et al., 1998). These properties of P2X2+3 were close to
those observed in nodose ganglion neurons (Lewis et al., 1995).
In fact, based on the early electrophysiological studies, ATP

evoked non-desensitizing currents in sensory neurons (Krishtal
et al., 1988; Bean et al., 1990; Khakh et al., 1995). Thus, the
majority of native ATP-gated channels in sensory neurons

were thought to be the P2X2+3. However, controversial data
were reported using cultured DRG neurons from neonatal rats
and a part of the nociceptors in trigeminal ganglion neurons,
indicating that ATP and a,bmeATP evoked rapidly desensitiz-

ing currents (Robertson et al., 1996; Cook et al., 1997a,b).
These current properties were similar to those recorded in
homomeric P2X3 receptors. Additionally, nociceptors in

trigeminal ganglion showed two types of currents with respect
to the desensitizing kinetics (Cook et al., 1997a,b). These data
suggest that there are several types of neurons with di�erent

expression of P2X subunits. However, there is no report which
clearly demonstrate the relationship between current proper-
ties and cell characterization in DRG neurons.

In the present study using acutely dissociated DRG neurons

from adult rats, capsaicin was used to discriminate between
nociceptive and non-nociceptive DRG neurons under voltage-
clamp conditions. We observed two types of the ATP-evoked

responses in DRG neurons and clari®ed the relationship
between the properties of ATP-evoked responses and the cell
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3Current address: Department of Pharmacology, School of Medicine
Fukuoka University, 7-45-1 Nanakuma Jyonan-ku, Fukuoka, Japan
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types according to cell size and responsiveness to capsaicin.
Furthermore, the di�erential distribution of mRNAs for P2X2

and P2X3 in the DRG was con®rmed using in situ

hybridization histochemistry. These ®ndings revealed that the
character of ATP-activated responses in DRG neurons was
dependent on the cell-type, and provided the ®rst evidence that
the P2X3 and P2X2+3 receptors can function in a subset of

nociceptive and non-nociceptive cells, respectively, in the
DRG.

Methods

DRG neuron isolation

Wistar rats (8-weeks-old) were decapitated under ether

anaesthesia and the DRG were removed from the L4-6
segments. The DRG were treated ®rst with 20 unit ml71

papain (Worshington Biochemical Co. Freehold, NJ, U.S.A.)
dissolved in Tyrode's solution for 10 min at 378C. The tissue
was then treated with 4 mg ml71 collagenase typeII (CLS2;
Worshington Biochemical Co.) and 2.5 unit ml71 Dispase
(Calbiochem, La Jolla, CA, U.S.A.) dissolved in Tyrode's

solution for 60 min at 378C. At the end of this treatment, the
enzyme solution was removed and the cells were then
mechanically dissociated by trituration through a pasteur

pipette. Cells were plated on 35 mm polystyrene dishes for
physiological experiments.

Electrical recording

Recordings were made using the conventional whole cell
patch-clamp method (Hamill et al., 1981). All experiments

were performed at room temperature (21 ± 238C). The pipette
solution contained (in mM): CsCl 140, MgCl2 2, EGTA 5,
HEPES 10, pH adjusted to 7.2 with CsOH. The pipette

resistance was 2 to 5 MO. Series resistance (2 ± 8 MO) and cell
capacitance (12 to 80 pF) were compensated up to 80%.
Currents were ®ltered at 300 Hz with a 8-pole Bessel ®lter

(Frequency Devices, Haverhill, MA, U.S.A.) and measured
with an Axopatch 200A ampli®er (Axon Instruments, Foster
City, CA, U.S.A.). Data were then sampled at 1 kHz and
stored on-line with a 486 PC using pClamp (Axon

Instruments). Drugs were dissolved in an external solution of
the following composition (in mM): NaCl 150, KCl 5, CaCl2 2,
MgCl2 1, D-glucose 10, HEPES 10, pH adjusted to 7.4 with

NaOH. The solutions of drugs were applied with a
polyethylene Y-tube (equilibration time 520 ms) (Ueno et
al., 1997). The bath was continuously perfused with normal

external solution from a separate perfusion line, and the
solution was removed from the bath with a Leiden aspirator
(Medical Systems, Greenvale, NY, U.S.A.). Concentration-

e�ect curves were ®tted with Hill equation:

I�X� � I :
max �X=EC 50�n=�1� �X=EC 50�n �1�

where I is the current elicited by the ATP concentration X,Imax
is the ®tted maximal current, EC50 is the concentration
producing a half maximal response, and n is the Hill

coe�cient.

In situ hybridization

The following antisense oligonucleotides were used as probes
for in situ hybridization, and these were complementary to
nucleotide residues 2400 ± 2444 of the rat P2X2 cDNA

(Y09910) and 1202 ± 1246 of the rat P2X3 cDNA (X91167);

5'-ttatggctgtagagcttgtttttgttcatgaacgttaacaaaatc-3' for P2X2

and 5'-caaacttcctggctttgtagtgatcagcccctttgaggaaattga-3' for
P2X3. These oligonucleotides were labelled with 35S-dATP

using terminal deoxyribonucleotidyl transferase (BRL,
Gaithersburg, MD, U.S.A.) at a speci®c activity of
0.56109 d.p.m. mg71 DNA. Male Wistar rats, weighing
approximately 200 g, were used. Under pentobarbitone

anaesthesia at a lethal dose, the DRG were freshly removed
and frozen in powdered dry ice. Cryostat sections, 20 mm in
thickness, were prepared and mounted on glass slides

precoated with 3-aminopropyltriethoxysilane. They were ®xed
with 4% paraformaldehyde for 10 min and acetylated for
10 min with 0.25% acetic anhydride in 0.1 M triethanolamine-

HCl (pH 8.0). The sections were prehybridized for 1 h in a
bu�er containing 50% formamide 0.1 M Tris-HCl (pH 7.5),
46SSC (16SCC; 150 mM NaCl and 15 mM sodium citrate),

0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine
serum albumin, 0.6 M NaCl, 0.25% sodium dodecyl sulphate
(SDS), 200 mg ml71 tRNA, 1 mM EDTA, and 10% dextran
sulphate. Hybridization was performed at 428C for 10 h in the

prehybridization bu�er supplemented with 10,000 c.p.m. ml71

of 33P-labelled oligonucleotide probes. The slides were washed
at room temperature for 20 min in 26SSC containing 0.1%

sarkosyl and twice at 558C for 40 min in 0.16SSC containing
0.1% sarkosyl. The sections were dipped in Kodak NTB2
nuclear track emulsion and exposed for 2 months.

Drugs

Drugs used were ATP (Sigma), a,bmeATP (Sigma), capsaicin,
suramin (Wako Pure Chemistry, Osaka, Japan) and pyridoxal-
phosphate-6-azophenyl-2',4'-disulphonic acid tetrasodium
(PPADS) (RBI, Natick, MA, U.S.A.). The pH of the solutions

containing ATP or a,bmeATP was readjusted to 7.4 with
NaOH.

Statistics

The reported probabilities for signi®cant di�erences were

obtained using the paired Student's t-test.

Results

There were two types of ATP-activated currents in dissociated
DRG neurons and they showed rapid or slow desensitization

kinetics. We found a mutual relevance between the properties
of the desensitization kinetics and the capsaicin sensitivity. In
Figure 1a and b, the typical current responses to ATP,

a,bmeATP and capsaicin are shown in these two subpopula-
tions of DRG neurons. DRG neurons with rapidly desensitiz-
ing currents were also responsive to capsaicin, while neurons

with slow desensitizing ones were not. In our experiments, a
cell was classi®ed as capsaicin-sensitive neuron if there was an
inward current in response to 3 mM capsaicin. Capsaicin (3 mM)
evoked a rapid activation followed by a very slowly

desensitizing inward current, and the value of the peak
amplitude was 7786+148 pA (mean+s.e.mean, n=12).
Capsaicin-sensitive neurons tested were small and medium

size in diameter (21 ± 37 mm). ATP produced the rapidly
desensitizing currents in about 70% of the capsaicin-sensitive
neurons tested (12/17). Capsaicin-insensitive neurons usually

possessed medium and large size in diameter (29 ± 63 mm).
About 48% of capsaicin-insensitive neurons tested (10/21)
responded to both ATP and a,bmeATP and these cells showed
medium size in diameter (29 ± 45 mm). Especially, all large-
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sized cells (448 mm) had no sensitivity to ATP and a,bmeATP
(Figure 1c). The application of ATP in capsaicin-insensitive
neurons evoked a rapid activation followed by a sustained

inward current. With respect to desensitization kinetics, in
capsaicin-sensitive neurons, the rapid desensitization of the

a,bmeATP-induced current (100 mM) was well ®tted to two
exponential components, while in capsaicin-insensitive ones, it
was well ®tted to one exponential component. There were

signi®cant di�erences in the cell size and time constant for
desensitization (td) between the capsaicin-sensitive and

Figure 1 Responses of cells to ATP (10 mM), a,bmeATP (10 mM) and capsaicin (3 mM). (a) Representative current traces for
capsaicin-sensitive neurons. (b) Representative current traces for capsaicin-insensitive neurons. (c) Representative current traces for
large-sized (450 mm) neurons. Data in a, b and c were obtained from a single cell, respectively. The application of agonists is
indicated by bars above each record. Cells were voltage-clamped to 750 mV.

Table 1 Properties of agonists-induced responses in capsaicin-sensitive and -insensitive cells

Capsaicin-sensitive cells
average+s.e.mean nb

Capsaicin-insensitive cells
average+s.e.mean n Pa

Cell size (mm)
Response to 100 mM ATP
Peak current (pA)
Response to 100 mM a,bmeATP
Peak current (pA)
Tau (td) (ms)

29.0+1.3

7163+54

7152+50
td1; 63+20
td2; 884+227

12

6

5
4

36.0+1.7

7422+101

7310+66

5557+645

10

8

7

6

P50.01

N.S.

N.S.

P50.01

The maximum diameter of dissociated cells was measured using a light microscope before electrophysiological experiments were
performed. aProbability that di�erence between capsaicin-sensitive and capsaicin-insensitive cells is fortuitous. N.S. indicates P50.05.
bNumber of cells studied.
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capsaicin-insensitive neurons, but not in the peak amplitude
induced by each agonist (Table 1). Capsaicin-sensitive neurons
were also small in diameter, suggesting that these cells were

nociceptive neurons. a,bmeATP-induced currents (10 mM) in
both types of neurons were completely inhibited by suramin
(30 mM) (n=3 for each type of neurons) or PPADS (10 mM)
(n=3 for each type of neurons).

When a,bmeATP (30 mM) was applied twice with an interval
of 5 min, the current responses of capsaicin-sensitive and
capsaicin-insensitive neurons reacted in a di�erent manner.

The a,bmeATP-evoked currents in capsaicin-sensitive neurons
dramatically ran down at the second application of agonist
(Figure 2a). In contrast, the a,bmeATP-evoked currents in

capsaicin-insensitive neurons retained its responsiveness to
repeated applications of a,bmeATP (Figure 2b).

We examined the concentration-response relationship for

ATP activation in capsaicin-sensitive and capsaicin-insensitive
DRG neurons (Figure 3). The capsaicin-sensitive neurons
showed an EC50 value of 5.6 mM and a Hill coe�cient of 1.0.
For the capsaicin-insensitive neurons, the EC50 value and Hill

coe�cient were 23.7 and 1.0, respectively.
We also examined the concentration-response relationship

for a,bmeATP activation for both types of DRG neurons since

a,bmeATP is a relatively selective agonist for P2X receptors
consisting of the P2X3 subunit. The capsaicin-sensitive neurons
showed an EC50 value of 10 mM and a Hill coe�cient of 0.9.

The capsaicin-insensitive neurons showed an EC50 value of
66 mM and a Hill coe�cient of 1.0 (Figure 4).

In situ hybridization analysis using antisense oligonucleo-

tide probes speci®c for either P2X2 or P2X3 mRNA exhibited
consistent labellings in the neuronal somata of the DRG. The

speci®city of hybridization was con®rmed by the disappear-
ance of the signals when an excess dose of the corresponding
cold probes was added into the hybridization ¯uid. DRG are

composed of neurons showing various sizes, which are largely
classi®ed into small cells less than 25 mm, large cells greater
than 35 mm, and medium-sized cells around 30 mm in
diameter. Small cells were labelled only for P2X3 mRNA and

medium-sized cells were labelled both for P2X2 and P2X3

mRNAs. The intense labelling for P2X3 mRNA was found in
both small cells and medium-sized cells, but not in the large

cells. On the other hand, signals for P2X2 mRNA were
localized exclusively in medium-sized cells.

Discussion

In the present study, we used acutely dissociated DRG neurons
from adult rats and recorded the responses via P2X receptors
under voltage-clamp conditions. Thus, functional receptors
that are expressed on somata in DRG neurons were detected.

About 70% of the capsaicin-sensitive neurons tested were
responsive to both ATP and a,bmeATP. Furthermore, these
agonists evoked rapidly desensitizing currents in this type of

neuron. Capsaicin selectively activates nociceptors and causes
burning pain and neurogenic in¯ammation in vivo (Simone et
al., 1989). The e�ects of capsaicin are largely restricted to

subpopulation of DRG neurons with small cell bodies in vitro
(Holzer, 1991). These are presumably nociceptive neurons with
unmyelinated (C) ®bres or some thinly myelinated (Ad) ®bres.
In addition, capsaicin-activated cation channels have been
cloned recently and an in situ hybridization study has

Figure 2 E�ects of repeated applications of a,bmeATP. Typical current responses to a,bmeATP (30 mM) in capsaicin-sensitive (a)
or -insensitive (b) neurons at every 5 min. Horizontal solid bars show the application of 30 mM a,\bmeATP.
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demonstrated that these vanilloid receptors are located in
small-sized DRG neurons (Caterina et al., 1997). The sizes of
the capsaicin-sensitive neurons in our preparation were also

consistent with these results. Therefore, in the present study,
the ATP- or a,bmeATP-evoked responses in the capsaicin-
sensitive neurons can be assumed to the expression pattern of
P2X receptors in nociceptors.

The ATP-activated current in the capsaicin-sensitive
neurons rapidly desensitized. Although the homomeric
expression of P2X1 subunit also showed rapidly desensitizing

current, the desensitization of the P2X1 subunit can be ®tted to
a single exponential decay (Collo et al., 1996). In contrast, the

desensitization kinetics of the P2X3 subunit were bi-
exponential (Lewis et al., 1995). In the present study, the
currents elicited by a,bmeATP in the capsaicin-sensitive

neurons exhibited a bi-exponential decay. Additionally, the
concentration-response curve for this type of neuron was
similar to that showing P2X3 expression alone (Lewis et al.,
1995; Ueno et al., 1998), suggesting that homomeric P2X3

receptors mainly express in capsaicin-sensitive neurons.
What do P2X subunits contribute to the ATP-activated

response in capsaicin-insensitive DRG neurons? The ATP-

activated currents in capsaicin-insensitive neurons were the
slowly desensitizing type. Especially, the medium-sized cells of

Figure 3 ATP concentration-response relationship for capsaicin-sensitive and -insensitive DRG neurons. (a) The currents in
response to concentrations of ATP from 1 mM to 1 mM are shown for capsaicin-sensitive (upper panel) and capsaicin-insensitive
(lower panel) neurons. (b) Concentration-response curves for ATP-elicited currents are plotted. The peak current elicited by ATP
application was measured and this response was normalized to the response of the same cell to 10 mM a,bmeATP for capsaicin-
sensitive neurons (*; mean+s.e.mean for data from four to six cells) or to 100 mM ATP for capsaicin-insensitive neurons
(&; mean+s.e.mean for data from four to six cells). The mean normalized response was calculated for each concentration applied.
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the capsaicin-insensitive neurons responded to applications of
ATP and a,bmeATP, and the currents evoked by these
agonists (10 mM) were completely blocked by suramin and

PPADS at a concentration of 30 mM. The a,bmeATP-evoked
currents (up to 30 mM) in the capsaicin-insensitive neurons
showed sustained current kinetics in the continuous presence
of the agonist. On the basis of the characterization of

heterologously expressed P2X receptors, these current kinetics
and pharmacological properties are in agreement with the
coexpression of the P2X2 and P2X3 subunits (Ueno et al.,

1998). Although homomeric P2X2 receptor is insensitive to
a,bmeATP, P2X2+3 showed slowly desensitizing current in
response to both ATP and a,bmeATP (Lewis et al., 1995; Ueno
et al., 1998). However, because in situ hybridization data

Figure 4 a,bmeATP concentration-response relationship for capsaicin-sensitive and -insensitive DRG neurons. (a) The currents in
response to concentrations of a,bmeATP from 1 mM to 1 mM are shown for capsaicin-sensitive (upper panel) and capsaicin-
insensitive (lower panel) neurons. (b) Concentration-response curves for a,bmeATP-elicited currents are plotted. The peak current
elicited by the a,bmeATP applications was measured and this response was normalized to the response of the same cell to 10 mM
a,bmeATP for capsaicin-sensitive neurons (*; mean+s.e.mean for data from four to nine cells) or to 100 mM a,bmeATP for
capsaicin-insensitive neurons (&; mean+s.e.mean for data from four to seven cells). The mean normalized response was calculated
for each concentration applied. The smooth lines show the values predicted by the Hill equation (1).
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demonstrated the six mRNAs of the P2X receptors (P2X1 ±
P2X6) in DRG (Collo et al., 1996), other subunits might be

involved in the ATP- or a,bmeATP-evoked responses in
capsaicin-insensitive neurons. The P2X4 subunit was detected
as one of the major subunits expressed in DRG (Lewis et al.,

1995). The expression studies of the homomeric P2X4 subunit
revealed pharmacological properties distinctly di�erent from
the P2X2 and P2X3 subunits. The EC50 value for ATP

activation was around 10 mM, and a,bmeATP produced less
than 10% of the ATP-activated current in the P2X4 subunit.
The current evoked by ATP was almost insensitive to the P2X
antagonists, suramin and PPADS. The inhibitory concentra-

tion of 50% (IC50) values of these antagonists ranged from
4100 mM to 4500 mM (Bo et al., 1995; Buell et al., 1996;
Seguela et al., 1996; Soto et al., 1996). In contrast, our results

were not consistent with the homogenous expression of P2X4.
Therefore, the involvement of the P2X4 subunit in the slowly
desensitizing current of the capsaicin-insensitive neurons is less

extensive than that of other subunits. Consequently, it is most
likely the P2X2+3 that is mainly expressed in the capsaicin-
insensitive neurons. This type of DRG neuron showed a larger
diameter than that of neurons with rapidly desensitizing

current. The cell size ranged from 28 ± 48 mm. DRG cells of
this size largely consisted of neurons with myelinated A-®bre
(Harper & Lawson, 1985). In the present experiments,

diameter of dissociated cells seems to be a little larger than
that of corresponding cell subpopulation observed in in situ
hybridization. The di�erence is probably due to the fact that

dissociated cells tends to enlarge the size by e�ects of
dissociation damage and that diameter of cross-section does
not always show the maximum value.

The current kinetics evoked by a,bmeATP and the
sensitivity to the P2X antagonist in the capsaicin-insensitive
neurons were consistent with the properties of P2X2+3,
whereas the concentration-response relationship for

a,bmeATP was not identical with data observed in P2X2+3

and nodose ganglion neurons (Lewis et al., 1995). The value of
the EC50 for a,bmeATP in the capsaicin-insensitive neurons

was about ten times larger. The coexpression of P2X2 and
P2X3 subunits could make several subsets of heteromeric
receptors with unknown stoichiometries. Indeed, the blocking

e�ect of trinitrophenyl-ATP on nodose ganglion neurons and
P2X2+3 suggested the existence of heteromeric channels having
various combinations of the P2X2 and P2X3 subunits (Thomas

et al., 1998). In addition, our heterologous expression study
using the C6BU-1 cell line provided a larger EC50 value for
a,bmeATP than that observed when P2X2 and P2X3 subunits
were coexpressed (Ueno et al., 1998). However, we can not

exclude the possibility that other subunits such as P2X1 and
P2X4 a�ect the concentration-response relationship for
agonists.

Recently, speci®c antisera to P2X2 and P2X3 have been
developed (Vulchanova et al., 1996; 1997). Using these
antisera, immunohistochemical analysis has clari®ed the

di�erential distribution of these immunoreactivities in the cell
bodies of DRG neurons. The existence of these signals was
restricted to a speci®c subpopulation of the DRG. The P2X3

immunoreactivity was detected predominantly in small
neurons (Vulchanova et al., 1997). As was the case with our
in situ hybridization analysis, the P2X3 signals were also
extensively labelled in small-sized neurons. These results

provide supporting evidence that the homomeric P2X3

receptor is expressed in nociceptive neurons with unmyelinated
®bres. As for the distribution of P2X2, the overall intensity for

P2X2 immunoreactivity in the DRG was stronger than that of
P2X3 (Vulchanova et al., 1997). In our in situ hybridization
analysis, the P2X2 signal was not detected in small-sized

neurons. Electrophysiological data also supported that the
P2X2 receptor functions in medium-sized neurons. Taken
together the present results, P2X2 is expressed in neurons with
myelinated ®bres, which are not related to nociception. The

expression pattern of P2X receptors was di�erent in each
subpopulation of DRG neurons. However, the physiological
signi®cance of this di�erential expression of P2X receptors in

the DRG was not clari®ed. It will be necessary to perform
further investigations using behavioural approaches in vivo.

Two types of ATP-activated current were observed in

acutely dissociated DRG neurons under the voltage clamp
condition. The morphological di�erences and capsaicin
sensitivity between two subpopulations provide an indication

that capsaicin-sensitive DRG neurons expressed mainly
homomeric P2X3 subtype and capsaicin-insensitive neurons
expressed heteromultimeric complex of P2X2 and P2X3

subtypes.

This work was supported by Grants-in-Aid for Scienti®c Research
(No. 08457416) from the Ministry of Education, Science and
Culture of Japan and Domestic research Fellowship from Japan
Science and Technology Corporation.

Figure 5 Bright-®eld micrographs showing signals for the P2X3 (a)
and P2X2 (b) mRNA. In the dorsal root ganglion, intense signals of
P2X3 are seen in small (arrows) and medium-sized ganglion cells
(arrowheads), but not in large cells (asterisks) which are more than
40 mm in diameter. Signi®cant signals for P2X2 were found in
medium-sized cell bodies (arrowheads), but not in small (arrows) and
large cell bodies (asterisks).
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Characterization of a1-adrenoceptor subtypes mediating
vasoconstriction in human umbilical vein

1Andrea Emilse Errasti, 1MarõÂ a PõÂ a Rogines Velo, 1Rodrigo MartõÂ n Torres, 1Sergio Pablo Sardi &
*,1Rodolfo Pedro Rothlin

1Departamento de FarmacologõÂ a, Facultad deMedicina, Universidad de Buenos Aires, Paraguay 2155, Piso 15, 1121, Buenos Aires,
Argentina

1 The present study attempted to characterize pharmacologically the subtypes of a-adrenoceptors
mediating contractions in human umbilical vein (HUV).

2 HUV rings were mounted in isolated organ baths and cumulative concentration-response curves
were constructed for the a-adrenoceptor agonists phenylephrine and adrenaline. Adrenaline was
more potent than phenylephrine (pD2=7.29 and 6.04 respectively).

3 Isoproterenol exhibited no agonism on KCl pre-contracted HUV rings. Propranolol (1 mM) and
rauwolscine (0.1 mM) did not a�ect the concentration-response curves to adrenaline. These results
demonstrate the lack of involvement of functional b- or a2-adrenoceptors in adrenaline-induced
vasoconstriction.

4 The non subtype selective a1-adrenoceptor antagonist prazosin was evaluated on phenylephrine
and adrenaline concentration-response curves. The e�ects of the competitive a1A and a1D-
adrenoceptor antagonists, 5-methyl urapidil and BMY 7378 and the irreversible a1B selective
compound chloroethylclonidine (CEC) were also evaluated on adrenaline concentration-response
curves.

5 The potencies of prazosin against responses mediated by adrenaline (pA2=10.87) and
phenylephrine (pA2=10.70) indicate the involvement of prazosin-sensitive functional a1-adreno-
ceptor subtype in vasoconstriction of the HUV.

6 The potencies of 5-methyl urapidil (pA2=6.70) and BMY 7378 (pA2=7.34) were not consistent
with the activation of an a1A- or a1D-adrenoceptor population.
7 Exposure to a relatively low CEC concentration (3 mM) abolished the maximum response to
adrenaline suggesting that this response was mediated by an a1B-adrenoceptor subtype.
8 We conclude that HUV express a prazosin-sensitive functional a1-adrenoceptor resembling the
a1B-subtype according with the low pA2 values for both 5-methyl urapidil and BMY 7378 and the
high sensitivity to CEC.

Keywords: Human umbilical vein; a1-adrenoceptors; adrenaline; isoproterenol; rauwolscine; propranolol; prazosin; BMY
7378; 5-methyl urapidil; chloroethylclonidine

Abbreviations: BK, bradykinin; CEC, chloroethylclonidine; HUV, human umbilical vein

Introduction

The umbilical vein transports the oxygenated blood from the

placenta to the foetus, therefore, a normal blood ¯ow is crucial
for its growth. Umbilical and placental vessels lack autonomic
innervation (Reilly & Russel, 1977; Fox & Khong, 1990).
Furthermore, Kawano & Mori (1990) demonstrated that the

human umbilical vein (HUV) has no adrenergic innervation and
adrenergic nerve ®bres are present only in umbilical arteries at
the foetal end of the cord. Therefore, HUV is under no in¯uence

from the sympathetic nervous system and the regulation of its
vascular tone must depend on the release of vasoactive
substances which are locally produced or conveyed through

the blood stream. Furthermore, it is known that the
vasoconstrictor e�ects of adrenaline and noradrenaline depend
on the stimulation of a-adrenoceptors in HUV (Altura et al.,
1972).

a1-Adrenoceptors are a heterogeneous group of receptors

and have been subclassi®ed into a1A-, a1B- and a1D-
adrenoceptor subtypes based on radioligand binding, mol-
ecular biology and isolated tissue experiments (Hieble et al.,
1995). In addition, all three subtypes are expressed in vascular

smooth muscle (Price et al., 1994; Vargas & Gorman, 1995;
Piascik et al., 1996).

Although the functional a�nity values span a broad range,

all a1-adrenoceptor mediated responses are sensitive to
blockade by prazosin, and all show low a�nity for the
selective a2-adrenoceptor antagonist rauwolscine (Bylund et

al., 1994; Hieble et al., 1995).
The subdivision of a1-adrenoceptors into a1A- and a1B-

subtypes has been supported by the identi®cation of several
antagonists showing at least 100 fold selectivity for the a1A-
adrenoceptor, such as 5-methyl urapidil (Gross et al., 1988).
Further evidence to support this subdivision was provided by
studies which demonstrated that chloroethylclonidine selec-

tively alkylated the a1B-subtype (Han et al., 1987; Minneman et
al., 1988).*Author for correspondence; E-mail: farmaco3@fmed.uba.ar
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On the other hand, a selective a1D-antagonist, BMY 7378,
has been described and was shown to have a high a�nity in the
rat aorta (Saussy et al., 1994). Furthermore, Kenny et al.

(1995) have shown that in the rat aorta, BMY 7378 a�nity,
correlates well with binding a�nities at cloned human a1D-
adrenoceptor but not with a1A- or a1B-subtypes.

The aim of the present work was to pharmacologically

characterize the a-adrenoceptor subtypes mediating contrac-
tions in the human umbilical vein in light of current knowledge
and the selective ligands available.

Methods

Preparation of the tissues for tension measurements

Approximately 15 ± 35 cm segments were excised from
human umbilical cords (n=140) midway between the
placenta and infant. These cords were obtained from normal
full-term deliveries and immediately placed in modi®ed

Krebs solution at 48C (of the following mM composition:
NaCl 119, KCl 4.7, NaHCO3 25, KH2PO4 1.2, CaCl2 2.5,
MgSO4 1.0, EDTA 0.004, D-glucose 11 and ascorbic acid

0.11).
The veins (internal diameter approximately 5 mm) were

dissected out of the cords and cut into rings of approximately

3 mm width. Typically, four rings were taken from each
umbilical vein. The preparations were suspended in 10 ml
organ baths and stretched with an initial tension of 3 ± 5 g as

described previously (Elgoyhen et al., 1993). The time from
delivery until the tissue was set up in the organ baths was
approximately 3 h. Changes in tension were measured with
Grass isometric transducers (FT 03C, Grass Instrument,

Quincy, MA, U.S.A.) and displayed on Grass polygraphs
(Model 7D). The Krebs solution was maintained at 378C and
at pH 7.4 by constant bubbling with 95% O2/5% CO2. During

the incubation period, the bath solution was replaced every
15 min with fresh Krebs. After 70 min of equilibration each
preparation was contracted with 40 mM KCl and washed. This

procedure was designed to test for the functional state of the
tissue.

Adrenoceptor agonists studies

Cumulative concentration-response curves to either adrenaline
or phenylephrine were obtained after a 120 min equilibration

period. In all experiments, bradykinin (BK, 0.3 mM) was
applied at the end of each experiment in order to determine the
tissue maximum response (Sardi et al., 1997). In another series

of experiments, human umbilical vein rings were contracted
with 40 mM KCl after an equilibration period of 120 min.
Then, in order to evaluate the possible relaxant e�ects of a b-
adrenoceptor agonist, cumulative-concentration curves to
isoproterenol were obtained.

Adrenoceptor antagonists studies

The procedure followed was essentially the same as in the a-
adrenoceptor agonist protocol. Each antagonist was applied

30 min before the cumulative addition of agonists (adrenaline
or phenylephrine), to ensure that equilibrium was obtained.
Experiments were performed in parallel in rings from the same

vein. The competitive adrenoceptor antagonists used were
propranolol (1 mM), rauwolscine (0.1 mM), prazosin (0.03 ±
1 nM), 5-methyl urapidil (1 ± 10 mM) and BMY 7378 (0.1 ±
1 mM).

E�ects of chloroethylclonidine

The e�ect of the irreversible antagonist chloroethylclonidine

(CEC) was also evaluated. Umbilical rings were exposed to
CEC (1 ± 3 mM) for a period of 30 min and then washed out
(bathing ¯uid was changed twice every 5 min) for 30 min
before cumulative concentration-response curves to adrenaline

were obtained.

Drugs

Phenylephrine hydrochloride, adrenaline bitartrate, isoproter-
enol bitartrate, prazosin hydrochloride, BMY 7378 dihy-

drochloride, chloroethylclonidine dihydrochloride, 5-methyl
urapidil and rauwolscine hydrochloride, were purchased from
Research Biochemical Incorporated (Natick, MA, U.S.A.).

(+)-Propranolol hydrochloride was purchased from the Sigma
Chemical Company (St. Louis, MO, U.S.A.).

All concentrations of drugs are expressed as a ®nal
concentration in the organ bath. Preparation of all stock

solutions and their subsequent dilution were made in distilled
water, except for prazosin and adrenaline. Prazosin was
initially dissolved in warmed HCl (0.1 N) then diluted in

distilled water. Adrenaline was dissolved in HCl (0.01 N) then
diluted in ascorbic acid Krebs solution to avoid oxidation.
Stock solutions were stored frozen in aliquots and thawed and

diluted daily.

Statistics

All data are presented as means+s.e.mean. The number (n) of
rings and veins is denoted: number rings / number veins. The
responses were calculated as a percentage of the maximum in

the cumulative concentration-response curves to adrenaline or
phenylephrine. In CEC experiments, responses are expressed
as g of developed contraction.

The pD2 values, negative logarithm of the agonist
concentration that produce 50% of the maximum e�ect, were
determined using Graph Pad Prism Version 2.0 (Graph Pad

Software Inc., San Diego, CA, U.S.A.). Antagonist pA2 values
and slopes of Schild regressions were calculated as described
by Arunlakshana & Schild (1959). Statistical analysis was
performed by means of unpaired Student's t-test. P values

lower than 0.05 were taken to indicate signi®cant di�erences
between means.

Results

After a 120 min incubation period, phenylephrine as well as
adrenaline produced a concentration-related contraction of
human umbilical vein (HUV) rings. However, it should be

noted that not every ring would always respond to adrenaline
or phenylephrine. In this study 23 of 140 (16%) human
umbilical veins did not show adrenergic responses. Adrenaline
was more potent than the a1-selective agonist phenylephrine.
The pD2 of adrenaline was 7.29+0.06 (n=13/13) (n=rings/
veins) and 6.04+0.09 (n=12/12) for phenylephrine (P50.01).
The maximum response was 8.2+1.3 g (72+7% of BKmax) for

phenylephrine and 11.8+1.0 g (78+3% of BKmax) for adrena-
line.

Increasing concentrations of the a1-adrenoceptor antago-

nist prazosin (0.1, 0.3, and 1 nM) produced a parallel
rightward shift of the phenylephrine concentration-response
curve without a�ecting the maximum response, indicative of
competitive antagonism. Analysis of the data by Schild
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regression gave a slope (0.97+0.19) which was not
signi®cantly di�erent from unity and a pA2 value of
10.70+0.17 (n=17/12, Figure 1a). The e�ect of prazosin

on the contractile response to adrenaline was also evaluated.
Increasing concentrations of the antagonist (0.03, 0.1, and
0.3 nM) produced a competitive shift of the adrenaline
concentration-response curve. Analysis of the data by Schild

regression gave a slope (1.28+0.29) not signi®cantly
di�erent from unity and a pA2 value of 10.87+0.13
(n=22/13, Figure 1b). On the other hand, neither the pD2

nor maximum contraction of the umbilical vein to adrena-

line were a�ected by the a2-adrenoceptor antagonist
rauwolscine (0.1 mM, n=6/6; data not shown) and the b-
adrenoceptor antagonist propranolol (1 mM, n=4/4; data not

shown). In addition, the b-adrenoceptor agonist isoproter-
enol (0.1 nM ± 100 mM) did not elicit any relaxant e�ect on
KCl submaximum pre-contraction (8.4+1.1 g, n=5/5; data
not shown).

The a1A-adrenoceptor antagonist, 5-methyl urapidil (1, 3 and
10 mM) produced rightward shifts of the concentration-
response curves to adrenaline, with no depression of the

maximum response. Analysis of the data by Schild regression

Figure 1 (a) Concentration-response curves and Schild plot for antagonism of phenylephrine induced contraction by prazosin (0.1,
0.3, and 1 nM). (b) Concentration-response curves and Schild plot for antagonism of adrenaline induced contraction by prazosin
(0.03, 0.1, and 0.3 nM). Each symbol represents the mean and vertical lines show s.e.mean of at least four separate experiments.
Schild plots were constructed with concentration-ratios from individual experiments. The estimates were: (a) pA2=10.70+0.17,
slope=0.97+0.19, r=0.98 (n=17/12); and (b) pA2=10.87+0.13, slope=1.28+0.29, r=0.97 (n=22/13).
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gave a slope which was not signi®cantly di�erent from unity
(1.08+0.26) and a pA2 value of 6.70+0.13 (n=25/17, Figure 2).

The a1D-adrenoceptor antagonist, BMY 7378 (0.1, 0.3 and

1 mM) produced rightward shifts of the concentration-response
curves to adrenaline, without reducing the maximum responses
over the ranges used for analysis. Analysis of the data by
Schild regression gave a slope which was not signi®cantly

di�erent from unity (1.14+0.15) and a pA2 value of 7.34+0.14
(n=12/9, Figure 3).

Exposure to the irreversible antagonist chloroethylclonidine
(CEC, 1 mM) decreased the maximum response to adrenaline in
seven of ten rings (P50.05). In the others, it caused a complete

suppression of the response to adrenaline (data not shown).
Furthermore, CEC (3 mM) completely abolished the response
in all experiments (n=8/8, Figure 4). On the other hand, CEC
treatment neither exhibited agonism nor modi®ed the

maximum response to bradykinin (control,17.3+2 g; treated,
15.7+2 g).

Figure 2 Concentration-response curves and Schild plot for antagonism of adrenaline induced contraction by 5-methyl urapidil (1,
3, and 10 mM). Each symbol represents the mean and vertical lines show s.e.mean of at least eight separate experiments. Schild plot
was constructed with concentration-ratios from individual experiments. The estimates were: pA2=6.70+0.13, slope=1.08+0.26,
and r=0.97 (n=25/17).

Figure 3 Concentration-response curves and Schild plot for antagonism of adrenaline induced contraction by BMY 7378 (0.1, 0.3,
and 1 mM). Each symbol represents the mean and vertical lines show s.e.mean of at least three separate experiments. Schild plot was
constructed with concentration-ratios from individual experiments. The estimates were: pA2=7.34+0.14, slope=1.14+0.15, and
r=0.99 (n=12/9).
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Discussion

The objective of this study was to perform a pharmacological
characterization of the a-adrenoceptor subtypes mediating
contractions in the human umbilical vein (HUV) by use of

both selective agonists and antagonists. Previous studies have
demonstrated the existence of a-adrenoceptors in these vessels
(Altura et al., 1972).

Phenylephrine, the non-subtype selective a1-agonist pro-
duced concentration-dependent contractions 23.8 fold less
potent than adrenaline. Prazosin, a non-subtype selective a1-
adrenoceptor antagonist, competitively inhibited contractile
responses induced by phenylephrine and adrenaline in HUV.
The pA2 values for prazosin versus both agonists are consistent
with responses being mediated through a1-adrenoceptors.

In this tissue, the lack of relaxant e�ect observed with
isoproterenol shows the absence of functional b-adrenocep-
tors. Furthermore, the potency to adrenaline as well as the

maximum response produced did not change with propranolol

(1 mM) or rauwolscine (0.1 mM) con®rming the absence of both
functional b and a2-adrenoceptors.

According to these results, adrenaline was considered better
than phenylephrine as a pharmacological tool in order to
characterize the a1-adrenoceptor subtypes mediating contrac-

tions in HUV.
5-Methyl urapidil has been widely used for the classi®cation

of a1-adrenoceptors (Forray et al., 1994; Schwinn et al., 1995;

Testa et al., 1995). Its a�nity for the a1A-subtype (pKi

approximately 8.6, Table 1) is approximately 10 fold greater
than for the a1D-subtype (pKi approximately 7.6, Table 1) and

some 100 fold greater than for the a1B-subtype (pKi

approximately 6.7, Table 1). In this study, the estimated
a�nity of 5-methyl urapidil in the HUV (pA2=6.7) was similar
and close to the value expected for an interaction at the cloned

a1B-adrenoceptor.
Goetz et al. (1995) and Kenny et al. (1995) have

demonstrated that BMY 7378 is a selective a1D-adrenoceptor
antagonist (pKi approximately 8.8, Table 1) exhibiting about
100 fold selectivity over a1A and a1B-subtypes (pKi approxi-
mately 6.4 and 7.0 respectively, Table 1). In the HUV the

estimated a�nity (pA2=7.3, Table 1) of this antagonist was
not consistent with its a�nity for cloned a1D-subtype, but is
according with the value expected for an interaction with the
a1B-subtype.

The a1-adrenoceptor subtypes exhibit di�erent sensitivities
to the alkylating e�ects of CEC (Perez et al., 1991; Forray et
al., 1994; Schwinn et al., 1995). Both a1B and a1D-adrenoceptor
subtypes are e�ectively inactivated by CEC-treatment, the
former subtype being relatively more sensitive (Forray et al.,
1994; Schwinn et al., 1995). Although species-dependent

variations in sensitivity have been obtained (GarcõÂ a-Sainz et
al., 1992), a1A-subtype is considerably more resistant to this
alkylating agent. In HUV the e�ects of a 30 min exposure to

1 mM CEC caused a signi®cant depression of the adrenaline
concentration-response curves. Increasing the concentration of
CEC (3 mM) resulted in complete abolition of the contractile
response to adrenaline (Table 1). Membrane preparations

from cells stably transfected with the cloned human a1B-
adrenoceptor gene showed approximately 100% inactivation
in radioligand binding studies at a CEC concentration 30 fold

greater than the one employed in HUV, where the a1-
adrenergic response was abolished (Table 1). CEC treatment
had no e�ect on maximum responses to bradykinin at the end

of each experiment demonstrating no e�ect on the tissue

Table 1 Summary of published a�nity data for a1-adrenoceptors antagonists. Comparison with data obtained in this study

Competitive antagonists pKi on cloned human a-adrenoceptors expressed in cells pA2 on contractile
response in HUVd

a1A a1B a1D
Prazosina

5-Methyl urapidilb

BMY 7378c

9.6+0.2
8.6+0.1
6.4+0.2

9.5+0.1
6.7+0.1
7.0+0.3

9.8+0.3
7.6+0.2
8.8+0.6

10.9+0.1
6.7+0.1
7.3+0.1

Irreversible antagonist % Inactivation Sensitivity in HUV
a1A a1B a1D

CECe

100 mM, 20 min, 378C
CECf

3 mM, 30 min, 378C

+ ++++ +++

++++

a,bpKi values represent means+s.e.mean of data taken from Forray et al. (1994); Goetz et al. (1995) and Kenny et al. (1995). cpKi

values taken from Kenny et al., and Goetz et al., 1995. dpA2 values were obtained using Schild analysis between each antagonist versus
adrenaline. eSensitivity to CEC estimated as percentage of inactivation in ligand binding experiments: a1A: 18%, a1B: 91%, a1D: 74%
Forray et al. (1994); a1A: 18%, a1B 98%, a1D: 75% Schwinn et al. (1995). fCEC completely abolished the response to adrenaline in
HUV.

Figure 4 E�ect of chloroethylclonidine (CEC) on adrenaline
concentration-response curves. Each symbol represents the mean
and vertical lines show s.e.mean of at least seven separate
experiments. aCEC abolished the response to adrenaline in three of
ten experiments. The maximum response to adrenaline in tissues
exposed to CEC 1 mM was signi®cantly di�erent from control
(Student's t-test, P50.05).
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functional state. On the other hand, it was reported that CEC
functions as an irreversible a2-adrenoceptor agonist (Bultmann
& Starke, 1993). CEC treatment did not produce any

contractions in HUV in the present study. The lack of
contractions suggests the absence of functional a2-adrenocep-
tors in this tissue.

In summary, the absence of both functional b- and a2-
adrenoceptors has been demonstrated in HUV based on the
following observations. Firstly, isoproterenol failed to produce
any relaxant e�ect on KCl pre-contraction. Secondly,

propranolol as well as rauwolscine did not shift the
concentration-response curve to adrenaline. Thirdly, CEC

alone did not cause direct contractions. On the other hand, the
high potency of prazosin, is consistent with a population of a1-
adrenoceptors mediating contractions in HUV. Furthermore,

the very low a�nity of 5-methyl urapidil, the low a�nity of
BMY 7378 and the high sensitivity to CEC, provide
pharmacological evidence that a1-adrenoceptor agonists-
induced contractions in HUV are mediated by a1B-subtypes.

This work was supported by the FundacioÂ n Alberto J. Roemmers
and Universidad de Buenos Aires (UBA, Grant ME-041). We wish
to thank the Instituto MeÂ dico de Obstetricia (Buenos Aires) for
their e�orts in providing umbilical tissues.
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Endothelin receptor expression and pharmacology in human
saphenous vein graft

*,1Janet J. Maguire & 1Anthony P. Davenport

1Clinical Pharmacology Unit, University of Cambridge, Level 6, Centre for Clinical Investigation, Box 110, Addenbrooke's
Hospital, Cambridge CB2 2QQ, England

1 We have investigated the expression and pharmacology of endothelin (ET) receptors in human
aortocoronary saphenous vein grafts.

2 Subtype-selective ligands were used to autoradiographically identify ETA ([125I]-PD151242) and
ETB ([125I]-BQ3020) receptors. In graft saphenous vein ETA receptors predominated in the media,
with few ETB receptors identi®ed. Neither subtype was detected in the thickened neointima.

3 The ratio of medial ETA:ETB receptors was 75% : 25% in both graft and control saphenous vein.

4 ET-1 contracted control (EC50 2.9 nM) and graft (EC50 4.5 nM) saphenous vein more potently
than diseased coronary artery (EC50 25.5 nM).

5 In all three blood vessels ET-1 was 100 times more potent than ET-3 and three times more
potent than sarafotoxin 6b (S6b). Little or no response was obtained in any vessel with the ETB

agonist sarafotoxin 6c (S6c).

6 The ETA antagonist PD156707 (100 nM) blocked ET-1 responses in all three vessels with pKb

values of approximately 8.0.

7 For individual graft veins the EC50 value for ET-1 and `age' of graft in years showed a signi®cant
negative correlation.

8 In conclusion there is no alteration in ET receptor expression in the media of saphenous veins
grafted into the coronary circulation compared to control veins. ETA receptors predominantly
mediate the vasoconstrictor response to ET-1 in graft vein, with no apparent up-regulation of ETB

receptors. The sensitivity of the graft vein to ET-1 increased with graft `age', suggesting that these
vessels may be particularly vulnerable to the increased plasma ET levels that are detected in patients
with cardiovascular disease.

Keywords: Endothelin; endothelin receptors; ETA; ETB; human saphenous vein graft; intimal proliferation; vasospasm; vein
graft disease

Abbreviations: BSA, bovine serum albumin; CABG, coronary artery bypass graft; ET, endothelin; 5-HT, 5-hydroxytryptamine;
OD, optical density; S6b, sarafotoxin 6b; S6c, sarafotoxin 6c

Introduction

The saphenous vein is the most widely used graft vessel
employed to bypass atherosclerotic blood vessels of the heart
and thus relieve the symptoms of coronary artery disease.

Perioperative aortocoronary vein graft spasm is a serious
complication. It results in hypoperfusion of the vein and
damage to the endothelium, thus contributing to graft failure

(Roubos et al., 1995). Post-operative graft spasm is more rare,
but can be fatal (Victor et al., 1981). In a small proportion of
patients the vein grafts close completely following surgery.
This occurs either within days of surgery, when the cause is

frequently the development of occluding mural thrombi (Lie et
al., 1977; Bourassa et al., 1982), or more usually, closure
occurs over a period of 5 ± 10 years (Lie et al., 1977; Atkinson

et al., 1985). The ®brointimal proliferative nature of this late
vein graft disease closely resembles that of atherosclerotic
coronary artery disease (Bulkley & Hutchins, 1977; Campeau

et al., 1983; Atkinson et al., 1985). Arterial grafts are less
susceptible to long term failure (Rossiter et al., 1974; Ivert et
al., 1988), however the requirement to bypass multiple vessels
of the heart, in many patients, precludes the exclusive use of

arterial preparations. Antiplatelet drugs can be of some
bene®t, particularly in preventing early vein graft stenosis

(Chesebro et al., 1982; Fuster & Chesebro, 1986; Goldman et
al., 1988). However, to improve the long term patency of the
autogenous saphenous vein for coronary artery bypass surgery

novel drug therapies must be developed.
Recent studies have shown that expression of the peptide

endothelin-1 (ET-1) is increased in human failed vein grafts

(Brody et al., 1996; Masood et al., 1996). ET-1 is a potent
vasoconstrictor of human blood vessels (Maguire & Daven-
port, 1995) including saphenous vein (Costello et al., 1990;
LuÈ scher et al., 1990; Bax et al., 1993; Akar et al., 1994; White

et al., 1994) and is mitogenic or co-mitogenic for vascular
smooth muscle cells (see Battistini et al., 1993). Endothelin
(ET) may therefore be involved in the initiation and/or

development of both vein graft spasm and stenosis following
surgery. We have therefore determined which of the ET
receptor subtypes are expressed in the blocked vein graft and

which are responsible for the vasoconstrictor actions of the ET
peptides in this diseased tissue and compared this to non-
diseased saphenous vein harvested for grafting. We have
previously shown that the media of human saphenous vein

expresses mainly ETA receptors but also has a small population
of ETB receptors that comprise less than 25% of total
(Davenport et al., 1995). We were particularly interested to

investigate whether or not the expression of ETB receptors is
augmented in late graft disease as it has been suggested that*Author for correspondence; E-mail: JJM1003@medschl.cam.ac.uk
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upregulation of this subtype may occur in coronary artery
disease (Bacon et al., 1996).

Preliminary data were presented to the British Pharmaco-

logical Society (Maquire & Davenport, 1997) and the Fifth
International Conference on Endothelin (Maguire & Daven-
port, 1998).

Methods

Tissue collection

Graft saphenous veins and atherosclerotic coronary arteries

were obtained from eight male patients (41 ± 61 years old)
transplanted for ischaemic heart disease. All patients received
coronary artery bypass grafts (CABG) 2 ± 13 years prior to

cardiac transplantation with a mean `age' of saphenous vein
grafts of 6.5+3.4 years (n=8). Coronary arteries were
additionally obtained from 12 patients (11 male, 1 female;
42 ± 59 years) transplanted for ischaemic heart disease or

cardiomyopathies. Drug therapies included diuretics, anti-
arrhythmics, angiotensin converting enzyme inhibitors, anti-
coagulants, nitrates, beta blockers, calcium channel blockers

and aspirin. Non-diseased `control' saphenous veins were
obtained from 26 patients (25 male, 1 female; 35 ± 75 years)
undergoing CABG surgery. Veins were collected following

surgical distension.

Receptor autoradiography

ET receptor subtypes were detected autoradiographically as
previously described (Davenport et al., 1988). Brie¯y, 10 mm
cryostat-cut sections of saphenous vein graft and saphenous

vein were thaw mounted on gelatine coated slides and pre-
incubated in HEPES bu�er (HEPES 50 mM containing MgCl2
5 mM and 0.3% w/v BSA, pH 7.4) for 30 min at room

temperature (238C). To visualize the ET receptor subtypes
present in these tissues the wash bu�er was replaced with
HEPES bu�er containing 0.1 nM [125I]-ET-1, to label both

receptor subtypes, 0.1 nM [125I]-PD151242 (Davenport et al.,
1994) to label ETA receptors or 0.3 nM [125I]-BQ3020
(Molenaar et al., 1992) to identify ETB receptors. The
concentration of each ligand used was calculated to bind to

approximately 30% of the respective receptor populations
identi®ed, according to the dissociation constant of each
radioligand. Non-speci®c binding was de®ned by the inclusion

of 1 mM of the corresponding unlabelled peptide. After a 2 h
incubation period the sections were washed in ice-cold Tris
bu�er (50 mM, pH 7.4) and apposed to radiation sensitive ®lm

(Hyper®lm bmax, Amersham Pharmacia Biotech., Bucking-
hamshire, U.K.) for 5 days. Data were analysed by computer-
assisted image analysis (Quantimet 920, Cambridge Instru-

ments) to determine relative optical densities (OD) (mean+
s.e.mean) for each receptor subtype.

In vitro pharmacology

Ring preparations (4 mm) were cut from lengths of saphenous
vein graft, saphenous vein or atherosclerotic coronary artery.

We were primarily interested in the medial smooth muscle ET
receptors that mediate vasoconstriction and whether, or not,
these were altered in disease. The endothelium was therefore

removed, by gently rubbing the luminal surface with a metal
seeker (veri®ed histologically).

Blood vessel rings were transferred to 5 ml organ baths
(Linton Instrumentation, Diss, Norfolk, U.K.) containing

oxygenated Krebs solution (378C), set up for isometric force
recordings (F30 isometric force transducers, Hugo Sachs
Electronik, March-Hugstetten, Germany) and allowed to

equilibrate for 1 h. Responses were obtained to KCl (50 mM)
at increasing levels of basal tension until no further increase in
KCl response was observed. The rings were then allowed to re-
equilibrate for 30 min. Cumulative concentration-response

curves were constructed to ET-1, ET-3, sarafotoxin 6b (S6b),
sarafotoxin 6c (S6c) and 5-hydroxytryptamine (5-HT), one
curve per preparation. Experiments were terminated by the

addition of KCl (50 mM) to determine the maximum possible
contractile response in each case. Agonist responses were
expressed as a percentage of this KCl maximum (%KCl). For

the antagonist experiments ET-1 curves were determined in the
absence (control) and presence of the ETA-selective, non-
peptide PD156707 (100 nM) (Doherty et al., 1995) which was

added to the bathing medium 30 min prior to the ET-1. Values
of EC50 were determined for each experiment from the graphs
of agonist concentration (log10) plotted against response
(%KCl). Data for each agonist were pooled from all

experiments and ®nally expressed as the geometric mean with
95% con®dence intervals (CI). The potency (estimated pKb) of
PD156707 was determined from the Gaddum-Schild equation

assuming a regression slope of unity.
Mean EC50 values were compared using the Mann-Whitney

U-test, all other data (expressed as arithmetic mean+s.e.mean)

were compared using Student's two-tailed t-test. The sig-
ni®cance level was set at 95% (P50.05).

Materials

ET-1, ET-3, sarafotoxin 6b and sarafotoxin 6c were purchased
from the Peptide Institute Inc. (Osaka, Japan), prepared as

1074
M stock solutions in 0.1% acetic acid and kept at7208C

until required. BQ3020 ([Ala11,15]-Ac-ET-1(6 ± 21) (Molenaar et
al., 1992) and PD151242 ((N-[(hexahydro-1-azepinyl)carbo-

nyl])L-Leu(1-Me)-D-Trp-D-Tyr) (Davenport et al., 1994) were
synthesized by solid phase t-Boc chemistry. PD156707
(Doherty et al., 1995) was a gift from Park-Davis Pharmaceu-

tical Research, Annarbor, MI, U.S.A. PD156707 was prepared
as a 1072

M solution in DMSO and stored at 7208C.
Radiolabelled chemicals (speci®c activity 2000 Ci mmol71)
were from Amersham Pharmacia Biotech. (Buckinghamshire,

U.K.). All other chemicals and reagents were from Sigma-
Aldrich Co. Ltd. (Dorset, U.K.) and were of analar grade or
better.

Krebs solution was of the following composition (mM):
NaCl, 89; NaHCO3, 45; KCl, 5; MgSO4, 0.5; NaH2PO4, 1; D-
glucose, 10; CaCl2, 2.25; EDTA, 40 mM; glutamic acid, 5 mM;

fumaric acid 5 mM; sodium pyruvate, 5 mM (pH 7.4).

Results

Distribution of ET receptor subtypes in saphenous vein
grafts

[125I]-PD151242 identi®ed a high density of ETA receptors
localized to the medial layer of the saphenous vein graft

sections. Binding was also observed to vasa vasorum in the
surrounding adventitia. These same regions expressed much
lower levels of ETB receptors, which were detected with [125I]-

BQ3020 (Figure 1). Neither receptor subtype was detected over
the thickened intimal smooth muscle layer. At this resolution it
was not possible to detect binding of either ligand to the single
layer of endothelial cells lining the vessel lumen.
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Relative densities of ET receptor subtypes in diseased
and control saphenous veins

Measurements of medial optical density (OD) were taken from
the developed autoradiograms of sections of control saphe-
nous vein and diseased saphenous vein grafts. In control
saphenous vein the mean OD value for speci®c binding of

[125I]-PD151242 was 0.43+0.06 (n=7) and for [125I]-BQ3020
was 0.13+0.02 (n=7) giving a relative density of ETA

receptors to ETB receptors of 77 : 23%. In diseased saphenous

vein grafts the OD values were respectively 0.14+0.01 (n=6)
and 0.05+0.02 (n=6) giving a ratio of ETA:ETB of 74 : 26%.

Contractile responses in diseased saphenous vein graft
and coronary artery compared with control saphenous
vein

Immediately prior to construction of the agonist concentration
response curves the basal resting tension for saphenous vein
grafts (1.57+0.26 g weight, n=8) was signi®cantly greater

than that for control saphenous vein (0.87+0.17 g weight,
n=16) (Student's two-tailed t-test, P50.05), but not di�erent
than that for diseased coronary arteries obtained from the

same explanted hearts (1.75+0.44 g weight, n=7).
Maximum responses to KCl (50 mM) were comparable in

saphenous vein graft (2.97+0.54 g weight, n=8) and

atherosclerotic coronary artery (2.76+0.32 g weight, n=7).
The response to KCl in control saphenous vein tended to be
lower (1.96+0.43 g weight, n=16), although this did not reach

statistical signi®cance.
ET-1 was a more potent constrictor than 5-HT in all three

blood vessels (Figure 2). The sensitivity of the saphenous vein
graft to ET-1 was not di�erent to that of the control saphenous

vein, however, ten times more ET-1 was required to contract
the atherosclerotic coronary artery than either of the
saphenous vein preparations (Table 1). There was no di�erence

in the maximum response to ET-1 in the control and graft
saphenous veins expressed as a percentage of the response to
KCl (50 mM), but these two were signi®cantly greater than

that for ET-1 in diseased coronary artery (Student's two-tailed
t-test, P50.05). (Table 1, Figure 2). Similar data were
obtained with 5-HT. EC50 values and maximum responses in
saphenous vein graft and control were not di�erent but higher

concentrations of this agonist were required to contract the
coronary artery and the maximum response in this artery was
signi®cantly depressed compared to the vein preparations

(Student's two-tailed t-test, P50.05) (Figure 2).

Figure 1 Colour-coded images of the distribution of ET receptors in transverse sections of two adjacent retrieved aortocoronary
saphenous vein grafts. (A) Localization of speci®c ETA binding with [125I]-PD151242 (0.1 nM) and (B) speci®c ETB binding with
[125I]-BQ3020 (0.3 nM). These images were computer generated by digitally subtracting the autoradiographic image of the non-
speci®c binding, de®ned by inclusion of the respective unlabelled peptide (1 mM), from the total binding image for each radioligand.
125I standards were co-exposed with the tissue sections and receptor density was colour-coded by interpolation from the resulting
standards curve. (C) A section stained with haematoxylin and eosin. The graft on the left has a thickened intimal layer whilst the
graft on the right is completely occluded.

Figure 2 Cumulative concentration-response curves to (a) ET-1 and
(b) 5-HT in saphenous vein graft (SVgraft), control saphenous vein
(SV) and atherosclerotic coronary artery (CA). Agonist responses are
expressed as a percentage of the maximal contraction to KCl
(50 mM) and are the means+s.e.mean (n=3±15).
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Characterization of vasoconstrictor ET receptors

The relative potencies of the ET peptides and related

compounds (Table 1) were used to determine the receptor
subtypes responsible for vasoconstriction in atherosclerotic
saphenous vein grafts and coronary arteries compared to
non-diseased saphenous veins. In each of the three vessels

ET-1 was more potent than ET-3. ET-1 was e�ective in the
nanomolar range whilst the concentration-response curves to
ET-3 were incomplete at 700 nM. Where tested, the non-

selective endothelin agonist S6b was approximately four
times less potent than ET-1 but elicited the same maximum
response as ET-1. The responses obtained with the ETB-

selective agonist S6c were more variable. No response to S6c
was obtained in any of the diseased coronary artery
preparations investigated. In the saphenous vein graft and

control saphenous vein responses to S6c were observed in 65
and 30% of vessels respectively. However where responses to

S6c were elicited, although potent, the maximum response
was less than 25% of that to ET-1 in the same vessel
(Figure 3).

To further investigate the vasoconstrictor ET receptors in
these blood vessels we determined the ability of an ETA-
selective antagonist, PD156707, to block the response to ET-1.
In the presence of 100 nM PD156707 the concentration

response curves to ET-1 were displaced to the right in
saphenous vein graft, control saphenous vein and control
coronary arteries which were obtained from patients other

than those from whom the saphenous vein grafts were
obtained and whom were diagnosed with either ischaemic
heart disease or cardiomyopathy (Figure 4). The pKb values for

PD156707 were 8.05+0.23 (n=6), 8.77+0.29 (n=5) and
7.94+0.13 (n=7) respectively, which are comparable to values
reported for antagonism by this compound of ETA receptors in

animal vasculature (Reynolds et al., 1995). Importantly there
was no evidence that any part of the ET-1 response was

Table 1. Potency of ET receptor agonists in in vitro preparations of saphenous vein (SV) graft, control saphenous vein and
atherosclerotic coronary artery (CA)

ET-1 ET-3 S6b S6c
EC50

(nM)
Rmax

%KCl n
EC50

(nM) n
EC50

(nM)
Rmax

%KCl n
EC50

(nM)
Rmax

%KCl n

SV graft

SV control

CA

4.5
(2.7 ± 7.3)

2.9
(1.4 ± 6.2)
23.0

(12 ± 46)

90+2.8

88+2.9

73+6.3

8

15

7

4100

4100

4100

7

5

3

12.9
(5.7 ± 29)

7.5
(5.1 ± 11.2)

N.D.

95+3.1

95+0.9

5

8

0.18
(0.002 ± 14)

0.8
(0.6 ± 1.0)
Inactive

23+4.3

7.1+3.2

*4/6

*2/7

4

EC50 (nM) values are expressed as the geometric mean (95% con®dence intervals). Rmax values are the maximum response to each
agonist expressed as %KCl. Rmax values are not given for ET-3 as concentration-response curves for this agonist were incomplete. n
values are the number of patients from whom blood vessels were obtained. *Fraction of preparations which responded. N.D., Not
determined.

Figure 3 Cumulative concentration-response curves to ET receptor agonists in (a) saphenous vein graft, (b) control saphenous vein
and (c) atherosclerotic coronary artery. Agonist responses are expressed as a percentage of the maximal contraction to KCl (50 mM)
and are the means+s.e.mean (n=3±15).
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resistant to this antagonist in either the diseased or control
tissues.

Potency of ET-1 with graft `age'

The potency of ET-1 determined in each of the eight graft vein

specimens was correlated (Pearson) against the number of
years since bypass surgery (i.e. graft age). A negative
correlation (r=70.82, P50.02) was obtained with the

sensitivity of saphenous vein graft increasing with the age of
the graft (Figure 5).

Discussion

Autoradiographical visualization of ET receptor subtypes in
sections of human saphenous vein graft graphically demon-
strated the presence of ET receptors over the medial smooth
muscle layer and the absence (or very low expression) of

receptors over the thickened intimal smooth muscle layer. In
the media there was no change in the relative density of the two
receptor subtypes in diseased graft saphenous vein compared

to control vessels. This was consistent with ®ndings in the
atherosclerotic human coronary artery (Bacon et al., 1996;
Russell et al., 1997) which showed no evidence for up-

regulation of smooth muscle ETB receptors in disease. In a
rabbit model, both ETB mRNA and S6c-mediated contractile
responses were actually reduced in saphenous vein grafts
compared to native veins (Eguchi et al., 1997). Our data were

from grafts that had failed after a number of years, however,
alterations in receptor expression in the earlier stages of the
disease process may have contributed to earlier graft failure.

Such temporal receptor alterations have been noted in the
arteries of rats in which proliferation has been initiated by
balloon catheterization. An increase in receptor message and

protein was observed over a few days and returned towards

normal levels after a matter of weeks (Wang et al., 1996;
Viswanathan et al., 1997).

Whilst we found no di�erence in the ratio of the two
subtypes in control and graft saphenous vein this did not
preclude functional alterations in agonist e�cacy. However,

characterization of the ET receptors responsible for vasocon-
striction in saphenous vein graft clearly showed that the ET
peptides mediate their e�ects through the ETA receptor. There

was, therefore, no change in agonist activity pro®le observed in
graft saphenous vein compared to the control saphenous vein.
Thus, as determined by the autoradiographical data, no up-
regulation of the ETB constrictor response was observed. The

agonist data was con®rmed using an ETA receptor antagonist,

Figure 4 Antagonism of ET-1 by 100 nM PD156707 in (a) saphenous vein graft, (b) control saphenous vein and (c) control
coronary artery. ET-1 responses are expressed as a percentage of the response to KCl (50 mM) and are the means+s.e.mean (n=5±
7).

Figure 5 In¯uence of graft age (years) on sensitivity of grafts from
individual patients (n=8) to ET-1 (EC50 nM). A signi®cant
correlation (Pearson; r=70.82; P50.02) was obtained.
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PD156707, which we had previously shown to exhibit high
selectivity and a�nity for human ETA receptors (Maguire et
al., 1997). PD156707 blocked the response to ET-1 in all three

blood vessels with the estimated pKb values in the range
expected for the antagonism of the ETA subtype.

We did not ®nd ET receptors on proliferated smooth muscle
cells of the intima of either saphenous vein graft or

atherosclerotic coronary artery (Bacon et al., 1996). If
migrating and proliferating medial smooth muscle cells, under
the in¯uence of locally derived factors, form the thickened

intimal layer then apparently down regulation of ET receptor
expression has occurred. In some investigations, ETA receptor
antagonists have been shown to reduce or prevent vascular

smooth muscle cell proliferation both in vitro (Alberts et al.,
1994; Kanse et al., 1995; Zamora et al., 1996) and in vivo
(Ferrer et al., 1995; Chen et al., 1997). Thus proliferation is

driven by activation of the ETA receptor. Why smooth muscle
cells, which are thought to have undergone this process, should
then lose the receptors that are responsible is not clear. One
possibility is that released ET-1, which is increased in

proliferating smooth muscle cells both in culture (Haug et al.,
1996) or in tissue from atherosclerotic human blood vessels
(Zeiher et al., 1995; Bacon et al., 1996; Brody et al., 1996) may

bind to adjacent receptors in the intima and e�ectively mask
their presence. However this is unlikely as in the media of
mammary arteries from hypertensives high, homogenous levels

of ETA receptor mRNA were identi®ed, but in the thickened
intima levels of mRNA were very low (Hasegawa et al., 1994).
An alternative hypothesis is that as these cells change from the

contractile phenotype to the synthetic phenotype (Campbell et
al., 1988) receptors involved in vasoconstriction become
redundant and are down-regulated. Indeed this has been
demonstrated in rabbit aortic vascular smooth muscle cells

that express ETA receptors. Subcultures of these smooth
muscle cells show an alteration in phenotype which changes
from contractile to synthetic and this is associated with a 10

fold reduction in the density of [125I]-ET-1 binding sites
(Seradeil-Le Gal et al., 1991).

We found a tendency for the contractile response to a

maximum concentration of KCl (50 mM) to be greater in the
diseased saphenous vein and coronary artery than in the
control saphenous vein. Adaptive changes would be expected
in the wall structure and dynamics of saphenous vein that is

grafted into the higher pressure arterial system. However it is
clear from histological analyses that this does not represent
true morphological arterialization, rather ®brotic thickening of

the media combined with smooth muscle proliferation and
extracellular connective tissue deposition of the intima
(Bulkley & Hutchins, 1977; Lie et al., 1977; Atkinson et al.,

1985). In contrast there did not appear to be any alteration in
the maximum response to either ET-1 or 5-HT in diseased
compared to non-diseased saphenous vein. This might be

expected, at least for ET-1, as we have shown that the
proliferated smooth muscle cells of the thickened intima in
saphenous vein grafts do not have detectable ET receptors and
therefore would not contribute to vasoconstriction. A similar

observation has previously been made by O'Neil and
colleagues (1994) who reported no signi®cant di�erence
between the maximum responses to ET-1 (as %KCl) in short

(51 year) and long (8 ± 11 years) term saphenous vein grafts
and control saphenous veins harvested following surgical
distension. It was only when ET-1 responses were compared in

control saphenous veins harvested before distension that a
signi®cant reduction in ET-1 maximum response was observed
in graft vessels. In the present investigation distended veins

were used as the control, as it is in this condition that they are
grafted into the coronary circulation. The maximum for ET-1
and 5-HT were signi®cantly lower in coronary artery

compared to both of the saphenous vein groups. This may
be due to di�erences in receptor density or coupling e�ciency
for transmitters in human arteries compared to veins.

We found that the control saphenous vein was more

sensitive than the diseased coronary artery to both ET-1 and
5-HT and that this sensitivity was retained by the thickened
saphenous vein graft. Thus saphenous veins grafted into the

coronary vasculature are particularly vulnerable to the
constricting e�ects of circulating and locally released
vasoconstrictor mediators. Increased concentrations of ET

have been measured not only in the plasma of patients with
coronary artery disease (Yasuda et al., 1990; Lerman et al.,
1991), but also within atheromatous plaques (Zeiher et al.,

1995; Bacon et al., 1996). Additionally there are further
transient increases of plasma ET-1 during cardiopulmonary
bypass (Hynynen et al., 1992; Rammos et al., 1996). Increased
ET-1 levels may result in direct constriction of the venous

smooth muscle, or may potentiate the constricting e�ects of
other mediators such as 5-HT (Chester et al., 1992).
Interestingly we found that the sensitivity of the vein to ET-1

positively correlated with the time that had lapsed since
grafting.

Our ®ndings that the ETA receptor is responsible for the

profound vasoconstrictor responses of the aortocoronary
saphenous vein graft to ET-1 both at the time of operation
and in the late stages of disease has implications for the use of

antagonists selective for this subtype in the management of
patients. At present, during the harvesting and preparation of
the saphenous vein, directly acting vasodilators such as
papaverine, sodium nitroprusside and nifedipine are used to

prevent or reduce spasm and thus maintain endothelial
integrity (LoGerfo et al., 1984; Roubos et al., 1995). If ET
does contribute substantially to spasm then these drugs may

not be completely e�ective. Calcium channel antagonists such
as nifedipine are only partially e�ective in blocking
vasoconstrictor e�ects of ET-1 (Stork & Cocks, 1994) as this

agonist mobilizes intracellular calcium stores in addition to
stimulating extracellular calcium in¯ux (Ushio-Fukai et al.,
1995). It has also been suggested that, in vitro, contractions to
ET-1 are not fully reversed by sodium nitroprusside in vein

grafts, whereas they are in arterial graft vessels such as
mammary artery and gastroepiploic artery (Uydes-Dogan et
al., 1996). ETA antagonism might, therefore, prove more

e�ective for the prevention of perioperative graft vasospasm
than currently available therapies. In the long term, the vein
grafts are particularly vulnerable to the increased local

production of ET-1 in coronary artery disease. This may lead
to constriction of the graft that, if superimposed on a
thickened intima or atherosclerotic plaque, will reduce the

already narrowed lumen, further compromising blood ¯ow to
the myocardium. If in addition to blocking the unwanted
vasoconstrictor e�ect of ET-1, the e�cacy of ETA antagonists
to prevent intimal hyperplasia of human blood vessels can also

be demonstrated, then this class of compounds may also
become invaluable in increasing the long term patency of the
saphenous vein graft.
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Absence of G-protein activation by m-opioid receptor agonists in the
spinal cord of m-opioid receptor knockout mice
1Minoru Narita, 1Hirokazu Mizoguchi, 1Michiko Narita, 2Ichiro Sora, 2,3George R. Uhl &
*,1Leon F. Tseng

1Department of Anesthesiology, Medical College of Wisconsin, Milwaukee, Wisconsin 53226, U.S.A.; 2Molecular Neurobiology
Branch, Intramural Research Program, National Institute on Drug Abuse, National Institutes of Health, Baltimore, Maryland
21224, U.S.A.; and 3Department of Neurology and Neuroscience, Johns Hopkins University School of Medicine, Maryland 21224,
U.S.A.

1 The ability of m-opioid receptor agonists to activate G-proteins in the spinal cord of m-opioid
receptor knockout mice was examined by monitoring the binding to membranes of the non-
hydrolyzable analogue of GTP, guanosine-5'-O-(3-[35S]thio)triphosphate ([35S]GTPgS).
2 In the receptor binding study, Scatchard analysis of [3H][D-Ala2,NHPhe4,Gly-ol]enkephalin
([3H]DAMGO; m-opioid receptor ligand) binding revealed that the heterozygous m-knockout mice
displayed approximately 40% reduction in the number of m-receptors as compared to the wild-type
mice. The homozygous m-knockout mice showed no detectable m-binding sites.

3 The newly isolated m-opioid peptides endomorphin-1 and -2, the synthetic selective m-opioid
receptor agonist DAMGO and the prototype of m-opioid receptor agonist morphine each produced
concentration-dependent increases in [35S]GTPgS binding in wild-type mice. This stimulation was
reduced by 55 ± 70% of the wild-type level in heterozygous, and virtually eliminated in homozygous
knockout mice.

4 No di�erences in the [35S]GTPgS binding stimulated by speci®c d1- ([D-Pen2,5]enkephalin), d2- ([D-
Ala2]deltorphin II) or k1- (U50,488H) opioid receptor agonists were noted in mice of any of the
three genotypes.

5 The data clearly indicate that m-opioid receptor gene products play a key role in G-protein
activation by endomorphins, DAMGO and morphine in the mouse spinal cord. They support the
idea that m-opioid receptor densities could be rate-limiting steps in the G-protein activation by m-
opioid receptor agonists in the spinal cord. These thus indicate a limited physiological m-receptor
reserve. Furthermore, little change in d1-, d2- or k1-opioid receptor-G-protein complex appears to
accompany m-opioid receptor gene deletions in this region.

Keywords: knockout mice; endomorphins; G-proteins; homologous recombination; opioid peptides; m-opioid receptors;
signal transduction; spinal cord

Abbreviations: DAMGO, [D-Ala2,NHPhe4,Gly-ol]enkephalin; DPDPE, [D-Pen2,5]enkephalin; GDP, guanosine-5'-O-(2-thio)-
diphosphate; GTPgS, guanylyl-5'-O-(g-thio)-triphosphate; U50,488H, trans(+)-3,4-dichloro-N-methyl-N-[2-(1-
pyrrolidinyl)-cyclohexyl]; benzeneacetamide

Introduction

The m-opioid receptor is expressed by neurons in several
central nervous system regions, including the spinal cord

dorsal horn. Its occupancy with agonist drugs such as
morphine and agonist peptides produces many of the e�ects
of opiate drugs, including much of the profound analgesic

response attributed to the receptors localized in the spinal
cord. Many synthetic opioids and derivatives of opium have
reasonably-good a�nities and selectivities for this receptor.
Morphine and [D-Ala2,NHPhe4,Gly-ol]enkephalin (DAMGO)

are useful ligands for probing m-opioid receptor function.
However, selective endogenous ligands for this receptor had
not been clearly de®ned until recent successes of Zadina and

colleagues (1997) who isolated two high-a�nity m-opioid
receptor selective peptides ligands, endomorphin-1 (Tyr-Pro-
Trp-Phe-NH2) and -2 (Tyr-Pro-Phe-Phe-NH2), from mamma-

lian brain.
Recent cloning and expression studies have revealed that

the m-opioid receptor, and the related d- and k-opioid receptors

are seven-transmembrane domain receptors whose actions are
mediated through activation of heterotrimeric guanine

nucleotide binding proteins (G-proteins) of several classes,
including Gi- and Go-proteins (Chen et al., 1993; Law, 1995).
The activation of G-proteins by the m-opioid receptor can be

measured by assessing agonist stimulation of membrane
binding of the non-hydrolyzable analogue of GTP, guano-
sine-5'-O-(3-[35S]thio)triphosphate ([35S]GTPgS) (Traynor &
Nahorski, 1995; Sim et al., 1995, 1996; Selley et al., 1997;

Shimohira et al., 1997; Narita & Tseng, 1998). [35S]GTPgS
addition results in accumulation of a stable Ga-[35S]GTPgS
complex in brain membranes. It has been recently reported

that endomorphins increased [35S]GTPgS binding in rat brain
(Sim et al., 1998), mouse spinal cord (Narita et al., 1998), SH-
SY5Y human neuroblastoma cells (Harrison et al., 1998) and

C6 rat glioma cells stably expressing a cloned rat m receptor
(Alt et al., 1998). m-Opioid agonist-stimulated [35S]GTPgS
binding in isolated membranes thus provide a functional

measurement of agonist occupation of m-opioid receptors and
its e�cacy in leading to activation of G-proteins.

Knockout mice with m-opioid receptor gene deletions have
been successfully developed by homologous recombination
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(Matthes et al., 1996; Sora et al., 1997b). These mice display
profound gene-dose-dependent reductions in morphine analge-
sia in tests including tests of `spinal' analgesia. The availability

of transgenic m-opioid receptor knockout mice allows us to
determine the extent to which the m-opioid receptor gene
products are necessary for the expression of physiological
actions by these newly discovered opioid peptides and

alkaloids, including G-protein activation. The present study
was thus designed to investigate the e�ects of m-opioid receptor
agonists including newly isolated opioid peptides endomor-

phin-1 and -2 on [35S]GTPgS binding to spinal cord
membranes obtained from mice expressing normal (wild-type),
half-normal (heterozygous), and absent (homozygous) m-
opioid receptor complements. We discuss the data in light of
the concepts of receptor reserve for m-opioid receptors and the
possible compensatory changes in the functions of other opioid

receptor types in the presence of m-opioid receptor gene
deletions in this region.

Methods

Animals

m-Opioid receptor knockout transgenic mice were maintained
on C57BL/6 and 129Sv mixed genetic backgrounds as

described (Sora et al., 1997a,b). Animals were housed ®ve per
cage in a room maintained at 22+0.58C with an alternating
12 h light-dark cycle. Food and water were available ad

libitum.

Membrane preparation

The spinal cord was removed from wild-type, and hetero-
zygous and homozygous m-opioid receptor knockout mice
after decapitation. The spinal cord was homogenized in 20

volumes of ice-cold Tris bu�er containing Tris-HCl (pH 7.4)
(50 mM) for the m-opioid receptor binding assay or ice-cold
Tris-Mg2+ bu�er containing Tris-HCl (pH 7.4) 50 mM, MgCl2

5 mM, and EGTA 1 mM for the [35S]GTPgS binding assay. The
homogenate was centrifuged at 48,0006g at 48C for 10 min.
The pellets were resuspended in Tris bu�er or [35S]GTPgS
binding assay bu�er containing Tris-HCl (pH 7.4) 50 mM,
MgCl2 5 mM, EGTA 1 mM, and NaCl 100 mM and
recentrifuged at 48,0006g at 48C for 10 min. The ®nal pellets
were resuspended in each assay bu�er and stored at 7708C
until experiments.

m-Opioid receptor binding assay

The m-opioid receptor binding assays were carried out in
duplicate with [tyrosyl-3,5-3H(N)]-DAMGO ([3H]DAMGO;

55.3 Ci mmol71; NEN, Boston, MA, U.S.A.) at 0.2 ± 20 nM in
a ®nal volume of 1.0 ml which contained Tris-HCl (pH 7.4)
bu�er (50 mM) and 0.1 ml of the homogenated membrane

fraction. The amount of membrane protein used in each assay
was in the range of 120 ± 170 mg, as determined by the method
of Lowry et al. (1951). The test tubes were incubated for
120 min at 258C. The speci®c binding was de®ned as the

di�erence in binding observed in the absence and presence of
1075

M unlabelled naloxone. The incubations were terminated
by collecting the membranes on Whatman GF/B ®lters using a

Brandel cell harvester (Model M-24, Brandel, MD, U.S.A.).
The ®lters were then washed three times with 5 ml Tris-HCl
bu�er (pH 7.4) at 48C and transferred to scintillation vials.

Then, 0.5 ml of Soluene-350 (Packard Instrument Company,
Inc., Meriden, CT, U.S.A.) and 4 ml of Hionic Fluor Cocktail
(Packard Instrument Company) were added to the vials. After

a 12 h equilibration period, the radioactivity in the samples
was determined in liquid scintillation analyzer (Model 1600
CA, Packard Instrument Company). Values for Scatchard
analysis represent the means+s.e.mean of three independent

determinations.

[35S]GTPgS binding assay

The reaction was initiated by the addition of membrane
suspension (30 ± 80 mg ml71 of membrane proteins) into the
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Figure 1 Scatchard analysis of [3H]DAMGO binding to spinal cord membranes obtained from wild-type (+/+), heterozygous
(+/7) and homozygous (7/7) m-opioid receptor knockout mice. Membranes were incubated with [3H]DAMGO at 0.2 ± 20 nM in
a ®nal volume of 1.0 ml which contained Tris-HCl (pH 7.4) 50 mM bu�er and 0.1 ml of the homogenated membrane fraction (120 ±
170 mg) for 120 min at 258C. The speci®c binding was de®ned as the di�erence in binding observed in the absence and presence of
1075

M unlabelled naloxone. A representative experiment that was replicated three times is shown.
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assay bu�er with the opioid receptor agonists, GDP 30 mM and

[35S]GTPgS (50 pM) (1000 Ci mmol71; Amersham, Arlington
Heights, IL, U.S.A.). The suspensions were incubated at 258C
for 120 min and the reaction was terminated by ®ltering
through Whatman GF/B glass ®lters using a Brandel cell

harvester. The ®lters were then washed three times with 5 ml of
Tris-HCl bu�er (pH 7.4) and transferred to scintillation
counting vials containing scintillation cocktail (0.5 ml of

Soluene-350 and 4 ml of Hionic Fluor Cocktail). The
radioactivity in the samples was determined with a liquid
scintillation analyzer. Non-speci®c binding was measured in

the presence of 10 mM unlabelled GTPgS.

Drugs

The drugs used in the present studies were: Tyr-Pro-Trp-Phe-
NH2 (endomorphin-1, Tocris Cookson Inc., Ballwin, MO,
U.S.A.); Tyr-Pro-Phe-Phe-NH2 (endomorphin-2, Tocris

Cookson Inc.); [D-Ala2,NHPhe4,Gly-ol]enkephalin (DAMGO,

Bachem California, Torrance, CA, U.S.A.); morphine (Mal-

linckrodt Chemical Works, St. Louis, MO, U.S.A.), [D-
Pen2,5]enkephalin (Bachem California), Tyr-D-Ala-Phe-Glu-
Val-Val-Gly-NH2 ([D-Ala

2] deltorphin II, Molecular Research
Laboratories, Durham, NC); trans(+)-3,4-dichloro-N-methyl-

N-[2-(1-pyrrolidinyl)-cyclohexyl] benzeneacetamide (U50,
488H, Research Biochemicals International, Natick, MA,
U.S.A.); naloxone (Research Biochemicals International);

guanylyl-5'-O-(g-thio)-triphosphate (GTPgS, Research Bio-
chemicals International); and guanosine-5'-O-(2-thio)-dipho-
sphate (GDP, Sigma Chemical Company, St. Louis, MO,

U.S.A.).

Statistical analysis

The data were expressed as means+s.e.mean. The binding
data for the determination of the density (Bmax) and a�nity
(Kd) of binding sites were evaluated by a computer-assisted

analysis, EDBA and LIGAND (Biosoft, Cambridge, U.K.).

Figure 2 Comparison of the stimulation of [35S]GTPgS binding to spinal cord membranes of wild-type (+/+), and heterozygous
(+/7) and homozygous (7/7) m-opioid receptor knockout mice by endomorphin-1 (a) and -2 (b). Membranes were incubated
with [35S]GTPgS (50 pM) and GDP (30 mM) with and without various concentrations of endomorphin-1 or -2 for 120 min at 258C.
The data are expressed as the percentage of basal [35S]GTPgS (50 pM) binding measured in the presence of GDP and absence of
agonist, and represent the means+s.e.mean from at least three separate experiments. *P50.05 vs wild-type mice.
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Student's t-test was used for the statistical analysis of Bmax and
Kd values. Comparisons of all other data were performed via
ANOVA followed by Newman-Keuls' test (Tallarida &

Murray, 1987).

Results

The spinal cord membranes obtained from wild-type,
heterozygous and homozygous m-opioid receptor knockout

mice were incubated with a range of [3H]DAMGO concentra-
tions (0.2 ± 20 nM) for 2 h at 258C. Figure 1 illustrates
Scatchard plots for three genotypes. A mean Bmax value of

61.6+4.9 fmol mg71 protein with a Kd of 1.1+0.1 nM was
found in the wild-type mice. The membranes obtained from
heterozygous m-opioid receptor knockout mice displayed a

41.3% reduction in the number of [3H]DAMGO binding sites
(36.1+3.6 fmol mg71 protein; P50.01, as compared to the
wild-type mice) with no change in a�nity (1.1+0.1 nM). The
membranes obtained from homozygous m-opioid receptor

knockout mice showed no detectable [3H]DAMGO binding
sites.

Both endomorphins-1 and -2 (0.001 ± 10 mM) produced

concentration-dependent increases in [35S]GTPgS binding to
spinal cord membranes obtained from wild-type mice (Figure
2a and b). Maximal stimulation was 63.1+5.3 and

61.6+2.5%, respectively, using 10 mM peptide concentrations.
As shown in Figure 3, the synthetic selective m-opioid receptor
agonist DAMGO and the prototype of m-opioid receptor

agonist morphine also stimulated [35S]GTPgS binding in a
concentration-dependent manner and produced a maximal
stimulation of 94.4+9.6 and 65.1+1.3%, respectively, at
10 mM.

In heterozygous m-opioid receptor knockout mice,
[35S]GTPgS binding stimulated by either endomorphin-1, -2,
DAMGO or morphine was markedly decreased to 67, 60, 70 or

55% of the stimulation observed in wild-type mice, respec-
tively. In homozygous mice, no stimulation of [35S]GTPgS
binding stimulated by either endomorphin-1, -2, DAMGO or

morphine could be detected (Figures 2A, B and 3).

No signi®cant changes in d1-, d2- or k1-opioid receptor
functions were noted in m-opioid receptor knockout mice. The
d1-opioid receptor agonist [D-Pen2,5]enkephalin (DPDPE), the

d2-opioid receptor agonist [D-Ala2]deltorphin II and the k1-
opioid receptor agonist U-50,488H both produced robust
stimulation of [35S]GTPgS binding. As shown in Figure 4,
DPDPE, [D-Ala2]deltorphin II and U50,488H (10 mM)
produced 17.6+2.5, 31.6+8.6 and 7.3+5.9% stimulation,
respectively, in wild-type mice. The levels of [35S]GTPgS
binding stimulated by DPDPE, [D-Ala2]deltorphin II or

U50,488H in both heterozygous and homozygous m-opioid
receptor knockout mice were similar to those found in wild-
type mice.

Discussion

The knockout mice used in the present study display gene
dose-dependent reductions in the levels of m-opioid receptor
expression in the spinal cord. Heterozygous knockout animals

manifest 40 ± 50% reductions in m-opioid receptor densities,
whereas homozygous knockout mice display no detectable m-
opioid receptor binding or immunoreactivity (this study; Sora

et al., 1997b). Analyses of these animals provides direct
evidence for m-opioid receptor involvement in the expression of
physiological actions by m-opioid receptor agonists. The data

from these studies documents that disruption of the mouse m-
opioid receptor gene ablates the G-protein activation in the
mouse spinal cord by endomorphin-1 and -2 found in wild-

type mice. Elimination of m-opioid receptor expression in
mutant mice virtually abolished both DAMGO- and
morphine-stimulated [35S]GTPgS binding. This agrees with
our previous ®ndings that m-opioid receptor agonist-stimulated
[35S]GTPgS binding was completely blocked by m-opioid
receptor antagonists (Narita & Tseng, 1998). These ®ndings
clearly indicate that m-opioid receptor gene products are the

molecular target of endomorphins, DAMGO and morphine
relevant to activation of G-proteins in the mouse spinal cord.

Regional di�erences in the relationships between m-opioid
receptor densities and pharmacological e�cacies produced by

Figure 3 E�ect of DAMGO and morphine on [35S]GTPgS binding to spinal cord membranes of wild-type (+/+), and
heterozygous (+/7) and homozygous (7/7) m-opioid receptor knockout mice. Membranes were incubated with [35S]GTPgS
(50 pM) and GDP (30 mM) with and without di�erent concentrations of DAMGO or morphine. The data are expressed as the
percentage of basal [35S]GTPgS (50 pM) binding measured in the presence of GDP and absence of agonist, and represent the
means+s.e.mean from at least three separate experiments. *P50.05 vs wild-type mice.
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m-opioid receptor agonists could result from di�erent patterns

of the m-opioid receptor reserve (Chavkin & Goldstein, 1984).
Studies using heterozygous mice with half of the normal, wild-
type m-opioid receptor densities can provide information about
physiologic m-opioid receptor reserves. Previous analgesic tests
in knockout mice suggest that even 50% reductions in spinal m-
opioid receptor densities alter baseline nociception and
agonist-induced changes in nociceptive responses in the tail-

¯ick assay, which largely re¯ects spinal antinociceptive
in¯uences (Sora et al., 1997b). In the present study, m-opioid
receptor agonist-stimulated [35S]GTPgS binding was reduced

by 55 ± 70% in heterozygous mice, and virtually eliminated in
homozygous knockout mice. Both this behavioural result and
the current biochemical data thus support the idea that m-
opioid receptors are rate-limiting steps in the biochemical and
physiological spinal cord pathways stimulated by endogenous
and exogenous m-opioid receptor agonists. Both lines of

evidence indicate a limited physiological `m-opioid receptor
reserve' in these spinal cord mechanisms.

It is possible that gene deletion strategies would produce
compensatory changes in other receptor types associated with

the deleted receptor. Quantitative autoradiography has
revealed trends toward changes (10 ± 15%) for d- and k-opioid
receptor binding in some brain regions of m-opioid receptor

knockout mice (Kitchen et al., 1997). In the present study,
however, we did not ®nd any signi®cant changes in d1-, d2- or
k1-opioid receptor agonist-stimulated [35S]GTPgS binding to

spinal cord membranes in m-opioid receptor knockout mice

compared to wild-type mice. Matthes et al. (1998) have
recently reported that mice lacking m-opioid receptors do not
display signi®cant changes in either d1-, d2- or k1-opioid
receptor agonist-activated G-proteins in the brain. These
®ndings suggest that functional coupling of d1-, d2- and k1-
opioid receptors to G-protein appears to be preserved in the
process of m-opioid receptor deletions. However, it should be

also noted that some of antinociceptive actions of d1- and d2 -
agonists when given intracerebroventricularly are less e�ective
in m-opioid receptor knockout mice than in wild-type mice

(Sora et al., 1997a; Matthes et al., 1998). It is therefore
worthwhile to examine more closely whether there could be
physiological m-receptor dependence of d-receptor actions at
the spinal cord level.

In conclusion, we have demonstrated profound gene-dose-
dependent reductions in G-protein activation by m-opioid
receptor agonists including newly isolated peptides endomor-
phins in the mouse spinal cord. Furthermore, the preservation
of d1-, d2- and k1-opioid receptor signalling properties in the
process of m-opioid receptor deletions provides no evidence for
cross-talk among opioid receptors at the cellular level.

This work was supported by U.S. Public Health Service Grant DA
03811 from the National Institute on Drug Abuse (NIDA), National
Institutes of Health and the Intramural Research Program, NIDA.

Figure 4 No di�erences in the [35S]GTPgS binding stimulated by speci®c d1- (DPDPE), d2- ([D-Ala2]deltorphin II) or k1-
(U50,488H) opioid receptor agonists in the m-opioid receptor knockout mice. The spinal cord membranes obtained from wild-type
(+/+), and heterozygous (+/7) and homozygous (7/7) m-opioid receptor knockout mice were incubated with [35S]GTPgS
(50 pM) and GDP (30 mM) with and without opioid agonists. The data are expressed as the percentage of basal [35S]GTPgS (50 pM)
binding measured in the presence of GDP and absence of agonist, and represent the means+s.e.mean from at least three separate
experiments.
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E�ect of the cannabinoid receptor agonist WIN55212-2 on
sympathetic cardiovascular regulation

1Nathalie Niederho�er & *,1Bela Szabo

1Pharmakologisches Institut der Albert-Ludwigs-UniversitaÈ t, Hermann-Herder-Strasse 5, D-79104 Freiburg i. Br., Germany

1 The aim of the present study was to analyse the cardiovascular actions of the synthetic CB1/CB2

cannabinoid receptor agonist WIN55212-2, and speci®cally to determine its sites of action on
sympathetic cardiovascular regulation.

2 Pithed rabbits in which the sympathetic out¯ow was continuously stimulated electrically or
which received a pressor infusion of noradrenaline were used to study peripheral prejunctional and
direct vascular e�ects, respectively. For studying e�ects on brain stem cardiovascular regulatory
centres, drugs were administered into the cisterna cerebellomedullaris in conscious rabbits. Overall
cardiovascular e�ects of the cannabinoid were studied in conscious rabbits with intravenous drug
administration.

3 In pithed rabbits in which the sympathetic out¯ow was continuously electrically stimulated,
intravenous injection of WIN55212-2 (5, 50 and 500 mg kg71) markedly reduced blood pressure, the
spillover of noradrenaline into plasma and the plasma noradrenaline concentration, and these e�ects
were antagonized by the CB1 cannabinoid receptor-selective antagonist SR141716A. The
hypotensive and the sympathoinhibitory e�ect of WIN55212-2 was shared by CP55940, another
mixed CB1/CB2 cannabinoid receptor agonist, but not by WIN55212-3, the enantiomer of
WIN55212-2, which lacks a�nity for cannabinoid binding sites. WIN55212-2 had no e�ect on
vascular tone established by infusion of noradrenaline in pithed rabbits.

4 Intracisternal application of WIN55212-2 (0.1, 1 and 10 mg kg71) in conscious rabbits increased
blood pressure and the plasma noradrenaline concentration and elicited bradycardia; this latter
e�ect was antagonized by atropine.

5 In conscious animals, intravenous injection of WIN55212-2 (5 and 50 mg kg71) caused
bradycardia, slight hypotension, no change in the plasma noradrenaline concentration, and an
increase in renal sympathetic nerve ®ring. The highest dose of WIN55212-2 (500 mg kg71) elicited
hypotension and tachycardia, and sympathetic nerve activity and the plasma noradrenaline
concentration declined.

6 The results obtained in pithed rabbits indicate that activation of CB1 cannabinoid receptors leads
to marked peripheral prejunctional inhibition of noradrenaline release from postganglionic
sympathetic axons. Intracisternal application of WIN55212-2 uncovered two e�ects on brain stem
cardiovascular centres: sympathoexcitation and activation of cardiac vagal ®bres. The highest dose
of systemically administered WIN55212-2 produced central sympathoinhibition; the primary site of
this action is not known.

Keywords: Barore¯ex; blood pressure; cannabinoid receptor; cardiovascular regulation; conscious rabbit; heart rate; plasma
noradrenaline; pithed rabbit; presynaptic receptor; sympathetic nerve activity

Abbreviations: CB, cannabinoid; CP55940, (7)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclo-
hexanol; i.c., intracisternal; PRE, average of initial values (before drug application); SR141716A, N-piperidino-
5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole-carboxamide; WIN55212-2, R(+)-[2,3-dihydro-5-
methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl)methanone mesylate

Introduction

Cannabinoids produce their typical e�ects by activation of
speci®c G-protein-coupled receptors. Two cannabinoid recep-

tors have been identi®ed, CB1 and CB2 (Matsuda et al., 1990;
Munro et al., 1993; for review see Howlett, 1995; Compton et
al., 1996; Pertwee, 1997). The CB1 receptor is preferentially

located on neurons, whereas the CB2 receptor occurs mainly
on peripheral non-neuronal cells.

Pharmacological e�ects of cannabinoids in animals include
hypokinesia, analgesia, catalepsy and hypothermia (for review

see Howlett, 1995; Compton et al., 1996; Pertwee, 1997).
Cannabinoids also elicit cardiovascular changes (for review see
Dewey, 1986; Compton et al., 1996). In most experiments in

anaesthetized animals, cannabinoids lowered blood pressure

and heart rate, and this was generally attributed to depression
of sympathetic tone and enhancement of cardiac vagal activity

(rat: Graham & Li, 1973; Adams et al., 1976; Estrada et al.,
1987; Varga et al., 1995, 1996; Vidrio et al., 1996; Lake et al.,
1997a,b; dog: Cavero et al., 1973a,b, 1974; Jandhyala &

Hamed, 1978; cat: Vollmer et al., 1974). In conscious animals,
cannabinoids either caused moderate cardiovascular depres-
sion (rat: Birmingham, 1973; Vidrio et al., 1996; rabbit: Stark
& Dews, 1980; monkey: Fredericks et al., 1981), or they had no

e�ect or elicited hypertension or tachycardia (rat: Osgood &
Howes, 1977; Kawasaki et al., 1980; Stein et al., 1996; Lake et
al., 1997b; dog: Jandhyala & Hamed, 1978). In conscious

humans, acute administration of cannabinoids elicited marked
tachycardia accompanied by a small increase in blood pressure
(Benowitz et al., 1979; Huestis et al., 1992), whereas long-term

cannabinoid application produced hypotension and bradycar-*Author for correspondence.
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dia (Benowitz & Jones, 1975). In the majority of cardiovas-
cular studies, D9-tetrahydrocannabinol (the main active
component from Cannabis sativa) or anandamide (a putative

endogenous cannabinoid) was used as the agonist. Both
compounds are agonists at CB1 and CB2 receptors (Felder et
al., 1995; Showalter et al., 1996; see Pertwee, 1997) but also
elicit e�ects independent of cannabinoid receptors (see Martin,

1986; Lake et al., 1997a,b).
In the majority of the above mentioned cardiovascular

studies only blood pressure and heart rate were measured, and

only few experiments were carried out which permitted
determination of the site of interaction of cannabinoids with
the cardiovascular system. To our knowledge, e�ects on

sympathetic nerve activity have been determined only by
Vollmer et al. (1974) and e�ects on the plasma concentration
of catecholamines have not been examined. The information

on cardiovascular e�ects of centrally administered cannabi-
noids is also limited (Cavero et al., 1973a,b; Vollmer et al.,
1974). The aim of the present study was to determine the sites
of interaction of cannabinoids with the sympathetic nervous

system. To reach this goal, four kinds of experiment were
carried out. (i) Peripheral prejunctional e�ects on noradrena-
line release from sympathetic neurons were studied in pithed

rabbits with electrically stimulated sympathetic out¯ow. (ii)
Peripheral postjunctional vascular e�ects were studied in
pithed rabbits which received a pressor infusion of noradrena-

line. (iii) E�ects on cardiovascular centres in the brain stem
were examined by administration of cannabinoids into the
cisterna cerebellomedullaris of conscious rabbits. (iv) Finally,

the overall e�ect of systemically administered cannabinoids on
cardiovascular regulation was studied in conscious rabbits; in
these experiments, the electrical activity of renal postganglionic
sympathetic axons was recorded by means of a chronically

implanted electrode.
In most experiments, we used the synthetic aminoalk-

ylindole compound WIN55212-2 as a cannabinoid agonist.

This compound possesses a�nity for both CB1 and CB2

cannabinoid receptors (in this respect it is similar to D9-
tetrahydrocannabinol and anandamide), its a�nity for these

receptors is high, and more importantly, its lack of a�nity for
a great number of neurotransmitter receptors and ion channels
has been documented (Felder et al., 1995; Showalter et al.,
1996; Kuster et al., 1993; for review see Pertwee, 1997). In a

few experiments, the e�ects of WIN55212-2 were compared
with the e�ects of WIN55212-3, the enantiomer of WIN55212-
2, which in binding studies has very low a�nity for

cannabinoid receptors, and with the e�ects of CP55940, a
mixed CB1/CB2 cannabinoid receptor agonist with a chemical
structure markedly di�erent from WIN55212-2.

Methods

Experiments were carried out on 40 rabbits of a local breed
(derived from `Deutscher Riesenscheck', obtained from
Ketterer, Reute, Germany); rabbits were of either sex and

weighed 1.4 ± 2.9 kg. Four di�erent experimental preparations
were used.

Pithed rabbits with electrically stimulated sympathetic
out¯ow

The method was basically as in Szabo et al. (1987). Brie¯y,
rabbits were deeply anaesthetized with pentobarbitone
(75 mg kg71) and arti®cially ventilated. The left carotid artery
was cannulated for recording arterial pressure with a Statham

P23Db transducer coupled to a bridge ampli®er (Hugo Sachs
Elektronik, Hugstetten, Germany). The heart rate was
calculated from the pulsating blood pressure signal by an

integrator (Hugo Sachs Elektronik, Hugstetten, Germany). The
right carotid artery was also cannulated and served for blood
sampling. Both jugular veins were cannulated and they served
for administration of drugs. After relaxation of skeletal muscles

by gallamine triethiodide (5 mg kg71), animals were pithed
using a 3-mm-thick and 30-cm-long uninsulated stainless steel
rod. The entire sympathetic out¯ow was continuously

stimulated through the pithing rod (2 Hz, 100 ± 140 mA, 0.5 ms
square-waves pulses). This stimulation markedly increased
blood pressure (from 57+3 mmHg [n=14] to 83+4 mmHg

[n=14]) and the plasma noradrenaline concentration (from
values lower than 10 pg ml71 (seeUrban et al., 1995, for plasma
noradrenaline values in unstimulated pithed rabbits) to

310+56 pg ml71 [n=14]); heart rate increased only moderately
(from 233+10 min71 [n=14] to 259+9 min71 [n=14]). Thirty
minutes after the beginning of electrical stimulation, an infusion
of [3H]noradrenaline was started (80 nCi kg71 min71;

0.23 ng kg71 min71); this tracer infusion did not change blood
pressure and heart rate. Parameters were ®rst determined 30 ±
45 min (t=0 min in subsequent text) after the beginning of the

[3H]noradrenaline infusion.

Pithed rabbits receiving a pressor infusion of
noradrenaline

Rabbits were pithed as described above. Instead of electrical

stimulation, vascular tone was raised by i.v. infusion of
noradrenaline (2 mg kg71 min71). This infusion markedly
increased blood pressure (from 53+4 mmHg [n=8] to
79+6 mmHg [n=8]) but did not change heart rate

(258+11 min71 [n=8] before infusion and 261+14 min71

[n=8] during infusion). Blood was not sampled. Parameters
were ®rst determined 30 min (t=0 min) after the beginning of

noradrenaline infusion.

Conscious rabbits with intracisternal drug administration

The method was basically as in Szabo et al. (1995). Brie¯y,
under halothane anaesthesia (1.5 ± 4%) in spontaneously
breathing rabbits, a polyethylene catheter (0.28 mm i.d.,

0.61 mm o.d., 25 cm length) was inserted 8 mm into the
cisterna cerebellomedullaris through a hole in the atlanto-
occipital membrane. The free end of the catheter was tunnelled

to an incision in the neck. The wounds were sutured and at least
2 weeks were allowed for recovery before the ®rst experiment
was carried out in the conscious animal. Three experiments

were carried out on one rabbit at intervals of 7 days. The order
of treatments was randomized and no animal received a given
kind of treatment twice. After the last experiment, the animals

were killed by an overdose of pentobarbitone.
Before the experiments in conscious animals, the central ear

artery (for recording arterial pressure and heart rate and for
blood sampling) and a marginal ear vein (for administration of

drugs) were cannulated under local anaesthesia. Also under
local anaesthesia, the intracisternal catheter was recovered
from under the skin. Parameters were ®rst determined 45 min

(t=0 min) after recovery of the catheter.

Conscious rabbits receiving drugs intravenously

The method was basically as in Szabo et al. (1993). Brie¯y, an
electrode was implanted under halothane anaesthesia (1.5 ±
4%) in spontaneously breathing rabbits. The left kidney was
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approached retroperitoneally and two sympathetic nerve
trunks accompanying the renal artery were dissected free and
slipped into the spirals of a stainless steel bipolar electrode.

The nerves and electrode were then embedded in silicone gel.
The free end of the electrode was tunnelled to an incision in the
neck. The wounds were sutured and 3 ± 4 days were allowed for
recovery before the ®rst experiment was carried out in the

conscious animal. Two to three experiments were carried out
on one rabbit at intervals of 3 ± 4 days. The order of treatments
was randomized and no animal received a given kind of

treatment twice. After the last experiment, the animals were
killed by an overdose of pentobarbitone.

Before the experiments in conscious animals, the central ear

artery (for recording arterial pressure and heart rate and for
blood sampling) and a marginal ear vein (for administration of
drugs) were cannulated under local anaesthesia. Also under

local anaesthesia, the electrode leads were recovered from
under the skin. Parameters were ®rst determined 45 min
(t=0 min) after recovery of the electrode leads.

Determination of noradrenaline plasma concentration
and kinetic parameters

The method was basically as in Szabo & Schultheiss (1990).
Brie¯y, the plasma concentrations of endogenous noradrenaline
and [3H]noradrenaline were determined in the plasma from 2-ml

blood samples by alumina chromatography followed by high
pressure liquid chromatography, electrochemical detection and
liquid scintillation counting. The values were used to calculate

the [3H]noradrenaline plasma clearance and the rate of total
body noradrenaline spillover into plasma (see also Esler et al.,
1990). Since none of the treatments changed the [3H]noradrena-
line plasma clearance, values of this parameter are not given.

Protocol and evaluation of experiments

In pithed rabbits, either solvent (0.5 ml kg71) or increasing
doses of WIN55212-2 (5, 50 and 500 mg kg71), WIN55212-3
(5, 50 and 500 mg kg71) or CP55940 (5, 50 and 500 mg kg71)

were injected i.v. at t=19, 37 and 55 min. One group of rabbits
was pretreated at t=710 min with the cannabinoid antago-
nist SR141716A (500 mg kg71; i.v.).

In conscious rabbits with an intracisternal catheter, either

solvent (25 ml kg71) or increasing doses of WIN55212-2 (0.1, 1
and 10 mg kg71) were injected intracisternally (i.c.) at t=19, 37
and 55 min. One group of rabbits was pretreated i.v. at

t=710 min with atropine (1 mg kg71).
In conscious rabbits with renal nerve recording, either

solvent (0.5 ml kg71) or increasing doses of WIN55212-2 (5,

50 and 500 mg kg71) was injected i.v. at t=19, 37 and 55 min.
One group of rabbits was pretreated at t=710 min with
SR141716A (500 mg kg71; i.v.).

In all experimental groups, blood pressure and heart rate
(and in some groups also renal sympathetic nerve activity)
were read every 2 min from t=0 to 68 min. Blood was
sampled at t=0, 14, 32, 50 and 68 min for the determination of

the plasma noradrenaline concentration (and in some groups
also for the determination of the [3H]noradrenaline plasma
concentration). In each experiment, values measured at t=0

and 14 min were averaged (PRE), and all values were
expressed as percentages of PRE.

Statistics

Means+s.e.mean of n experiments are given throughout.
Di�erences between groups were evaluated with the non-

parametric two-tailed Mann-Whitney test; in the case of
multiple comparisons the Bonferroni correction was employed.
P50.05 was taken as the limit of statistical signi®cance and

only this level is indicated even if P was 50.01 or 50.001.

Drugs

Drugs were obtained from the following sources: atropine
sulphate and (7)-noradrenaline (+)-bitartrate from Sigma
(Deisenhofen, Germany); (7)-cis-3-[2-hydroxy-4-(1,1-di-

methylheptyl)phenyl]-trans- 4 - (3-hydroxypropyl)cyclohexanol
(CP55940) fromP®zer (Groton, CT, U.S.A.); 2-hydroxypropyl-
b-cyclodextrin from Fluka (Neu-Ulm, Germany); N-piperidi-

no-5- (4-chlorophenyl)-1- (2,4-dichlorophenyl)-4-methyl-3-pyr-
azole-carboxamide (SR141716A) from Sano® (Montpellier,
France); R(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)methyl]

pyrrolo [1, 2, 3-de] -1,4-benzoxazinyl] - (1- naphthalenyl)metha-
none mesylate (WIN55212-2) and S(7)-[2,3-dihydro-5-methyl-
3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-
naphthalenyl)methanone mesylate (WIN55212-3) from RBI

(KoÈ ln, Germany); (7)-[ring-2,5,6-3H]noradrenaline (speci®c
activity, 59 Ci mmol71) from DuPont NEN (Bad Homburg,
Germany).

WIN55212-2, WIN55212-3 and CP55940 were dissolved in
19% (i.v. injection) or 7.5% (i.c. injection) w/v solutions of 2-
hydroxypropyl-b-cyclodextrin; further dilutions were made

with the same solvent. SR141716A was dissolved in 66%
DMSO. Atropine and (7)-noradrenaline were dissolved in
0.9% saline. [3H]Noradrenaline was diluted with 0.02 M acetic

acid to ®nal concentration. I.v. and i.c. injections had a volume
of 0.5 ml kg71 and 25 ml kg71, respectively. [3H]Noradrenaline
and (7)-noradrenaline were infused at a rate of 1.92 ml h71.
Doses refer to the salts.

Results

After an initial stabilization period, parameters were deter-
mined twice (at t=0 and 14 min), and the values were

averaged to obtain the PRE values. Values recorded later in
any given experiment were expressed as percentages of PRE.
The PRE values in the four experimental models are given in
Table 1. Values recorded from unpretreated rabbits are similar

to those obtained in the corresponding preparations in
previous studies (compare with Szabo et al., 1987; 1993;
1995). Pretreatment with the cannabinoid antagonist

SR141716A (500 mg kg71; i.v.) had no signi®cant e�ect on
the recorded parameters. Pretreatment with atropine
(1 mg kg71; i.v.) produced the expected cardioacceleration.

Pithed rabbits with electrically stimulated sympathetic
out¯ow (Figure 1)

An experimental sympathetic tone was maintained in these
rabbits by electrical stimulation of preganglionic sympathetic
neurons with an electrode in the spinal canal. Intravenous

injection (0.5 ml kg71) of the solvent for WIN55212-2 caused
short-lasting blood pressure increases without in¯uencing
heart rate. The plasma noradrenaline concentration and the

spillover of noradrenaline into plasma decreased slightly in the
solvent group. Intravenous injection of three increasing doses
of the cannabinoid agonist WIN55212-2 (5, 50 and

500 mg kg71) dose-dependently and greatly reduced blood
pressure, the plasma noradrenaline concentration and the
spillover of noradrenaline into plasma; heart rate was not
changed.
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Pretreatment with SR141716A (500 mg kg71; i.v.) nearly
abolished the hypotension produced by the two lower doses of
WIN55212-2 and attenuated the hypotensive e�ect of the

highest dose. SR141716A also attenuated the reduction of the
plasma noradrenaline concentration and the noradrenaline
spillover into plasma caused by WIN55212-2.

Intravenous injection of the inactive enantiomerWIN55212-

3 (5, 50 and 500 mg kg71; same doses as of WIN55212-2)

transiently increased blood pressure (Figure 2), an e�ect
resembling the one occurring after injection of solvent (see
Figure 1) and did not change the plasma noradrenaline

concentration (Figure 2). Intravenous injection of another
cannabinoid agonist, CP55940 (5, 50 and 500 mg kg71),
produced e�ects (Figure 2) very similar to those of
WIN55212-2: dose-dependent hypotension and a dose-depen-

dent decrease of the plasma noradrenaline concentration.

Figure 1 E�ects of i.v. injections of solvent (SOL) and WIN 55212-2 (WIN-2) on mean arterial pressure, heart rate, plasma
noradrenaline concentration and noradrenaline spillover rate in pithed rabbits with electrically stimulated sympathetic out¯ow. SOL
(0.5 ml kg71) and WIN-2 (5, 50 and 500 mg kg71) were injected as indicated by arrows. One of the two WIN-2-groups was
pretreated at t=710 min with SR141716A (SR; 500 mg kg71; i.v.). Values are given as percentages of PRE values (Table 1).
Means+s.e.mean from six (SOL), four (WIN-2) and four (SR+WIN-2) experiments. Di�erences from SOL: *P50.05; di�erences
from WIN-2: +P50.05.

Table 1 Absolute values of parameters before injection of solvent or WIN 55212-2 (PRE valuesa)

Pretreatment n

Mean arterial
pressure
(mmHg)

Heart rate
(min71)

Renal sympathetic
nerve activity
(impulses s71)

Plasma noradrenaline
concentration
(pg ml71)

Noradrenaline
spillover rate

(ng kg71 min71)

Pithed rabbits with electrically stimulated sympathetic out¯ow
Ð
SR141716A i.v.b

10
4

81+6
87+5

245+9
269+20

250+44
372+160

19+0.4
34+17

Pithed rabbits receiving a pressor infusion of noradrenaline
Ð 8 79+6 261+14

Conscious rabbits with intracisternal drug administration
Ð
Atropine i.v.c

16
9

75+2
71+3

196+8
244+17*

149+19
170+40

Conscious rabbits receiving drugs intravenously
Ð
SR141716A i.v.b

13
7

83+3
90+4

207+7
192+8

29+4
27+4

153+26
199+70

aPRE values are averages of values measured at t=0 and 14 min. bSR141716A (500 mg kg71) was injected i.v. at t=710 min.
cAtropine (1 mg kg71) was injected i.v. at t=710 min. *Signi®cant di�erence (P50.05) from unpretreated rabbits.
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Pithed rabbits receiving a pressor infusion of
noradrenaline (Figure 3)

An arti®cial vascular tone was maintained in these rabbits by

intravenous infusion of noradrenaline. Intravenous injection
of solvent caused short-lasting blood pressure increases and no
change in heart rate. The e�ects of WIN55212-2 (5, 50 and

500 mg kg71) were similar: short-lasting blood pressure
increases and no change in heart rate were observed. The
e�ects of WIN55212-2 di�ered remarkably in the two pithed

rabbit models: blood pressure decreased in animals with
electrically stimulated sympathetic out¯ow (Figure 1), whereas
only blood pressure increases (e�ect of the solvent) were
observed in animals with a pressor infusion of noradrenaline

(Figure 3).

Conscious rabbits with intracisternal drug administration
(Figure 4)

Injection of the solvent (25 ml kg71) into the cisterna

cerebellomedullaris caused no change in blood pressure, heart
rate and the plasma noradrenaline concentration. When three
increasing doses of WIN55212-2 (0.1, 1 and 10 mg kg71) were

injected intracisternally, blood pressure was not changed by
the two lower doses but was elevated after the highest dose.
Central application of WIN55212-2 elicited pronounced and
dose-dependent bradycardia and a dose-dependent increase in

the plasma noradrenaline concentration.
When rabbits were pretreated with atropine (1 mg kg71;

i.v.), the hypertension elicited by the highest dose of

WIN55212-2 (10 mg kg71) was unchanged; in these animals,

Figure 2 E�ects of i.v. injections of either WIN55212-3 (WIN-3) or CP55940 (CP) on mean arterial pressure (MAP) and plasma
noradrenaline concentration (PL-NA) in pithed rabbits with electrically stimulated sympathetic out¯ow. WIN-3 (5, 50 and
500 mg kg71) and CP (5, 50 and 500 mg kg71) were injected as indicated by arrows. Representative curves from three (WIN-3) and
three (CP) experiments with similar results.

Figure 3 E�ects of i.v. injections of solvent (SOL) and WIN 55212-2
(WIN-2) on mean arterial pressure and heart rate in pithed rabbits
receiving a pressor infusion of noradrenaline. SOL (0.5 ml kg71) and
WIN-2 (5, 50 and 500 mg kg71) were injected as indicated by arrows.
Values are given as percentages of PRE values (Table 1). Means
+s.e.mean from four (SOL) and four (WIN-2) experiments.
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even a lower dose of WIN55212-2 (1 mg kg71) tended to
increase blood pressure. Pretreatment with atropine abolished
the bradycardia elicited by the lower doses of WIN55212-2 (0.1

and 1 mg kg71) and attenuated the bradycardia elicited by the
highest dose (10 mg kg71). Atropine also attenuated the
increase in the plasma noradrenaline concentration produced

by WIN55212-2.

Conscious rabbits receiving drugs intravenously
(Figure 5)

Intravenous injection of solvent (0.5 ml kg71) did not change

blood pressure, heart rate, renal sympathetic nerve activity and
the plasma noradrenaline concentration. Three increasing
doses of WIN55212-2 (5, 50 and 500 mg kg71) were injected
intravenously. The two lower doses caused a slight hypoten-

sion, bradycardia and an increase in the ®ring rate of the renal
sympathetic nerves. The increase in the plasma noradrenaline
concentration observed after these doses of WIN55212-2 was

not signi®cant. The pattern of e�ects changed after the highest
dose of WIN55212-2 (500 mg kg71): blood pressure decreased
on average (see below), a tachycardia appeared, and

sympathetic nerve activity and plasma noradrenaline returned
to the baseline. The response to the highest dose of WIN55212-
2 was not uniform in all the rabbits. One rabbit (from n=7)
was behaviourally excited and tried to jump in the cage; in this

rabbit, blood pressure increased after the highest dose of
WIN55212-2.

Pretreatment with SR141716A (500 mg kg71; i.v.) changed

the e�ects of intravenously administered WIN55212-2 as
follows. The bradycardia elicited by the two lower doses of
WIN55212-2 (5 and 50 mg kg71) was markedly reduced. The

enhancement of sympathetic nerve activity by these doses of

WIN55212-2 was not changed by the antagonist. The e�ects
produced by the highest WIN55212-2 dose (500 mg kg71) were
modi®ed by SR141716A to a greater extent. The hypotension

produced by WIN55212-2 was slightly, but not signi®cantly,
attenuated. Instead of a tachycardia, the highest dose of
WIN55212-2 produced a slight (non-signi®cant) bradycardia.

In the pretreated animals WIN55212-2 greatly increased renal
sympathetic nerve ®ring and tended to increase the plasma
noradrenaline concentration.

Discussion

The present results show that the mixed CB1/CB2 cannabinoid
receptor agonist WIN55212-2 interferes with cardiovascular
regulation by at least four mechanisms: prejunctional

inhibition of transmitter release from postganglionic sympa-
thetic neurons, central sympathoexcitation at the level of the
brain stem, activation of cardiac vagal e�erents at the level of

the brain stem, and (at high systemic doses) central
sympathoinhibition.

Peripheral prejunctional inhibition

In pithed rabbits with electrically stimulated sympathetic
out¯ow, WIN55212-2 greatly reduced the spillover of

noradrenaline into plasma, the plasma noradrenaline con-
centration and the blood pressure. The e�ects were mediated
by speci®c cannabinoid receptors, because they were also

elicited by another cannabinoid agonist from a di�erent
chemical class, CP55940, but not by WIN55212-3, the
enantiomer of WIN55212-2 possessing very low a�nity for

cannabinoid binding sites. Antagonism of the e�ect of

Figure 4 E�ects of i.c. injections of solvent (SOL) and WIN 55212-2 (WIN-2) on mean arterial pressure, heart rate and plasma
noradrenaline concentration in conscious rabbits. SOL (25 ml kg71) and WIN-2 (0.1, 1 and 10 mg kg71) were injected as indicated
by arrows. One of the two WIN-2-groups was pretreated at t=710 min with atropine (ATR; 1 mg kg71; i.v.). Values are given as
percentages of PRE values (Table 1). Means+s.e.mean from seven (SOL), nine (WIN-2) and nine (ATR+WIN-2) experiments.
Di�erences from SOL: *P50.05; di�erences from WIN-2: +P50.05.

Cardiovascular effects of cannabinoids462 N. Niederhoffer & B. Szabo et al



WIN55212-2 by the CB1-selective antagonist SR141716A
(Rinaldi-Carmona et al., 1994; Pertwee, 1997) veri®es

involvement of CB1 cannabinoid receptors. Lack of full
antagonism of the e�ects of the higher WIN55212-2 doses is
probably due to insu�cient tissue concentration of the

antagonist during this late phase of the experiments. However,
involvement of CB2 cannabinoid receptors in the e�ects of the
higher WIN55212-2 doses cannot be ruled out (see Gri�n et

al., 1997, for peripheral neuronal CB2 receptors). The blood
pressure decrease seen after administration of WIN55212-2
was solely due to diminished release of transmitter, since

WIN55212-2 did not in¯uence vascular tone raised by an
infusion of noradrenaline.

The diminished release of the sympathetic transmitter was
probably not due to ganglionic inhibition, since it was

mediated by cannabinoid receptors (see above) and since
agonists of CB1 and CB2 cannabinoid receptors (D9-tetra-
hydrocannabinol and anandamide) have no e�ect on gang-

lionic transmission (Cavero et al., 1973a,b; Vollmer et al.,
1974; Varga et al., 1996). The likely mechanism of the
inhibition of transmitter release is activation of inhibitory

prejunctional receptors on axon terminals of postganglionic
sympathetic neurons. Such a mechanism is supported by in
vitro observations: in mouse and rat vas deferens and rat heart,

cannabinoids cause prejunctional inhibition (Pertwee et al.,
1992; Ishac et al., 1996). Peripheral prejunctional inhibition of
the release of sympathetic transmitter by cannabinoids in
intact animals has been recently suggested by two groups. The

suggestion by Varga et al. (1996) was based on their ®nding
that cannabinoids reduced the increase in blood pressure, but
not the increase in the sympathetic nerve ®ring rate, produced

by electrical stimulation of presympathetic neurons in the

rostral ventrolateral medulla oblongata. In the experiments of
Malinowska et al. (1997) on pithed rats, cannabinoids reduced

the electrical stimulation-evoked increase in blood pressure,
but not the noradrenaline-evoked increase in blood pressure. It
is interesting to note that results fully compatible with

peripheral prejunctional inhibition of noradrenaline release by
D9-tetrahydrocannabinol were obtained by Cavero et al.
already in 1973 (Cavero et al., 1973b): in an anaesthetized

dog preparation, in which the e�ect of D9-tetrahydrocannabi-
nol was restricted to peripheral tissues, D9-tetrahydrocannabi-
nol produced hypotension, and intact sympathetic innervation

of the tissues was necessary for this e�ect. The authors did not
conclude to peripheral prejunctional inhibition of noradrena-
line release, probably because this type of neuromodulation
was little known in 1973. Our results are the ®rst

demonstration of prejunctional inhibition of transmitter
release from sympathetic neurons in a whole animal
preparation by direct measurement of the transmitter. The

inhibition of noradrenaline release and the hypotension was
not accompanied by bradycardia in the present experiments.
Bradycardia would be expected if noradrenaline release from

cardiac sympathetic neurons were inhibited by a prejunctional
mechanism. The explanation for the lack of a bradycardic
response probably is the fact that cardiac sympathetic neurons

are only weakly stimulated in our pithed rabbit preparation
(see Szabo et al., 1987).

The results obtained in pithed rabbits receiving a pressor
infusion of noradrenaline permit two additional conclusions.

Firstly, that WIN55212-2 has no direct e�ect on the heart.
Secondly, and more importantly, that it does not cause direct
vasoconstriction or vasodilatation. It was recently suggested

that an endogenous cannabinoid may be involved in

Figure 5 E�ects of i.v. injections of solvent (SOL) and WIN 55212-2 (WIN-2) on mean arterial pressure, heart rate, renal
sympathetic nerve activity and plasma noradrenaline concentration in conscious rabbits. SOL (0.5 ml kg71) and WIN-2 (5, 50 and
500 mg kg71) were injected as indicated by arrows. One of the two WIN-2-groups was pretreated at t=710 min with SR141716A
(SR; 500 mg kg71; i.v.). Values are given as percentages of PRE values (Table 1). Means+s.e.mean from six (SOL), seven (WIN-2)
and seven (SR+WIN-2) experiments. Di�erences from SOL: *P50.05; di�erences from WIN-2: +P50.05.
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endothelium-dependent vasorelaxation (Randall et al., 1996;
Randall & Kendall, 1997). Lack of vasodilatation by an
exogenous mixed CB1/CB2 cannabinoid receptor agonist

makes it unlikely (at least in the rabbit) that an endogenous
cannabinoid can serve as a vasodilator.

Central sympathoexcitation

Injection of WIN55212-2 into the cisterna cerebellomedullaris,
i.e. into the vicinity of medullary and pontine cardiovascular

regulatory centres, increased sympathetic tone as indicated by
the elevated plasma concentration of noradrenaline. This
sympathoactivation led to hypertension even despite marked

bradycardia (see below). Experiments with antagonists were
not carried out in this part of the study. Yet, involvement of
cannabinoid receptors in the sympathoexcitation is likely, since

very low doses of the selective (see Introduction) cannabinoid
agonist WIN55212-2 elicited the response. Moreover, intracis-
ternally applied CP55940 also increases blood pressure and the
®ring rate of renal sympathetic nerves (Niederho�er & Szabo,

unpublished observation). Cardiovascular e�ects of cannabi-
noids applied directly into the central nervous system have
been studied, to our knowledge, three times. In cats, injection

of D9-tetrahydrocannabinol into the lateral cerebral ventricle
elicited bradycardia without any change in blood pressure
(Vollmer et al., 1974). In dogs with isolated and perfused

cerebral circulation, cerebral administration of D9-tetrahydro-
cannabinol caused bradycardia and hypotension (Cavero et
al., 1973a,b). Thus, direct excitation of centres regulating

sympathetic tone by cannabinoids was ®rst observed in the
present study, and it was demonstrated by measurement of the
sympathetic transmitter in the blood. Increases in blood
pressure, heart rate or vascular resistance after systemic

administration of D9-tetrahydrocannabinol have been repeat-
edly observed (Osgood & Howes, 1977; Jandhyala & Hamed,
1978; Benowitz et al., 1979; Kawasaki et al., 1980; Huestis et

al., 1992); the sympathoexcitation shown in our study may be
the basis of these changes.

Central activation of cardiac vagal e�erents

Injection of low doses of WIN55212-2 into the cisterna
cerebellomedullaris led to dose-dependent and strong brady-

cardia. Enhancement of cardiac vagal tone is the likely
mechanism, since atropine antagonized the e�ect. Preliminary
results show that intracisternally injected CP55940 also

produces bradycardia (Niederho�er & Szabo, unpublished
observation). The bradycardia was also observed after systemic
administration of WIN55212-2 (5 and 50 mg kg71), and this

latter e�ect was attenuated by SR141716A. The results, thus,
indicate that activation of CB1 cannabinoid receptors in the
brain stem enhances cardiac vagal activity. The nucleus tractus

solitarii and the nucleus dorsalis nervi vagi possess cannabinoid
binding sites (Mailleux & Vanderhaeghen, 1992) and, hence,
are likely primary sites of action of cannabinoids for eliciting
bradycardia. As mentioned above, bradycardia after central

nervous application of cannabinoids was also observed by
Vollmer et al. (1974) and Cavero et al. (1973a), and it was
attributed to a decrease in cardiac sympathetic tone (Vollmer et

al., 1974) and to enhanced cardiac vagal tone and to a decrease
in cardiac sympathetic tone (Cavero et al., 1973a). Bradycardia
has also been observed after systemic administration of

cannabinoids and was thought to be partly due to an increase
in cardiac vagal tone, since atropine, methylatropine or
vagotomy attenuated the e�ect (Graham & Li, 1973; Varga et
al., 1995; Vidrio et al., 1996).

Cooperation of primary actions after the two lower doses
of WIN55212-2

Three primary e�ects of the cannabinoid agonist WIN55212-2
on cardiovascular function have been discussed separately
above. Here we try to explain how the three e�ects combine to
produce the overall cardiovascular response to this drug after

systemic administration in conscious rabbits. The two lower
doses of WIN55212-2 (5 and 50 mg kg71) are considered at
®rst. Peripheral prejunctional inhibition of noradrenaline

release by WIN55212-2 certainly operated in this model, yet
blood pressure decreased only minimally, and the plasma
noradrenaline concentration did not decrease. The explanation

is the simultaneously occurring central sympathoexcitation,
evident from the increase in ®ring of the renal sympathetic
nerves; the primary site of action is probably the brain stem.

The baroreceptor re¯ex probably also operates and counter-
acts the depressive e�ect of the peripheral prejunctional
inhibition on blood pressure. The bradycardia observed after
systemic administration is most probably due to enhancement

of e�erent cardiac vagal activity with a primary action in the
brain stem.

Cooperation of primary actions after the highest dose of
WIN55212-2: indication for central sympathoinhibition

The e�ects of the highest i.v. dose of WIN55212-2
(500 mg kg71) in conscious rabbits are more complex and
not completely understood. Though blood pressure de-

creased markedly after this dose, sympathetic activity did
not increase further (which would be expected from the
central sympathoexcitation and from the function of the
barore¯ex), but declined toward the baseline which it

reached at the end of the 14-min observation period;
plasma noradrenaline decreased simultaneously. We inter-
pret this decline in sympathetic activity as central

sympathoinhibition. It is probably mediated by CB1

receptors, because in animals pretreated with SR141716A,
sympathetic nerve activity and the plasma noradrenaline

concentration increased after the highest dose of
WIN55212-2. The origin of the sympathoinhibition pro-
duced by WIN55212-2 is not known: sites of action
rostrally or caudally from the brain stem, including the

spinal cord, are all possible. Ganglionic inhibition cannot be
excluded but seems unlikely, as discussed above. Not only
sympathetic nerve activity and plasma noradrenaline

changed their response pattern after the highest dose of
WIN55212-2. The heart rate response changed as well: heart
rate decreased after the two lower doses but increased after

the highest dose. The mechanism of this tachycardia is not
known, but barore¯ex-mediated withdrawal of vagal tone in
response to the hypotension is one possibility. As mentioned

in the Introduction, D9-tetrahydrocannabinol decreased
blood pressure and heart rate in many experimental models
(mostly anaesthetized animals) and this was often attributed
to a central sympathoinhibition. The sympathoinhibition

has been demonstrated directly only by Vollmer et al.
(1974) by measurement of cardiac sympathetic nerve
activity.

The present study reveals complex e�ects of a mixed
CB1/CB2 cannabinoid receptor agonist on the cardiovas-
cular system, including excitatory and inhibitory compo-

nents. Enhancement and depression of cardiovascular
function are both observed in humans consuming Cannabis
products or receiving the main active component of
Cannabis, D9-tetrahydrocannabinol. For example, recrea-
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tional doses of cannabinoids usually produce tachycardia
with a slight increase in blood pressure (Benowitz et al.,
1979; Huestis et al., 1992). In contrast, high doses or long-

term application of cannabinoids can elicit orthostatic
hypotension, hypotension and bradycardia (Benowitz &
Jones, 1975).
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E�ects of vanadium complexes with organic ligands on glucose
metabolism: a comparison study in diabetic rats

1BeÂ neÂ dicte A. Reul, 3Sean S. Amin, 2Jean-Pierre Buchet, 1Lumbe N. Ongemba, 3Debbie C. Crans &
*,1Sonia M. Brichard

1Endocrinology and Metabolism Unit, UCL 5530 AV Hippocrate 55, B-1200 Brussels, Belgium; 2Industrial Toxicology Unit,
University of Louvain, Faculty of Medicine, B-1200 Brussels, Belgium and 3Department of Chemistry, Colarado State University,
Fort Collins, Colorado, U.S.A.

1 Vanadium compounds can mimic actions of insulin through alternative signalling pathways. The
e�ects of three organic vanadium compounds were studied in non-ketotic, streptozotocin-diabetic
rats: vanadyl acetylacetonate (VAc), vanadyl 3-ethylacetylacetonate (VEt), and bis(maltolato)ox-
ovanadium (VM). A simple inorganic vanadium salt, vanadyl sulphate (VS) was also studied.

2 Oral administration of the three organic vanadium compounds (125 mg vanadium element l71 in
drinking ¯uids) for up to 3 months induced a faster and larger fall in glycemia (VAc being the most
potent) than VS. Glucosuria and tolerance to a glucose load were improved accordingly.

3 Activities and mRNA levels of key glycolytic enzymes (glucokinase and L-type pyruvate kinase)
which are suppressed in the diabetic liver, were restored by vanadium treatment. The organic forms
showed greater e�cacy than VS, especially VAc.

4 VAc rats exhibited the highest levels of plasma or tissue vanadium, most likely due to a greater
intestinal absorption. However, VAc retained its potency when given as a single i.p. injection to
diabetic rats. Moreover, there was no relationship between plasma or tissue vanadium levels and any
parameters of glucose homeostasis and hepatic glucose metabolism. Thus, these data suggest that
di�erences in potency between compounds are due to di�erences in their insulin-like properties.

5 There was no marked toxicity observed on hepatic or renal function. However, diarrhoea
occurred in 50% of rats chronically treated with VS, but not in those receiving the organic
compounds.

6 In conclusion, organic vanadium compounds, in particular VAc, correct the hyperglycemia and
impaired hepatic glycolysis of diabetic rats more safely and potently than VS. This is not simply due
to improved intestinal absorption, indicating more potent insulin-like properties.

Keywords: Vanadium; organic ligands; glycolytic enzymes; gluconeogenic enzymes; gene expression; antidiabetic agents;
streptozotocin-diabetic rats; toxicity

Abbreviations: C, non-diabetic control rats; D, untreated diabetic rats; GK, Glucokinase; L-PK, L-type pyruvate kinase;
OGTT, oral glucose tolerance test; PEPCK, phosphoenolpyruvate carboxykinase; STZ, streptozotocin; VAc,
vanadyl acetylacetonate; VEt, vanadyl ethylacetylacetonate; VM, bis(maltolato)oxovanadium; VS, vanadyl
sulphate; WM, weight-matched diabetic rats

Introduction

Vanadium compounds mimic actions of insulin through
alternative signalling pathways which involve the inhibition

of phosphotyrosine phosphatases and the interplay between
two non-insulin receptor tyrosine kinases (Elberg et al., 1997;
Tsiani & Fantus, 1997). The insulin-like potential of vanadium
has been demonstrated in vitro, and in vivo in rodents (where

the oxidation states IV and V were found to be equipotent
(Becker et al., 1994)), and more recently in human diabetic
subjects (see Brichard & Henquin, 1995; Tsiani & Fantus,

1997). The clinical studies performed so far have used the
simple naturally occurring inorganic vanadium salts (metava-
nadate (V) or vanadyl sulphate (VS, IV)) (Cohen et al., 1995;

Gold®ne et al., 1995; Boden et al., 1996).
Vanadium compounds have been synthesized (Posner et al.,

1994; Caravan et al., 1995; Sakurai et al., 1995; Crans et al.,
1997), among which organic vanadium (IV) complexes

(vanadyl cation coordinated to an organic ligand) merit

further attention. This study will focus on three of these
complexes: vanadyl acetylacetonate (VAc), vanadyl 3-ethyla-

cetylacetonate (VEt) and bis(maltolato)oxovanadium (VM).
VM is the ®rst and most studied vanadium complex in diabetic
rodents. When administered acutely, VM is two to three times
more e�ective than its inorganic analogue VS in lowering

blood glucose. However, no direct comparison of the long-
term e�ects of VM with VS has been reported (Yuen et al.,
1993a,b; Yuen et al., 1995). VM has been licensed and is

targeted to enter clinical trials in the near future (Orvig,
personal communication). Recently, VAc was found to be a
more potent stimulator of lipogenesis than VS in isolated rat

adipocytes (Li et al., 1996). However, the potential e�ciency of
this compound has not yet been determined in vivo. VEt is a
newly synthesized compound chemically related to VAc, the
insulin-like properties of which have not been characterized.

In the present study, we compared the long-term e�ects of
VAc, VEt and VM on glucose homeostasis and hepatic glucose
metabolism in low-dose streptozotocin-treated rats which

developed a non-ketotic, insulin-de®cient condition of dia-
betes. The inorganic salt, VS, was also studied.*Author for correspondence.

British Journal of Pharmacology (1999) 126, 467 ± 477 ã 1999 Stockton Press All rights reserved 0007 ± 1188/99 $12.00

http://www.stockton-press.co.uk/bjp



Methods

Animals

Male Wistar/CPB rats (7-week-old; 220+1 g) were purchased

from IFFA Credo (Brussels, Belgium) and used in two distinct
experiments based on di�erent routes and durations of
vanadium administration. The animals were housed in

individual cages at a constant temperature (228C) with a ®xed
12-h-light-dark cycle (lights on 07.00 ± 19.00 h). In experi-
ment 1, they were also housed for 1 week (week 8 of treatment)

in metabolic cages permitting daily recording of food
consumption and urine volume as well as daily ¯uid intake.
All rats received a standard pellet diet (A04, Usine

d'Alimentation Rationnelle, Villemoisson-sur-Orge, France)
composed of (% of wet weight): 59 carbohydrate, 3 fat, 17
protein, 21 water-minerals-cellulose. Non-ketotic diabetes was
induced by an i.v. injection of streptozotocin (STZ; 38 mg per

kg body weight) into a tail vein. STZ was dissolved in cold
0.1 mol l71 citrate bu�er (pH 4.5) immediately before use.
Control animals received bu�er only.

All procedures have been approved by the University
Animal Care Committee.

Experimental design

Experiment 1: Long-term administration of oral vanadium
compounds Two separate populations of rats were used in
this experiment; although, as the results obtained in both series

were similar, they were pooled for presentation. In total, 64
rats were divided into seven experimental groups: non-diabetic
control rats (C; n=6), untreated diabetic rats (D; n=8), and
diabetic rats treated with one of the following four vanadium

compounds [bis(maltolato)oxovanadium (VM; n=10), vana-
dyl ethylacetylacetonate (VEt; n=11), vanadyl acetylacetonate
(VAc; n=11) and vanadyl sulphate (VS; n=10)], and calorie-

restricted diabetic rats which were matched for body weight
with the treated rats (weight-matched, WM; n=8). Seven days
after injection of citrate bu�er, body weight, plasma glucose

and insulin levels of C rats were 258+3 g, 6.4+0.1 mmol l71

and 3.5+0.5 ng ml71, respectively. Seven days after injection
of STZ, diabetic rats were assigned to untreated, weight-
matched or treated groups as mentioned above. The six groups

of diabetic rats had similar pre-treatment body weight (D,
238+4 g; WM: 240+4 g; VM, 238+3 g; VEt, 240+4 g; VAc,
240+5 g; VS, 239+3 g) and fed plasma glucose levels (D,

25.2+0.7 mmol l71; WM, 25.3+0.6 mmol l71; VM, 25.4+0.8
mmol l71; VEt, 24.1+1 mmol l71; VAc, 24.2+1 mmol l71;
VS, 25.1+0.9 mmol l71). They were also matched, as seen a

posteriori, for pre-treatment fed plasma insulin concentrations
(D, 1.5+0.6 ng ml71; WM, 1.8+0.2 ng ml71; VM, 1.7+0.2
ng mg71; VAc, 1.8+0.2 ng ml71; VEt, 1.8+0.2 ng ml71; VS,

1.6+0.3 ng ml71).
The four treated groups received the appropriate vanadium

compound dissolved in drinking solutions (distilled water
empirically supplemented with 85 mmol l71 NaCl; Heyliger et

al., 1985), and solutions were freshly prepared every second
day. Vanadyl acetylacetonate (C10H14O5V) and vanadyl
sulphate (VOSO4.3H2O) are commercially available, bis(mal-

tolato)oxovanadium (C12H14O8V) was prepared as previously
described (Caravan et al., 1995) and vanadyl 3-ethylacetyla-
cetonate (C14H22O5V) was synthesized speci®cally for this

experiment (Figure 1). Brie¯y, vanadyl 3-ethylacetylacetonate
was obtained by adding 3-ethyl-2,4-pentanedione (5.00 g,
39.0 mmol) to vanadyl sulphate trihydrate (3.80 g,
17.5 mmol) in an acidic solution (10% H2SO4). In order for

complexation to occur, the pH was raised to 6 with 10%
sodium bicarbonate solution. Puri®cation of the compound
was achieved by dissolving the compound in chloroform,

removing the impurities by ®ltration, and evaporating the
solvent to dryness (Amin et al., manuscript submitted). As
VEt was only moderately soluble in aqueous solution, it was
necessary to sonicate it in order to obtain a complete

dissolution. The colours of the administration solutions were
as follows: VS, blue; VAc, turquoise; VEt, green and VM,
yellowish-green.

The quantity required of each compound was calculated
to yield the same concentration of vanadium element in the
drinking solutions in all four groups. To partially overcome

an initial aversion to the taste of vanadium and to ensure
long-term ¯uid intake, this concentration was progressively
increased during the ®rst 4 weeks (from 40 to 125 mg l71),

then remained unchanged until the end of the study (11 ± 12
weeks). Vanadium intake per rat (expressed per kg body
weight) was calculated on the basis of body weight, ¯uid
intake, molecular mass and concentration. Because vana-

dium treatment was accompanied by a reduced weight gain,
which may possibly in¯uence glucose homeostasis (see
Brichard & Henquin, 1995), a last group of untreated

diabetic rats (WM) received a restricted amount of food to
ensure a body weight gain similar to that of vanadium-
treated rats. This amount was empirically adjusted daily and

administered in two rations (one-third at 09.30 h and two-
thirds at 18.00 h).

Experiment 2: Acute administration of intraperitoneal vanadium
compounds Seven days after STZ injection, 32 diabetic rats
were divided into four experimental groups treated with one of
the four vanadium compounds (VM, n=8; VEt, n=8; VAc,

n=8; VS, n=8). Rats received food ad libitum throughout the
experiment. As in experiment 1, the four groups of rats were
matched for pre-treatment body weight (VM, 231+2 g; VEt,

230+3 g; VAc, 231+5 g; VS, 229+4 g). They were also
matched for pre-treatment fed plasma glucose levels. We had

Figure 1 Chemical structures of the vanadium complexes with
organic ligands: bis(maltolato)oxovanadium (VM), vanadyl acetyla-
cetonate (VAc) and vanadyl ethylacetylacetonate (VEt).
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also checked that i.p. injection of saline the day before the
treatment (day71) did not modify the glycemia (day 0). Thus,
fed (08.30 ± 09.00 h) plasma glucose levels (mmol l71) on days

71 and 0 were, respectively, 24.8+0.9 and 25.6+0.8 in VM,
25.1+0.8 and 25.7+0.5 in VEt, 25.0+1.1 and 26.1+1.3 in
VAc, and 25.0+0.7 and 25.5+0.7 in VS rats. On day 0 (i.e. 7
days after STZ), rats received at 09.30 h a single i.p. injection

of the appropriate compound dissolved in 9 g l71 NaCl at a
dose of 1.275 mg (or 0.025 mmol) vanadium element per kg
body weight. This dose, much lower than that administered

orally, was estimated from the knowledge that intestinal
absorption of vanadium is low (Llobet & Domingo, 1984), and
based on doses used in previous work (Yuen et al., 1993a).

Subsequently, body weight was monitored on a daily basis and
plasma glucose levels were measured on days 1, 4 and 5 after
i.p. injection.

Sampling and tests

On several occasions, tail vein blood (100 ml) was collected

from fed rats (between 08.30 ± 09.00 h) for the determination
of plasma glucose levels.

In experiment 1, at some time points, larger blood samples

(250 ml) were also collected for plasma insulin or vanadium
measurements. Additionally, all rats from this experiment
underwent an oral glucose tolerance test (OGTT) after 6

weeks of treatment. On the day before the test, food was
removed at 18.00 h (thus, WM rats did not receive their
evening ration). The test started at 08.30 h. Glucose (30%

w/v in water) was introduced directly into the stomach
through a ®ne gastric catheter at a dose of 2 g kg body wt71.
Rats were gently wrapped in a towel to restrain them during
blood sampling. Between 11 and 12 weeks of treatment, the

rats were killed by decapitation between 01.30 and 04.30 h
(i.e. in the absorptive state). Pancreas, liver and muscle
(tibialis anterior) were immediately removed, frozen in liquid

nitrogen and stored at 7708C for subsequent insulin or RNA
extraction, and for enzyme or vanadium measurements.
Blood samples were also collected for determination of

toxicological parameters.

RNA extraction and Northern blot analysis

Total RNA was isolated with an acid guanidinium-thiocya-
nate-phenol-chloroform mixture after removal of liver glyco-
gen as previously described (Ozcelikay et al., 1996). The

concentration of RNA was determined by absorbance at
260 nm. At 260 ± 280 nm, all samples had an absorbance ratio
of about 1.8. For Northern blot analysis, RNA (30 mg) was
denaturated in a solution containing 2.2 mM formaldehyde
and 50% formamide (v/v) by heating at 958C for 2 min. RNA
was then size-fractionated by 1% agarose gel electrophoresis,

transferred to a Hybond-N membrane (Amersham Int.,
Amersham, Bucks, U.K.) and cross-linked by ultraviolet
irradiation. The integrity and relative amounts of RNA were
assessed by methylene blue staining of the blot.

The cDNA probes were kindly supplied by Drs P. Iynedjian
for glucokinase (GK) (Iynedjian et al., 1987). A Kahn for
pyruvate kinase (L-PK) (Simon et al., 1983) and R.W. Hanson

for phosphoenolpyruvate carboxykinase (PEPCK) (Yoo-
Warren et al., 1983). Probes were labelled with 32P using the
Multiprime labelling system kit (Amersham). Hybridizations

with GK, L-PK, PEPCK probes and subsequent washings of
the membranes were performed as reported earlier (Ozcelikay
et al., 1996; Reul et al., 1997). The ®lters were thereafter
exposed to Kodak X-OMAT AR ®lms for 2 ± 72 h at 7708C

with intensifying screens. The same ®lters were successively
hybridized with the di�erent radiolabelled cDNA probes. The
intensity of the mRNA bands on the blots was quanti®ed by

scanning densitometry (Sharp Scanner JX 325 combined with
Image Master Software, Pharmacia, Uppsala, Sweden). To
verify that each lane was loaded with equivalent amounts of
total RNA, blots were hybridized with a synthetic oligonucleo-

tide speci®c for ribosomal 18S RNA (Chan et al., 1984), and
then levels of speci®c mRNAs were expressed relative to those
of ribosomal 18S RNA.

Measurement of enzyme activities

The activities of GK (EC 2.7.1.1), L-PK (EC 2.7.1.40) and
PEPCK (EC 4.1.1.32) were measured at 378C, as previously
described (Ozcelikay et al., 1996). L-PK activity was measured

at 6.6 mM phosphoenolpyruvate (PEP) which corresponds to
the maximal activity of the enzyme. Results were expressed as
milliunits (mU) of enzyme per mg protein of liver cytosolic
fraction, 1 mU of enzyme being de®ned as that amount which

catalyzes the conversion of 1 nmol substrate per min under the
assay conditions.

Analytical procedures

Plasma glucose was measured by a glucose oxidase method

(Glucose Analyzer, Beckman, Fullerton, CA, U.S.A.) Plasma
insulin was determined by a double-antibody radioimmuno-
assay, using rat insulin as standard (Novo Research Institute,

Bagsvaerd, Denmark). Pancreatic insulin was extracted by
homogenization and sonication of the tissue in acidi®ed
ethanol. Liver glycogen was measured after extraction with
KOH, precipitation in ethanol, and hydrolysis with a-amylo-
glucosidase. Plasma urea, creatinine, glutamic-oxaloacetic
transaminase, and glutamic-pyruvic transaminase were
measured with a Hitachi 717 Automatic Analyzer (Tokyo,

Japan). Proteins in liver cytosolic fractions or in urine were
determined by the method of Bradford (Bio-Rad, Munich,
Germany), using bovine serum albumin as standard. Plasma

and tissue vanadium levels were measured by atomic
absorption spectrometry, as described previously (Buchet et
al., 1982).

Materials

STZ was obtained from Upjohn Co. (Kalamazoo, MI,

U.S.A.), VAc and VS from Aldrich Chemie (Steinheim,
Germany), molecular biology reagents from Sigma Chemical
Co. (St. Louis, MO, U.S.A.) and substrates for measurement

of enzyme activities from Boehringer-Mannheim (Mannheim,
Germany).

Statistical analysis

Results are presented as means+s.e.mean for the indicated
numbers of rats. Comparisons between the di�erent groups of

rats were carried out by analysis of variance followed by the
Newman-Keuls test for multiple comparisons. When indi-
cated, comparisons were performed between only two groups

of rats by the unpaired Student's t-test. In experiment 2, the
acute decrease in glycemia produced by the treatment was
analysed within a same group by repeated measures of analysis

of variance followed by the Newman-Keuls test. The
correlation analysis was performed using Pearson's test.
Di�erences were considered statistically signi®cant when
P50.05.

Vanadium ligand complexes and diabetes 469B.A. Reul et al



Results

Experiment 1: Long-term administration of oral
vanadium compounds

As expected, untreated diabetic (D) rats gained weight at a
much lower rate than control (C) rats (Figure 2). The body
weight of vanadium-treated rats (VM, VEt, VAc, VS) was

slightly but similarly decreased in comparison to D rats (this
phenomenon could partly be explained by an aversion to the

element, Brichard et al., 1988). Diabetic rats submitted to
moderate calorie restriction (WM) exhibited a body weight
gain similar to that of treated rats (Figure 2). Average fed

plasma glucose levels were around 25 mmol l71 in D rats.
Hyperglycemia was unmodi®ed by calorie restriction, but was
decreased by vanadium treatment. Among these compounds,
VAc induced the fastest (from the ®fth day onward) and

largest decrease in glycemia [P50.05 or less vs VS throughout
the study (except at week 6) and vs VM or VEt at most time
points]. Average fed plasma insulin levels were not

Figure 2 In¯uence of treatment with vanadium compounds on body weight, plasma glucose and insulin levels, and plasma
concentrations and intake of vanadium in diabetic rats. Vanadium-treated diabetic rats receiving either VM, VEt, VAc or vanadyl
sulphate (VS) compounds were compared to non-diabetic control (C), untreated diabetic (D) and body weight-matched diabetic
(WM) rats. Each treated group received the same concentration of vanadium element in drinking solutions. This concentration was
progressively increased during the ®rst 4 weeks of the experiment (from 40 mg l71 to 125 mg l71), and then remained unchanged
until the end of the study (i.e. between 11 and 12 weeks). Values are means for 6 ± 11 rats in each group. s.e.mean which were always
510% of the mean (except for insulin, 20% at week 3) were omitted for sake of clarity.
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signi®cantly di�erent between vanadium-treated and un-
treated (D and WM) diabetic rats, and were reduced by
*50% compared to C rats (P50.01 or less at each

sampling).
The metabolic balance of the seven groups of rats was

measured during week 8 of the treatment (Figure 3). Diabetic
polydypsia, polyuria and glucosuria were partly attenuated by

mere calorie restriction in WM rats, whereas larger reductions
were produced by vanadium treatment. These reductions were
more pronounced in rats treated with VM, VEt or VAc than in

those treated with VS (Figure 3). Accordingly, daily
consumption of vanadium element (provided in drinking
solutions) was lower (P50.05 or less) in rats receiving the

organic compounds than in those receiving VS (Figure 2). In
spite of higher levels of vanadium intake, VS rats exhibited the
lowest (P50.05 or less) levels of plasma vanadium throughout

the study (Figure 2). Thus, there was no correlation between
daily vanadium intake and the corresponding plasma
vanadium levels at any time point studied (r40.02; data not
shown). VS rats also presented the greatest urinary excretion

rate of vanadium, possibly due to their higher urine output
(Figure 3). Daily food intake was increased *2.4 fold in D
rats. It proved necessary to reduce by *45% food

consumption of WM rats to ensure a body weight evolution
similar to that of treated rats. The energy consumption of rats
receiving VM, VEt or VAc was slightly depressed when

compared to those receiving VS. However, when food intake
was corrected for urinary losses of glucose, energy consump-
tion (cal/rat d71) was similar in all four groups of treated rats

(VM: 43+1; VEt: 43+3; VAc: 45+2; VS: 50+3) (as well as in
WM rats: 48+2).

After an overnight fast, plasma glucose concentrations
(time 0 of the OGTT) were lower (P50.01 or less) in the four
groups of treated rats than in D or WM rats, but were not

di�erent from those in C rats (Figure 4). Fasting plasma
insulin levels were similar in diabetic rats whether they were
treated or not, and were reduced by*60% compared to those
in C rats (P50.05 or less, scarcely visible in Figure 4).

During the OGTT, plasma glucose levels remained less than
10 mmol l71 in C rats, but rose to more than 30 mmol l71 in D
and WM rats and did not thereafter return to basal levels

(Figure 4). In the four groups of vanadium-treated rats,
glucose concentrations were consistently lower (P50.01 or
less) than in D or WM rats and were normalized at 180 min.

Importantly, among the four treated groups, VAc rats had
signi®cantly lower plasma glucose levels than VS rats during
the surge of glycemia (P40.05 or less at 15, 30 and 60 min by

t-test). Accordingly, the integrated glucose responses (areas
under the curves and above basal values) were reduced by
*35 ± 60% in vanadium-treated rats as compared to D and
WM rats, and by 25% in VAc rats compared to VS rats. In

contrast to the rise of plasma insulin levels in C rats, the
insulinemia and associated integrated insulin responses did not
change and were similarly blunted in all six groups of diabetic

rats (Figure 4).
Pancreatic insulin reserves (in mg pancreas71) were also

markedly reduced (by *95%, P50.001) in diabetic rats

whether they were treated (VM: 5+0.8; VEt: 8+3.2; VAc:
7+1.6; VS: 3+0.3) or not (D: 3+0.6; WM: 3+0.9), as
compared to those in C rats (163+13).

Hepatic glycogen stores (in mg g liver71), which were
decreased by 55% in D rats (18+2 vs 40+3 in C rats;

Figure 3 Metabolic balance of control (C), untreated diabetic (D), body weight-matched diabetic (WM) and vanadium-treated
diabetic rats receiving one of the following compounds: bis(maltolato)oxovanadium (VM), vanadyl ethylacetylacetonate (VEt),
vanadyl acetylacetonate (VAc) or (VS). Measurements were made daily during week 8 of the treatment, while the animals were
housed in metabolic cages. Values are means+s.e.mean for 6 ± 11 rats in each group. *P50.05 or less for the indicated group of rats
treated with organic (VM, VEt or VAc) vs inorganic (VS) vanadium compounds [ANOVA or t-test for glucosuria].
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P50.001), were unmodi®ed by calorie restriction (26+3), but
were fully and similarly replenished by vanadium treatment
(VM: 42+1; VEt: 43+2; VAc: 44+2; VS: 46+2). Vanadium

administration to diabetic rats also corrected the abnormal
activity and expression of certain key enzymes involved in
hepatic glucose metabolism, although the extent to which

levels of activity and expression were corrected varied with the
compounds used. GK activity and mRNA levels, which were
markedly reduced in D and WM rats (515% of C rats), were
partly corrected by vanadium treatment. Among the four

compounds used, VAc resulted in a greater restoration of both
GK parameters than VS (Figure 5). L-PK activity and mRNA
levels were also reduced in D and WM liver (*30% of C rats),

and were corrected by vanadium administration (Figure 5).
Again, the most complete restoration of L-PK parameters was
achieved by VAc. Activity and mRNA levels of the

gluconeogenic enzyme, PEPCK, were increased in diabetic
liver (250 ± 300% of C levels). These parameters remained
unchanged by food restriction but were similarly normalized

by all four vanadium compounds (no signi®cant di�erences
between them) (Figure 5).

Potential relationships between vanadium concentrations
and the improvement of glucose homeostasis or hepatic

glucose metabolism were examined. Besides plasma vanadium
measurements, vanadium concentrations were also measured
in two of the main target tissues for insulin action (liver and

muscle) (Figure 6A). In liver, vanadium concentrations were

the highest in VM and VAc rats and lowest in VS rats. Yet, the
concentration reached in the later treated group remained
larger (P50.001) than those observed in C

(0.02+0.001 ng mg71, n=3) and D animals (0.01+0.003
ng mg71, n=4). In muscle, the rats treated with the three
organic compounds (VM, VEt, VAc) had signi®cantly higher

vanadium concentrations than those treated with VS, with the
greatest value being produced by VAc. Vanadium concentra-
tions in VS rats still remained*15 fold higher than those in C
(0.02+0.01 ng mg71, n=4) or D (0.04+0.01 ng mg71, n=3)

rats. There were strong positive correlations between
vanadium concentrations in liver (r=0.73, P50.0001) or
muscle (r=0.63, P50.0001) and those observed in plasma

(Figure 6B, end of the study; the former correlation being in
agreement with that of Mongold et al., 1990). However, there
was no correlation between plasma vanadium levels and

plasma glucose levels at any time point studied (week 10 is
shown on Figure 6B as an example; r=0.18, P=0.25).
Likewise, there was neither a correlation between vanadium

concentrations in muscle and ®nal period of glycemia (not
shown), nor between vanadium concentrations in liver and L-
PK activity (Figure 6B) or mRNA (not shown). Similarly,
there was no correlation between liver vanadium concentra-

tions and GK parameters (not shown).
Twelve weeks of vanadium treatment had no obvious toxic

side e�ects on renal or hepatic function (Table 1). The rise in

urea observed in the four treated groups may re¯ect a

Figure 4 (Left panels) Plasma glucose and insulin levels during an oral glucose tolerance test (OGTT) in control (C), untreated
diabetic (D), body weight-matched diabetic (WM) and vanadium-treated diabetic rats receiving either VM, VEt, VAc or VS
compounds. (Insert) Early time points of glycemia in vanadium-treated rats. (Right panels) Integrated glucose and insulin responses
during the OGTT. The test was performed after 6 weeks of treatment. Values are means+s.e.mean for 6 ± 11 rats in each group. In
the left panels, s.e.mean which were always510% of the mean were omitted for sake of clarity. *P40.05 for the indicated group of
rats treated with organic (VM, VEt or VAc) vs inorganic (VS) vanadium compounds (t-test).
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marginal dehydration due to a decreased ¯uid consumption

resulting from an aversion to the taste of vanadium (Brichard
et al., 1988). Plasma creatinine levels were not di�erent in
untreated (D and WM) or vanadium-treated diabetic rats, and

indeed were lower than those seen in C rats, which may result
from a decrease in lean body mass. The creatinine clearance,
which is augmented by diabetes due to a glomerular

hyper®ltration rate (Jensen et al., 1981), was normalized in
vanadium-treated rats, but this correction was not speci®c as it
was achieved by mere calorie restriction (and decreased
glucosuria) in WM rats. Accordingly, diabetic proteinuria

was corrected in both WM and vanadium-treated diabetic
rats. Levels of the liver cytosolic enzyme, GPT, which were
elevated in diabetes due to hepatic steatosis (Ozcelikay et al.,

1996), were unchanged by food restriction, but were
speci®cally corrected by vanadium compounds. However,
among these agents, VS resulted in diarrhoea in 50% of the

rats from the sixth week of treatment onwards. In some
animals, the diarrhoea was severe, leading to dehydration and
weight loss. Two of ten VS rats subsequently died. Usually,

the diarrhoea spontaneously ceases after treatment withdrawal
or a reduction in the dose (Brichard & Henquin, 1995). In the
present study, the treatment was maintained unchanged as the
aim was to compare similar concentrations of vanadium

element provided by the di�erent compounds. No gastro-
intestinal disturbances were caused by any of the three organic
compounds tested, which were likely better resorbed by the

intestinal tract.

Experiment 2: Acute administration of intraperitoneal
vanadium compounds

We next examined whether the blood glucose-lowering e�ect

of the di�erent vanadium compounds was a�ected when the
gastrointestinal tract was bypassed (i.e. when the compounds
were administered parenterally).

To this end, four groups of diabetic rats matched for initial
body weight and glycemia, received a single i.p. injection of the
appropriate vanadium compound (1.275 mg vanadium ele-
ment per kg body weight). Under these conditions, only VAc

induced a signi®cant reduction in glycemia from day 1, an
e�ect which persisted for up to 5 days. VM, VEt and VS were
unable to induce such changes in glycemia (Figure 7). When

blood samples were collected earlier (2, 4, 6 and 8 h after i.p.
injection in day 0), we found no hypoglycaemic action for any
of the compounds tested (not shown). Body weight (g) in the

four groups was not signi®cantly a�ected by the treatment
(day 1: VM, 232+3; VEt, 230+2; VAc, 231+4; VS, 230+4
and day 5: VM, 239+3; VEt, 238+3; VAc, 238+6; VS,

237+5).

Discussion

This study shows that organic vanadium compounds, in
particular VAc, ameliorate more e�caciously and with fewer

apparent side-e�ects than VS the hyperglycemia and impaired

Figure 5 In¯uence of treatment with vanadium compounds on glucokinase (GK), L-type pyruvate kinase (L-PK) and
phosphoenolpyruvate carboxykinase (PEPCK) activities and mRNA levels in the liver of diabetic rats. Values are means+s.e.mean
for 6 ± 11 control (C), untreated diabetic (D), body weight-matched diabetic (WM) and vanadium-treated diabetic rats receiving
either VM, VEt, VAc or VS compounds. mRNA levels obtained from Northern-blots, like those in the inserts, are expressed as
percentages of values in C rats. *P50.05 or less for the indicated group of rats treated with organic (VM, VEt, or VAc) vs inorganic
(VS) vanadium compounds. +P50.05 for indicated group of rats treated with VM or VEt vs VAc treated rats (ANOVA or t-test
(GK mRNA)).
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hepatic glucose metabolism seen in diabetic rats. This
superiority is not simply due to an improved intestinal
absorption, but may also be ascribed to more potent insulin-

like properties.
The greater e�cacy of VAc in lowering blood glucose may

be explained partly by its greater e�ciency of action on the

diabetic liver. VAc reverses more potently than other
compounds the impaired hepatic glycolysis (GK and L-PK
activities), a correction which occurs at the pre-translational

level. As this e�ect may partly be reproduced by treatment of
rats with phlorizin (Brichard et al., 1993), the superiority of
VAc on liver could result from more profound alleviation of

Figure 6 (A) In¯uence of treatment with vanadium compounds on vanadium concentrations in liver and muscle of diabetic rats.
Values are means+s.e.mean for 8 ± 11 vanadium-treated diabetic rats receiving either VM, VEt, VAc or VS compounds. *P50.01
or less vs VS rats; .P50.05 vs VEt rats; +P50.01 or less vs VAc rats (ANOVA). (B) Upper panels: Relationships between tissue
vanadium concentrations in liver and muscle versus plasma in treated rats. The whole population of treated (VM, VEt, VAc and VS
together) rats was studied at the end of the experiment, the measurements being made after death (tissue) or after 10 weeks
(plasma). Correlation coe�cients were, respectively, r=0.73 for liver (P50.0001) and r=0.63 for muscle (P50.0001). Lower panels:
Relationships between vanadium concentrations in liver and L-PK activity, and vanadium concentrations in plasma and glycemia in
treated rats. Correlation coe�cients were, respectively, r=0.043 (P=0.8) and r=0.18 (P=0.25).
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glucose toxicity on this tissue. However, phlorizin treatment
did not modify the low mRNA levels and activity of L-PK
(Brichard et al., 1993). This suggests that VAc is more
e�cacious at eliciting insulin-like actions upon liver gene

expression and metabolism.
Despite of the lowest levels of vanadium consumption, VAc

rats had the highest levels of plasma or tissue vanadium. This

may be due to a greater intestinal rate of absorption of the
element, as urinary excretion of vanadium was low in all
treated groups (1.5 ± 2% of the ingested dose; compare Figures

2 and 3). Inorganic vanadium is usually poorly (1 ± 10%)
absorbed by the gastrointestinal tract (Llobet Domingo, 1984;
Yuen et al., 1993b), and the organic ligand is expected to
increase the lipophilicity of the vanadium complex and

consequently its absorption (Yuen et al., 1993a).
Could the superiority of VAc be explained solely by these

observations (i.e. higher intestinal absorption and subsequent

higher plasma or tissue vanadium)? This is unlikely for several

reasons. Firstly, VAc retained its potency when the gastro-
intestinal tract was bypassed. Thus, after a single i.p. injection
of the element (1.275 mg vanadium kg71), only VAc signi®-
cantly decreased the hyperglycemia in diabetic rats for up to 5

days. VS, VEt or VM were ine�ective. This does not contradict
a previous report where VM was e�ective by the i.p. route, but
at substantially higher doses (3.21 mg vanadium kg71) (Yuen

et al., 1995). Secondly, at week 7, VAc rats had strikingly lower
glycemia as compared to VEt or VM rats in spite of similar
levels of vanadium intake and plasma vanadium (Figure 2).

Indeed, there was no apparent relationship between plasma
vanadium and glucose levels throughout the study (i.e. at any
time point examined). There was also no relationship between

liver vanadium and hepatic glucose metabolism, [glycolytic
parameters (GK or L-PK mRNA or activity) speci®cally
improved by VAc in particular] or muscle vanadium and
glycemia. Taken together, these data suggest that either

circulating or tissue vanadium concentrations may not re¯ect
true intracellular vanadium levels or that another confounding
factor ± as yet unidenti®ed ± may interfere with the situation in

vivo. Alternatively, di�erences in potency between vanadium
compounds are rather explained by di�erences in their insulin-
like properties. Recent in vitro studies support the latter

hypothesis. VAc was more e�ective than VS in stimulating
lipogenesis in isolated adipocytes under conditions where both
compounds permeated cells similarly (Li et al., 1996). These
di�erences in insulin-like properties were accounted for by a

higher redox stability of VAc as compared to VS (i.e.
prolonged intracellular stability of vanadium (IV) against
oxidation; Li et al., 1996). Higher hydrophilic stability could

also be involved (Li et al., 1996; Crans, unpublished data).
In spite of their higher potency, organic vanadium

compounds were not more toxic than VS. Firstly, like VS,

they did not alter hepatic or renal function as shown by the
lack of increase in liver cytolytic enzymes or in creatinine and
proteinuria. Secondly, the slowing of body weight gain, a

common feature of vanadium treatment (Brichard & Henquin,
1995) was similar for all compounds tested. It turned out that
energy-restricted rats matched for body weight with vanadium
rats, were also matched for net (i.e. corrected for glucosuria)

energy consumption. This indicates that the decrease in body
weight in vanadium-treated rats can largely be ascribed to the
lower food intake rather than to an additional toxic e�ect.

Vanadium-induced anorexia is currently an adverse reaction in
insulin-de®cient diabetic rats in a catabolic state, but might be
regarded as an advantage in non-insulin-dependent diabetes

which is often associated with obesity. Thirdly, diarrhoea

Figure 7 In¯uence of a single intraperitoneal injection of vanadium
compounds on plasma glucose levels in diabetic rats. On day 0
(09.30 h), either VM, VEt, VAc or VS were injected into diabetic rats
at a dose of 1.275 mg vanadium element per kg body weight. Values
are means for eight rats in each group (s.e.mean which were always
510% of the mean were omitted for sake of clarity). *P50.05 or
less vs respective glycemia on day 0 (repeated measures of ANOVA).

Table 1 In¯uence of treatment with vanadium compounds on renal and hepatic function of diabetic rats

C D WM VM VEt VAc VS

Plasma
Urea (mg/dl)
Creatinine (mg/dl)
GOT (IU/l)
GPT (IU/l)

41+1
0.52+0.01
131+13
45+3

35+1
0.47+0.03{
116+15
86+4{

39+2
0.45+0.01{
109+11
76+6{

50+5*
0.41+0.01{
97+9
60+6*#

55+3*
0.45+0.01{
106+9
54+4*#

51+3*
0.46+0.01{
91+9
45+3*#

52+5*
0.42+0.01{
93+7
55+6*#

Creatinine clearance
(ml/min) 2.4+0.1 3.2+0.1{ 2.2+0.1* 1.9+0.1* 1.9+0.1* 1.8+0.1* 2.0+0.2*

Proteinuria
(mg/24 h) 17+2 95+19{ 13+1* 12+3* 8+1* 9+2* 13+4*

Values are means+s.e.mean for 6 ± 11 control (C), untreated diabetic (D), body weight-matched diabetic (WM) and vanadium-treated
rats receiving either VM, VEt, VAc or VS compound. Measurements were made after 12 weeks of treatment, except those of urinary
determinations (week 8, during housing in metabolic cages). Three samples were taken for daily proteinuria and the obtained values
were averaged for each rat. GOT, glutamic-oxaloacetic transaminase; GPT, glutamic-pyruvic transaminase. *P<0.05 or less vs D rats;
{P<0.05 or less vs C rats; #P<0.05 or less vs WM rats (ANOVA).
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occurred in 50% of rats chronically treated with VS (thereby
leading to increased mortality), but not in those rats receiving
the organic compounds. In clinical studies with diabetic

patients, VS and Na metavanadate, two inorganic vanadium
salts, though given at much lower (*100 fold) doses than in
animal studies, resulted in mild gastrointestinal symptoms
(nausea, mild diarrhoea, abdominal cramps and ¯atulence)

which were either transient or responded to a decrease in dose
(Cohen et al., 1995; Gold®ne et al., 1995; Boden et al., 1996).
In agreement with previous work (Yuen et al., 1993a; McNeill

et al., 1995), our study showed that modi®cation of the
vanadium species with organic ligands may decrease the
gastrointestinal side-e�ects of the element, possibly by

enhancing its rate of absorption.
The presence of an organic ligand within a vanadium

complex may thus in¯uence the potency and the toxicity of the

compound. Increasing the mass of the ligand by introducing
ethyl groups does not seem to improve the parent compound
(c.f. VEt vs VAc). The chemical rules determining which
ligands will generate the most suitable complexes are still

unclear, but relevant in view of their potential therapeutic
value. Ideally, the use of one ligand should even direct the
complex into one insulin-target tissue in preference to another,

as has been shown for peroxovanadium compounds (Bevan et
al., 1995). Clearly, the development of new analogues of
vanadium is of importance for the management of diabetes.
Since vanadium can utilize non-insulin-dependent pathways to

exert its insulin-like activities, these novel derivatives will be
potentially interesting for the treatment of the insulin-resistant
state associated with non-insulin-dependent diabetes.
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Bronchoconstrictor e�ect of thrombin and thrombin receptor
activating peptide in guinea-pigs in vivo

*,1Carla Cicala, 1Mariarosaria Bucci, 2Gianfranco De Dominicis, 3Pat Harriot,
1Ludovico Sorrentino & 1Giuseppe Cirino

1Dipartimento di Farmacologia Sperimentale, UniversitaÂ degli Studi di Napoli ``Federico II'', Via Domenico Montesano 49, 80131
Napoli, Italy; 2Servizio di Anatomia Patologica, Ospedale Cardarelli 80131 Napoli, Italy; 3Centre for Peptide and Protein
Engineering, Queen's University of Belfast, Ireland, U.K.

1 Several thrombin cellular e�ects are dependent upon stimulation of proteinase activated
receptor-1 (PAR-1) localized over the cellular surface. Following activation by thrombin, a new N-
terminus peptide is unmasked on PAR-1 receptor, which functions as a tethered ligand for the
receptor itself. Synthetic peptides called thrombin receptor activating peptides (TRAPs),
corresponding to the N-terminus residue unmasked, reproduce several thrombin cellular e�ects,
but are devoid of catalytic activity. We have evaluated the bronchial response to intravenous
administration of human a-thrombin or a thrombin receptor activating peptide (TRAP-9) in
anaesthetized, arti®cially ventilated guinea-pigs.

2 Intravenous injection of thrombin (100 u kg71) caused bronchoconstriction that was
recapitulated by injection of TRAP-9 (1 mg kg71). Animal pretreatment with the thrombin
inhibitor HirulogTM (10 mg kg71 i.v.) prevented thrombin-induced bronchoconstriction, but did not
a�ect bronchoconstriction induced by TRAP-9. Both agents did not induce bronchoconstriction
when injected intravenously to rats.

3 The bronchoconstrictor e�ect of thrombin and TRAP-9 was subjected to tolerance; however, in
animals desensitized to thrombin e�ect, TRAP-9 was still capable of inducing bronchoconstriction,
but not vice versa.

4 Depleting animals of circulating platelets prevented bronchoconstriction induced by both
thrombin and TRAP-9.

5 Bronchoconstriction was paralleled by a biphasic change in arterial blood pressure, characterized
by a hypotensive phase followed by a hypertensive phase. Thrombin-induced hypotension was not
subject to tolerance and was inhibited by HirulogTM; conversely, hypertension was subject to
tolerance and was not inhibited by HirulogTM. Hypotension and hypertension induced by TRAP-9
were neither subject to tolerance nor inhibited by HirulogTM.

6 Our results indicate that thrombin causes bronchoconstriction in guinea-pigs through a
mechanism that requires proteolytic activation of its receptor and the exposure of the tethered
ligand peptide. Platelet activation might be triggered by the thrombin e�ect.

Keywords: Thrombin; thrombin receptor activating peptide; proteinase activated receptor; HirulogTM; bronchoconstriction;
lung

Abbreviations: BALF, bronchoalveolar lavage ¯uid; PAR-1, proteinase activated receptor 1; TRAP, thrombin receptor
activating peptide

Introduction

It is known that following tissue damage, extrinsic coagulation
pathway becomes activated and thrombin is formed by its
precursor, prothrombin (Schi�rin, 1994; Cicala & Cirino,

1998). Much attention has recently been focused on the cellular
responses triggered by thrombin, highlighting a role for this
enzyme in cell activation and in¯ammation. Both in vitro and

in vivo studies have demonstrated that thrombin is chemotactic
for monocytes (Bar Shavit et al., 1983) and neutrophils (Bizios
et al., 1986; Drake & Issekutz, 1992); this activity might be

mediated by high a�nity receptors demonstrated to be present
on both macrophages and neutrophils (Kudhal et al., 1991;
Sonne, 1988). Thrombin increases IL-1- and TNFa-induced
neutrophil chemotaxis (Drake et al., 1992), it causes ®broblast

and smooth muscle cell proliferation (Panettieri et al., 1995),
stimulates endothelial cells to produce PGI2 (Weksler et al.,
1978); all these e�ects contribute to in¯ammation and tissue

repair processes independently of haemostatic mechanisms.
Thrombin-like proteinases have been found in bronchoal-

veolar lavage ¯uids obtained from active immunized experi-

mental animals (Linssen et al., 1991). The role of coagulation
cascade activation and ®brin deposition during lung in¯amma-
tion has been investigated; it has been shown that asthmatic

subjects present alterations in coagulation parameters and an
increase of platelet reactivity (Idell et al., 1989; Gresele et al.,
1993; Fuchs-Buder et al., 1996). However, due to the lack of
appropriate tools, such as speci®c inhibitors, the role of

thrombin in bronchial asthma has never been addressed.
It is now clear that thrombin produces many of its

biological activities through stimulation of proteinase acti-

vated receptor-1 (PAR-1) that is localized over the surface of
several cells. PAR-1 is a seven transmembrane-domain
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receptor, demonstrated to be cleaved by thrombin between
Arginine41 and Serine42 residues, unmasking a new N-terminus
peptide (14 aminoacids) which functions as a tethered ligand

for the receptor itself (Vu et al., 1991; Coughlin et al., 1992). It
has been shown that synthetic peptides, ranging between 5 and
14 aminoacids, called thrombin receptor activating peptides
(TRAPs), corresponding to the N-terminus residue unmasked,

are capable of reproducing several cellular e�ects of thrombin,
but are devoid of the thrombin catalytic activity (Chao et al.,
1992; Garcia et al., 1993; Ho�man & Church, 1993; Glusa &

Paintz, 1994; Glusa et al., 1996). This ®nding has led to expand
the knowledge of the role of thrombin in in¯ammation,
indicating that some cellular events mediated by thrombin are

independent of ®brin formation, since they can be reproduced
by TRAPs.

Here, we have analysed comparatively the bronchial

response to thrombin and TRAP-9 (a PAR-1 agonist peptide)
in anaesthetized, arti®cially ventilated guinea-pigs, to
investigate whether thrombin had any e�ect on in vivo
bronchial smooth muscle contractility through activation of

its receptor PAR-1 and the exposition of the tethered ligand
peptide.

Preliminary results have been presented to the British

Pharmacological Society Meeting in Bristol, in July 1997.

Methods

Measurement of bronchoconstriction and blood pressure

Guinea-pigs (Charles River, 400 ± 500 g) were anaesthetized
with sodium pentobarbitone (40 mg kg71 i.p.) and Hyp-
normTM (0.5 ml kg71 i.m.), placed supine on an operating

table, a cannula was inserted into the trachea and were
arti®cially ventilated with a constant volume, by a respiration
pump (Ugo Basile, Varese, Italy; rate 60 breaths min71, 1 ml

air per 100 g body weight), connected to a bronchospasm
transducer (Ugo Basile, Varese, Italy). Spontaneous breathing
was abolished by administration of pancuronium

(2 mg kg71 i.v.). Both cervical vagi nerves were transected at
the level of the neck. The right jugular vein was cannulated
for drug administration; the left carotid artery was
cannulated with a cannula containing heparinized saline

(5 u ml71) and connected to a pressure transducer for a
continuous monitoring of arterial blood pressure. After
surgery, a single dose of histamine (10 mg kg71 i.v.) was

administered to evaluate animal responsiveness to a
bronchoconstrictor agent. Thrombin (50 and 100 u kg71,
corresponding to 0.034 and 0.07 mg kg71 respectively),

TRAP-9 (0.1, 0.3 or 1 mg kg71) or the control peptide
(1 mg kg71) were then administered intravenously each
20 min for three consecutive times.

Di�erent groups of animals were administered the thrombin
inhibitor HirulogTM (10 mg kg71) i.v., 30 min before giving
thrombin (100 u kg71 i.v.) or TRAP-9 (1 mg kg71 i.v.).
Experiments were also performed on rats using the above

protocol described for guinea-pigs, thrombin (10, 30 or
50 u kg71) or TRAP-9 (1 mg kg71) were intravenously
administered and the bronchial response was evaluated.

Cross-desensitization study

To evaluate if there was cross-desensitization to the e�ects of
thrombin and TRAP-9, di�erent groups of animals were
treated with TRAP-9 (1 mg kg71 i.v.) after three administra-
tions of thrombin (100 u kg71 i.v.) or, conversely, they were

treated with thrombin (100 u kg71 i.v.) after three adminis-
trations of TRAP-9 (1 mg kg71 i.v.).

Bronchoalveolar lavage

At the end of the experiment, three bronchoalveolar lavages,
with 5 ml of saline each, through a cannula inserted into the

trachea, were performed. The saline was left in contact for
1 min and then aspirated with a syringe, placed in a graduated
tube and then centrifuged at 2006g for 15 min. The

supernatant was discarded and the pellet was suspended in
1 ml of saline.

Leucocyte count

Total leucocyte count was performed by diluting cells with

Turk's solution (0.01% w/v crystal violet and 3% v/v acetic
acid) and counted by an optical microscope. Di�erential cell
analysis was performed on air-dried smears of cell suspension
and counted by optical microscopy, under oil immersion.

Platelet depletion

Thrombocytopenia was induced by treating guinea-pigs with a
polyclonal rabbit antiplatelet serum intravenously, prior to
administration of either thrombin (100 u kg71 i.v.) or TRAP-9

(1 mg kg71 i.v.). The dose and the lag-time chosen were
previously determined by dosing animals with 0.1, 0.3, 0.5
and 1 ml (i.v.) of the polyclonal antiplatelet serum, at time

interval ranging between 1 and 20 h. A volume of 250 ml gave
3 h later a reduction in platelet count from
500.4+113.56103 ml71 to 49.5+9.306103 ml71 (n=5,
P50.01). Platelet count was performed on 100 ml of blood
samples, withdrawn from the carotid artery, by using a
hemocytometer, Cell Dyn 610 (Sequoia Turner).

Histology

In another set of experiments, after receiving three adminis-

trations of thrombin (100 u kg71 i.v.) or TRAP-9
(1 mg kg71 i.v.) guinea-pigs were killed and the lungs removed
and placed in formalin (sol. 10% v/v). Section of lungs (10 mm)
were embedded in para�n and stained with ematoxylin eosin

and the lung damage evaluated by optical microscopy.

Statistical analysis

Data are expressed as means+s.e.mean and analysed with a
computerized statistical package (Tallarida & Murray, 1987).

Bronchoconstriction is expressed as percentage of broncho-
constriction relative to the maximum percentage (100%).
Maximum bronchoconstriction was simulated by clamping the

air piping upstream the tracheal cannula thereby diverting all
pumped air to the transducer. Results are analysed with one
way analysis of variance (ANOVA), followed by Bonferroni's
test for multiple comparisons, or by one sample or unpaired

two tailed Student's t-test when appropriate. A value of
P50.05 was taken as signi®cant.

Drugs

TRAP-9 (SFLLRNPND), the control TRAP peptide

(SFLLANPND) and HirulogTM (Biogen, Cambridge, MA,
U.S.A.) were prepared as previously described (Chao et al.,
1992; Maraganore et al., 1990). Human a-thrombin and
heparin were purchased from Sigma Chemical Co. (St. Louis,
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MO, U.S.A.). Polyclonal rabbit antiplatelet serum was a kind
gift of Prof C.P. Page (King's College, London, U.K.).

Results

Thrombin- and TRAP-9-induced bronchoconstriction

Intravenous administration to guinea-pigs of human a-
thrombin at the dose of 50 u kg71 caused a small, not

signi®cant, bronchoconstriction (9.70+4.0%; P40.05 n=4,
one sample t-test), while at the dose of 100 u kg71 (Figures
1a and 2a) caused a bronchoconstriction of 33.14+8.61%

(P50.01, one sample t-test; n=7) that was reduced to
12.41+6.11% (P50.01, Bonferroni's test versus ®rst admin-
istration; n=7) at the second administration and to

4.3+1.70% (P50.01, Bonferroni's test versus ®rst adminis-
tration; n=7) at the third administration. Intravenous
administration of TRAP-9 at the dose of 0.1 mg kg71 did
not cause bronchoconstriction, at the dose of 0.3 mg kg71

there was a trend towards bronchoconstriction
(2.67+1.76%; P40.05 n=3, one sample t-test). Injection of
TRAP-9 at the dose of 1 mg kg71 (Figures 1b and 2c)

induced a bronchoconstriction of 30.8+11.42% (P50.05,
one sample t-test; n=7) which was reduced to 18.43+8.18%
(N.S. versus ®rst administration; n=7) at the second and to

4.76+1.61% (P50.01 versus ®rst administration; n=7) at
the third administration clearly mimicking thrombin pro®le.
Doses of 1 mg kg71 for TRAP-9 and 100 u kg71 for

thrombin were selected for all successive experiments. The
control peptide did not show any bronchoconstrictor e�ect
up to 1 mg kg71.

In a cross-desensitization study we found that animals no

more responsive to thrombin exhibited bronchoconstriction
following TRAP-9 administration; in contrast, animals no
more responsive to TRAP-9 were also insensitive to thrombin

administration (data not shown).
Pretreatment of animals with HirulogTM (10 mg kg71 i.v.,

30 min before) abolished thrombin-induced bronchoconstric-

tion, but did not change TRAP-9-induced bronchoconstriction
(Table 1).

Neither thrombin (10, 30 or 50 u kg71) nor TRAP-9
(1 mg kg71) caused bronchoconstriction when administered

intravenously to rats (data not shown).

Arterial blood pressure

Intravenous administration of thrombin to guinea-pigs at the
dose of 50 and 100 u kg71 caused a fast fall in blood pressure

of 9.25+1.75 mmHg (n=4) and of 8.5+1.9 mmHg (n=7)
respectively that was not subjected to desensitization. This
decrease in blood pressure was followed by an increase in

blood pressure that was of 10.50+0.87 mmHg (n=4) and of
11.86+1.86 mmHg (n=7) for 50 and 100 u kg71 of thrombin,
respectively. TRAP-9 given i.v., at the dose of 0.1, 0.3 or
1 mg kg71 caused a similar pattern with a fast fall in blood

pressure, followed by an increase. The hypotension for the
doses of 0.1, 0.3 and 1 mg kg71 was of 2.7+1.60 mmHg
(n=4), 5.7+1.45 mmHg (n=3) and 6.57+0.7 mmHg (n=7)

respectively and was not subjected to desensitization. The
hypertension that followed was of 10.25+1.44 mmHg (n=4),
14.33+4.05 mmHg (n=3) and 23.00+4.8 mmHg (n=7)

respectively, and was repeated unchanged at the second and
at the third administration, for all three doses used, while, for
thrombin, it was subjected to desensitization. The control
peptide was completely inactive. HirulogTM, a stoichiometric

inhibitor of thrombin, abolished thrombin-induced hypoten-
sion, without a�ecting the following increase in blood pressure.
Conversely, HirulogTM did not a�ect TRAP-9-induced changes

in arterial blood pressure (Table 1).

Bronchoalveolar lavage

Total leucocyte count in bronchoalveolar lavage ¯uids
(BALFs) obtained from animals injected either with thrombin
(100 u kg71 i.v.) or TRAP-9 (1 mg kg71 i.v) was not sig-

ni®cantly di�erent from that obtained from control animals
(control, 6.03+0.636106, n=9; thrombin, 8.19+0.786106,
n=6; TRAP-9, 7.45+0.996106, n=6; P40.05).

Figure 1 Bronchoconstriction induced by thrombin (a) and TRAP-9
(b). Thrombin (100 u kg71 i.v.) or TRAP-9 (1 mg kg71 i.v.) were
injected for three consecutive times each 20 min. I, ®rst administra-
tion; II, second administration; III, third administration. Each bar
represents the mean of the response obtained from seven di�erent
animals. **P50.01 versus ®rst administration (Bonferroni's test).
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Platelet depletion

Platelet depletion of guinea-pigs by a polyclonal rabbit
antiplatelet serum prevented thrombin (100 u kg71 i.v.) and
TRAP-9 (1 mg kg71 i.v) induced bronchoconstriction.

Histological analysis

Histological analysis of lung sections showed an extensive

lung damage in animals injected with either a-thrombin
(100 u kg71 i.v.) or TRAP-9 (1 mg kg71 i.v.); both broncho-
constriction and vasoconstriction were also evident (Figure 3).

Discussion

Intravenous administration of thrombin to guinea-pigs caused
bronchoconstriction and this e�ect was reproduced by
intravenous injection of TRAP-9. When animals were
pretreated with HirulogTM, a stoichiometric thrombin inhibitor

that binds the catalytic site of thrombin, thrombin-induced
bronchoconstriction was abolished, while TRAP-9-induced
bronchoconstriction was unchanged. This ®nding indicates

that thrombin-induced bronchoconstriction requires thrombin
catalytic activity and is likely mediated by the tethered ligand
peptide exposed on the PAR-1 receptor following proteolytic

a

b

c

d

Figure 2 Typical traces representing thrombin- and TRAP-9-induced bronchoconstriction (a and c) and changes in arterial blood
pressure (b and d). Thrombin (100 u kg71) and TRAP-9 (1 mg kg71) were administered for three consecutive times each 20 min,
bronchoconstriction and arterial blood pressure were evaluated. Histamine (10 mg kg71 i.v.) was previously administered to check
animal responsiveness to a bronchoconstrictory agent.
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activation. However, this mechanism cannot explain the
tolerance to the bronchoconstrictor e�ect of both thrombin
and TRAP-9, implying that the bronchoconstrictor e�ect is

not dependent upon receptor activation only. Indeed, if
bronchoconstriction had been dependent exclusively upon a
receptor mechanism, desensitization should have occurred

only to thrombin e�ect, due to receptor consumption, leaving
una�ected TRAP-9 response due to its ability to stimulate the
receptor directly.

Involvement of in¯ammatory cells was ruled out by the
®nding that in bronchial lavage there was no di�erence in
leucocyte count between control and thrombin or TRAP-9-
treated guinea-pigs. Similarly, mast cell degranulation, that we

have previously shown to be involved in thrombin and TRAP-
induced edema (Cirino et al., 1996), appeared not to be
implicated since by histological analysis there was no evidence

of degranulated mast cells in the tissue. Following this
experimental evidence, we sought to investigate platelet
involvement. It is widely documented that platelets behave as

in¯ammatory cells, being able, under stimulation, to synthesize
and secrete several mediators, among which are powerful
bronchoconstrictor agents, such as histamine, serotonin,
platelet activating factor (PAF) and arachidonic acid

metabolites (Page, 1989). In vitro, both thrombin and TRAP-
9 promote platelet activation and degranulation, the latter
being able to stimulate platelets from primates and guinea-

pigs, but not from other animal species (Kinlough-Rathbone et
al., 1993; Connolly et al., 1994). In vivo, both agents cause
111In-labelled platelet accumulation in the pulmonary vascu-

lature of guinea-pigs (Chiu et al., 1997). In thrombocytopenic
animals both thrombin and TRAP-9 did not cause broncho-
constriction, implying that platelet activation might be the

trigger of the bronchoconstrictor e�ect observed in our
experimental conditions. This hypothesis is further supported
by the inability of both agents to cause bronchoconstriction
when injected intravenously to rats, whose platelets lack the

PAR-1 receptor.
Platelet degranulation by thrombin and TRAP-9 could also

account for tolerance to bronchoconstrictor e�ect observed.

Indeed, a similar e�ect has been observed for intravenous
administration to guinea-pigs of PAF, which induces a
platelet-dependent bronchoconstriction (Vargaftig et al.,

1980). However, the ®nding that TRAP-9 was still able to

cause bronchoconstriction in guinea-pigs desensitized to

thrombin e�ect strongly suggests that an additional mechan-
ism, besides platelet degranulation, occurs. Interestingly,
similar results have been obtained in vitro, on guinea-pig

aortic preparations, where a thrombin receptor agonist peptide
(TRAP 42-55) was able to cause relaxation of the tissue
desensitized to thrombin action (Muramutsu et al., 1992; Yang

et al., 1992). These di�erences have been attributed to
di�erences of receptor dynamics depending on whether the
receptor is activated by a free ligand or a tethered ligand.

Furthermore, it is also possible that in addition to platelet
stimulation the e�ect of thrombin and TRAP-9 is due to a
direct action on bronchial smooth muscle, as has been
observed, in vitro, using lung parenchymal smooth muscle

(Mandhane et al., 1995).

Table 1 E�ect of HirulogTM (Hir, 10 mg kg71 i.v.) on
thrombin (100 u kg71) and TRAP-9 (1 mg kg71) induced
bronchoconstriction and changes in blood pressure.

Bronchoconstriction hypotension Hypertension
Treatment (%) (mmHg) (mmHg) n

Thrombin

Hir+
thrombin

TRAP-9

Hir+
TRAP-9

I
II
III

I
II
III

I
II
III

I
II
III

33.14+8.61*
12.41+6.11*{
4.30+1.70*{

0.00+0.00
0.00+0.00
0.00+0.00

30.80+11.42*
18.43+8.18*
6.60+0.92*{

23.80+9.41*
6.60+0.92*
5.20+1.46*

8.50+1.90*
9.14+1.26*
7.70+1.43*

0.00+0.00
0.00+0.00
0.00+0.00

6.57+0.70*
5.57+0.75*
6.14+1.40*

7.33+1.31*
6.50+0.76*
6.33+1.12*

11.86+1.86*
3.43+1.90{
6.14+2.60{

9.00+2.98*
4.62+2.13{
2.80+1.96{

23.00+4.80*
21.86+2.80*
20.80+5.32*

23.17+1.94*
23.50+2.67*
23.00+2.48*

7
7
7

5
5
5

7
7
7

5
5
5

*P50.05 versus hypothetical mean zero (one sample
Student's t-test) and {P50.05 versus ®rst administration
(Bonferroni's test).

a

b

c

Figure 3 Histological analysis of lungs obtained from control
animals (a; 6250), and thrombin (b; 6125) or TRAP-9 (c; 6250)
injected animals. In b and c it is evident a strong bronchoconstriction
(arrows) and vasoconstriction (arrows).
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The biphasic change in arterial blood pressure characterized
by a rapid drop, followed by an equally rapid increase in blood
pressure resembles the in vitro e�ect.

Thrombin e�ect on vascular tissues in vitro has been widely
studied and it has been shown that thrombin induces in dog
isolated coronary arteries, as well as in other vascular tissues, a
slowly developing contraction characterized by an initial

relaxation (Glusa & Paintz, 1994; Tesfamariam, 1994).
Thrombin-induced hypotension was prevented by HirulogTM

pretreatment indicating that proteolytically active thrombin is

essential for this e�ect. However, there was no tolerance to the
e�ect observed, implying that even though receptor activation
is necessary for the action, no receptor consumption occurs, or

other mechanisms are involved in the hypotensive e�ect.
Conversely, thrombin-induced hypertension was not a�ected
by HirulogTM pretreatment, but it was subject to tolerance

suggesting that proteolytically active thrombin is not a
requisite.

Lung histological analysis clearly showed for both thrombin
and TRAP-9 not only an extensive lung damage characterized

by alveolar atelectasia, but bronchial obstruction and also a
pronounced vessel constriction. However, it is now clear that
more than one PAR receptor is present in cells (Nystedt et al.,

1994; Ishihara et al., 1997). In vitro studies have shown that
thrombin and TRAPs causes smooth muscle contraction or
relaxation depending on the vascular tissue considered

(Muramutsu et al., 1992; Simonet et al., 1992; Yang et al.,
1992; Tesfamariam, 1994), these variabilities of thrombin

e�ects among tissues are probably linked to a di�erent tissue
distribution of PAR receptors. Thus, the di�erent tolerance to
the e�ects of thrombin and TRAP-9 observed might be

dependent upon a di�erent a�nity of the two agents for
di�erent receptors. In addition, it could be that another region
of the receptor is stimulated by thrombin or another receptor
not proteolytically activated is involved. Thus, in the

interpretation of the in vivo e�ects of thrombin and TRAPs,
there could be a possible interaction of circulating thrombin
with at least three di�erent receptors, even if they have a

di�erent a�nity.
In conclusion, our results show that thrombin causes

bronchoconstriction in guinea-pig through a mechanism that

involves the proteolytic activation of PAR-1 receptor.
Thrombin e�ect is triggered by platelet activation but, besides
this, other mechanisms might be involved, such as the

stimulation of PAR-1 receptor on smooth muscle. This is to
our knowledge the ®rst study showing an e�ect of thrombin on
the lung functionality in vivo, implying activation of, at least,
PAR-1 receptor. Molecules able to antagonize the e�ects of

TRAP on PAR-1 receptor could be useful in controlling
bronchial asthma without interfering with haemostatic
mechanisms.

This paper is dedicated to the memory of Prof Stuart Stone, a
brilliant scientist and a good friend.
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Trigeminal nerve ganglion stimulation-induced neurovascular
re¯exes in the anaesthetized cat: Role of endothelinB receptors in
carotid vasodilatation

1PravinRaval, 1SharonBingham, 2NambiAiyar, 3JohnD.Elliott, 1A. JackieHunter, 2EliotH.Ohlstein
& *,1Andrew A. Parsons

1Neurosciences Research, SmithKline Beecham Pharmaceuticals, New Frontiers Science Park, Harlow, Essex CM19 5AW,
England, U.K.; 2Cardiovascular Pharmacology, SmithKline Beecham Pharmaceuticals, Swedeland Road, King of Prussia, U.S.A.;
3Medicinal Chemistry, SmithKline Beecham Pharmaceuticals, Swedeland Road, King of Prussia, U.S.A.

1 The e�ects of intravenous administration of endothelin (ET) receptor antagonists SB-209670
(0.001 ± 10.0 mg kg71), SB-217242, SB-234551 (0.01 ± 10.0 mg kg71) and BQ-788 (0.001 ±
1.0 mg kg71) were investigated on trigeminal nerve ganglion stimulation-induced neurovascular
re¯exes in the carotid vasculature of the anaesthetized cat. Comparisons were made with
sumatriptan (0.003 ± 3.0 mg kg71) and a-CGRP8±37 (0.001 ± 0.1 mg kg71).

2 Trigeminal nerve ganglion stimulation produced frequency related increases in carotid blood
¯ow, reductions in carotid vascular resistance and non-frequency related increases in blood pressure.
Guanethidine (3 mg kg71, i.v.) blocked trigeminal nerve ganglion-induced increases in blood
pressure but had no e�ect on changes in carotid ¯ow or resistance. Maximal reductions in carotid
vascular resistance was observed at 10 Hz, and this frequency was selected to investigate the e�ects
of drugs on trigeminal nerve ganglion stimulation-induced responses in guanethidine treated cats.

3 Saline, a-CGRP8± 37 SB-209670 and BQ-788 had little or no e�ect on resting haemodynamic
parameters. SB-217242 (10 mg kg71, n=3) produced a 56% reduction in arterial blood pressure
whereas SB-233451 (10 mg kg71, n=3) produced a 30% reduction in carotid vascular resistance.
Sumatriptan produced dose-related reductions in resting carotid ¯ow and increases (max. 104% at
0.3 mg kg71, n=5) in vascular resistance.

4 SB-209670 (n=6±7), SB-217242 (n=3) and BQ-788 (n=3) produced inhibition of trigeminal
nerve ganglion stimulation-induced reductions in carotid vascular resistance. Saline, SB-234551, a-
CGRP8±37 and sumatriptan had no e�ect.

5 These data demonstrate ETB receptor blockade attenuates the vasodilator e�ects of trigeminal
nerve ganglion stimulation in the carotid vascular bed of guanethidine pretreated anaesthetized cats.

Keywords: SB-209670; SB-234551; SB-217242; trigeminal nerve ganglion; ETB receptor; sumatriptan; neurovascular re¯ex

Abbreviations: CdVR, carotid vascular resistance; CGRP, calcitonin gene-related peptide; TGN, trigeminal nerve ganglion
stimulation; VIP, vasoactive intestinal polypeptide

Introduction

Electrical stimulation of the trigeminal nerve ganglion
produces increases in blood ¯ow (Goadsby & Duckworth,

1987; Goadsby & Edvinsson, 1993; 1994; Lambert et al., 1984),
protein extravasation (Markowitz et al., 1987; Saito et al.,
1988) and increases in brain stem cFos, but not c-jun and jun-

D (Uhl et al, 1991; Shepheard et al., 1995). These experimental
models have supported the concept of neurogenic in¯amma-
tion as a mechanism for the development of migraine headache
(Moskowitz & MacFarlane, 1993). Stimulation of sensory

®bres appears to account for all the extravasation response
(Markowitz et al., 1987) and detailed investigation has shown
that sumatriptan and other 5-HT1B/1D agonists inhibit these

e�ects (Buzzi & Moskowitz, 1990; Connor et al., 1997; Martin
et al., 1997; Williamson et al., 1997).

A variety of NK-1 receptor antagonists also inhibit

trigeminal nerve ganglion stimulation-induced extravasation
in rats (Lee et al., 1994; O'Shaughnessy & Connor, 1994;
Phebus et al., 1997; Shepheard et al., 1993, 1995). Some species
di�erences do exist as the NK-1 antagonist, GR82334 blocks

neurogenic in¯ammation in rats and guinea-pigs, whereas the

calcitonin gene-related peptide (CGRP) receptor antagonist
aCGRP8± 37 is e�ective in guinea-pigs, but not rats (O'Shaugh-
nessy & Connor, 1994). Other agents that inhibit neurogenic
extravasation include endothelin receptor antagonists (Brandli
et al., 1995), sumatriptan analogues (Lee & Moskowitz, 1993)

and a variety of other receptor agonists (Matsubara et al.,
1992). However, a number of agents which show activity in
this model, such as bosentan (May et al., 1996), CP-122288
(Roon et al., 1997) and LY-303870 (Goldstein et al., 1997)

have not shown e�cacy as acute migraine therapies in the
clinic.

Trigeminal nerve ganglion stimulation also produces a

re¯ex activation of autonomic ganglia which are involved in a
re¯ex vasodilatation of the carotid vascular bed in the cat
(Lambert et al., 1984). Stimulation of the trigeminal nerve

ganglion produces release of both sensory (CGRP) and
parasympathetic (vasoactive intestinal polypeptide, VIP)
neurotransmitters (Buzzi et al., 1991; Goadsby & Edvinsson,
1994), but does not appear to involve the sympathetic nervous

system (Lambert et al., 1984). This interaction between a�erent
and e�erent nervous systems is well documented in trigeminal
nerve ganglion stimulation-induced reductions in common

carotid vascular resistance in the cat (Lambert et al., 1984).
Section of the VII nerve (parasympathetic) or pre-treatment
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with hexamethonium inhibited these re¯ex pathways (Lambert
et al., 1984) which utilize VIP as the ®nal mediator (Goadsby &
MacDonald, 1985). A similar neurovascular re¯ex also

operates in the intracranial circulation of the cat (Goadsby &
Duckworth, 1987). In the rat, trigeminal ®bres containing
substance P and CGRP are present in parasympathetic ganglia
forming basket-like arrangements with neurons (Suzuki et al.,

1989a) and provide an anatomical basis for this neurovascular
re¯ex. This pathway may also have clinical implications as
inhibition of parasympathetic nerve has been suggested to

mediate the antimigraine actions of intranasal lidocaine
(Maizels et al., 1996).

It is known that sumatriptan produces complete inhibition

of trigeminal nerve ganglion-induced extravasation in rats
(Buzzi & Moskowitz, 1990), inhibits trigeminal nerve-gang-
lion-induced increases pial blood ¯ow in cats (Goadsby &

Edvinsson, 1993) and increases resting carotid vascular
resistance (Perren et al., 1989) in cats. In contrast, sumatriptan
has little e�ect on trigeminal nerve ganglion-induced neuro-
vascular re¯exes involving the parasympathetic nerve in cats

(Lambert & Michalicek, 1996).
As endothelin-1 has been found in sensory nerves (Franco-

Cereceda et al., 1991; Giaid et al., 1989) and ET receptor

antagonists inhibit trigeminal nerve ganglion stimulation-
induced extravasation (Brandli et al., 1995) and block cranial
arterial vasodilatation (Maurice et al., 1997; Nilsson et al.,

1997), the aims of the present studies were to explore the e�ects
of endothelin receptor blockade on trigeminal nerve ganglion-
induced neurovascular re¯exes in comparison to the e�ects of

sumatriptan and a-CGRP8±37 on these responses.
Some of these results have been published in abstract form

(Raval et al., 1996; 1997).

Methods

Experimental procedures

Animals This work was conducted in compliance with the

Home O�ce Guidance on the operation of the Animals
(Scienti®c Procedures) Act 1986, and was reviewed and
approved by the SmithKline Beecham Procedures Review
Panel.

Male cats (Hillgrove family farm), weight range 2.6 ± 4.2 kg
were housed in groups and allowed free access to food and
water.

Surgical procedures

Cats were fasted overnight then anaesthetized with halothane
(4%) in oxygen and maintained with intravenous administra-
tion of a-chloralose (120 mg kg71 in a volume of 3 ml kg71).

The trachea was cannulated and cats were arti®cially ventilated
with room air at a rate of 30 ± 35 strokes min71 and tidal
volume of 8 ml kg71 which maintained blood oxygen and
carbon dioxide tensions within normal limits. The right

femoral artery was cannulated for measurement of blood
pressure and derived heart rate and the left femoral vein for the
administration of drugs.

Animals were placed in the prone position in a stereotaxic
frame (David Kopf, California, U.S.A.) and bipolar electrodes
(Rhodes NEX-100, Clark Electromedical, Reading, U.K.)

were placed through a burr hole craniotomy on the right
trigeminal nerve ganglion, calculated relative to Bregma at
79.5 mm in the arterior posterior direction and +6.0 mm in
the lateral direction. An electromagnetic ¯ow probe (Statham

Gould diameter 1.5 ± 2.0 mm) was placed around the right
carotid artery and calibrated to a standard ¯ow and recorded
on a Gould ¯owmeter. Using the above co-ordinates, a bipolar

electrode was advanced into the right trigeminal nerve
ganglion which was stimulated brie¯y (10 Hz, 2 mA) using
opposite polarity square wave pulses from 2 Grass constant
current units (CCU, 1 A) driven by Grass stimulator isolation

units (SIU, 5 A) and a Grass stimulator (S11). Correct
placement of the electrode was indicated by strong lower jaw
movements, salivation and an increase in carotid blood ¯ow.

This provides a useful marker of trigeminal nerve ganglion
stimulation and was veri®ed by direct current lesion of the
trigeminal nerve in some animals.

In preliminary experiments, a frequency-response relation-
ship was determined for changes in carotid blood ¯ow and
vascular resistance. The trigeminal nerve ganglion was

stimulated (2 mA for 2 min) at 0.2, 0.5, 2, 5, 10 and 20 Hz
and changes in blood pressure, heart rate, carotid blood ¯ow
and vascular resistance recorded following intravenous pre-
treatment with vehicle (saline) or guanethidine sulphate

3 mg kg71.
All subsequent experiments were conducted following

administration of intravenous guanethidine sulphate

3 mg kg71. Two consecutive, reproducible control responses
to trigeminal nerve stimulation were obtained at 30 min
intervals before experiments were performed.

Physiological recordings

Physiological recordings were obtained using standard
techniques as previously described by other groups in cats
(Lambert et al., 1984; Lambert & Michalicek, 1996) and our
Laboratory in dogs (Parsons et al., 1997). Systolic and

diastolic blood pressures were recorded via the arterial
cannulae connected to a pressure transducer (Bell & Howell).
Pulsatile arterial blood pressure recordings were used to

derive heart rate. Carotid blood ¯ow was measured by
electromagnetic ¯ow probes. Which were calibrated to a
range of standard ¯ows through a glass capillary in

accordance with the manufacturer's speci®cations. Blood
¯ow was displayed on a Gould Flowmeter and all parameters
were recorded on an 8 channel Lectromed chart recorder.

Pharmacological characterization

In separate experiments, the trigeminal nerve ganglion was

stimulated at 30 min intervals for up to 2.5 h following
intravenous administration of saline (0.1 ml kg71) 5 min prior
to stimulation. Increasing doses of either SB-209670 (0.001 ± 1

or 0.001 ± 10.0 mg kg71, see below), SB-217242 or SB-234551
(0.01 ± 10.0 mg kg71), BQ 788 (0.001 ± 1.0 mg kg71), a-
CGRP8±37 (0.001 ± 0.1 mg kg71) or sumatriptan (0.0003 ±

3.0 mg kg71) were administered as a bolus (0.1 ml kg71),
5 min before nerve ganglion stimulation (10 Hz, 2 mA, 2 min)
at 30 min intervals.

To investigate the duration of action of SB-209670, it was

administered as doses between 0.001 ± 1.0 mg kg71 (n=3) and
0.001 ± 10.0 mg kg71 (n=3) and its e�ect on trigeminal nerve
ganglion stimulation-evoked responses investigated 30 min

following the last administration of compound.

Con®rmation of aCGRP8±37 activity in vivo

In a separate series of experiments, in guanethidine pretreated
cats, we con®rmed the blocking properties of a-CGRP8±37 on
CGRP-induced reductions in arterial blood pressure. In brief,
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CGRP 100 ng kg71 was administered intravenously prior to,
and 30 min post intravenous administration of the CGRP
receptor antagonist a-CGRP8±37 (0.1 mg kg71).

Materials

SB-209670 (1RS-2SR,3RS)-3-(2-carboxymethoxy-4-methoxy-

phenyl)-5-(prop-1-yloxy) indane-2-carboxylic acid), SB-
217242 ((+))-(1S,2R,3S)-3-[2-(2-hydroxeth-1-yloxy)-4-meth-
oxphenyl] - 1 - (3,4,-methylenedioxyphenyl)-5-(prop-1-yloxy)in-

dan-2-carboxylic acid), SB-234551 ((E)-a-[[1-butyl-5-[2-
carboxyphenyl methoxy]-4-methoxyphenyl]-1H-pyrazol-4-yl]-
methylene]-6-methoxy-1,3-benzodioxole-5-proanoic acid), a-
CGRP8± 37 and guanethidine were synthesized at SmithKline
Beecham Pharmaceuticals. a-Choralose was obtained from
BDH (Germany). CGRP was obtained from Pennisula UK.

Sumatriptan was extracted from commercially available
sources by the Custom Synthesis Group, SmithKline Beecham.
Imigran tablets were crushed and boiled with ethanol for
10 min, ®ltered whilst hot and allowed to cool and cystallize

out of solution. The white solid was ®ltered o� and dried in
vacuo. The material was analysed and found to be499% pure
by h.p.l.c.. The structure of sumatriptan was con®rmed by

NMR. All drugs were dissolved in isotonic saline.

Data analysis

All data were entered into a PC and calculations performed
using Excel. Carotid vascular resistance was calculated as

mean arterial blood pressure divided by carotid blood ¯ow.
The following formula was used to calculate mean arterial
blood pressure by ((systolic7diastolic blood pressure)61/3)
+diastolic blood pressure.

Baseline mean arterial blood pressure, carotid ¯ow and
heart rate were measured before and after repeat administra-
tion of saline or each dose of compound under investigation

and changes in carotid vascular resistance calculated.
Trigeminal nerve ganglion stimulation-induced changes in
mean arterial blood pressure, heart rate, carotid blood ¯ow

and calculated carotid vascular resistance were determined
before and at the end of the 2 min stimulation period and the
percentage change from control stimulation calculated.

Control changes in mean arterial blood pressure, heart rate
and carotid vascular resistance after nerve stimulation were
derived from the mean values for the two responses obtained

before administration of any drug. E�ects of drugs on nerve
stimulation were expressed as per cent inhibition of the control
response.

The e�ects of pharmacological agents on resting carotid

vascular resistance, heart rate and blood pressure were
expressed as per cent change from initial resting values prior
to drug administration.

To rule out the small e�ects of trigeminal nerve ganglion
stimulation induced changes in arterial blood pressure on
carotid blood ¯ow, the e�ects of drugs were investigated on

changes in carotid vascular resistance alone.
Data points were obtained from two groups of animals each

receiving SB-209670 (0.001 mg kg71 ± 1.0 or 10 mg kg71), as

no di�erences were observed between groups all data points
were combined.

All data were subjected to ANOVA followed by Duncan's
multiple range test with a signi®cance level of P50.05.

Results

Frequency response characteristics of trigeminal nerve
ganglion stimulation

Trigeminal nerve ganglion stimulation (0.2 ± 20 Hz) produced
a frequency related increase in carotid blood ¯ow and

reduction in carotid vascular resistance both in the absence
and in the presence of guanethidine (3 mg kg71, i.v.) pre-
treatment (Figure 1). The maximal change in carotid blood
¯ow was greater (P50.05, Student's t-test) in control

(75+8.0%, n=4) than guanethidine pre-treated cats
(59.0+2.3%, n=4) and occurred at a stimulation frequency
of 10 Hz in both groups. However, no signi®cant di�erences in

change in carotid vascular resistance were present between
treatment groups with reduction of 34+6.0 and 39+5.5% in
vehicle or guanethidine pre-treated animals respectively at this

frequency. Trigeminal nerve ganglion stimulation produced
marked but transient increases in mean arterial blood pressure
which was abolished following guanethidine pre-treatment

Figure 1 E�ects of trigeminal nerve ganglion stimulation on changes in mean arterial blood pressure (MABP), heart rate (HR),
carotid ¯ow and carotid vascular resistance in (a) vehicle treated and (b) guanethidine (3 mg kg71, i.v.) treated animals (n=4 per
group). Data points represent mean+s.e.mean of per cent change from basal values in individual animals.
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(Figure 1). Trigeminal nerve ganglion stimulation had little
e�ect on heart rate in either group.

Therefore, the stimulation parameters of 2 mA at 10 Hz for

2 min were selected for further studies in the presence of
guanethidine to remove e�ects of the sympathetic nervous
system on mean arterial blood pressure.

Resting haemodynamic parameters

Resting haemodynamic variables in the presence of guanethi-

dine are shown in Table 1. Mean arterial blood pressure, heart
rate, carotid blood ¯ow and calculated carotid vascular
resistance were all in the expected range and not signi®cantly

di�erent from animals treated with repeated saline (vehicle)
administration (ANOVA) (not shown).

E�ects of drugs on resting haemodynamic parameters

Saline (vehicle), a-CGRP8±37 (0.001 ± 0.1 mg kg71, i.v.) and
BQ-788 (ETB selective antagonist; 0.001 ± 1 mg kg

71, i.v.) had

no signi®cant e�ect on mean arterial blood pressure (Figure 2),
heart rate (not shown), carotid blood ¯ow (not shown) or
carotid vascular resistance (Figure 3). SB-209670 (ETA/B

antagonist) produced a small, but statistically signi®cant
(P50.05, F=6.7), dose related transient reduction in arterial
blood pressure with a maximal decrease of 16+3.3% following

intravenous administration of 10 mg kg71 (Figure 2). In

contrast, SB-217242 produced dose related (P50.05;
F=23.6) transient (55 min) decreases in mean arterial blood
pressure (Figure 2). At the highest intravenous dose

administered, SB-217242 produced a 56.8+5% reduction in
mean arterial blood pressure. This reduction in blood pressure
precluded collection of carotid ¯ow data in two animals as the
¯ow signal was transiently lost, probably due to movement of

the ¯ow probe around the carotid artery. Restoration of the
carotid blood ¯ow signal occurred within 5 min which allowed
inclusion of these animals for stimulation experiments. SB-

234551 at 10 mg kg71 also produced a lowering of mean
arterial blood pressure (27.0+4.4%, n=3, P50.05; F=10.7,
Figure 2) and a decrease in carotid vascular resistance of

30.6+4.4% (n=3, P50.05; F=14.7, Figure 3) with little e�ect
on heart rate.

In contrast, sumatriptan had little e�ect on blood pressure

(Figure 2) but produced marked dose-related increases
(P50.05; F=3.1) in carotid vascular resistance (Figure 3)
with a maximal e�ect of 104.8+34.1% observed at
0.3 mg kg71 (n=5).

E�ect of trigeminal nerve ganglion stimulation

Trigeminal nerve stimulation (10 Hz, 2 mA, 2 min) produced
a small depressor response (58%) with no e�ect on heart rate
(Table 1). In contrast to the minor e�ects on the systemic

circulation, trigeminal nerve ganglion stimulation produced an

Table 1 Mean+s.e.mean blood pressure, heart rate, carotid blood ¯ow and calculated carotid vascular resistance in anaesthetized cats
pre- and post-trigeminal nerve ganglion stimulation (10 Hz, 2 mA for 2 min) prior to drug administration

Status
Arterial blood pressure

(mmHg)
Heart rate

(beats min71)
Carotid blood ¯ow

(ml min71)
Carotid vascular resistance

(mmHg min ml71)

Before stimulation (basal)
After nerve ganglion stimulation

76+2
70+2*

159+3
158+3

16+1
27+2*

5.5+0.4
3.0+0.2*

Data is pooled from 30 animals pre-treated with guanethidine used in the present investigations. No di�erences were found in the
resting haemodynamic variables from groups of animals receiving, saline (vehicle) a-CGRP8±37 (0.001 ± 0.1 mg kg71), sumatriptan
(0.003 ± 3.0 mg kg71), SB-209670 (0.001 ± 10.0 mgkg71), BQ-788 (0.001 ± 1.0 mg kg71), SB-217242 or SB-234551 (0.01 ± 10.0 mgkg71).
*Represents a signi®cant di�erence from pre-stimulation baseline (paired t-test, P50.05).

Figure 2 E�ects of (a) SB-209670 (n=3±7), BQ-788 (n=3), SB-217242 (n=3), SB-234551 (n=3) or (b) CGRP8±37 (n=3),
sumatriptan (n=4±5) or saline (time matched controls, n=2±3) on resting mean arterial blood pressure (MABP). Data points
represent means+s.e.mean of per cent change from basal values (*P50.05, ANOVA with Duncan's multiple range test compared
pre-drug values).
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increase in mean+s.e.mean carotid blood ¯ow from 16+1 to
27+2 ml min71, which was associated with a concomitant
reduction in mean+s.e.mean vascular resistance from

5.5+0.4 mmHg min71 ml71 to 3.0+0.2 mmHg min71 ml71

(Table 1).

Pharmacological modulation of the trigeminal nerve
ganglion stimulation-induced changes in carotid vascular
resistance

Control responses to trigeminal nerve ganglion stimulation,
before drug administration in each experimental group,
produced reductions of carotid vascular resistance of

46.5+2.7% in cats administered saline (n=3), 45.6+4.8% in
SB-209670 (n=7), 48.1+2.1% in BQ-788 (n=6), 44.5+6.7%
in SB-217242 (n=3), 41.0+3.3% in SB-234551 (n=3),

40.9+7.2% in sumatriptan (n=5) and 54.0+7.4% in a-
CGRP8± 37 (n=3) treated animals, respectively. Trigeminal
nerve ganglion stimulation induced changes in carotid blood
¯ow and carotid vascular resistance, but not arterial blood

pressure were reproducible in saline (vehicle) treated animals
over the experimental period. The e�ects of drug treatment on
trigeminal nerve stimulation induced reductions in arterial

blood pressure were not investigated further.
SB-209670 (0.001 ± 10 mg kg71) dose-dependently inhibited

trigeminal nerve ganglion stimulation-induced reductions
(P50.05; F=4.2) in carotid vascular resistance (Figure 4) with

a maximum inhibition of 53.8+6.4% (P50.05, n=3) at
10 mg kg71 (i.v.). SB-217242 (0.01 ± 10 mg kg71) and BQ-788
(0.001 ± 1 mg kg71) also inhibited trigeminal nerve ganglion

stimulation-induced reduction in carotid vascular resistance at
intravenous doses of 10 mg kg71 (35+16.1% inhibition, n=3,
P50.05; F=2.3) and 1 mg kg71 (39.3+14.0% inhibition,

n=3, P50.05; F=1.9) respectively (Figure 4). Comparison of
the dose required to produce a 25% inhibition of the trigeminal
ganglion stimulation-induced reduction of carotid vascular

resistance shows the following rank order of antagonist
potency (Figure 4). SB-209670=BQ-7884SB-217242. SB-
234551 (0.01 ± 1 mg kg71, i.v.), a-CGRP8±37 (0.001 ±
0.1 mg kg71) and sumatriptan (0.003 ± 3 mg kg71, i.v.) had no

Figure 3 E�ects of (a) SB-209670 (n=3±7), BQ-788 (n=3), SB-217242 (n=3: at 10 mg kg71, n=1), SB-234551 (n=3) or (b)
CGRP8±37 (n=3), sumatriptan (n=4±5) or saline (time matched controls, n=2±3) on resting carotid vascular resistance (CdVR).
Data points represent means+s.e.mean of per cent change from basal values (*P50.05). It should be noted that carotid ¯ow values
could not be recorded in two out of three animals following 10 mg kg71 SB-217242 as marked reductions in blood pressure
occurred.

Figure 4 E�ects of (a) SB-209670 (n=3±7), BQ-788 (n=3), SB-217242 (n=3), SB-234551 (n=3) or (b) CGRP8±37 (n=3),
sumatriptan (n=4±5) or saline (time matched controls, n=2±3) on the trigeminal nerve (10 Hz, 2 mA, 2 min) mediated reduction
in carotid vascular resistance in the anaesthetized cat. Data points represent means+s.e.mean of the per cent inhibition of
trigeminal nerve ganglion stimulation (TGN)-induced response from individual animals (*P50.05, ANOVA with Duncan's multiple
range test compared to control neurogenic response).
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signi®cant e�ects on trigeminal nerve ganglion-induced
reductions in carotid vascular resistance (Figure 4).

Duration of pharmacological e�ect of SB-209670

The inhibitory e�ects of SB-209670 (0.001 ± 1 mg kg71 or
0.001 ± 10 mg kg71) were also evaluated 30 min post adminis-

tration. No signi®cant e�ect on trigeminal nerve-mediated
responses was observed (Figure 5) demonstrating a short
duration of action of SB-209670 in this system.

Con®rmation of aCGRP8±37 activity in vivo

In these experiments, resting arterial blood pressure was
66+8 mmHg. CGRP (0.1 mg kg71) produced a mean reduc-
tion of 23+3 mmHg (n=3) which was attenuated by

approximately 50% by pre-treatment with a-CGRP8±37
(0.1 mg kg71) to 10+1 mmHg (n=3) (paired t-test P50.05).
Administration of CGRP had little e�ect on heart rate,
indicating a lack of sympathetic re¯exes due to guanethidine

pretreatment.

Discussion

This study con®rms previous observations of trigeminal nerve

ganglion-mediated reductions in carotid vascular resistance in
the cat (Lambert et al., 1984; Lambert & Michalicek, 1996).
The degree of reduction in carotid vascular resistance was

greater in the present study compared to the results of Lambert
& Michalicek (1996), and may be a result of the di�erent
stimulation parameters used in each case. In the present study,
high intensity stimulation (2 mA) was selected to provide

compatibility with neurogenic extravasation experiments
(1.2 mA) in rats (Brandli et al., 1995; Buzzi & Moskowitz,
1990; O'Shaughnessy & Connor, 1994) and guinea-pigs

(1.5 mA) (O'Shaughnessy & Connor, 1994). To investigate
the trigeminal nerve ganglion-induced neurovascular re¯ex
between the sensory (trigeminal nerve) and parasympathetic

systems, we pretreated animals with guanethidine to remove
any confounding e�ects of stimulation of the sympathetic
nerve, such as alteration of systemic arterial blood pressure.
Other groups have used surgical lesion of the cervical

sympathetic trunk as a routine procedure to achieve the same
result in cats (Lambert et al., 1984).

In the absence of guanethidine, trigeminal nerve stimulation

produced a pressor response in addition to increases in carotid
¯ow and reductions in resistance. The changes in arterial blood
pressure were abolished by pre-treatment with guanethidine
indicating activation of the sympathetic nervous system in

these e�ects. Such increases in blood pressure have been
observed by other workers in rabbits (Kumada et al., 1977),
rats (Spokes & Middlefell, 1995) and cats (Lambert et al.,

1984; Lambert & Michalicek, 1996), the magnitude of which
may be related to di�erent stimulation parameters (Goadsby &
Edvinsson, 1993). However, guanethidine had no e�ect on the

change in carotid vascular resistance evoked by trigeminal
nerve ganglion stimulation with a maximal increase in carotid
¯ow obtained at a stimulation frequency of 10 Hz.

Trigeminal nerve ganglion stimulation has also been shown
to enhance reductions in carotid vascular resistance in
anaesthetized rats (Spokes & Middlefell, 1995). However, in
anaesthetized guinea-pigs, trigeminal nerve ganglion stimula-

tion only produced consistent reductions in carotid vascular
resistance in guanethidine pretreated animals (Beattie &
Connor, 1994) which may indicate a marked sympathetic

involvement of this pathway in this species.

E�ects of endothelin receptor antagonists on
neurovascular re¯exes

This study is the ®rst to demonstrate that endothelin

antagonists, which are e�ective inhibitors of trigeminal a�erent
®bre-induced extravasation (Brandli et al., 1995) also block
trigeminal nerve ganglion-induced neurovascular re¯ex
changes in carotid vascular resistance. SB-209670 is a non-

peptide mixed ETA/B receptor antagonist (Ohlstein et al., 1994)
with a binding a�nity of 18 nM at human cloned ETB

receptors. The peptide ETB receptor antagonist, BQ-788 shows

selective binding to human ETB receptor (IC50 1.2 nM in
human heart) (Ishikawa et al., 1994), whereas SB-217242 has
100 fold (Ohlstein et al., 1996) and SB-234551 more than 500

fold selectivity (Ohlstein et al., 1998) for human cloned ETA

receptors over human cloned ETB receptors. The rank order of
antagonist potency in producing inhibition of the trigeminal
nerve-induced reductions in carotid vascular resistance was

SB-209670=BQ-7884SB-217242. SB-234551 had no e�ect.
This rank order of potency is consistent with a role for ETB

receptor activation mediating these e�ects in the anaesthetized

cat.

E�ects of endothelin receptor antagonists on resting
haemodynamic parameters

It is important to note that SB-209670, BQ-788 and SB-217242

produced inhibition of trigeminal nerve-induced reductions in
carotid vascular resistance with no e�ect on resting tone,
indicating a direct e�ect on neuroe�ector coupling with no
local vascular e�ect. However, SB-217242 produced marked

reductions in mean arterial blood pressure in the cat, whereas
in the rat, SB-217242 (0.3 ± 30 mg kg71, i.v.) had no signi®cant
haemodynamic e�ects (Ohlstein et al., 1996). SB-209670 and

SB-234551 had a small e�ect on arterial blood pressure. This
pro®le of activity does not parallel activity at the human
cloned ETA receptor with pKi values of 12, 111 and 500 nM for

SB-209670 (Ohlstein et al., 1994), SB-217242 (Ohlstein et al.,
1996) and SB-234551 (Ohlstein et al., 1998) respectively.
However, activity of these agents at feline endothelin ETA

receptors is not known. SB-234551 also produced a small

Figure 5 E�ects of SB-209670 (1.0 or 10 mg kg71) 5 or 30 min post
administration on the trigeminal nerve ganglion stimulation-induced
reduction in carotid vascular resistance (CdVR). All animals received
lower doses of SB-209670 as part of the ascending dose response
investigation. Data points represent means+s.e.mean of change in
carotid vascular resistance (n=3 per group) (*P50.05, ANOVA
followed by Duncan's multiple range test).
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decrease in baseline carotid vascular resistance which raises the
possibility of a modulatory role for endothelin ETA receptor
activation in the maintenance of vascular tone in the

guanethidine treated anaesthetized cat.

Potential inhibitory mechanisms of endothelin receptor
antagonists on neurovascular re¯exes

Despite inhibiting trigeminal evoked responses, SB-209670
(0.001 ± 1 and 0.001 ± 10 mg kg71) produced only transient

blockade and had little e�ect on trigeminal nerve ganglion
stimulation-induced responses 30 min post administration.
This may re¯ect a limited exposure of SB-209670 in the cat

or tolerance to the e�ects of endothelin receptor blockade over
time. Further experiment will be required to verify this
observation.

Endothelin has been identi®ed in both sensory neurones and
glial cells (Giaid et al., 1989; Franco-Cereceda et al., 1991) and
ET-3 release has been demonstrated from trigeminal sensory
nerves (Brandli et al., 1995). ETB receptor activation increases

cholinergic nerve-mediated contraction in the bronchus
(Fernandes et al., 1996). Possible explanations for the
inhibitory e�ects of ETB antagonists in this study therefore

include inhibition of the vascular e�ects of released endothelins
and/or inhibition of release of transmitters from parasympa-
thetic or sensory nerves. Inhibition of ETB receptor-mediated

potentiation of parasympathetic nerve activity may produce a
reduction in trigeminal nerve ganglion neurovascular re¯exes.

E�ects of calcitonin gene-related peptide receptor
antagonist, CGRP8± 37

In the present study, we con®rmed the pharmacological activity

of CGRP8±37 (0.1 mg kg
71) which produced an approximate

50% inhibition of CGRP (100 ng kg71)-induced reductions in
mean arterial blood pressure. However, CGRP8±37 had little

e�ect on trigeminal nerve ganglion stimulation-induced
neurovascular responses in the carotid vascular bed. In contrast
the same dose of CGRP8±37 completely inhibited sensory nerve-

induced (neurogenic) protein extravasation in the meninges of
the guinea-pig (O'Shaughnessy & Connor, 1994). Similar doses
of CGRP8±37 also inhibited trigeminal nerve ganglion-induced
increases in facial skin blood ¯ow (Escott et al., 1995) in rats.

Lower doses of the antagonist (100 mg) also inhibited
nasocilliary nerve-induced increases in cerebral blood ¯ow
(Goadsby, 1993) in cats.

Since the dose of CGRP receptor antagonist used in the
present study was pharmacologically active, these data
demonstrate that CGRP does not play a major role in

trigeminal nerve induced neurovascular responses in the
carotid circulation. Similar results were obtained in the
guinea-pig (Beattie & Connor, 1994). In these studies,

CGRP8± 37 (0.9 mg kg71) had no e�ect on trigeminal nerve
ganglion-induced reductions in carotid vascular resistance,
whereas a VIP receptor antagonist abolished this response
(Beattie & Connor, 1994).

Collectively, these data show that stimulation of trigeminal
nerve tracts may produce di�erent responses dependent on
whether the nerve (e.g. nasocillary) or nerve ganglion has been

stimulated and the nature of the response investigated (e.g.
dilatation or extravasation).

E�ects of sumatriptan

Sumatriptan had no sustained e�ect on mean arterial blood
pressure but produced marked increases in carotid vascular

resistance as reported by Perren et al. (1989). It had no e�ect
on trigeminal nerve-induced reductions in carotid vascular
resistance. This observation is consistent with the results of

Lambert & Michalicek (1996) who demonstrated that
sumatriptan had no e�ect on changes in carotid vascular
resistance or meningeal vascular resistance over a range of
nerve stimulation frequencies. Similar results were obtained in

rats where sumatriptan inhibited trigeminal nerve ganglion
stimulation-induced extravasation but not reductions in
carotid vascular resistance (Spokes & Middlefell, 1995).

However, sumatriptan has been shown to inhibit
trigeminal nerve ganglion-induced increases in cortical blood
¯ow in the cat (Goadsby & Edvinsson, 1993) when

measured by laser doppler ¯owmetry. These observations
again illustrate marked di�erences in pharmacological
properties of agents modulating neuroe�ector function. The

overall response to an inhibitory agent may therefore depend
on the local and neurovascular re¯exes initiated by nerve
stimulation.

Neurotransmitters and trigeminovascular re¯exes

A number of neurotransmitter systems may be involved in

sensory nerve induced neurogenic extravasation by antidromic
release of neurotransmitters. For example, both NK-1
antagonists (GR 82334) and CGRP antagonists (CGRP8±37)

produce maximal inhibition of neurogenic extravasation in the
guinea-pig (O'Shaughnessy & Connor, 1994). In the rat,
administration of an ETB receptor agonist, sarafotoxin S6c,

produced marked protein extravasation which was inhibited
by the neurokinin receptor antagonist, spantide, supporting an
indirect e�ect of endothelin receptor agonists on in¯ammatory
transmitter release from the trigeminal nerve (Brandli et al.,

1995).
VIP mediates extracranial vasodilatation in the cat

(Goadsby & MacDonald, 1985) via the parasympathetic nerve.

In cats, trigeminal nerve ganglion stimulation-induced reduc-
tions in carotid vascular resistance and increases in cerebral
blood ¯ow were inhibited by lesion of the VIIth nerve and

blocked by hexamethonium in most animals (Goadsby &
Duckworth, 1987; Lambert et al., 1984). In guinea-pigs, VIP
appears to mediate trigeminal nerve ganglion-induced reduc-
tions in carotid vascular resistance which are not blocked by

hexamethonium (Beattie & Connor, 1994). The lack of e�ect of
hexamethonium was taken to indicate a lack of ganglionic
transmission in this response (Beattie & Connor, 1994).

However, Substance P/CGRP containing cells forming
basket-like structures around cell bodies of the sphenopalatine
ganglion have been suggested to form a re¯ex arc which may

not utilize acetylcholine as an excitatory transmitter (Suzuki et
al., 1989b). Excitation of sensory nerve endings may therefore
involve trigeminal nerve re¯exes, which also involve para-

sympathetic pathways. The present study clearly demonstrates
the capability of ET receptor antagonists to modulate this
pathway.

It is apparent that ET receptor antagonists modulate both

trigeminal nerve-induced extravasation (Brandli et al., 1995)
and trigeminal nerve-induced neurovascular re¯exes (this
study). However, a degree of redundancy appears to be

apparent in these pathways as a number of neurotransmitters
have been shown to play a role in these responses. This
suggestion may partly explain the failure of ET receptor

antagonist (May et al., 1996) and NK-1 receptor antagonists
(Goldstein et al., 1997) in the clinic and indicates that
modulation of post-synaptic mechanisms may not provide
adequate e�cacy as an antimigraine agent. Future strategies
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may be better directed to pre-synaptic inhibition of these
pathways.

We conclude that ETB receptor activation plays a signi®cant

role in modulation of trigeminal nerve ganglion induced-
neurovascular responses in the carotid vascular bed of
anaesthetized cats. Stimulation of 5-HT1B/1D receptors by
sumatriptan or blockade of CGRP receptors has no e�ect.

This model may be of use in determining the e�ects of novel
agents on neurovascular re¯exes.

The authors would like to thank Dr Neil Upton for helpful
comments on the manuscript and Dr Brian Burpitt, Kirit Pancholi
and Lynne Crawford from the Custom Synthesis Group, Medicinal
Chemistry, Harlow for the supply of sumatriptan.
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Role of K+ channels in A2A adenosine receptor-mediated dilation of
the pressurized renal arcuate artery

1H.M. Prior, *,1M.S. Yates & 1D.J. Beech

1School of Biomedical Sciences, Worsley Building, University of Leeds, Leeds, LS2 9JT, England, U.K.

1 Adenosine A2A receptor-mediated renal vasodilation was investigated by measuring the lumenal
diameter of pressurized renal arcuate arteries isolated from the rabbit.

2 The selective A2A receptor agonist CGS21680 dilated the arteries with an EC50 of 130 nM. The
CGS21680-induced vasodilation was, on average, 34% less in endothelium-denuded arteries.

3 The maximum response and the EC50 for CGS21680-induced vasodilation in endothelium-intact
arteries were not signi®cantly a�ected by incubation with the K+ channel blockers apamin (100 nM),
iberiotoxin (100 nM), 3,4-diaminopyridine (1 mM), glibenclamide (1 mM) or Ba2+ (10 mM). However,
a cocktail mixture of these blockers did signi®cantly inhibit the maximum response by almost 40%,
and 1 mM Ba2+ alone or 1 mM Ba2+ in addition to the cocktail inhibited the maximum CGS21680-
response by 58% and about 75% respectively.

4 CGS21680-induced vasodilation was strongly inhibited when the extracellular K+ level was
raised to 20 mM even though the dilator response to 1 mM levcromakalim, a KATP channel opener
drug, was una�ected.

5 CGS21680-induced vasodilation was inhibited by 10 mM ouabain, an inhibitor of Na+/K+-
ATPase, but ouabain had a similar inhibitory e�ect on vasodilation induced by 30 nM nicardipine (a
dihydropyridine Ca2+ antagonist) or 1 mM levcromakalim.

6 The data suggest that K+ channel activation does play a role in A2A receptor-mediated renal
vasodilation. The inhibitory e�ect of raised extracellular K+ levels on the A2A response may be due
to K+-induced stimulation of Na+/K+-ATPase.

Keywords: Adenosine A2A receptor; artery; kidney; potassium channel; potassium; Na+/K+-ATPase

Abbreviations: Ba2+, barium chloride; BKCa channels, large conductance Ca2+-activated K+ channels; CGS21680, 2-(p-
(carboxylethyl)-phenylethlamino)-5'-N-ethylcarboxamido adenosine; CPA, cyclopentyladenosine; 3,4-DAP, 3,4-
diaminopyridine; EDHF, endothelium-derived hyperpolarizing factor; EK, the K

+-equilibrium potential; KATP

channels, ATP-sensitive K+ channels; KV channels, delayed recti®er K+ channels; SKCa channels, small
conductance Ca2+-activated K+ channels; TEA, tetraethylammonium chloride

Introduction

Adenosine is a paracrine regulator of cardiovascular function.
In most vascular beds it is exclusively a vasodilator but in the
kidney it can evoke vasoconstriction and vasodilation via A1

receptor and A2 receptors respectively (Holz & Steinhausen,

1987; Churchill & Bidani, 1990). As a consequence of its ability
to induce both e�ects, adenosine produces a redistribution of
renal blood ¯ow with vasoconstriction in the outer cortex

accompanied by vasodilation in the deep cortex and outer
medulla (Miyamoto et al., 1988; Spielman & Arend, 1991).
Thus, adenosine induces a corticomedullary redistribution of

blood ¯ow which is an early response to hypoperfusion (Brezis
et al., 1991). The redistribution may prevent ischaemia of the
S3 segment of the proximal tubule and the thick ascending limb
of the loop of Henle, sections of the nephron most vulnerable

to hypoxia (Brezis et al., 1991).
Vasodilation in response to adenosine can occur via

activation of A2A or A2B receptors which are known to be

positively coupled to adenylyl cyclase (Collis & Hourani,
1993). It, therefore, seems reasonable to postulate the
involvement of K+ channel activation in the signal transduc-

tion mechanisms coupling A2 receptors to vasodilation because
large conductance Ca2+-activated K+ channels (BKCa chan-
nels), ATP-sensitive K+ channels (KATP channels) and delayed

recti®er K+ channels (Kv channels) have all been shown to be

stimulated by cyclic AMP during patch-clamp experiments on
isolated smooth muscle cells (reviewed by Beech, 1997).
Furthermore, notably in the coronary circulation, K+ channel
inhibitors have been shown to attenuate vasodilator e�ects of

adenosine. Adenosine-induced dilation of coronary vessels in
rat, rabbit, guinea-pig and pig is sensitive to inhibition by
glibenclamide, an inhibitor of KATP channels (Von Beckerath

et al., 1991; Jiang & Collins, 1994; Randall, 1995; Kuo &
Chancellor, 1995). The study of Merkel et al. (1992) suggests,
however, that this may not be an A2-receptor mediated e�ect

but rather one mediated by an atypical adenosine receptor.
Furthermore, there seems to be variability between vascular
beds because adenosine-induced relaxation is sensitive to
glibenclamide in hamster cheek pouch arterioles and yet

resistant to glibenclamide in rabbit cerebral arterioles (Taguchi
et al., 1994). In addition, other types of K+ channel may be
involved because, in coronary vessels from the dog and rat,

adenosine-induced dilation is sensitive to inhibition by
tetraethylammonium ions (TEA) and iberiotoxin, indicating
a role for BKCa channels (Cabell et al., 1994; Price et al., 1996).

A2A receptor-mediated dilation and its underlying transduc-
tion mechanisms have not been investigated previously in
arteries of the kidney and thus we have focused on a

characterization of the response in one of the small arteries
from within the kidney ± the arcuate artery. The arcuate artery
is the second branch from the renal artery and arches between
the medulla and cortex, feeding into the interlobular artery and*Author for correspondence; E-mail m.s.yates@leeds.ac.uk
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a�erent arteriole; thus, it plays a key functional role in the
distribution of blood within the kidney. A primary aim of this
study was to reveal the importance of K+ channel activation to

the A2A e�ect of the intact renal arcuate artery studied under
physiological pressurized conditions.

Methods

Male Dutch rabbits (1 ± 2.5 kg) were killed by i.v. administra-

tion of heparinized (1000 uml71) sodium pentobarbitone
(70 mg kg71). Kidneys were removed and placed in cold
Ca2+-containing bath solution. The kidneys were decapsulated

and divided longitudinally into four slices from which sections
of arcuate artery were dissected, isolated and cleared of
adhering tubules and connective tissue.

Segments of renal arcuate artery were mounted in an 8 ml
chamber (Living Systems Instrumentation, Burlington, VT,
U.S.A.), cannulated at both ends with glass cannulae and
secured using mono®lament nylon. The glass cannulae were

®lled with Krebs solution, which was maintained in the
cannulae throughout all experiments. The distal cannula was
closed and the proximal cannula was connected to a pressure-

servo unit (Living Systems Instrumentation). The myograph
was placed on the stage of an inverted trinocular microscope
(Nikon) with attached video camera (Sony). The lumen

diameter was continuously measured with a video dimension
analyser (Living Systems Instrumentation) and presented using
Origin 4.1 (Microcal Inc., U.S.A.) after on-line digital

capturing at 0.1 Hz (Picolog, Pico Technology, Cambridge,
U.K.).

Arteries were pressurized to 60 mmHg and continuously
perfused with Krebs solution at a rate of 25 ml min71. The

superfusate was at 378C and gassed with 95% O2, 5% CO2.
Viability of arteries was evaluated by their ability to constrict

in response to 10 mM phenylephrine and presence of
endothelium was con®rmed by a dilator response to 10 mM
acetylcholine. Endothelium was present in all experiments

except when indicated. If endothelium was removed this was
performed prior to pressurization of the artery by injecting air
through the lumen. Con®rmation that the smooth muscle was
undamaged was obtained by demonstration of a dilation to

10 mM sodium nitroprusside. All vessels were equilibrated in
Krebs solution for 2 h during which time most arteries
developed myogenic tone. In all experiments, phenylephrine

was added to the superfusate and adjusted to a concentration
between 0.1 and 3 mM which ensured constriction at a level
roughly half-way between fully-dilated and fully-constricted

diameters. The concentration of phenylephrine was adjusted if
a substance dilated or constricted the artery, thus maintaining
a constant level of tone. Exposure of arteries to substances was

done by their inclusion in the superfusate. The exception was
when iberiotoxin was used on its own, and in these experiments
the perfusion rate was reduced from 25 ml min71 to
2 ml min71 and substances were added directly to the

perfusion chamber. At the end of each experiment, vessels
were superfused with a Ca2+-free solution containing EGTA
(0.5 mM) to determine vessel diameter during maximal

relaxation. In the ®gures, the lowest values on the diameter
axes are the diameter observed in Ca2+-free solution. Arterial
diameter observed in Ca2+-free solution is referred to as 100%

dilation, and loss of the lumen as 100% constriction.
Krebs solution contained (mM): NaCl 119, KCl 4.7,

MgSO4.7H2O 1.17, NaHCO3 24, CaCl2 1.6, KH2PO4 1.18,

EDTA 0.023, D-glucose 5. The Ca2+-containing bath solution
included (mM): NaCl 130, KCl 5, CaCl2 1.5, MgCl2 1.2,
HEPES (N-[2-hydroxyethl]piperazine-N'-[2-ethanesulphonic
acid]) 10, glucose 8 (pH 7.4). Generous gifts of CGS21680

and levcromakalim were from Ciba Geigy and SmithKline
Beecham. CGS21680 is 2-(p-(carboxylethyl)-phenylethylami-

Figure 1 Vasodilation mediated by A2A adenosine receptors in pressurized rabbit arcuate artery. (A) Plot of lumenal diameter for a
typical experiment, showing concentration-dependent dilation in response to CGS21680. Horizontal bars indicate application of
increasing concentrations of CGS21680 (1, 10, 100 nM, and 1 and 10 mM). The bottom of the ordinate is the diameter of the artery
in Ca2+-free Krebs solution in this Figure and Figures 2A, 3 and 4. (B) Mean+s.e.mean percentage dilations in response to
CGS21680 (n=49), adenosine (n=6) and CPA (n=4). The smooth curve is the Hill equation ®tted to the mean data points for
CGS21680 with a mid-point at 130 nM and a slope of 0.8.
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no)-5'-N-ethylcarboxamido adenosine, and CPA is cyclopen-
tyladenosine. Acetylcholine iodide, adenosine, CPA, apamin,
glibenclamide, iberiotoxin, nicardipine, ouabain octahydrate,

phenylephrine, sodium nitroprusside and tetraethylammonium
chloride (TEA) were from Sigma (Poole, Dorset, U.K.). 3,4
DAP was from Fluka Chemika. Barium chloride (Ba2+) was
from Aldrich Chemical Co. (Dorset, U.K.). Glibenclamide and

levcromakalim were prepared as a 10 mM stock solution in
dimethylsulphoxide. All dilutions of stock solutions and other
drugs were dissolved in distilled water or Krebs solution.

All results are given as means+s.e.mean and statistical
comparison were made by means of a Student's t-test, either
paired or non-paired where appropriate. A P50.05 indicated

statistical signi®cance. The value of n indicates number of
arteries. Data presentation and mathematical ®tting of
functions to data using a least-squares method were performed

by the program Origin 4.1.

Results

Adenosine, the selective A2A agonist CGS21680, and the A1

agonist CPA induced dilation of pressurized arcuate arteries

(Figure 1). The rank order of potency of agonists was
CGS216804adenosine4CPA with 7log10 EC50 values of
6.9+0.1 (n=49), 6.4+0.2 (n=6) and 5.4+0.2 (n=4)

respectively. CGS21680 was used as the selective activator of
A2A receptors in subsequent experiments. There was no
signi®cant change in the maximum response or the EC50 for

CGS21680-induced vasodilation when concentration-response
curves were repeated four times under control conditions over
a 3 h period in three separate experiments (data not shown).
The magnitude of the response to CGS21680 in 174 arteries

from di�erent rabbits was not correlated with the level of basal
constriction prior to adenosine receptor agonist application or
with the concentration of phenylephrine (correlation coe�-

cient 0.09; data not shown). Endothelium-denuded arteries
were unresponsive to acetylcholine but responsive to
CGS21680. In 19 endothelium-denuded arteries there was a

45.2+5.0% dilation in response to 1 mM CGS21680 which
compares with 69+2% dilation in 73 endothelium-intact
arteries. The di�erence is statistically signi®cant (P50.001).
The dilator response to CGS21680 was absent in some arterial

segments (29% of control experiments) and the mean values

for intact and endothelium-denuded arteries both exclude
experiments where there was no response to CGS21680.

The maximum response and the EC50 for CGS21680-

induced vasodilation in endothelium-intact arteries were not
signi®cantly a�ected by several compounds which, at the
correct concentration, are believed to be selective inhibitors of
certain subtypes of K+ channel. The CGS21680 response was

not a�ected by: 100 nM apamin which blocks some small
conductance Ca2+-activated K+ channels (SKCa channels);
1 mM 3,4-diaminopyridine which blocks many KV channels;

1 mM glibenclamide which blocks KATP channels; or 10 mM
Ba2+ which blocks current through strong inward recti®ers
such as Kir2.1 (Table 1). Iberiotoxin blocks BKCa channels,

but at neither 100 nM nor the high concentration of 1 mM,
iberiotoxin had no signi®cant inhibitory e�ect on the
CGS21680-response (Table 1). TEA at 1 mM, which blocks

BKCa channels but also other types of K+ channel,
signi®cantly reduced the CGS21680-response (Table 1).

The most striking e�ect of a single K+ channel blocker
occurred with Ba2+ which largely prevented the CGS21680

response in some experiments (Figure 2A). On average, 0.1 and
1 mM inhibited the maximum CGS21680 e�ect by 45 and 58%
respectively without any signi®cant change in the EC50 (Figure

2B and Table 1).
Although apamin, iberiotoxin, 3,4-diaminopyridine, glib-

enclamide, and 10 mM Ba2+ had no e�ect on the CGS21680-

response when applied on their own, they did signi®cantly
inhibit the CGS21680-response when applied as a cocktail
mixture, on average reducing the maximum response by about

38% (Figure 2C and Table 1). In two experiments, 1 mM Ba2+

was included with the cocktail and there was strong inhibition
of the CGS21680 e�ect (Table 1).

A common method used to indicate if K+ channels are

involved in a whole tissue response is to investigate the
sensitivity of the response to increases in the extracellular K+

concentration. When the concentration of K+ in the super-

fusate was raised to 20 mM this essentially abolished the
response to 1 mM CGS21680, reducing it to 9+3% of the
control value (n=4). The inhibitory e�ect of K+ occurred at a

critical level below 20 mM (Figure 3). In seven arteries,
CGS21680-induced dilations were 82+5 and 66+11% in 5
and 10 mM K+ respectively. In ®ve of these arteries, 11 mM

K+ then abolished the CGS21680 e�ect, reducing it to 2+1%

of the control value, and in the other two arteries the response

Table 1 E�ect of K+ channel blockers on CGS21680-induced dilation in the pressurized arcuate artery

+Maximal dilation % to CGS21680 7log10 EC50 value
K+ channel blocker Control Plus blocker Control Plus blocker

Ba2+ 10 mM (6)
Ba2+ 100mM (4)
Ba2+ 1mM (4)
TEA 1mM (5)
Iberiotoxin 100 nM (3)
Iberiotoxin 1 mM (4)
Apamin 100 nM (5)
3,4 DAP 1mM (6)
Glibenclamide 1mM (7)
Cocktail/10mM Ba2+ (5)
Cocktail/1mM Ba2+ (2)

81+7
82+6
83+6
78+8
84+10
40+9
84+6
71+7
76+7
71+5

61 and 68

71+11
45+18*
35+6**
51+12**
72+10
33+11
74+7
54+9
60+14
44+6**

17 and 16

6.9+0.2
7.0+0.3
7.3+0.1
7.1+0.2
n.d.
n.d.

6.9+0.1
6.6+0.1
6.9+0.3
7.1+0.1

7.0 and 7.3

6.8+0.2
6.4+0.3
7.1+0.4
7.1+0.3
n.d.
n.d.

6.9+0.1
6.7+0.1
6.6+0.2
6.7+0.2

5.9 and 6.1

Maximal dilation (+) was determined from CGS21680 concentration-response curves (0.001 ± 10 mM), except iberiotoxin alone when
only a single (1mM) concentration of CGS21680 was used. Results are given as means+s.e.mean with the number of experiments in
parentheses. Hill equations were ®tted to data points from individual experiments for the measurements of EC50 values. Signi®cant
di�erence with respect to control responses (P50.05) using a one- (*) or (**) two-tailed paired Student's t-test. The cocktail contained
1mM glibenclamide, 1mM 3,4 diaminopyridine (3,4 DAP), 100 nM apamin, 100 nM iberiotoxin and Ba2+ (10mM or 1mM).
Glibenclamide (1mM) abolished 1mM levcromakalim-induced vasodilation (n=4). n.d. indicates `not done' because only 1 mM
CGS21680 was used.
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Figure 2 E�ects of K+ channel inhibitors on A2A-mediated vasodilation. (A) Luminal diameter plotted against time for a single
experiment where concentration-dilation relationships were constructed for increasing concentrations of CGS21680 (1, 3, 10, 30,
100, 300 nM and 1, 3 and 10 mM; indicated by nine vertical arrows for each section of trace, with 1 nM being the left-most arrow) in
the presence of 0, 0.01, 0.1 and 1 mM Ba2+ in the superfusate (0.01 mM Ba2+ data are not shown). (B) Mean+s.e.mean dilations in
response to CGS21680 in the absence (n=4) and presence of 1 mM Ba2+ (n=4). (C) Mean+s.e.mean dilations in response to
CGS21680 in the absence (n=5) and presence of a cocktail of 1 mM glibenclamide, 1 mM 3,4 diaminopyridine, 100 nM apamin,
100 nM iberiotoxin, and either 10 mM Ba2+ (n=5) or 1 mM Ba2+ (n=2; error bars not included).

Figure 3 K+-sensitivity of A2A-mediated vasodilation. Lumenal diameter plotted against time, showing dilation induced by 1 mM
CGS21680 in the presence of di�erent levels of extracellular K+ for two separate arcuate arteries. (A) In the presence of 5.87, 10
and 11 mM K+, phenylephrine concentrations were 0.4, 0.5 and 0.7 mM respectively in order to maintain a constant level of tone as
K+ elicited vasodilation. (B) In the presence of 5.87, 12 and 13 mM K+; phenylephrine concentrations were 0.2, 0.7 and 0.9 mM
respectively.
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was intact in 12 mM K+ (46 and 91% dilations) and yet
strongly inhibited by 13 mM K+ (3 and 9% dilations). These
raised levels of K+ induced vasodilation by themselves and the

loss of tone was compensated for by raising the phenylephrine
concentration. Vasodilation induced by levcromakalim, an
activator of KATP channels, was inhibited by high levels of K

+

but not by lower levels. Dilation induced by 1 mM
levcromakalim was 91+8% in 5.87 mM K+ (n=4),
82+10% in 20 mM K+ (n=4) and absent in 80 mM K+

(n=2).

Raised K+ levels up to about 10 mM appear to induce
vasodilation in the arcuate artery by stimulating the Na+/K+-
ATPase (Prior et al., 1998a). Therefore, the e�ect of raised K+

levels on the CGS21680-response could be explained by an
involvement of Na+/K+-ATPase rather than K+ channels in
the A2A receptor e�ect. On this basis, the e�ect of 10 mM
ouabain was investigated because this compound inhibits

Na+/K+-ATPase. Ouabain inhibited the 1 mM CGS21680
e�ect, reducing the dilation from 62.1+4.4 to 21.2+5.8%
(n=7, P50.05) (Figure 4). From concentration-response

curves constructed in separate experiments the log10 IC50 value
for the ouabain e�ect against the CGS21680-e�ect was
76.6+0.3 (n=8). Ouabain (10 mM) also signi®cantly inhibited
dilator responses to 1 mM levcromakalim, reducing the dilation
from 75.8+7.8 to 26.7+11.2% (n=7, P50.05), and to 30 nM
nicardipine, reducing the dilation from 58.3+7.0 to 5.4+4.6%

(n=7, P50.05) (Figure 4). Therefore, block of Na+/K+-
ATPase inhibited A2A-mediated vasodilation as well as
inhibiting vasodilation induced by drugs which activate KATP

channels (levcromakalim) and inhibit voltage-gated Ca2+

channels (nicardipine).

Discussion

A2A adenosine receptor-mediated dilation has been character-

ized in pressurized intact arcuate artery segments. The data do
not support an independent role for cyclic AMP-stimulated
channels such as the KATP channel or the BKCa channel.
However, the combined block of several of these K+ channels,

or the application of the general K+ channel blockers
tetraethylammonium and Ba2+, produced data which point to
the conclusion that K+ channel activation has a role to play in

the overall response toA2A receptor activation. Sensitivity of the
A2A response to raised extracellularK

+ levels is often considered

to be indicative of the involvement of K+ channels. However,
our experiments on the arcuate artery show that interpretation
of the e�ect of the rather low concentrations of K+ used in this

study is di�cult; the phenomenon may instead be explained by
the stimulatory e�ect of K+ on Na+/K+-ATPase.

The potency of CGS21680 on the arcuate artery is in the
range expected for an A2A receptor; an EC50 of 34 nM has been

reported for porcine coronary artery (Zocchi et al., 1996) and
an EC30 of 500 nM has been reported for rat aorta (Lewis et al.,
1994). Moreover, CGS21680 has little or no e�cacy at A2B

receptors. Studies of the guinea-pig pulmonary artery, where
adenosine-induced dilation is considered to be mediated by A2B

receptors, have shown that 100 mM CGS21680 produced only a

4% dilation (Szentmiklosi et al., 1995) whilst no dilator
response was seen at concentrations up to 30 mM (Broadley &
Maddock, 1996). Therefore, we assume that the e�ects of
CGS21680 observed in our study were mediated solely via A2A

adenosine receptors.
In the a�erent arteriole, and in arteries such as the aorta

and pulmonary artery of the guinea-pig, there is A1 receptor-

mediated vasoconstriction (Stoggall & Shaw, 1990; Szentmik-
losi et al., 1995). However, in the arcuate artery we did not
observe vasoconstriction in reponse to adenosine or the A1

receptor agonist CPA. CPA did evoke vasodilation, although
at concentrations similar to its binding a�nity for A2

receptors, IC50 0.5 mM (Collis & Hourani, 1993) and therefore,

CPA-induced dilation was probably mediated by A2A

receptors. The CPA response was not inhibited by 1 mM
glibenclamide in the arcuate artery (data not shown),
suggesting that it was not the same as that reported for

porcine coronary artery (Merkel et al., 1992).
BKCa channels, KATP channels and KV channels have been

shown to be stimulated by cyclic AMP in isolated vascular

smooth muscle cells (reviewed by Beech, 1997). Therefore, our
data with selective blockers of these channels ±when applied
independently ± are intriguing because they suggest either that

the e�ects observed in isolated cells are not applicable to the
intact blood vessel, or that the e�ect on one K+ channel
subtype is not, on its own, of any essential consequence for the
response of the intact artery under physiological conditions.

The latter explanation implies a parallel role of at least two K+

channel subtypes, such that if one channel is blocked the other
can take over the function and nothing appears to be changed.

This hypothesis is supported by the observation that the
cocktail mixture of K+ channel blockers had a signi®cant

Figure 4 Inhibition of vasodilator responses following Na+-pump inhibition. (A ±C) Original traces of lumenal diameter against
time for three separate arcuate arteries showing responses to 1 mM CGS21680 (A), 30 nM nicardipine (B) and 1 mM levcromakalim
(C) before and in the presence of 10 mM ouabain.
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inhibitory e�ect, whereas the individual blockers had no e�ect
when applied in isolation.

Although we cannot be sure about the selectivity of 0.1 and

1 mM Ba2+ for K+ channels it was striking that Ba2+ was very
e�ective at blocking the CGS21680 e�ect in some experiments.
Ba2+ is a general blocker of many types of K+ channel and it
was the only blocker of a background K+-current recently

identi®ed in single arcuate artery smooth muscle cells (Prior et
al., 1998b). Whether this background K+ channel is coupled to
A2A receptors is unknown. We have not been able to test this

hypothesis in isolated arcuate artery smooth muscle cells
because of di�culty in obtaining reliable responses to
CGS21680 in our isolated cell preparation. However, in ®ve

experiments we observed a hyperpolarization in response to
CGS21680 (unpublished observations). This is, at least,
supportive of studies on other blood vessels which suggest

there can be K+ channel activation in response to adenosine
receptor activation and raised cyclic AMP levels in isolated
vascular smooth muscle cells. The data also encourage the
supposition that the K+ channels mediating the A2A e�ect are

in part in the smooth muscle cells of the arcuate artery. Indeed,
if one accepts the assumption that Ba2+ inhibited the
CGS21680 e�ect solely because it was blocking K+ channels,

then it must be inferred that K+ channel activity in the smooth
muscle cells was important because the percentage inhibition
caused by Ba2+, with or without the cocktail of K+ channel

inhibitors, was larger than that which can be attributed to an
endothelium-dependent component. Localization of some of
the A2A-coupled K+ channels in endothelial cells is, never-

theless, by no means excluded.
The use of elevated levels of extracellular K+ as a diagnostic

tool for K+ channel-mediated e�ects in blood vessels came
into prominence with the advent of KATP channel opener

drugs. A standard test came to be that 80 mM but not 20 mM

extracellular K+ `blocks' K+ channel opener e�ects (Edwards
et al., 1992), and we con®rmed this for the arcuate artery. The

explanation for the `block' is thought to be that in 80 mM K+

the membrane potential becomes too close to EK (the K+-
equilibrium potential) for K+ channel opening to be of any

functional consequence. From this argument we can infer that
when the arcuate artery was in 20 mM K+, the membrane
potential was not `too close to EK' because activation of KATP

channels produced normal vasodilation. A similar inference

can be made about endothelium-derived hyperpolarizing
factor (EDHF)-induced vasodilation which is also suggested
to be mediated via K+ channels and is inhibited by 15 ± 25 mM

K+ (Parkington et al., 1995). A sharp cut-o� e�ect of raising
the extracellular K+ level within the physiological range,
similar to the A2A-e�ect in arcuate artery, has also been

observed for histamine and acetylcholine-induced hyperpolar-
izations in rat pulmonary arteries (Chen & Suzuki, 1989).

An explanation for the K+-sensitivity of A2A-mediated

vasodilation, other than that it indicates an absolute K+

channel-dependence of the A2A e�ect, could be that raised K
+

levels and agonists at A2A receptors both produce their e�ects
by stimulating Na+/K+-ATPase. Indeed, the hypothesis that

transduction of the A2A response occurs via the Na+/K+-
ATPase may seem attractive because A2A-mediated vasodila-
tion was inhibited by ouabain, and it seems that Na+/K+-

ATPase may be stimulated by cyclic AMP (Morrison &
Vanhoutte, 1996). However, we expanded our study of the
action of ouabain to investigate its e�ects on other vasodilators

(levcromakalim and nicardipine) which act via known
mechanisms of action which di�er from those of the A2

receptor. These experiments showed that although ouabain

was e�ective at concentrations which are consistent with an
action on Na+/K+-ATPase, it was non-selective in its block of
vasodilator mechanisms. A mechanism which could explain
the non-selective block produced by ouabain is that Na+/K+-

ATPase inhibition produced a rise in intracellular Ca2+ levels
which inactivated L-type Ca2+ channels via the Ca2+-induced
inactivation mechanism, so leading to inhibition of any

vasodilatory e�ect which depended on the function of
voltage-gated Ca2+ channels (for example, one which involves
hyperpolarization).

This study has provided evidence that K+ channel
activation is a necessary part of the transduction mechanism
for A2A adenosine receptor-mediated vasodilation in intact

pressurized arteries from within the mammalian kidney. It
seems the A2A e�ect is not dependent on the activation of one
particular K+ channel subtype, as has been indicated by
studies on single isolated cells, but that more than one K+

channel subtype is involved in parallel, so that if one K+

channel is blocked there is no deterioration in the overall
vasodilatory response. The marked inhibitory e�ect of raised

K+ levels on the A2A response is striking and it may serve to
prevent an excessive drive towards vasodilation if the artery is
exposed to adenosine and raised K+ levels. The mechanism of

the interaction is uncertain but we speculate that the ability of
raised K+ levels to cause hyperpolarization by stimulating of
Na+/K+-ATPase may, in some way, inhibit the ability of A2A

receptor agonists to cause hyperpolarization due to activation

of K+ channels.

We are grateful to the Wellcome Trust for funding the research and
thank Dr Guibert for comments on the manuscript.
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Modi®cation of left ventricular hypertrophy by chronic etomoxir
treatment

*,1Marian Turcani & 1,2Heinz Rupp

1Institute of Physiology II, University of TuÈ bingen, TuÈ bingen, Germany

1 Etomoxir (2[6(4-chlorophenoxy)hexyl]oxirane-2-carboxylate), an irreversible carnitine palmitoyl-
transferase 1 inhibitor, reduces the expression of the myocardial foetal gene programme and the
functional deterioration during heart adaption to a pressure-overload. Etomoxir may, however, also
improve the depressed myocardial function of hypertrophied ventricles after a prolonged pressure
overload.

2 To test this hypothesis, we administered racemic etomoxir (15 mg kg71 day71 for 6 weeks) to
rats with ascending aortic constriction beginning 6 weeks after imposing the pressure overload.

3 The right ventricular/body weight ratio increased (P50.05) by 20% in etomoxir treated rats
(n=10) versus untreated rats with ascending aortic constriction (n=10). Left ventricular weight was
increased (P50.05) by 8%. Etomoxir blunted the increase in left ventricular chamber volume.
Etomoxir raised the proportion of V1 isomyosin (35+4% versus 24+2%; P50.05) and decreased
the percentage of V3 isomyosin (36+4% versus 48+3%; P50.05).

4 Maximum isovolumically developed pressure was higher in etomoxir treated rats than in
untreated pressure overloaded rats (371+22 versus 315+23 mmHg; P50.05). Maximum rates of
ventricular pressure development (14,800+1310 versus 12,340+1030 mmHg s71; P50.05) and
decline (6440+750 versus 5040+710 mmHg s71; P50.05) were increased as well. Transformation
of pressure values to ventricular wall stress data revealed an improved myocardial function which
could partially account for the enhanced function of the whole left ventricle.

5 The co-ordinated action of etomoxir on ventricular mass, geometry and myocardial phenotype
enhanced thus the pressure generating capacity of hypertrophied pressure-overloaded left ventricles
and delayed the deleterious dilative remodelling.

Keywords: CPT-1 inhibitor; etomoxir; pressure overload; heart hypertrophy; heart failure; myosin isozymes; ventricular
performance

Abbreviations: TDGA, 2-tetradecylglycidic acid; ACE, angiotensin converting enzyme; CPT-1, carnitine palmitoyltransferase I;
POCA, clomoxir; P, left intraventricular pressure; V, left ventricular cavity volume; W, left ventricular wall
volume; MHC, myosin heavy chains; +dP/dtmax, maximal rate of intraventricular pressure rise and decline;
7ds/dtmax, maximal rate of wall stress rise and decline; s, mean wall stress; CR, midwall circumference; +dP/
dt, rate of intraventricular pressure rise and decline; +ds/dt, rate of wall stress rise and decline

Introduction

Irreversible inhibitors of carnitine palmitoyltranferase I (CPT-

1) such as 2-tetradecylglycidic acid (TDGA), L-hydroxyphe-
nylglycine (oxfenicine), 2[5(4-chlorophenyl)pentyl]-oxirane-2-
carboxylic acid (POCA, clomoxir) and 2[6(4-chlorophenox-
y)hexyl]oxirane2-carboxylate (etomoxir) were originally devel-

oped as antidiabetic agents but proved to have signi®cant
e�ects on heart muscle. Although occasionally judged as
cardiotoxic (Litwin et al., 1990) an increasing number of

experimental and preliminary clinical studies indicate that
these agents may be of potential value in the treatment and
prevention of cardiac dysfunction of various etiologies.

Irreversible inhibitors of cardiac CPT-1 exhibited anti-
ischaemic (Pearce et al., 1979; Higgins et al., 1980; Lopaschuk
et al., 1988) and anti-arrhythmic (Corr et al., 1989; Yamada et
al., 1994) e�ects in isolated hearts, improved cardiac

performance in diabetic rats (Schmitz et al., 1995) retarded
left ventricular dilatation and ameliorated pump function after
large myocardial infarction in rats (Litwin et al., 1991).

In a clinical study, oxfenicine had bene®cial e�ects in angina

pectoris (Bergman et al., 1980). An open pilot clinical study
showed that etomoxir administered on top of a standard
therapy (ACE-inhibitors, diuretics, digitalis, beta-blockers),
improved the clinical status and heart function at maximum

exercise in patients with heart failure (Schmidt-Schweda &
Holubarsch, 1997). Perhexiline, an anti-ischaemic agent and
CPT-1 inhibitor (Kennedy et al., 1996), markedly ameliorated

the symptomatic status in elderly patients with severe aortic
stenosis (Unger et al., 1997). Although an oxygen-sparing
metabolic e�ect of perhexiline was postulated as an underlying

mechanism, other mechanisms should not be dismissed.
Etomoxir attenuates the expression of the foetal gene

programme of the hypertrophied heart during cardiac
adaptation to a pressure overload (Rupp et al., 1992a). This

e�ect was associated with an improved ventricular and
myocardial function (Turcani & Rupp, 1997). The e�ect of
CPT-1 inhibition on cardiac gene expression appears to depend

on a switch from fatty acid oxidation to predominantly glucose
oxidation. Feeding a medium chain fatty acid diet prevented
both cardiac hypertrophy and changes in myocardial pheno-

type (Lee et al., 1985; Rupp et al., 1995). In hypertrophied and
failing heart, glucose is the preferred energy substrate
(Taegtmeyer, 1994). However, a shift in fuel utilization due to
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a haemodynamic overload is associated with changes in the
myocardial phenotype opposite to those arising from CPT-1
inhibition (Rupp et al., 1992a; Turcani & Rupp, 1997). It was,

therefore, examined whether etomoxir can modify also a
developed hypertrophy associated with an impaired myocardial
function and thus provides the potential not only to restore the
pump function of an overloaded ventricle but also to delay or

prevent the transition to heart failure.
In the present study, we induced left ventricular hyper-

trophy by constricting the ascending aorta. A concentric

hypertrophy with reactivation of the foetal gene programme
(Feldman et al., 1993), compensated chamber performance but
distinct signs of disturbed myocardial function is observed 6

weeks after pressure overload. Progressive left ventricular
dilatation ensues associated with symptomatic left ventricular
failure (Litwin et al., 1995).

Administration of etomoxir started 6 weeks after imposing
the pressure overload. Six weeks after treatment, the
haemodynamic performance of the isovolumically beating left
ventricle, ventricular morphometry and myosin phenotype was

assessed. Isovolumic contractions facilitate the evaluation of
ventricular and myocardial performance independently of
loading conditions, ventricular mass and geometry (Jacob et

al., 1990). Changes in the myosin phenotype were examined
because the progressively increased b-myosin heavy chain
(MHC) expression is a persistent hallmark of the foetal gene

programme (Imamura et al., 1991; Feldman et al., 1993;
Schwartz et al., 1993).

Methods

Animal model

Male 3-week-old Wistar/WU rats were purchased from
Charles-River (Kissleg, Germany) and housed at 21 ± 238C on

12 : 12-h light-dark cycle. The rats had free access to tap water
and regular chow (Ssni� of Plange, Soest, Germany). Handling
of animals and all experimental procedures were in accordance

with the Institutional Guidelines of the University of
TuÈ bingen, TuÈ bingen, Germany.

Pressure overload was induced by constriction of the
ascending aorta (Turcani & Rupp, 1997) in 28 rats. Six weeks

after surgery, eight rats with aortic constriction and eight sham
operated rats were examined to assess the aorto-ventricular
pressure gradient, left ventricular hypertrophy and myosin

isozyme composition. The remaining 20 rats with ascending
aortic constriction were divided into two groups. Racemic
etomoxir (15 mg kg71 day71) was administered to one group

in the drinking water for 6 weeks. The dose was maintained by
monitoring the daily water consumption and body weight. The
selected dose has been shown not to induce hypertrophy while

the e�ects on myocardial phenotype were preserved (Rupp et
al., 1992b). Etomoxir was generously provided by Dr H.P.O.
Wolf of Byk Gulden, Konstanz, Germany.

Measurement of left ventricular isovolumic contraction

The measurements were performed in open-chest rats under

urethane anaesthesia (1.2 g kg71 body weight, i.p.) as
described previously (Hepp et al., 1974; Turcani & Rupp,
1997). A mediosternal thoracotomy was performed and the left

ventricle was pierced at the apex with a steel cannula no. 1
connected to a Gould-Statham P23XL pressure transducer
(Gould Electronics, Bilthoven, Netherlands). The right carotid
artery was cannulated with polyethylene tubing (0.5 mm inner

diameter) and forwarded to the aortic arch. The tubing was
connected to a second Gould-Statham P23XL pressure
transducer. Left ventricular pressure, left ventricular diastolic

pressure (high ampli®cation of left ventricular pressure), time
derivative of ventricular pressure (dP/dt) and aortic pressure
were recorded simultaneously on a Hellige Recomed recording
system (Hellige, Freiburg, Germany).

For monitoring isovolumic contractions, the ascending
aorta was clamped above the aortic valve for 6 ± 8 s with
forceps as veri®ed by the absence of pulsatile pressure in the

aortic arch. Small end-diastolic volumes, i.e. low preload
values, were achieved by a short tightening of a string around
the inferior vena cava. The preload increased gradually after

relieving the inferior vena cava ¯ow while clamping the aorta.
This procedure was repeated 4 ± 6 times. The functional
analysis was based on the recording exhibiting the highest

systolic pressure development.
Left ventricular passive pressure-volume relations were

assessed after recording isovolumic contractions. The atrio-
ventricular groove was ligated with a silk string and the right

ventricle was emptied by incision. The left ventricle was ®lled
with a de®ned volume of saline and emptied in 50 ml steps
while recording the passive left ventricular pressure. Three

reproducible pressure-volume curves were generated within 3 ±
4 min after the ligation. No e�ects of anoxia on the pressure-
volume relation could be detected within this period of time.

Using the passive pressure-volume relation, end-diastolic
cavity volumes required for further analysis were derived from
the measured end-diastolic pressures.

Data analysis

The approach permitted the construction of complete left

ventricular pressure-volume and stress-length diagrams. Left
ventricular and myocardial function were thus assessed
independently of left ventricular mass, geometry and loading

conditions (Jacob et al., 1990). Systolic peak pressures that are
equivalent to end-systolic pressures under the isovolumic
conditions were plotted against end-diastolic volumes resulting

in end-systolic pressure-volume curves. All auxotonic pressure-
volume values had to reside within this isovolumically
determined end-systolic pressure-volume relation. The area
between end-systolic and end-diastolic pressure-volume curves

up to maximum end-systolic pressure was used as an index of
left ventricular working capacity. Transformation of the left
ventricular pressure-volume diagram to the stress-length

relation permitted the evaluation of myocardial performance
when left ventricular mass and geometry are altered.
Myocardial contractility was evaluated on the basis of

normalized stress-length area, i.e. the area between the end-
systolic and end-diastolic mean wall stress versus normalized
midwall circumference (length) curves. In analogy with

papillary muscle, the normalized midwall circumference was
calculated as the ratio between a given midwall circumference
and the midwall circumference associated with peak developed
wall stress. Pressure-volume data were transformed into stress-

length data using a thick-walled spherical shell. Since
calculations assumed that the speci®c density of myocardium
was 1 g cm73, left ventricular weight in grams equalled the

ventricular wall volume in cm3. Mean (systolic or diastolic)
wall stress (s) was derived from the following formula (Sandler
& Dodge, 1963): s=P/{[(V+W)/V]2/371}, where P is left

intraventricular pressure, V is left ventricular cavity volume, W
is left ventricular wall volume. Since the contraction was
isovolumic, end-diastolic volume derived from the passive
pressure-volume curve was identical with the left ventricular
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cavity volume (V) during the respective beat. Midwall
circumference (CR) was calculated according to: CR=p{(3/
4p)1/3[(V1/3+(V+W)1/3]} (Mirsky & Parmley, 1973). To

evaluate the velocity of contraction and relaxation at the
myocardial level, rate of mean wall stress rise (+ds/dt) or
decline (7ds/dt) was calculated using the recorded +dP/dt
values by: +ds/dt=+(dP/dt)/ {[(V+W)/V]2/371}.

Myosin isozymes

For determination of myosin isozymes of the same cardiac
region by non-dissociating polyacrylamide gel electrophoresis
in the presence of pyrophosphate (Rupp et al., 1992b), a

portion of the left ventricular free wall (about 100 mg) was cut
from the apex to the base and stored in liquid nitrogen. The
myosin isozymes were stained with Coomassie brilliant blue

R250 and the gels were scanned using a Quick Scan
densitometer (Helena Laboratories, Beaumont, TX, U.S.A.).
The isozymes V1, V2, V3 were quantitated by measuring peak
heights. Isomyosin V1 contains two a isoforms of heavy chain,
isomyosin V3 two b isoforms and V2 is a hybrid myosin
containing one a and one b heavy chain. Thus, the proportion
of a-MHC could be calculated according to the equation: a-
MHC=V1+V2/2.

Statistical analysis

Normality of distribution was checked by the Kolmogoro�-
Smirno� test, and equality of variances according to Cochran.

Multiple comparisons were made by one-way analysis of
variance and the post hoc Spjotvoll/Stoline test (Statistica/w,
Statsoft, Tulsa, U.S.A.). Two-group comparisons were
performed with two-tailed Student's t-test. Statistical sig-

ni®cance was assumed at P50.05.

Results

The ascending aorta was constricted to 70% (Turcani & Rupp,

1997) of the original diameter in 28 ®ve-week-old rats. Six
weeks after surgery, the aorto-ventricular pressure gradient
and the cardiac geometry was assessed in eight rats with
ascending aortic constriction. During maturation of animals, a

pressure gradient of 94+8 mmHg developed between the left
ventricle and ascending aorta. This gradual pressure overload
gave rise to a concentric left ventricular hypertrophy while no

signs of left ventricular failure were apparent (Table 1). At the
myocardial level, an increased proportion of V3 isomyosin was
detected which is a characteristic feature of the foetal gene

programme (Table 2). During the subsequent period,

hypertrophy of the overloaded left ventricle continued which
was associated with an increased left ventricular weight, cavity
volume and further enhancement of V3 isomyosin expression

(Tables 1 and 2).
Administration of racemic etomoxir (15 mg kg71 day71)

for 6 weeks slightly stimulated growth of the right ventricle and
to a lesser extent also of the overloaded and hypertrophied left

ventricle (Table 1). No change in the volume of the left
ventricular cavity accompanied, however, this additional
ventricular mass gain. Etomoxir partially blunted the e�ect

of pressure overload on the shift in isomyosin synthesis from
predominantly V1 to V3 isoform (Table 2). The characteristic
inverse relation between weight of the overloaded ventricle and

a-MHC expression (Rupp & Jacob, 1986) was reversed. In
etomoxir treated rats, left ventricular weight and a-MHC
expression were thus positively correlated (Figure 1).

Isovolumic contraction of the hypertrophied left ventricle
was improved after the etomoxir treatment. A higher
developed systolic pressure and an augmented pressure-volume
area re¯ected a greater overall ventricular working capacity

(Table 3). To evaluate the velocity of ventricular contraction
and relaxation, +dP/dtmax and 7dP/dtmax were monitored.
Increased peak values of these parameters demonstrate that

the etomoxir treatment had accelerated the development and
decline of the intraventricular pressure. Calculated parameters
of myocardial function (normalized stress-length area, +ds/
dtmax) were increased as well (Table 3). Thus, at the myocardial
level positive inotropic e�ect of the chronic etomoxir treatment
could be postulated.

Discussion

Indexes of ventricular performance during auxotonic contrac-
tion are sensitive to changes in preload and afterload.

Table 1 Body weight, right and left ventricular weight and left ventricular cavity volume

Sham Aortic constriction
6 weeks untreated 6 weeks untreated 12 weeks untreated 12 weeks+etomoxir

(n=8) (n=8) (n=10) (n=10)

Body weight (g)
Right ventricular weight (mg)
Right ventricular weight/body weight (mg g71)
Left ventricular weight (mg)
Left ventricular weight/body weight (mg g71)
Left ventricular cavity volume (mm3)
Left ventricular cavity volume/wall volume

303+8
177+22
0.59+0.07
637+28
2.10+0.07
374+28
0.59+0.05

306+12
190+13
0.62+0.06
1027+69*
3.35+0.2*
334+35
0.33+0.05*

371+14{
197+18
0.53+0.06{
1096+33{
2.96+0.10{
386+37{
0.35+0.03

378+10
243+12{
0.64+0.04{
1184+53{
3.14+0.17{
335+31{
0.28+0.03{

Left ventricular cavity volume and left ventricular cavity volume/wall volume ratio are given for the common intraventricular pressure
6 mmHg. Values are means+s.d. *P50.05 compared with sham-operated rats; {P50.05 compared with untreated rats with aortic
constriction lasting 6 weeks; {P50.05 compared with untreated rats with aortic constriction lasting 12 weeks.

Table 2 Left ventricular myosin isozyme population

Sham Aortic constriction
6 weeks 6 weeks 12 weeks 12 weeks
untreated untreated untreated +etomoxir
(n=8) (n=8) (n=10) (n=10)

Myosin V1 (%)
Myosin V2 (%)
Myosin V3 (%)

60+6
24+3
16+4

45+3*
28+2*
27+2*

24+2{
28+2
48+3{

35+4{
29+1
36+4{

Values are means+s.d. *P50.05 compared with sham-
operated untreated rats; {P50.05 compared with untreated
rats with aortic constriction lasting 6 weeks; {P50.05
compared with untreated rats with aortic constriction lasting
12 weeks.
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Moreover, ventricular loads depend not only on peripheral
haemodynamic but also on ventricular mass, geometry and
diastolic properties. To facilitate the comparison of di�erent

ventricles and to overcome problems arising from di�erent
loading conditions as well as to distinguish between ventricular
and myocardial performance, isovolumic contractions were

evaluated. Although some limitations related to non-simulta-
neous pressure and volume measurements, exclusion of right
ventricular in¯uences, assumptions on left ventricular geome-

try and physical properties of the myocardium remain, only
absolute values of measured and calculated parameters might
be in¯uenced but not the relative di�erence detected after the
etomoxir treatment. Acceleration of ventricular and myocar-

dial contraction and relaxation also did not result from

changes in heart rate since no di�erences in heart rates during
isovolumic contractions were observed (Table 3).

Initial adaptation to a pressure overload in the rat model of

ascending aortic stenosis is accomplished by an increased
ventricular mass and changes in ventricular geometry which
maintain ventricular wall stress in a normal range (Table 1;
Litwin et al., 1995). In parallel, a foetal pattern of gene

expression is reinduced (Table 2; Imamura et al., 1991).
Although left ventricular chamber function is su�ciently
enhanced to compensate for the haemodynamic overload, a

subtle impairment of the myocardial function can be detected
(Litwin et al., 1995). Foetal gene expression, deterioration of
systolic and diastolic function and progressive enhancement of

ventricular cavity volume characterize the further development
(Tables 1 and 2; Feldman et al., 1993; Litwin et al., 1995).

The etomoxir treatment limited the foetal transformation of

myosin molecules in the hypertrophied myocardium. Further-
more, the increased proportion of a-MHC was positively
correlated (P50.01) with improved indices of myocardial
function (Figure 2). An increased rate of cross-bridge cycling

associated with higher proportion of a-MHC could account
for acceleration of myocardial stress development (Winegrad,
1984) and decline (Brutsaert & Sys, 1989). However, the

increased normalized ventricular stress-length area indicates a
greater number of recruited cross-bridges. A raised availability
of activator calcium may thus be postulated. In accordance

with this contention is the ®nding that etomoxir treatment
improved sarcoplasmic reticulum calcium pump activity
(Vetter & Rupp, 1994) and mRNA abundance (Zarain-

Herzberg et al., 1996).
Slightly but signi®cantly increased left ventricular mass

after etomoxir treatment suggests, that not only qualitative but
also quantitative changes in cardiac genes expression are

responsible for the enhanced maximal pressure-generating
capability of the hypertrophied ventricles, i.e. for the increased
peak values of developed ventricular pressure and maximum

velocity of intraventricular pressure rise and decline (Table 3).
Because the ventricular mass increment during the etomoxir
treatment is dose dependent (Rupp et al., 1992b), the growth

promoting e�ect of etomoxir could in principle be enhanced by
increasing the dosage.

Administration of etomoxir prevented completely the
enlargement of left ventricular chamber volume. This might

be a consequence of the improved myocardial contractility
induced by etomoxir. A direct etomoxir in¯uence on
ventricular remodelling should, however, not be dismissed.

Cardiac growth induced by etomoxir and other irreversible
CPT-1 inhibitors in non-overloaded ventricles is associated
with concentric hypertrophy (Eistetter & Wolf, 1986; Litwin et

al., 1990; Turcani & Rupp, 1997). Nevertheless, in contrast to
pressure-overload hypertrophy, myosin V1 proportion, sarco-
plasmic reticulum calcium transport capacity and ventricular

performance were increased (Rupp et al., 1992b; Vetter &
Rupp, 1994; Turcani & Rupp, 1997).

Etomoxir and pressure-overload e�ects on ventricular
hypertrophy appear to be additive. When etomoxir is

administered in parallel with the induction of the pressure
overload, additional hypertrophy of the overloaded ventricles
occurs and the shift from a-MHC to b-MHC synthesis is

attenuated in a dose dependent manner (Rupp et al., 1992a,b;
Turcani & Rupp, 1997). The dose dependence of etomoxir
e�ects is, however, di�erent. The same etomoxir dose

stimulates a-MHC expression to a greater extent when the
proportion of isomyosin V1 is low. Thus, the increase in the V1

proportion was greater in the left versus right ventricle of
normal rats (Vetter & Rupp, 1994) and in the overloaded

Figure 1 Correlation between left ventricular weight and proportion
of a-MHC. Untreated rats (12 weeks after surgery) with aortic
constriction (*), y=90.2 ± 47.46, r=70.760, P50.01; etomoxir
treated rats (12 weeks after surgery) with aortic constriction (*),
y=23.3+61.56, r=0.837, P50.003.

Table 3 Functional parameters of isovolumically beating
left ventricles of rats with ascending aortic constriction
lasting 12 weeks

Aortic constriction
Untreated +Etomoxir
(n=10) (n=10)

Heart rate (beats min71)
Peak developed pressure
(mmHg)

Peak developed mean wall
stress (kPa)

Left ventricular pressure-
volume area (mJ)

Left ventricular normalized
stress-length area (kPa)

Peak+dP/dtmax (mmHg s
71)

Peak7dP/dtmax (mmHg s
71)

Peak+ds/dtmax (kPa s
71)

Peak7ds/dtmax (kPa s
71)

337+47
315+23

31.6+2.3

8.79+0.54

3.42+0.45

12,340+1030
5040+710
1130+90
430+30

319+35
371+22*

34.3+2.0*

10.92+0.63*

4.03+0.42*

14,800+1310*
6440+750*
1290+130*
520+60*

Etomoxir treatment started 6 weeks after surgical constric-
tion of the ascending aorta and lasted 6 weeks. Values are
means+s.d.; *P50.05; +dP/dtmax and +ds/dtmax, max-
imum rate of intraventricular pressure and ventricular wall
stress rise; 7dP/dtmax and 7ds/dtmax, maximum rate of
intraventricular pressure and ventricular wall stress decline.
Peak observed values are given for +dP/dtmax and +ds/
dtmax independent on end-diastolic or end-systolic ventri-
cular wall stress.
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hypertrophied left ventricle versus the left ventricle of sham-

operated rats (Turcani & Rupp, 1997).
Induction of cardiac growth by irreversible CPT-1

inhibitors had been viewed as a cardiotoxic e�ect (Litwin et

al., 1990). Nonetheless, despite the impaired calculated
parameters of the passive diastolic properties, ventricular
pump function was either not a�ected (Litwin et al., 1990) or
even improved (Litwin et al., 1991; Turcani & Rupp, 1997).

This may be related to the augmented and accelerated
contraction and relaxation, increased ejection fraction and the

shift in operating chamber sti�ness (Litwin et al., 1990; 1991;
Turcani & Rupp, 1997). Serious concerns originated also from
an increased lipid accumulation in the heart and other organs

in animals treated with CPT-1 inhibitors (Lullman et al., 1978;
Litwin et al., 1990; Schmitz et al., 1995). This potentially toxic
e�ect may not be necessarily related to the CPT-1 inhibition,
and a 3-months chronic toxicological study in rats and dogs

did not show any pathological changes apart from increased
liver, heart and kidney weights in rats (Eistetter & Wolf, 1986).

The mechanisms underlying the etomoxir-induced hyper-

trophic growth with unique myocardial phenotype is unknown
but appears to be related to CPT-1 inhibition. A diet with
medium-chain fatty acids prevented the qualitative and

quantitative changes in cardiomyocytes gene expression (Lee
et al., 1985; Rupp et al., 1995). Hormonal activities which have
qualitatively similar e�ects on myosin isozyme expression were

not increased by etomoxir treatment (Rupp & Jacob, 1992).
Particularly important may be the stimulating e�ect of
etomoxir on glucose oxidation. However, the status of glucose
oxidation is not clear in mechanically overloaded and

hypertrophied hearts. There is increasing evidence that long-
chain fatty acid oxidation is reduced and glucose utilization is
enhanced in hypertrophied and failing hearts (Allard et al.,

1994; Christe & Rodgers, 1994; El Alaoui-Talibi et al., 1997).
It has also been speculated that this shift in fuel preference
could lead to decreased ATP production and thus impaired

pump function (Motterlini et al., 1992; Reibel et al., 1994; El
Alaoui-Talibi et al., 1997). Carnitine de®ciency (El Alaoui-
Talibi et al., 1992; Motterlini et al., 1992; Reibel et al., 1994)

and decreased expression of fatty acid oxidation enzymes
(Sack et al., 1996) have been suggested as possible underlying
mechanisms. A shift from fatty acid to glucose utilization may,
however, also improve the energetic economy in hypertrophied

and failing myocardium at reduced oxygen deliveries.
Furthermore, the oxidative utilization of glucose seems to be
decreased in hypertrophied hearts while only the glycolytic ¯ux

is enhanced (Bishop & Altschuld, 1970; Allard et al., 1994;
Massie et al., 1995; El Alaoui-Talibi et al., 1997). Administra-
tion of propionyl-L-carnitine, an intervention that increases

glucose oxidation, was shown to improve cardiac performance
(Ferrari et al., 1992; Yang et al., 1992; Motterlini et al., 1992;
SchoÈ nekess et al., 1995; El Alaoui-Talibi et al., 1997). Thus,
positive consequences for the long-term cardiac adaptation to

pressure overload may be expected also from stimulation of
glucose oxidation by etomoxir, particularly when it restitutes
myocardial phenotype and prevents dilatation of the left

ventricle.
In summary, a 6 week treatment with the CPT-1 inhibitor

etomoxir modi®es ventricular mass, geometry and function as

well as the foetal gene programme of pressure overloaded rat
hypertrophied myocardium. Since etomoxir can apparently
prevent myocardial and ventricular changes associated with

the transition from compensated hypertrophied to failing
hypertrophied heart, long term experimental and clinical
studies on prevention of heart failure during chronic pressure
overload appear to be warranted.

The study was supported by the Deutsche Forschungsgemeinschaft
(Ru 245/7-1), the Alfred-Teufel-Stiftung and the Slovak Grant
Agency No. 1/4114/97 and 1/4133/97. The experimental part of this
study was performed at the Institute of Physiology II, University of
TuÈ bingen, Germany.

Figure 2 Correlation between the proportion of a-myosin heavy
chain (MHC) and indices of myocardial function, normalized length-
stress area (a), maximal rate of wall stress rise (b) and decline (c).
Untreated rats (12 weeks after surgery) with aortic constriction (*),
etomoxir treated rats (12 weeks after surgery) with aortic constriction
(*). (a) y=1.071+0.0616, r=0.747, P50.0002; (b) y=450.057+
17.3236, r=0.814, P50.00001; (c) y=86.369+8.8756,r=0.821,
P50.00001.
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Block by ¯uoxetine of volume-regulated anion channels

1Chantal Maertens, 1Lin Wei, 1Thomas Voets, 1Guy Droogmans & *,1Bernd Nilius

1KU Leuven, Laboratorium voor Fysiologie, Campus Gasthuisberg, B-3000 LEUVEN, Belgium

1 We have used the whole-cell patch clamp technique to study the e�ect of ¯uoxetine, a commonly
used antidepressant drug, on the volume-regulated anion channel (VRAC) in calf pulmonary artery
endothelial (CPAE) cells. We also examined its e�ects on other Cl7 channels, i.e. the Ca2+-activated
Cl7 current (ICl,Ca) and the cystic ®brosis transmembrane conductance regulator (CFTR) to assess
the speci®city of this compound for VRAC.

2 At pH 7.4 ¯uoxetine induced a fast and reversible block of the volume-sensitive chloride current
(ICl,swell), with a Ki value of 6.0+0.5 mM (n=6-9). The blocking e�ciency increased with increasing
extracellular pH (Ki=0.32+0.01 mM at pH 8.8, n=3-9), indicating that the blockade is mediated by
the uncharged form of ¯uoxetine.

3 Fluoxetine inhibited Ca2+-activated Cl7 currents, ICl,Ca, activated by loading CPAE cells via the
patch pipette with 1000 nM free Ca2+ (Ki=10.7+1.6 mM at pH 7.4, n=3-5). The CFTR channel,
transiently transfected in CPAE cells, was also inhibited with a Ki value of 26.9+9.4 mM at pH 7.4
(n=3).

4 This study describes for the ®rst time the e�ects of ¯uoxetine on anion channels. Our data reveal
a potent block of VRAC at ¯uoxetine concentrations close to plasma concentrations. The results
suggest a hydrophobic interaction with high a�nity between uncharged ¯uoxetine and volume-
activated chloride channels. Ca2+-activated Cl7 currents and CFTR are also blocked by ¯uoxetine,
revealing a novel characteristic of the drug as a chloride channel modulator.

Keywords: Patch-clamp; volume-regulated anion channels; ¯uoxetine; Ca2+-activated Cl7 currents; cystic ®brosis
transmembrane conductance regulator; endothelium

Abbreviations: CFTR, cystic ®brosis transmembrane conductance regulator; CPAE, calf pulmonary artery endothelial cells;
EGTA, ethylene glycol-O,O'-bis(2-aminoethyl)-N,N,N',N'-tetraacetic acid; FLX, ¯uoxetine; GFP; green
¯uorescent protein; HEPES, N-(hydroxyethyl)piperazine-N'-(2-ethanesulphonic acid); HTS, hypotonic solution;
IBMX, 3-isobutyl-1-methylxanthine; ICl,Ca, Ca

2+-activated Cl7 current; ICl,Swell, swelling activated chloride
current; ISO, isotonic solution; Kr, Krebs solution; TRIS, Tris(hydroxymethyl)aminomethane; VRAC, volume-
regulated anion channel; WT, wild type

Introduction

Fluoxetine (FLX, Prozac), a substituted propylamine (Figure
1) prescribed for the treatment of depression, is assumed to
derive its antidepressant activity from its ability to block the

reuptake of 5-hydroxytryptamine, while it exerts minimal
e�ects on other neurotransmitter reuptake systems (Wong et
al., 1995). However, several studies have been published which

show that, in addition to this selective action, many other
e�ector systems are modulated. So far, inhibitory e�ects of
Prozac have been demonstrated on cation channels, such as

Ca2+ channels (Stauderman et al., 1992), K+ channels
(Farrugia, 1996; Rae et al., 1995; Tytgat et al., 1997) and
Na+ channels (Pancrazio et al., 1998). However, to our
knowledge, e�ects of FLX on anion channels have never been

studied.
In this study we have tested whether Prozac would also

modulate volume regulated anion channels and the correspon-

dent swelling-activated chloride current (ICl,swell). Many, if not
all mammalian cells express volume-regulated anion channels
(VRAC) which are important regulators of various cell

functions such as cell volume, pH control, transport of
osmolytes and the membrane potential (Nilius et al., 1996;
1997a; Okada, 1997; Strange et al., 1996; Kirk, 1997). Many
inhibitors have been described, but most of them are also

modulating other channels and a selective, high a�nity VRAC
blocker is still missing. Since FLX belongs to a family of

propylamines with a 7CF3 group, supporting the idea that
these compounds comprise in general promising candidates for
high selectivity VRAC blockers (Roy et al., 1998), it was

interesting to study its actions on VRAC.
Furthermore, we wanted to examine whether the Ca2+-

activated Cl7 current (ICl,Ca) and the cystic ®brosis transmem-

brane conductance regulator (CFTR) were also a�ected by
FLX. CFTR is a non-rectifying, 8 ± 10 pS, protein kinase A
activated chloride channel (Cli� et al., 1992), belonging to the

family of ATP-binding cassette proteins (Hyde et al., 1990).
Mutations in the gene for this channel cause cystic ®brosis.
ICl,Ca is a strongly outwardly rectifying, 8 pS, calcium activated
chloride current, described in various excitable and non

excitable cells, including calf pulmonary artery endothelial
(CPAE) cells (Nilius et al., 1997c).

We show here that FLX exerts a potent blocking e�ect on

VRAC in endothelial cells at concentrations close to
therapeutical concentrations. This ®nding may indicate that
this channel is also a possible target of this drug. The Ca2+-

activated Cl7 current and CFTR are also a�ected by FLX.

Methods

Vector construction

We used the pCINeo/IRES-GFP plasmid (Trouet et al., 1997)
for expressing wild type (WT) CFTR in CPAE. For insertion
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of WT CFTR the green ¯uorescent protein (GFP)-vector was

cut with EcoRI, dephosphorylated and thereupon blunt-ended
with T4 DNA-polymerase. The WT CFTR cDNA was
obtained from a pcDNA/CFTR plasmid through SacI

digestion. The obtained fragment was blunt-ended using T4
DNA-polymerase. Ligation was performed using standard
procedures.

Cell culture and transfection

Cells from a cultured bovine pulmonary artery endothelial

(CPAE) cell line (American Tissue Type Culture Collection,
CCL 209) were used. The cells were grown in Dulbecco's
modi®ed Eagle's medium containing 20% foetal calf serum,

2 mM L-glutamine, 2 U ml71 penicillin and 2 mg ml71

streptomycin. Cultures were maintained at 378C in a fully
humidi®ed atmosphere of 10% CO2 in air.

Cells were detached by exposure to 0.05% trypsin in a
Ca2+- and Mg2+-free solution, reseeded on gelatin coated
cover slips, and kept in culture for 2 to 4 days before use. For
electrophysiological experiments, only non-con¯uent single

endothelial cells were used.
CPAE cells do not express CFTR (Nilius et al., 1997e).

Therefore, cells were transiently transfected with WT CFTR in

the pCINeo/IRES-GFP vector (Trouet et al., 1997) using the
same method as described previously (Kamouchi et al., 1997).
In short, 150,000 cells were incubated with a transfection

cocktail containing 3 mg DNA and 12 ml polycationic Super-
Fect Transfection Reagent (Qiagen, Hilden, Germany). Cells
were then transferred to gelatin-coated cover slips 24 h after

transfection and electrophysiological measurements were done
during 2 ± 4 days after transfection. Incorporation of WT
CFTR in the bicistronic unit allows coupled expression of the
channels and GFP. Transfected cells, positive for GFP, could

be identi®ed in the patch-clamp set up. GFP was excited at a
wavelength between 450 and 490 nm and the emitted light was
passed through a 520 nm long pass ®lter.

Solutions and drugs

The standard extracellular solution was a modi®ed Krebs
solution (Kr) containing (in mM): NaCl 150, KCl 6, MgCl2 1,
CaCl2 1.5, glucose 10, N-(hydroxyethyl)piperazine-N'-(2-
ethanesulphonic acid) (HEPES) 10, titrated with NaOH to

pH 7.4. The osmolarity, as measured with a vapour pressure
osmometer (Wescor 5500, Schlag, Gladbach, Germany), was
320+5 mOsm.

ICl,swell: At the beginning of the patch-clamp recording, the
Krebs solution was replaced by an isotonic-Cs+ solution (ISO,

320+5 mOsm) containing (in mM): NaCl 105, CsCl 6, CaCl2
1.5, MgCl2 1, D-mannitol 90, glucose 10, HEPES 10, adjusted
to pH 7.4 with NaOH. Volume-sensitive Cl7 currents were

activated by exposing the cells to a 25% hypotonic

extracellular solution (HTS, 240+5 mOsm), containing (in
mM): NaCl 105, CsCl 6, CaCl2 1.5, MgCl2 1, glucose 10,
HEPES 10 (HTS7.4 and HTS6) or Tris(hydroxymethyl)-

aminomethane (TRIS) 10 (HTS8.8), adjusted to pH 7.4
(HTS7.4) or pH 6 (HTS6) with NaOH or titrated to pH 8.8
(HTS8.8) with HCl.

The standard pipette solution contained (in mM): CsCl 40,

Cs-aspartate 100, MgCl2 1, CaCl2 1.93, ethylene glycol-O,O'-
bis(2-aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA) 5, Na2
ATP 4, HEPES 10, adjusted to pH 7.2 with CsOH

(290+5 mOsm).
The presence of Cs+ instead of K+ in the extra- and

intracellular solutions blocked the inwardly rectifying K+

currents, which are present in CPAE cells (Voets et al., 1996a).
To suppress the Ca2+-activated Cl7 current, the free Ca2+

concentration in the pipette solution was bu�ered at 100 nM,

which is below the threshold for activation of this current
(Nilius et al., 1997c), but which is su�cient for full activation
of ICl,swell during cell swelling in CPAE cells (SzuÈ cs et al., 1996).

ICl,Ca: Krebs solution was replaced by a slightly hypertonic
Krebs-Cs+ solution (345+5 mOsm) containing (in mM):
NaCl 150, CsCl 6, MgCl2 1, CaCl2 1.5, glucose 10, D-

mannitol 25, HEPES 10, titrated with NaOH to pH 7.4. The
slightly increased osmolarity prevented coactivation of
VRAC. ICl,Ca was activated by loading CPAE cells via the

patch pipette with 1000 nM free Ca2+ as described previously
(Nilius et al., 1997c,d). The standard pipette solution
contained (in mM): CsCl 40, Cs-aspartate 100, MgCl2 1,

CaCl2 4.33, EGTA 5, Na2ATP 4, HEPES 10, adjusted to
pH 7.2 with CsOH (290+5 mOsm).

CFTR: To eliminate K+ currents, Krebs solution was

replaced by a Krebs-Cs+ solution (320+5 mOsm) containing
(in mM): NaCl 150, CsCl 6, MgCl2 1, CaCl2 1.5, glucose 10,
HEPES 10, titrated with NaOH to pH 7.4. The CFTR-channel

was activated by a cocktail containing 100 mM 3-isobutyl-1-
methylxanthine (IBMX) and 1 mM forskolin (both from
Sigma-Aldrich Chemie) dissolved in the Krebs-Cs+ solution.

The standard pipette solution contained (in mM): CsCl 40, Cs-
aspartate 100, MgCl2 1, CaCl2 1.93, EGTA 5, Na2ATP 4,
HEPES 10 adjusted to pH 7.2 with CsOH (290+5 mOsm).

Fluoxetine hydrochloride was purchased from Sigma

Aldrich.

Current measurements and data analysis

Whole-cell membrane currents were measured in ruptured
patches. All experiments were performed at room temperature

(20 ± 238C). Currents were monitored with an EPC-7 patch
clamp ampli®er (List Electronic, Germany) and sampled at
2 ms intervals (1024 points per record, ®ltered at 200 Hz),

unless otherwise mentioned.

ICl,swell: In most experiments we applied a `ramp' protocol,
which consisted of: a step to 780 mV for 0.4 s, followed by a

step to 7150 mV for 0.1 s and a 1.3 s linear voltage ramp to
+100 mV. This voltage protocol was repeated every 15 s from
a holding potential of 0 mV. Current-voltage relations were

constructed from the ramp current, and time courses were
obtained by averaging the current in a small voltage window
around +100 mV and 7150 mV. In some experiments we

used a `step' protocol consisting of 1.5 s voltage steps, applied
every 10 s from a holding potential of 750 mV to test
potentials from7100 to +100 mV with increments of 40 mV.
Currents were sampled at 1 ms intervals.

Figure 1 Chemical structure of ¯uoxetine.
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ICl,Ca and CFTR: In all experiments we used a `step' protocol
consisting of 1.5 s voltage steps, applied every 10 s from a
holding potential of 720 mV to test potentials from 7100 to

+100 mV with increments of 20 mV. Currents were sampled
at 1 ms intervals.

Data were analysed in Winascd (G. Droogmans) and in
Origin (MicroCal Software, Inc.). Pooled data are given as the

means+s.e.mean.

Results

Fluoxetine inhibits various Cl7 channels

The CFTR-currents were activated by a cocktail containing
100 mM IBMX and 1 mM forskolin dissolved in the Krebs-Cs+

solution, as described in detail elsewhere (Cuppens et al.,
1998). Figure 2a and b show CFTR-current traces in control
conditions (a) and in the presence of 10 mM FLX (b), measured
during the voltage step protocol, performed at pH 7.4. The

corresponding current-voltage relations (Figure 2c) show that

the CFTR currents are approximately equally inhibited at
positive and negative potentials. The dose-inhibition curve at
+100 mV was ®tted to the equation

% Inhibition � 100

1�
�
Ki

C

� p �1�

in which C is the drug concentration, p the Hill coe�cient and
Ki the drug concentration needed for half maximal block. The
value of Ki was 26.9+9.4 mM (n=3).

Ca2+-activated Cl7 currents were activated by loading
CPAE cells via the patch pippete with 1 mM free Ca2+ as
described previously (Nilius et al., 1997d). Figure 2d and e

show current traces in control conditions (d) and in the
presence of 10 mM FLX (e), measured during the voltage step
protocol, performed at pH 7.4. The corresponding current-

voltage relations are shown in Figure 2f. The value of Ki (at
+100 mV and pH 7.4) was 10.7+1.6 mM (n=3-5). Volume-
activated chloride channels and the corresponding current,

ICl,swell, were activated by replacing the isotonic solution (ISO)
by the hypotonic solution (HTS), as described in detail

Figure 2 (a) CFTR-current traces in response to 1.5-s voltage steps to potentials from 7100 to +100 mV (+20 mV increment),
applied every 10 s from a holding potential of 720 mV. Sampling interval was 1 ms. The dashed line indicates zero current.
Currents were measured in control conditions at pH 7.4. (b) Currents recorded in the presence of 10 mM FLX at pH 7.4 using the
same protocol as in (a). (c) Current-voltage relations derived from the CFTR-current traces in (a) and in (b). Currents were
measured at the end of the voltage steps. (d) ICl,Ca current traces in control conditions using the same protocol as in (a). (e) Currents
recorded in the presence of 10 mM FLX at pH 7.4 using the same protocol as in (a). (f) Current-voltage relations derived from the
ICl,Ca current traces in (d) and in (e). Currents were measured at the end of the voltage steps. (g) Current traces in response to 1.5-s
voltage steps to potentials from 7100 to +100 mV (+40 mV increment), applied every 10 s from a holding potential of 750 mV.
Sampling interval was 1 ms. The dashed line indicates zero current. Currents were measured in control conditions at pH 7.4
(HTS7.4). (h) Currents recorded in the presence of 10 mM FLX at pH 7.4 using the same protocol as in (g). (i) Current-voltage
relations derived from the VRAC current traces in (g) and in (h). Currents were measured at the end of the voltage steps.
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elsewhere (Nilius et al., 1994a). Figure 2g and h show current
traces in control conditions (g) and in the presence of 10 mM
FLX (h), measured during the voltage step protocol,

performed at pH 7.4. The corresponding current-voltage
relations (Figure 2i) show that the VRAC currents are
approximately equally inhibited at positive and negative
potentials. ICl,swell and the Ca2+-activated Cl7 current reverse

at potentials more positive than the theoretical equilibrium
potential for Cl7 because of permeation of organic anions such
as aspartate in the pipette (for a detailed discussion see Nilius

et al., 1997a, c). We will focus the following experiments on the
interaction between FLX and VRAC.

Inhibition by ¯uoxetine of VRAC

Figure 3a shows a typical time course experiment in which two

di�erent concentrations of FLX (5 and 50 mM) were added to
the external solution during a maintained superfusion with
hypotonic solution (HTS7.4). FLX induced a fast and
concentration-dependent block of ICl,swell, which was almost

complete at 50 mM. This block was fully reversible and
recovery of the current upon washout was fast. Current-
voltage relationships (Figure 3b) are obtained from voltage

ramps before and after addition of the di�erent drug
concentrations. Very similar results were obtained in
analogous experiments (n57).

At pH 7.4, FLX occurs mainly with one single positive
charge, due to a secondary amine group with a pKa value of
9.5. In order to investigate whether its inhibitory e�ect on

ICl,swell is mediated by the positively charged or by the neutral
form, we performed experiments in which the pH of the HTS

solution was increased to 8.8 (HTS8.8) or decreased to 6.0
(HTS6) during drug application. Short (1 ± 2 min) changes in
pH did not signi®cantly a�ect the amplitude of currents

measured in isotonic or hypotonic conditions, as described in
detail elsewhere (Nilius et al., 1998). Figure 4a shows a typical
time course experiment in which the pH of the external
solution was changed during application of 5 mM FLX.

Current-voltage relationships (Figure 4b) are obtained from
voltage ramps before and after addition of 5 mM FLX at
di�erent pH values. Figure 4 shows that the inhibitory e�ect of

5 mM FLX on ICl,swell is increased at higher pH and almost
absent at lower pH values. Very similar results were obtained
in analogous experiments (n=8).

From the experimental protocols shown in Figures 3 and 4,
we have evaluated the concentration dependence of the
inhibition of ICl,swell for FLX at two pH values (pH 7.4 and

8.8) and at +100 mV (Figure 5, ®lled squares for pH 7.4, ®lled
circles for pH 8.8). The inhibition is expressed as the
percentage reduction of the background corrected ICl,swell at
+100 mV. The background current (current under isotonic

conditions) was not a�ected by FLX, except at the highest
concentrations. At pH 7.4, the estimated value of Ki was
6.0+0.5 mM, with a Hill coe�cient of 1.04+0.09. However,

the estimated value of Ki for pH 8.8 was 0.32+0.01 mM, with a
Hill coe�cient of 1.32+0.05. This more potent block at higher
pH could be explained by assuming that only the uncharged

form of FLX exerts a blocking e�ect. The uncharged
concentrations can be calculated by the following equation:

log
�base�
�acid� � pHÿ pka �2�

In the case of FLX, [base] corresponds to the concentration of

the uncharged drug and [acid] to the concentration of the
charged drug in the solution. It can be calculated that at pH 6
only 0.03% of FLX is in its uncharged form, while at pH 7.4

and 8.8 the uncharged form amounts to 0.8 and 19.9%

Figure 3 (a) Time course of activation of ICl,swell during superfusion
with hypotonic solution (HTS) (following superfusion with Krebs
solution (Kr) and isotonic-Cs+ solution (ISO)), reversible inhibition
of the current with 5 and 50 mM of FLX and deactivation of the
current after returning to isotonic-Cs+ solution. The dashed line
indicates zero current. Data were obtained from ramp protocols by
averaging the current in a small voltage window around +100 mV
and 7150 mV. (b) Current-voltage relations obtained from voltage
ramps at the times indicated in (a).

Figure 4 (a) Time course of the current at +100 mV and 7150 mV
showing the e�ect of di�erent pH values on the block of ICl,swell by
5 mM FLX. (b) Current-voltage relations were obtained from voltage
ramps at the times indicated in (a).
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respectively. Hence, a pH shift from pH 7.4 to 8.8 increases the
concentration of the uncharged form approximately 20 fold.

The same factor of increase is found when we compare the Ki

values obtained at pH 7.4 and 8.8. This con®rms the
assumption that the blocking e�ect of FLX on ICl,swell is

exerted by the neutral form. The e�ective concentration of the
uncharged form at each concentration of FLX ([FLX]) can be
calculated by the following equation:

�base� � �FLX�� 10�pHÿpKa�

1� 10�pHÿpKa� �3�

The open symbols in Figure 5 represent the inhibition as a

function of the e�ective concentration of the uncharged form,
as derived from the data points at pH 7.4 (open squares) and
at pH 8.8 (open circles). It is obvious that the inhibition curves

obtained at the two pH values are not signi®cantly di�erent if
plotted as a function of the concentration of the uncharged
form of FLX. The dashed line represents the best ®t of the
pooled data to equation [1]. The estimated Ki value for the

non-ionised form of FLX was 50.1+2.86 nM, with a Hill
coe�cient of 1.17+0.08.

Discussion

The experimental results obtained in this study demonstrate a
fast and concentration-dependent block of volume-regulated
anion channels in endothelial cells by FLX. This blocking

e�ect was not speci®c for VRAC, since Ca2+-activated Cl7

channels and the cystic ®brosis transmembrane conductance
regulator were also inhibited by the drug in a similar
concentration range. These results could reveal a novel

characteristic of the antidepressant drug FLX, sc. as a novel
chloride channel modulator. In this context it is interesting to
compare FLX with other chloride channel blockers. FLX is a

voltage-independent chloride channel modulator. These di�er
in their sensitivity for blocking the channel (mM to mM range)
and apparently there is no structural relationship. All

compounds however seem to be relatively hydrophobic and

contain aromatic parts, frequently phenolic structures. An
amine function is often present and a 7CF3 group is likely to
increase the blocking sensitivity (Roy et al., 1998). Relying on

the structure of FLX it is also fair to catalogue the drug in the
group of the voltage-independent chloride channel blockers
such as tamoxifen, quinine and quinidine, mibefradil, (Nilius et
al., 1994b, 1997b; Voets et al., 1996b), for a review see (Nilius

et al., 1997a).
The inhibitory e�ect of FLX on VRAC is markedly

potentiated at higher pH values. The pronounced pH-e�ect

is not due to an e�ect on the channel itself, since short (1 ±
2 min) changes in pH do not signi®cantly a�ect the amplitude
of currents measured in isotonic or hypotonic conditions

(Nilius et al., 1998). Our results strongly suggest that inhibition
of VRAC is mediated by the uncharged form of FLX. A
possible explanation could be that the block is due to an

intracellular action following permeation of the uncharged
form through the cell membrane, as has been proposed for
chromones (Heinke et al., 1995). However, if uncharged FLX
enters the cell, it would be ionized immediately (the internal

solution has a pH of 7.2) and subsequent wash-out would be
rather slow. Since this is in contradiction to our results, it is
more likely that the high a�nity block by the neutral FLX is

due to hydrophobic interactions with the channel protein(s)
within the membrane bilayer. The voltage-independent nature
of the block supports this hypothesis. A similar mechanism has

been described for the inhibitory action of quinine and
quinidine on ICl,swell (Voets et al., 1996b). If we assume that
only the non-ionized form of FLX is responsible for block of

VRAC, the estimated Ki value is 50.1+2.9 nM as derived from
the measurements at pH 7.4 and 8.8.

In previous studies it has been shown that FLX inhibits
cation channels. In most of these studies, however, the

concentration at which FLX was found to a�ect these
channels was much higher than the anticipated plasma
concentrations in patients being treated for depression (Rae

et al., 1995; Tytgat et al., 1997). Therapeutic blood levels
range from 0.2 to 3.4 mM (Altamura et al., 1994; Baumann,
1996; Preskorn et al., 1991) and brain concentrations seem

to be signi®cantly higher than their corresponding plasma
concentrations (Altamura et al., 1994). The apparent brain
concentration of FLX relative to plasma is 20 : 1 (Karson et
al., 1993). This concentration range ®ts with the blocking

range for all Cl7 channels tested in this study. FLX might
therefore a�ect Cl7 activity in the brain at the normally
used therapeutic concentrations. In addition to the block of

Ca2+-activated Cl7 channels and CFTR, our data reveal for
the ®rst time a potent block of volume regulated anion
channels, VRAC, by Prozac with Ki values close to plasma

concentrations. It has been shown that VRAC is an
ubiquitously expressed channel with very similar properties
in many cell types (Nilius et al., 1994c). The functional

importance of this channel has been discussed in detail and
comprises among others, e�ects on volume regulation,
osmolyte transport and electrogenesis (Nilius et al., 1997a;
Okada, 1997; Strange et al., 1996). Because of these multiple

e�ects, it is not unlikely that modulation of VRAC
contributes to the numerous and complicated mechanisms
of action of the psychotropic drug. This might be especially

important, inasmuch as VRAC has been described in
neuronal and glial cells and endothelial cells of the blood-
brain barrier, and is critically involved in volume regulation

and maintaining the osmotic composition of the ¯uid
compartments in the central nervous system (Strange, 1992).

Interestingly, VRAC is also involved in glutamate release
during cerebral ischemia (Bausch & Roy, 1996), and its

Figure 5 Dose-response curve for inhibition of VRAC by FLX at
two di�erent pH values: pH 7.4 and 8.8. Each data point represents
the average+s.e.mean of n cells as indicated. The ®lled line represents
the best ®t of the data to equation [1]. The open symbols represent
the inhibition as a function of the e�ective concentration of the
uncharged form as derived from the data points at pH 7.4 and 8.8
and calculated by equation [3]. The dashed line represents the best ®t
of the pooled data to equation (1).
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activation is tightly linked to the cellular energy metabolism,
which may have signi®cance for several human diseases such as
stroke-like episodes (MELAS), encephalopathy, brain swelling

and edema (Patel et al., 1998). Under all these circumstances,
modulation of VRAC by Prozac may play a role in the overall
action of this psychotropic drug. Therefore, brain Cl7

channels may provide multifunctional targets of FLX. In

conclusion, volume-activated chloride currents are e�ciently
blocked by the uncharged form of ¯uoxetine. Given that the
uncharged ¯uoxetine exerts its inhibitory e�ect in the

nanomolar range, it might provide a lead compound for the
development of novel modulatory, high a�nity compounds of
volume-activated chloride currents. Ca2+-activated Cl7 cur-

rents and CFTR are also blocked by ¯uoxetine, revealing a

novel characteristic of the drug as a chloride channel
modulator.
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Endogenous nitric oxide in the maintenance of rat microvascular
integrity against widespread plasma leakage following abdominal
laparotomy

1Ferenc LaÂ szloÂ & *,2Brendan J.R. Whittle

1Institute of Experimental Medicine, Hungarian Academy of Sciences, Budapest, Hungary; 2The William Harvey Research
Institute, St. Bartholomew's & The Royal London School of Medicine & Dentistry, London, England

1 The role of nitric oxide (NO) in the maintenance of microvascular integrity during minor surgical
manipulation has been evaluated in the rat.

2 The NO synthase inhibitors, NG-nitro-L-arginine methyl ester (L-NAME, 5 mg kg71, s.c.) and
NG-monomethyl-L-arginine (L-NMMA, 50 mg kg71, s.c.) had no e�ect on microvascular leakage of
radiolabelled albumin over 1 h in the stomach, duodenum, jejunum, colon, lung and kidney in the
un-operated conscious or pentobarbitone-anaesthetized rat.

3 In contrast, in anaesthetized rats with a midline abdominal laparotomy (5 cm), L-NAME (1 ±
5 mg kg71, s.c.) or L-NMMA (12.5 ± 50 mg kg71, s.c.) dose-dependently increased gastrointestinal,
renal and pulmonary vascular leakage, e�ects reversed by L-arginine pretreatment (300 mg kg71,
s.c., 15 min). These actions were not observed in anaesthetized rats that had only received a midline
abdominal skin incision (5 cm).

4 Pretreatment with a rabbit anti-rat neutrophil serum (0.4 ml kg71, i.p.), 4 h before laparotomy,
abolished the plasma leakage induced by L-NAME in all the organs investigated.

5 These results indicate that the following abdominal laparotomy, inhibition of constitutive NO
synthase provokes vascular leakage in the general microcirculation, by a process that may involve
neutrophils. Such e�ects could thus confound studies on the microvascular actions of NO synthase
inhibitors using acute surgically prepared in vivo models. The ®ndings thus suggest that
constitutively-formed NO has a crucial role in the maintenance of acute microvascular integrity
following abdominal surgical intervention.

Keywords: Constitutive nitric oxide synthase; eNOS; nitric oxide synthase inhibitors; vascular permeability; plasma loss;
neutrophils; surgery; laparotomy

Abbreviations: eNOS, endothelial nitric oxide synthase; [125I]HSA, [125I]human serum albumin; iNOS, inducible nitrix oxide
synthase; L-NAME, NG-nitro-L-arginine methyl ester; L-NMMA, NG-monomethyl-L-arginine; NO, nitric oxide;
SNOG, S-nitroso-glutathione

Introduction

Nitric oxide (NO), synthesized in the vascular endothelium, by
a calcium and calmodulin-dependent constitutive isoform of
nitric oxide synthase (eNOS), plays a signi®cant role in the

regulation of vascular tone (Moncada & Higgs, 1995).
Moreover, NO inhibits aggregation and adhesion of platelets
to the vascular endothelium (Radomski et al., 1992; Moncada

& Higgs, 1995) and may be involved in modulating the
interaction of circulating leukocytes with the microvasculature
(Kubes et al., 1991), thus further participating in the general
homeostatic control of vascular beds.

NO, formed by eNOS has also been proposed to regulate
resting microvascular permeability, since administration of the
nitric oxide synthase inhibitor, NG-nitro-L-arginine methyl

ester (L-NAME) led to an increase in microvascular protein
e�ux in the cat mesentery, an e�ect reversed by the nitric oxide
donor, nitroprusside (Kubes & Granger, 1992). Moreover, L-

NAME elevated vascular protein extravasation in a number of
organs of the rat (Filep & FoÈ ldes-Filep, 1993; Filep et al.,
1993). In contrast to these ®ndings, in our previous studies we
could not demonstrate that either L-NAME or the other nitric

oxide synthase inhibitors including NG-monomethyl-L-argi-

nine (L-NMMA), aminoguanidine or NG-iminoethyl-L-or-
nithine could cause increased plasma leakage in the rat
intestine or other major organs (LaÂ szloÂ & Whittle, 1997;

LaÂ szloÂ et al., 1994a,b, 1995a ± c). Acute plasma leakage was,
however, provoked by these NO synthase inhibitors, when
administered at a time of low-dose endotoxin challenge, which

itself did not increase microvascular leakage (LaÂ szloÂ & Whittle,
1997; LaÂ szloÂ et al., 1994a,b, 1995a ± c). These latter ®ndings
imply that other factors, presumably acting on the micro-
vasculature, in addition to eNOS inhibition, are required to

provoke plasma leakage and accumulation in this model.
In the original studies where NO synthase inhibitors were

shown to increase resting vascular permeability, the animals

had been acutely surgically manipulated to prepare an
exteriorized vascular bed (Kubes & Granger, 1992). In other
studies where an increase in resting vascular permeability with

L-NAME was observed, the rats had catheters implanted into
the abdominal aorta and into the vena cava. 4 days before the
study (Filep & FoÈ ldes-Filep, 1993; Filep et al., 1993). Since it is
known that wound healing takes some 10 days, in the latter

studies a sterile wound-healing in¯ammatory process would
likely to be in progress. In addition, vascular endothelial cells
release a number of vasoactive mediators following irritation

(Burnstock, 1990) a process which also could be activated
during arterial or venous catheterization. However, in our
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studies where L-NAME failed to a�ect resting leakage of
albumin, the animals had not undergone any surgical
manipulation, although there were also di�erences between

the actual measurements of permeability made in these studies.
In order to evaluate the possible e�ects of surgical

intervention on plasma exudation using a standardized
technique, in the present study, the acute e�ects of the NO

synthase inhibitors, L-NAME and L-NMMA on microvascular
leakage and accumulation of radiolabelled human serum
albumin was evaluated in animals that had undergone various

degrees of surgical manipulation. In addition, the involvement
of neutrophils in any microvascular permeability changes
following surgical intervention has also been investigated.

Methods

Surgical manipulation

Male Wistar rats (225 ± 275 g) were fasted overnight, but

allowed free access to water. The animals were separated into
four groups. In the ®rst group the animals were deemed to be
conscious for the majority of the experimentation period, since

the treatments were performed under transient halothane
anaesthesia from which the animals had completely recovered
within 2 min. Autopsy in this group, which was designated as

the conscious surgically un-operated group, was performed
under halothane anaesthesia within 1 min. In the second
group, the animals received pentobarbitone (60 mg kg71, i.p.)

to induce anaesthesia and were tracheotomized. In the third
group, under pentobarbitone anaesthesia, a 5 cm long skin
incision was performed on the abdominal region. The animals
were tracheotomized and a gauze pad moistened with saline

was placed on the skin incision. In the fourth group, in
pentobarbitone-anaesthetized animals, a 5 cm long midline
laparotomy in the abdominal wall was performed, without

signi®cant bleeding. Rats were tracheotomized and gauze
moistened with saline was placed over the incision.

All groups were administered [125I]human serum albumin

([125I]HSA, 2 mCi kg71, i.v.) via a needle inserted into the tail
vein for 3 ± 4 s, and autopsy was performed 1 h later. The 1 h
maximum time-point was chosen to exclude the involvement
of inducible NO synthase (iNOS), that requires 2 ± 3 h

following challenge for expression, since this could modify
vascular leakage and hence confound interpretation of the
®ndings (Boughton-Smith et al., 1993). In one group, autopsy

was performed 30 min after administration of radiolabelled
albumin. In all of the anaesthetized groups, the body
temperature was maintained on 36.5 ± 378C using a homeo-

thermic control unit and underblanket (Harvard Instru-
ments).

Plasma leakage

As a measure of vascular endothelial permeability, leakage of
[125I]HSA into tissue was determined in segments of the

stomach, duodenum, jejunum, colon, lung and kidney. Blood
was collected from the abdominal aorta into syringes contain-
ing trisodium citrate (®nal concentration 0.318%) and

centrifuged (10,0006g, 10 min, 48C). The [125I]HSA content
of the plasma and segments of tissues was determined in a
gamma-spectrometer (Nuclear Enterprises NE 1600) and the

albumin content in tissues were calculated.
The control value for albumin accumulation was taken as

the mean of the data of a group of control animals which
received albumin only, which re¯ects basal albumin movement

into tissues. In each experiment and for each procedure, this
basal control mean value was calculated and subtracted from
the value from each of the animals in each treatment group.

The data were expressed as changes in albumin accumulation
(D plasma leakage, ml plasma g71 tissue), corrected for
intravascular volume (LaÂ szloÂ et al., 1994a, 1995c).

Intravascular volume

Changes in intravascular volume in gastric, duodenal, jejunal,

colonic, pulmonary and renal tissues were determined in
additional groups of rats by administering [125I]HSA (2 mCi
kg71) intravenously via the tail vein 2 min before tissue

removal, in all groups investigated. The tissue and plasma con-
tent of radiolabel was determined and the intravascular
volume was expressed as ml g71 tissue (LaÂ szloÂ et al., 1994a,

1995c).

E�ect of L-NAME and L-NMMA on intestinal plasma
leakage

In a set of rats from each of the groups, L-NAME (1 ±
5 mg kg71, s.c.) or L-NMMA (1 ± 50 mg kg71, s.c.) was

injected concurrently with [125I]HSA. Plasma leakage in the
jejunum and colon was evaluated after 1 h. In separate groups,
rats were pretreated with L-arginine (300 mg kg71, s.c.) 15 min

before L-NAME (5 mg kg71, s.c.) administration, and jejunal
and colonic plasma leakage was determined 1 h after L-NAME.

In a separate study, L-NAME (5 mg kg71, s.c.) was

administered concurrently with laparotomy and [125I]HSA,
and plasma leakage in the jejunum and colon was measured
30 min later.

Plasma leakage in other organs

To evaluate the action of NO synthase inhibitors on plasma

leakage in the stomach, duodenum, lung and kidney in
conscious and laparotomized rats L-NAME (5 mg kg71, s.c.)
was administered concurrently with [125I]HSA, and plasma

leakage in these tissues was measured 1 h later.

E�ect of phenylephrine infusion on intestinal plasma
leakage and blood pressure

In laparotomized rats, phenylephrine infusion (10 mg kg71

min71, into the tail vein) was commenced immediately

following administration of [125I]HSA. Plasma leakage in the
jejunum and colon was determined 1 h later.

In additional groups of anaesthetized rats, and rats with

abdominal laparotomy, the e�ect of L-NAME (5 mg kg71,
s.c.) or phenylephrine infusion (10 mg kg71 min71, i.v.) on
systemic arterial blood pressure was measured from a cannula

inserted into the right carotid artery using a pressure
transducer (Elcomatic) connected to a Grass Polygraph. The
blood pressure was monitored over a 1 h period. The dose of
phenylephrine was taken from previous studies in this model

(LaÂ szloÂ et al., 1994b).

E�ect of S-nitroso-glutathione on intestinal plasma
leakage and blood pressure

In laparotomized rats, infusion of the NO donor S-nitroso-

glutathione (SNOG, 1 mg kg71 min71) into the tail vein was
commenced concurrently with the administration of L-NAME
(5 mg kg71, s.c.). Plasma leakage in the jejunum and colon was
measured 1 h later.
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In another group of rats with abdominal laparotomy, the
e�ect of infusion of SNOG (1 mg kg71 min71) into the tail
vein, on the actions of L-NAME (5 mg kg71, s.c.) on arterial

blood pressure was monitored over a 1 h period. The dose of
SNOG was taken from previous studies in this model (LaÂ szloÂ

et al., 1995c).

E�ect of anti-neutrophil serum on plasma leakage

Rabbit anti-rat neutrophil serum (0.4 ml kg71, i.p.) Was

administered 4 h before laparotomy. L-NAME (5 mg kg71,
s.c.) was injected immediately after abdominal laparotomy,
and plasma leakage was determined 1 h later, being thus 5 h

after anti-neutrophil serum administration.

Chemicals

[125I]human serum albumin was obtained from Amersham
International (U.K.) and IZINTA, Budapest (Hungary).
Rabbit anti-rat neutrophil serum was purchased from

Accurate Chemical and Scienti®c Corporation (Westbury,
New York, U.S.A.). All the other compounds were from
Sigma Chemical Company (Poole, Dorset, U.K.).

Statistics

The data are expressed as means+s.e.mean from (n) rats per
experimental group. For statistical comparisons, analysis of
variance with the Bonferroni test was utilized, where P50.05

was taken as signi®cant.

Results

E�ect of L-NAME or L-NMMA on intestinal plasma
leakage following various surgical manipulations

In conscious un-operated rats, administration of L-NAME
(5 mg kg71, s.c.) or L-NMMA (50 mg kg71, s.c.) did not a�ect

intestinal plasma leakage over 1 h (Table 1).
In pentobarbitone-anaesthetized rats with or without

incision of the abdominal skin, no signi®cant change in plasma
leakage was found in the jejunum (D19+14 and D18+8 ml g71

tissue, respectively, n=8± 11) or colon (D8+3 and
D0+3 ml g71 tissue, respectively, n=8±11). Furthermore,
neither L-NAME (5 mg kg71, s.c.) nor L-NMMA (50 mg kg71,

s.c.) a�ected jejunal or colonic plasma leakage in pentobarbi-
tone-anaesthetized rats with or without skin incision (Table 1).

Abdominal laparotomy alone did not a�ect plasma leakage

in the jejunum and colon, being D3+6 and D2+3 ml g71 tissue
over 1 h, respectively (n=6), as shown in Figures 1 and 2.
However, in laparotomized animals, administration of L-

NAME (1 ± 5 mg kg71, s.c.) or L-NMMA (12.5 ± 50 mg kg71,
s.c.) provoked signi®cant dose-dependent jejunal and colonic
plasma leakage over 1 h. This e�ect was inhibited by
pretreatment with L-arginine (300 mg kg71, s.c., 15 min before

L-NAME), as shown in Figures 1 and 2.
In additional studies, plasma leakage in the jejunum and

colon was observed 30 min after the administration of L-

NAME (5 mg kg71, s.c.) with laparotomy (D35+8 and
D32+5 ml g71 tissue, respectively; n=6, P50.05). This plasma
leakage was signi®cantly (P50.05) smaller than that observed

when L-NAME (5 mg kg71, s.c.) was administered concur-
rently with laparotomy and plasma leakage was investigated
1 h later (D88+12 ml g71 tissue in the jejunum and
D55+9 ml g71 tissue in the colon, n=8).

E�ect of L-NAME on plasma leakage in other organs

Administration of L-NAME (5 mg kg71, s.c.) had no action

on resting plasma leakage in the stomach (D5+3 ml g71 tissue,
n=12), duodenum (D0+11 ml g71 tissue, n=11), lung
(D21+9 ml g71 tissue, n=5) and kidney (D3+3 ml g71 tissue,
n=5) in conscious animals over 1 h (Figure 3).

Table 1 Jejunal and colonic plasma leakage (1 h) in
conscious un-operated or barbiturate-anaesthetized rats or
following incision of the abdominal skin in anaesthetized rats

Jejunum Colon
Treatment Dose (Dml g71)

Conscious
L-NAME
L-NMMA

5 mg kg71

50 mg kg71
0+18
3+9

11+3
3+5

Anaesthetized
Control
L-NAME
L-NMMA

5 mg kg71

50 mg kg71

19+14
25+12
14+18

8+3
9+5
13+5

Skin incision
Control
L-NAME
L-NMMA

5 mg kg71

50 mg kg71

18+8
1+9
3+6

0+3
0+3
1+4

Data are shown as plasma leakage in D ml plasma g71 tissue,
and expressed as means+s.e.mean, where n=8±15. The
conscious rats received halothane anaesthesia brie¯y for
drug administration; the anaesthetized group of rats received
pentobarbitone (60 mg kg71, i.p.), while the skin incision
group of rats had a 5 cm midline incision on the abdominal
skin under pentobarbitone anaesthesia. NG-nitro-L-arginine
methyl ester (L-NAME) or NG-monomethyl-L-arginine (L-
NMMA) was injected s.c. 1 h prior to the assessment of
plasma leakage. There are no signi®cant changes from
control plasma leakage in any of the groups.

Figure 1 The vascular leakage, determined using radiolabelled
albumin, following administration of NG-nitro-L-arginine methyl
ester (L-NAME, 5 mg kg71, s.c.) in the jejunum and colon of the
conscious un-operated or anaesthetized rats with abdominal lapar-
otomy over 1 h. The reversal by L-arginine (L-Arg, 300 mg kg71, s.c.,
15 min before L-NAME) of the jejunal and colonic plasma leakage
induced by L-NAME in the laparotomized rat is also shown. The
columns indicate the leakage of plasma in D ml g71 tissue. Data are
given as the means+s.e.mean of ®ve rats per group; statistical
signi®cance is shown as *P50.05 compared to the control conscious
untreated group.
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Abdominal laparotomy alone did not provoke signi®cant
plasma leakage in the stomach, duodenum, lung and kidney
over 1 h, being D0+4, D0+8, D2+11 and D8+3 ml g71 tissue,

respectively (n=5). However, administration of L-NAME
(5 mg kg71, s.c.) following laparotomy caused signi®cant
plasma leakage in gastric, duodenal, pulmonary and renal
tissues after 1 h (Figure 3).

E�ect of phenylephrine on blood pressure and intestinal
plasma leakage

In laparotomized rats, infusion of phenylephrine
(10 mg kg71 min71, i.v.) elevated systemic arterial blood
pressure over the 1 h period of administration (Figure 4). The
increase in blood pressure by phenylephrine infusion was not

signi®cantly di�erent from that caused by L-NAME
(5 mg kg71, s.c.) as shown in Figure 4.

Infusion of phenylephrine (10 mg kg71 min71, i.v.) did not

provoke plasma leakage in the jejunum and colon over 1 h in
laparotomized rats, being D5+11 and D3+4 ml g71 tissue,
respectively (n=4) as demonstrated in Figure 4.

E�ect of S-nitroso-glutathione on intestinal plasma
leakage and blood pressure

Intravenous infusion of the NO donor, S-nitroso-glutathione
(SNOG, 1 mg kg71 min71 for 1 h) did not reduce blood
pressure in laparotomized rats (D2+4, D0+3, D-3+5 and

D4+5 mmHg 15, 30, 45 and 60 min later, respectively; n=4).
Furthermore, SNOG did not a�ect the elevation and blood
pressure induced by L-NAME (5 mg kg71, s.c.) over 1 h

(Figure 5).
Administration of this dose of SNOG abolished the increase

in jejunal and colonic plasma leakage induced by L-NAME

(5 mg kg71, s.c.) in laparotomized rats, as shown in Figure 5.

E�ect of anti-neutrophil serum on plasma leakage

Pretreatment of rats with a rabbit anti-rat neutrophil serum
(0.4 ml kg71, i.p.) 4 h before laparotomy, substantially

Figure 2 Induction of vascular leakage, determined using radio-
labelled albumin, in the jejunum (upper panels) and colon (lower
panels) by the administration of NG-nitro-L-arginine methyl ester (L-
NAME, 1 ± 5 mg kg71, s.c.) or NG-monomethyl-L-arginine (L-
NMMA, 12.5 ± 50 mg kg71, s.c.) in the anaesthetized rat with
abdominal laparotomy over 1 h. Plasma leakage is expressed as
D ml g71 tissue. Data are given as the means+s.e.mean of 5 ± 8 rats
per group; statistical signi®cance is shown as *P50.05 compared to
the control (Cont.) untreated laparotomized group.

Figure 3 Vascular leakage, determined using radiolabelled albumin,
induced by NG-nitro-L-arginine methyl ester (L-NAME, 5 mg kg71,
s.c.) in the stomach (a), duodenum (b), lung (c) and kidney (d) of the
anaesthetized rat with abdominal laparotomy over 1 h. Plasma leakage
is expressed as D ml g71 tissue. Data are shown as the means+s.e.mean
of ®ve rats per group; statistical signi®cance is shown as *P50.05
compared to the control untreated conscious group.

Figure 4 Increase of systemic arterial blood pressure following the
administration of NG-nitro-L-arginine methyl ester (L-NAME,
5 mg kg71, s.c.) or phenylephrine (10 mg kg71 min71, i.v.) over 1 h
in the anaesthetized rat with abdominal laparotomy (upper panel).
Actions of L-NAME (5 mg kg71, s.c.) or phenylephrine
(10 mg kg71 min71, i.v.) on plasma leakage in the jejunum after
1 h in laparotomized rats are shown in the lower panel. Blood
pressure changes are given as D mmHg compared to the untreated
laparotomized group and plasma leakage is expressed as D ml g71

tissue. Data are shown as the means+s.e.mean of four rats per
group; statistical signi®cance is shown as #P50.05 for di�erence in
blood pressure di�erence compared to the control abdominal
laparotomized group, and as *P50.05 for di�erence in plasma
leakage compared to the control laparotomized group.
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reduced L-NAME (5 mg kg71, s.c.)-provoked plasma leakage
in the stomach, duodenum, jejunum, colon and lung (Figure

6). This dose of anti-neutrophil serum reduced the circulating
neutrophil count by 85+5%, as determined on blood smears.

Intravascular volume

In control conscious un-operated rats, the intravascular

volume was 71+8 ml g71 tissue in the jejunum and
39+4 ml g71 tissue on the colon (n=6). This intravascular
volume did not change signi®cantly in the jejunum and colon

of anaesthetized rats, and in animals following skin incision or
abdominal laparotomy. Neither L-NAME (5 mg kg71, s.c.)
nor L-NMMA (50 mg kg71, s.c.) a�ected intravascular volume
in any of the experimental groups and tissues investigated

(n=3± 4, data not shown). Infusion of phenylephrine
(10 mg kg71 min71, i.v.) did, however, signi®cantly reduce
intravascular volume, as measured in the jejunum and colon

(by 44+1 and 46+4%, respectively, n=4, P50.01).

Discussion

In the current study, no signi®cant di�erence in albumin

leakage and accumulation has been observed in tissues from
un-operated conscious or anaesthetized rats, or in anaesthe-
tized rats with a skin-incision or abdominal laparotomy under
resting conditions, showing that these minor surgical interven-

tions alone do not provoke changes in microvascular
permeability to albumin. In contrast, abdominal laparotomy
produced a time-dependent signi®cant elevation in micro-

vascular leakage in the jejunum and colon over 1 h following

administration of the NO synthase inhibitors, L-NAME or L-
NMMA. These NO synthase inhibitors had no such e�ect in
conscious, anaesthetized or skin-incised rats. The increase in

vascular leakage provoked by abdominal laparotomy follow-
ing treatment with L-NAME was reversed by L-arginine,
indicating that these e�ects involved the NO-L-arginine

pathway. Involvement of constitutive NO synthase is more
likely than the inducible isoform, since in previous studies it
has been demonstrated that a minimum of 2 h is needed for the

expression of iNOS (Salter et al., 1991; Boughton-Smith et al.,
1993).

Inhibition of eNOS elevates blood pressure (Moncada et al.,
1991; Moncada & Higgs, 1995). It is therefore possible that the

increased vascular leakage by L-NAME and L-NMMA in the
laparotomized rat in our study could in part re¯ect the
enhanced perfusion pressure leading to increased blood ¯ow

(Granger et al., 1989). Administration of phenylephrine, which
caused a similar elevation in blood pressure as L-NAME, did
not provoke vascular leakage in the laparotomized rat,

although any local actions on the microcirculation exerted by
phenylephrine but not L-NAME, could obscure interpretation
of these ®ndings. In previous studies, L-NAME has been

reported to enhance transcapillary protein ¯ux without
increasing capillary hydrostatic pressure in the surgically
manipulated cat (Kubes & Granger, 1992). It is also unlikely
that the accumulation of albumin provoked by L-NAME

following laparotomy in our model could re¯ect an impair-
ment of lymphatic drainage, since in previous studies,
administration of L-NAME following surgical manipulation

was shown to lead to 5 fold increase in lymphatic ¯ow (Kubes

Figure 5 Changes in systemic arterial blood pressure over 1 h in the
anaesthetized rat with abdominal laparotomy by the concurrent
infusion of S-nitroso-glutathione (SNOG, 1 mg kg71 min71, i.v.)
with NG-nitro-L-arginine methyl ester (L-NAME, 5 mg kg71, s.c.;
upper panel). Actions of L-NAME (5 mg kg71, s.c.) with or without
the concurrent intravenous infusion of SNOG (1 mg kg71 min71) on
plasma leakage in the jejunum after 1 h in laparotomized rats are
shown in the lower panel. Blood pressure changes are shown as
D mmHg compared to the untreated laparotomized group. Plasma
leakage is expressed as D ml g71 tissue. Data are shown as the
means+s.e.mean of four rats per group; statistical signi®cance is
shown as #P50.05 for di�erence in blood pressure compared to the
control laparotomized group, and as *P50.05 for di�erence in
plasma leakage compared to the control laparotomized group.

Figure 6 Inhibition of vascular leakage, determined using radio-
labelled albumin, induced by NG-nitro-L-arginine methyl ester (L-
NAME, 5 mg kg71, s.c.) in the stomach (a), duodenum (b), jejunum
(c), colon (d), lung (e) and kidney (f), of the anaesthetized rat with
abdominal laparotomy over 1 h by the pretreatment with rabbit anti-
rat neutrophil serum (ANS. 0.4 ml kg71, i.p., 4 h before lapar-
otomy). Plasma leakage is expressed as D ml g71 tissue. Data are
shown as the means+s.e.mean of four rats per group; statistical
signi®cance is shown as *P50.05 compared to the control (Cont.)
laparotomized group and #P50.05 compared to the L-NAME-
treated laparotomized group.
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& Granger, 1992). Thus, since all of the experimental groups in
the present study received the same low dose of radiolabelled
albumin, and the tissues subsequently processed in an identical

fashion, the most likely explanation for the current ®ndings is
that the enhanced tissue albumin accumulation is a con-
sequence of endothelial dysfunction due to inhibition of eNOS
by L-NAME or L-NMMA following laparotomy.

Infusion of the NO donor, SNOG in a dose that had no
e�ect on the elevation in blood pressure caused by L-NAME
substantially reduced the vascular leakage induced by L-

NAME in the laparotomized rat. This observation is in
agreement with previous ®ndings by others that the NO donor
nitroprusside reversed the elevation of vascular permeability

provoked by L-NAME in a surgical preparation, an e�ect
brought about without actions on capillary pressure (Kubes &
Granger, 1992). NO donors also signi®cantly attenuate

intestinal microvascular injury following the administration
of high doses of endotoxin (Boughton-Smith et al., 1990),
infusion of platelet-activating factor (Boughton-Smith et al.,
1992), or by the concurrent administration of L-NAME and

low doses of endotoxin (LaÂ szloÂ et al., 1995c).
NO donors decrease neutrophil function and adhesion both

in in vivo and in vitro (Moilanen et al., 1993; Ma et al., 1993;

Granger & Kubes, 1994). Administration of L-NAME
enhances the adhesion of leukocytes to the vascular
endothelium, assessed by in vivo microscopy in surgically

prepared animals (Kubes et al., 1991; Arndt et al., 1993). Such
events involve platelet-activating factor and leukotrienes
(Arndt et al., 1993), as also found with the intestinal

microvascular leakage provoked by L-NAME in endotoxin-
challenged rats (LaÂ szloÂ et al., 1994b; LaÂ szloÂ & Whittle, 1995).
Polymorphonuclear leukocytes are well-known to play a
crucial role in the changes in microvascular permeability

during in¯ammatory processes leading to tissue oedema
(Wedmore & Williams, 1981). In the present study, the
increase in plasma leakage by L-NAME in laparotomized rats

was abolished by the pretreatment of a rabbit anti-rat
neutrophil serum suggesting the involvement of neutrophils
in these events. Thus, it is feasible that endogenous NO formed

by eNOS could counteract the actions of neutrophil-derived
mediators that are released subsequent to laparotomy.

On the basis of the present results, it is proposed that the
relatively minor surgical intervention of opening the abdom-

inal cavity during laparotomy causes wide-spread microvas-
cular events throughout the body. These microvascular

changes are modulated by NO, since following inhibition of
constitutive NOS, laparotomy causes increased plasma loss
from gastrointestinal organs, lung and kidney. The mechan-

isms underlying this apparent microvascular priming are
unknown, but may re¯ect neuronal or humoral stimulation
as a consequence of the surgical stress of laparotomy, as well as
the activation or priming of the neutrophil. Although vascular

endothelial dysfunction during and following surgical opera-
tions has been described earlier (Jarnum, 1961; Krakelund,
1971; Robarts, 1979; AkerstroÈ m & Lisander, 1991), this was

not observed with our acute abdominal laparotomy proce-
dures, where no manipulation of the intestinal organs was
performed. However, the current data suggests that should NO

formation be compromized during surgical procedures, plasma
and ¯uid loss would be augmented which could lead to
hypovolaemia, as well as oedema formation and a decreased

tissue oxygenization. It is possible therefore that administra-
tion of NO donors during major surgical interventions, in low
doses which do not a�ect systemic arterial blood pressure, may
be bene®cial in preventing any vascular endothelial dysfunc-

tion.
The current studies thus may help to resolve the earlier

apparent con¯ict that NO synthase inhibitors increase vascular

permeability in studies with surgically prepared models (Kubes
& Granger, 1992) whereas they have no e�ect in intact animals
(LaÂ szloÂ et al., 1994a,b, 1995a ± c), although there are also

di�erences between the experimental models utilized. How-
ever, such e�ects observed in the present study could therefore
confound studies on the microvascular actions of NO synthase

inhibitors using acute surgically manipulated ex vivo models.
Moreover, since these vascular events appear to involve
neutrophils, the action of NO synthase inhibitors on
neutrophil activation and adhesion in surgically prepared

vascular beds may require careful interpretation. The ®ndings
thus suggest that constitutively formed NO plays a more-
crucial role in the maintenance of microvascular integrity

during or following minor abdominal surgical intervention,
than under more physiological conditions.
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Neurogenic plasma leakage in mouse airways
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1 This study sought to determine whether neurogenic in¯ammation occurs in the airways by
examining the e�ects of capsaicin or substance P on microvascular plasma leakage in the trachea
and lungs of male pathogen-free C57BL/6 mice.

2 Single bolus intravenous injections of capsaicin (0.5 and 1 mmol kg71, i.v.) or substance P (1, 10
and 37 nmol kg71, i.v.) failed to induce signi®cant leakage in the trachea, assessed as extravasation
of Evans blue dye, but did induce leakage in the urinary bladder and skin.

3 Pretreatment with captopril (2.5 mg kg71, i.v.), a selective inhibitor of angiotensin converting
enzyme (ACE), either alone or in combination with phosphoramidon (2.5 mg kg71, i.v.), a selective
inhibitor of neutral endopeptidase (NEP), increased baseline leakage of Evans blue in the absence of
any exogenous in¯ammatory mediator. The increase was reversed by the bradykinin B2 receptor
antagonist Hoe 140 (0.1 mg kg71, i.v.).

4 After pretreatment with phosphoramidon and captopril, capsaicin increased the Evans blue
leakage above the baseline in the trachea, but not in the lung. This increase was reversed by the
tachykinin (NK1) receptor antagonist SR 140333 (0.7 mg kg71, i.v.), but not by the NK2 receptor
antagonist SR 48968 (1 mg kg71, i.v.).

5 Experiments using Monastral blue pigment as a tracer localized the leakage to postcapillary
venules in the trachea and intrapulmonary bronchi, although the labelled vessels were less numerous
in mice than in comparably treated rats. Blood vessels of the pulmonary circulation were not
labelled.

6 We conclude that neurogenic in¯ammation can occur in airways of pathogen-free mice, but only
after the inhibition of enzymes that normally degrade in¯ammatory peptides. Neurogenic
in¯ammation does not involve the pulmonary microvasculature.

Keywords: Plasma leakage; endothelial cells; vascular permeability; substance P; capsaicin; Hoe 140; SR 140333; SR 48968;
phosphoramidon; captopril

Abbreviations: ACE, angiotensin converting enzyme; NEP, neutral endopeptidase

Introduction

Capsaicin induces the release of substance P and other

neurotransmitters from sensory nerves, causing plasma
leakage via the activation of tachykinin NK1 receptors on
endothelial cells (Abelli et al., 1991a; Bowden et al., 1994;

JancsoÂ et al., 1967). The neurogenic plasma leakage, part of the
phenomenon known as neurogenic in¯ammation (Geppetti &
Holzer, 1996; McDonald, 1997), has been well characterized in

rat and guinea-pig airways, but it is not clear whether such
leakage occurs in airways of mice, and if so, under what
circumstances. Published studies of mouse airways report
apparently contradictory results; some investigators have

failed to observe substance P-induced plasma leakage in
mouse airways (Buckley & Nijkamp, 1994), whereas others
have reported it (Figini et al., 1997). In human airways, there is

as yet no direct evidence for neurogenic in¯ammation
(McDonald, 1997), and even high doses of capsaicin fail to
induce plasma leakage (Grei� et al., 1995).

Recently, a capsaicin receptor has been cloned and localized
in sensory neurons in dorsal root ganglia of rats and mice
(Caterina et al., 1997), but it is not clear if it is present on the

vagal sensory neurons that innervate the airways. In mouse

organs such as urinary bladder, skin, and parts of the

gastrointestinal tract innervated by capsaicin-sensitive nerves,
plasma leakage can occur in response to substance P, either
given directly or released by capsaicin, or in response to

bradykinin (Figini et al., 1997; Inoue et al., 1993; Maggi et al.,
1987a). Capsaicin-sensitive, substance P-containing nerves may
have a role in mucosal exudation in mouse airways associated

with a delayed hypersensitivity reaction (Buckley & Nijkamp,
1994) and in immune complex activation of the lung (Bozic et
al., 1996). However, it is not clear which anatomical categories
of vessels become leaky, and to our knowledge, there are no

reports of the e�ect of capsaicin on plasma leakage in mouse
airways. Furthermore, it has been suggested that in addition to
the major role played by NK1 tachykinin receptors in

neurogenic plasma leakage in the airways of some species, NK2

receptors can also have a minor role (Tousignant et al., 1993).
However, there are no data on this point in mouse airways.

Our main goal was to determine whether neurogenic
in¯ammation occurs in mouse airways. Another aim was to
determine which airway blood vessels are involved, and

whether there is any leakage in the lung. Lastly, we sought
to examine the possible role of NK1 and NK2 receptors in
neurogenic plasma leakage in the mouse trachea. Our strategy
was to quantify the plasma leakage induced by substance P or*Author for correspondence; E-mail: pbaluk@itsa.ucsf.edu
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capsaicin using Evans blue dye as a tracer. Because tachykinins
can be rapidly degraded by neutral endopeptidase (NEP) and
angiotensin converting enzyme (ACE), we inhibited these

enzymes, using phosphoramidon and captopril respectively.
Because airway infections can change the activity of these
enzymes (Borson et al., 1989), increase the expression of
tachykinin receptors (Baluk et al., 1997), and potentiate

plasma leakage (McDonald et al., 1991), all studies used
speci®c pathogen-free male C57BL/6 mice, a strain in which
airway responses have been studied in `knockout' mice (Bozic

et al., 1996; Figini et al., 1997). Leaky vessels were identi®ed
histologically using Monastral blue as a marker of plasma
leakage, and the labelled vessels in mice were compared to

corresponding vessels in rats. To examine the relative
contribution of NK1 and NK2 tachykinin and B2 bradykinin
receptors in the leakage we used the selective receptor

antagonists SR 140333 and SR 48968 and Hoe 140.

Methods

Animals

Pathogen-free male C57BL/6 mice (20 ± 25 g in weight) from
Charles River Laboratories (Hollister, CA, U.S.A.) were
maintained in a barrier facility to prevent respiratory tract

infections. The mice were anaesthetized with ketamine
(100 mg kg71, i.m.) and xylazine (5 mg kg71, i.m.), and their
body temperature was maintained by a heating pad. In

experiments done for comparison, pathogen-free male F344
rats (200 ± 250 g) from Simonsen Laboratories (Gilroy, CA,
U.S.A.) were treated in an identical fashion to the mice.

Experimental protocol

Mice were pretreated with vehicle (0.9% NaCl) or with

phosphoramidon (2.5 mg kg71, i.v.), captopril (2.5 mg kg71,
i.v.), or both. Five min later Evans blue dye (30 mg kg71, i.v.)
or Monastral blue pigment (30 mg kg71, i.v.) was injected and

immediately thereafter substance P (1, 10 and 37 nmol kg71,
i.v.) or capsaicin (0.5 or 1 mmol kg71, i.v.) was injected over
20 s (to minimize apnea). A stock solution of 5 mmol ml71

capsaicin was prepared in a 1 : 1 : 8 mixture of ethanol, Tween-

80 and 0.9% NaCl and diluted further for use with 0.9% NaCl;
other drugs were dissolved in 0.9% NaCl. Baseline leakage of

Evans blue was measured in mice injected with 0.9 NaCl
(1 ml kg71, i.v.). Some groups of mice were pretreated with the
antagonists Hoe 140 (D-Arg-[Hyp3, Thi5, D-Tic7, Oic8]-

bradykinin; 0.1 mg kg71, i.v.) selective for bradykinin B2

receptors (Wirth et al., 1991), or with SR 140333 ((S)1-{2-[3-
(3,4-dichlorophenyl)-1-(3-isopropoxyphenylacetyl) piperidin-
3-yl]ethyl}-4-phenyl-1-azoniabicyclo [2,2,2]octane chloride;

0.7 mg kg71, i.v.) selective for tachykinin NK1 receptors
(Emonds-Alt et al., 1993), or with SR 48968 ((S)-N-methyl-
[4-(4-acetylamino-4-phenylpiperidino)-2-(3,4-dichlorophenyl)-

butyl] benzamide; 1 mg kg71, i.v.) selective for NK2 tachykinin
receptors (Emonds-Alt et al., 1992; Maggi et al., 1993),
administered 5 min before the phosphoramidon and/or

captopril or before vehicle only. Five minutes after the
in¯ammatory stimulus the chest was opened, both atria were
cut, and the systemic circulation was perfused with a ®xative

containing paraformaldehyde (McDonald et al., 1991) for
2 min at a pressure of 120 ± 140 mmHg via an 18 gauge needle
inserted into the left ventricle. In addition, the pulmonary
circulation was ¯ushed for 1 min at a pressure of 20 mmHg.

Tissues (trachea, 5 mm thick sections of left lung containing
the hilum and main bronchus, dorsal skin of hind foot, and
urinary bladder) were dissected, gently blotted, and weighed.

Evans blue dye was extracted from the tissues using
formamide, measured spectrophotometrically and expressed
as ng dye mg71 wet weight of tissue (Saria & Lundberg, 1983).

Tracheas and urinary bladders used for identifying leaky
vessels labelled by extravasated Monastral blue were prepared
as whole mounts (McDonald et al., 1991), and 20 mm thick

cryostat sections were cut of the lung.

Materials used

We used the following reagents: capsaicin, captopril, for-
mamide, Monastral blue, phosphoramidon, phosphate buf-
fered saline, Tween 80 (Sigma Chemical Company, St. Louis,

MO, U.S.A.), Evans blue (EM Sciences, Cherry Hill, NJ,
U.S.A.), ketamine (Parke-Davis, Morris Plains, NJ, U.S.A.),
substance P (Peninsula Laboratories, Belmont, CA, U.S.A.),

and xylazine (Butler, Colombus, OH, U.S.A.). The selective
NK1 and NK2 receptor antagonists SR 140333 and SR 48968,
respectively, were gifts from Dr Xavier Emonds-Alt, Sano®
Recherche, Montpellier, France, and Hoe 140, a selective

bradykinin B2 receptor antagonist, was a gift from Dr Klaus
Wirth, Hoechst, Frankfurt, Germany.

Table 1 Microvascular leakage of Evans blue in urinary bladder and skin of C57BL/6 mice

Urinary bladder Skin
Treatment (ng dye mg71 tissue) (ng dye mg71 tissue)

Baseline
Substance P 1 nmol kg71

Substance P 10 nmol kg71

Substance P 37 nmol kg71

Capsaicin 0.5 mmol kg71

Capsaicin 1.0 mmol kg71

Phosphoramidon
Captopril
Phosphoramidon+captopril
Hoe 140
SR 140333
Hoe 140+phosphoramidon+captopril
Phosphoramidon+captopril+capsaicin 0.5 mmol kg71

SR 140333+phosphoramidon+captopril+capsaicin 0.5 mmol kg71

2.43+0.22
5.88+1.01
33.01+7.91*
21.66+5.05*
5.98+1.61
20.28+9.29*
13.30+4.39*
20.68+3.56*
31.55+11.32*
2.19+0.12
2.66+0.43
3.70+0.44*
45.98+5.91*
18.98+7.11*

3.85+0.68
7.64+4.03
11.71+2.26*
10.40+2.34*
4.98+0.34
4.50+0.51
5.30+1.02
7.02+1.02
7.98+1.84
4.73+0.83
2.34+0.53
7.03+1.35*
9.70+2.27*
7.00+1.26

Microvascular leakage in urinary bladder and skin of anaesthetized pathogen-free C57BL/6 mice expressed as ng Evans blue dye mg71

wet weight of tissue. Values are means+s.e.mean; n=6±8 for all groups, except for substance P 1 nmol kg71 (n=5). *Signi®cantly
di�erent from baseline group (P50.05).
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Statistics

Values are expressed as means+s.e.mean. Di�erences between

groups were determined by analysis of variance followed by
the Dunn-Bonferroni t-test and were considered signi®cant
when P50.05.

Results

In the absence of any stimulus, baseline leakage of Evans blue

in the trachea, urinary bladder and other organs (Figure 1 and
Table 1) was modest. In the absence of pretreatment, substance
P (1, 10 and 37 nmol kg71, i.v.) or capsaicin (0.5 and
1 mmol kg71, i.v.) did not increase Evans blue leakage

signi®cantly above baseline in the trachea (Figure 1A). No
blood vessels in the trachea were labelled with Monastral blue
after substance P or capsaicin alone. Intravenous injection of

capsaicin at doses up to 1 mmol kg71 caused a transient
(51 min) apnea.

In the same mice, substance P (10 and 37 nmol kg71)

signi®cantly increased Evans blue leakage in the urinary
bladder and skin, although the response to 37 nmol kg71 was
less than to 10 nmol kg71 (Figure 1B and Table 1). On

average, the leakage in the urinary bladder increased 2 and
8 fold after the 0.5 and 1 mmol kg71 i.v. doses of capsaicin
(Table 1).

Pretreatment with Hoe 140 signi®cantly reduced baseline

leakage in the trachea, but not in the urinary bladder or skin
(Figure 2 & Table 1). Pretreatment with SR 140333 did not
in¯uence baseline in any organ (Figure 2 & Table 1). After

pretreatment with captopril alone, but without capsaicin or
substance P, there was a signi®cant increase in the Evans blue
leakage in the trachea (Figure 2). Captopril plus phosphor-

amidon had a slightly larger e�ect, but phosphoramidon alone
had no e�ect (Figure 2). The leakage induced by captopril plus
phosphoramidon was blocked by pretreatment with Hoe 140

(Figure 2). Similar results were found in the urinary bladder
(Table 1).

Capsaicin produced a further dose-dependent increase in
Evans blue leakage in the trachea of mice pretreated with

captopril plus phosphoramidon (Figure 3). This increase was
prevented by pretreatment with SR 140333, but not by SR

Figure 1 Comparison of plasma leakage in (A) trachea and (B)
urinary bladder of pathogen-free C57BL/6 mice 5 min after
intravenous injection of substance P or capsaicin. Baseline values
measured in mice after vehicle alone. Values are means+s.e.mean
n=5±8 mice per group. *P50.05 compared to baseline group.

Figure 2 Increased plasma leakage in tracheas of pathogen-free
C57BL/6 mice pretreated with phosphoramidon plus captopril 5 min
before Evans blue and vehicle. Leakage is not increased when mice
are pretreated with the bradykinin B2 receptor antagonist Hoe 140
10 min before Evans blue. Pretreatment with Hoe 140 alone, but not
SR 140333 alone, reduces baseline leakage. Values are means
+s.e.mean; n=6±8 mice per group. *P50.05 compared to baseline
group.
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48968 (Figure 3 and Table 1). However, neither SR 140333 nor
SR 48968 blocked the component of the leakage produced by
captopril plus phosphoramidon pretreatment. Similar results

were found in the urinary bladder and skin (Table 1).
In the lung, baseline Evans blue values were higher than in

the trachea and other tissues, but none of the treatments
signi®cantly increased the values above this baseline (Figure 4).

Monastral blue labelling showed that in the trachea the
leaky vessels after captopril plus phosphoramidon pretreat-
ment, followed by capsaicin were postcapillary venules and

collecting venules (Figure 5A). The labelled venules in the
mouse trachea were less branched and less abundant than in
comparably treated rats (Figure 5B). After phosphoramidon

and captopril pretreatment alone a few postcapillary venules
were also labelled. The distribution pattern was similar to that
observed after pretreatment and subsequent capsaicin injec-

tion, but the number of labelled vessels and intensity of
labelling was much less. Monastral blue labelled venules
extended to the extrapulmonary bronchi. Corresponding
Monastral blue labelled venules were also found in the urinary

bladder and skin. In cryostat sections of mouse lung, some
postcapillary venules around the larger intrapulmonary
bronchi with smooth muscle were labelled (Figure 5C), but

smaller bronchioles and the pulmonary vasculature were not
(Figure 5D). No labelled vessels were found in alveolar walls.

Discussion

The main ®nding of this study was that neurogenic plasma
leakage could be induced in C57BL/6 mouse airways, but only

after the inhibition of the enzymes that degrade tachykinins.
The leaky vessels in the trachea and bronchi were postcapillary
venules supplied by the systemic circulation. Neurogenic

plasma leakage appeared to be mediated by NK1 receptors.
Blood vessels of the pulmonary circulation did not become
leaky. In the trachea, leaky blood vessels were less abundant,
and simpler in their branching pattern in mice than in rats.

Injection of even quite high doses of substance P and
capsaicin failed to induce plasma leakage in airways of normal
C57BL/6 mice. These in¯ammatory stimuli were su�cient to

induce leakage in other organs supplied by sensory nerves,
indicating that su�cient amounts of tachykinins were available
to induce leakage in these organs. The highest dose of

substance P used is more than that required to induce maximal
leakage in the trachea of rats and guinea-pigs (Brokaw &
White, 1994; Rogers et al., 1988), and this dose produces severe

hypotension (Maggi et al., 1987b). We did not investigate
higher doses of capsaicin because of the risk of fatal apnea.

According to the original description, the characteristics of
neurogenic in¯ammation are plasma leakage and vasodilata-

tion (JancsoÂ et al., 1967). In recent years, however, the term
neurogenic in¯ammation has been used somewhat more
broadly and vaguely, and has come to include other responses

to activation of sensory nerves, including smooth muscle
contraction, hypersecretion, mast cell degranulation, and
activation of immune cells (Geppetti & Holzer, 1996). In the

present report, we adhere to the original de®nition for clarity
and for consistency with our earlier publications (McDonald,
1997).

Neurogenic in¯ammation apparently does not occur in
species such as hamsters and rabbits that have a higher

Figure 4 Plasma leakage in the middle portion of left lung
containing the main bronchus of pathogen-free C57BL/6 mice. None
of the treatments induced leakage signi®cantly di�erent from the
baseline group. Values are means+s.e.mean; n=5±8 mice per group.

Figure 3 Capsaicin-induced leakage in tracheas of pathogen-free
C57BL/6 mice pretreated with captopril alone or with phosphor-
amidon plus captopril given 5 min before Evans blue injection. The
increase in leakage induced by capsaicin is prevented by pretreatment
with the NK1 receptor antagonist SR 140333 10 min in advance.
Values are means+s.e.mean; n=6±8 mice per group. *P50.05
compared to baseline group. {P50.05 compared to phosphoramidon
+ captopril pretreated group.
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tolerance to capsaicin than mice, rats, and guinea-pigs

(Glinsukon et al., 1980; McDonald, 1997). It is still not clear
whether neurogenic in¯ammation really occurs in human
airways (Baluk & McDonald, 1998; Barnes, 1996; McDonald,

1997). Although human airways undoubtedly contain sensory
nerves, few of them contain substance P (Hislop et al., 1990;
Luts et al., 1993). On the other hand, administration of

substance P onto the nasal mucosa causes an increased amount
of albumin in nasal secretions, and this can be interpreted as a
manifestation of plasma leakage (Braunstein et al., 1991).
However, there is no evidence that capsaicin can induce

plasma leakage in human nasal mucosa (Grei� et al., 1995). In
this respect, the situation in mouse airways, where it is rather
di�cult to induce neurogenic in¯ammation, is more similar to

human airways than to rat or guinea-pig airways, where it is
easy to induce leakage.

In agreement with previous studies in rats (Brokaw &

White, 1994), we found that inhibition of neutral endopepti-
dase and angiotensin converting enzyme by phosphoramidon
and captopril can elicit leakage even in the absence of capsaicin

or substance P, suggesting that endogenous mediators are
involved. Mice also resemble guinea-pigs and rats (Brokaw &
White, 1994; LoÈ tvall et al., 1991) in that inhibition of neutral
endopeptidase alone by phosphoramidon is insu�cient to

increase leakage above baseline levels in the airways, although
it can do so in the urinary bladder (Lu et al., 1997). A likely
candidate for the endogenous in¯ammatory mediator that

increases leakage in airways after captopril plus phosphor-

amidon is bradykinin. Evidence for this possibility is that

bradykinin is e�ciently degraded by angiotensin converting
enzyme (Welches et al., 1993) and can induce dose-dependent
leakage in the mouse trachea (Figini et al., 1997). The

increased leakage was prevented by the bradykinin B2 receptor
antagonist Hoe 140, and pretreatment with Hoe 140 alone
actually reduced baseline leakage.

It is unclear why di�erent investigators have found di�erent
amounts of substance P-induced plasma leakage in mouse
airways. Di�erences in routes of administration, measurement
techniques, and the strains of mice used (Balb/c, Swiss-Morini,

and C57BL/6) may contribute (Buckley & Nijkamp, 1994;
Figini et al., 1997, present study). Another possibility is the
presence of undetected respiratory tract infections. In rat

airways,Mycoplasma pulmonis and Sendai virus infections can
potentiate the e�ects of substance P (McDonald et al., 1991;
Piedimonte et al., 1990). A reduction in neutral endopeptidase

activity may be involved (Borson et al., 1989). M. pulmonis
infections can also increase expression of NK1 receptors on
endothelial cells (Baluk et al., 1997). Mice with M. pulmonis

infection appear to resemble rats in this respect and their
airway blood vessels become more sensitive to substance P, so
that substance P (3.7 nmol kg71, i.v.; lower than the doses
used here) induced signi®cant leakage in infected mice, but not

in pathogen-free controls (Thurston et al., 1998). Therefore,
only speci®c pathogen-free mice were used in the present study.

We examined whether NK1 or NK2 receptors mediate the

leakage in mouse airways by blocking the capsaicin-induced

Figure 5 Photomicrographs of Monastral blue-labelled venules in whole mount preparations of tracheas from pathogen-free (A)
C57BL/6 mice and (B) F344 rats, and in cryostat sections of mouse lung (C, D) after pretreatment with phosphoramidon plus
captopril and challenge with capsaicin 0.5 mmol kg71 (i.v.). (A) Labelled postcapillary venules (arrow) are sparse in mouse trachea
(c, cartilage), but are more abundant (arrows) and more branched in rat trachea (B). (C) Mouse main stem intrapulmonary
bronchus photographed by Nomarski di�erential interference microscopy (e, epithelium; sm, smooth muscle; arrow, Monastral blue-
labelled postcapillary venule in bronchial adventitia). (D) Vessels around the epithelium (e) of a smaller bronchiole and vessels in the
wall of an alveolus (al) are unlabelled. Scale bar: 200 mm for (A, B) and 50 mm for (C, D).
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increase in leakage with the selective receptor antagonists SR
140333 and SR 48968. We found that the NK1 receptor
antagonist blocked the response but the NK2 antagonist did

not, and we conclude that neurogenic plasma leakage in the
mouse trachea is mediated by NK1 receptors, with no
contribution from NK2 receptors detectable by our technique.
Similar ®ndings have been reported for neurogenic in¯amma-

tion in mouse skin (Inoue et al., 1997), and rat airways and
urinary bladder (Abelli et al., 1991b; Ahluwalia et al., 1994).

Leaky vessels were less numerous in mice than in rats. In

addition to the smaller sizes of airways and volumes of tissue,
substance P-containing nerves may be sparser. The trachea of
mice resembles bronchioles of larger species and sensory nerve

®bres have been reported to be sparse in the mucosa and
absent in the epithelium (Pack et al., 1984). In contrast,
substance P-containing nerve ®bres are abundant in the

epithelium of guinea-pig and rat trachea (Baluk et al., 1992;
Lundberg et al., 1984). In mouse lungs substance P-containing

nerve ®bres supply the airways, but not the intrapulmonary
blood vessels (Verastegui et al., 1997). Finally, in mice, as in
rats and guinea-pigs, only postcapillary venules of the tracheal

and bronchial circulation become leaky, and vessels of the
pulmonary circulation appear unresponsive to tachykinins or
bradykinin.

We conclude that neurogenic in¯ammation can occur in

mouse airways after the inhibition of enzymes that normally
degrade in¯ammatory peptides, but does not involve the
pulmonary microvasculature.

This work was supported in part by NIH Grants HL-24136 and
DK-43207. We thank Dr Piero Geppetti of the University of
Ferrara, Italy, for helpful discussions and sharing unpublished data.
We are grateful to Dr Xavier Emonds-Alt of Sano® Recherche,
Montpellier, France and Dr Klaus Wirth of Hoechst, Frankfurt,
Germany for kind gifts of SR 140333 and SR 48968, and Hoe 140
respectively.
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Modulation of ET-1-induced contraction of human bronchi by
airway epithelium-dependent nitric oxide release via ETA receptor
activation

*,1Emmanuel Naline, 2Claude Bertrand, 1Keltoum Biyah, 2Yasushi Fujitani, 3Toshikazu Okada,
4Alain Bisson & 1Charles Advenier

1Laboratoire de Pharmacologie, FaculteÂ de MeÂ decine Paris-Ouest, F-75270 Paris et Centre Hospitalier de Versailles, F-78150 Le
Chesnay, France; 2Respiratory Diseases & Allergy Department, Ciba-Geigy Ltd., CH-4002 Basel, Switzerland; 3International
Research Laboratories, Ciba-Geigy Japan Ltd, Takarazuka 665, Japan and 4CentreMeÂ dico-Chirurgical du Val d'Or, F-92210 Saint
Cloud, France.

1 The purpose of this work was to investigate whether endothelin-1 (ET-1) was able to induce the
release of an inhibitory factor from the airway epithelium in isolated human bronchi and to identify
this mediator as well as the endothelin receptor involved in this phenomenon.

2 In intact bronchi, ET-1 induced a concentration-dependent contraction (7logEC50=7.92+0.09,
n=18) which was potentiated by epithelium removal (7logEC50=8.65+0.11, n=17). BQ-123 , an
ETA receptor antagonist, induced a signi®cant leftward shift of the ET-1 concentration-response
curve (CRC). This leftward shift was abolished after epithelium removal.

3 L-NAME (361073
M), an inhibitor of nitric oxide (NO) synthase, induced a signi®cant leftward

shift of the ET-1 CRC, and abolished the potentiation by BQ-123 (1078
M) of ET-1-induced

contraction.

4 In intact preparations, the ETB receptor antagonist BQ-788 induced only at 1075
M a slight

rightward shift of the ET-1 CRC. In contrast, in epithelium-denuded bronchi or in intact
preparations in the presence of L-NAME, BQ-788 displayed a non-competitive antagonism toward
ET-1-induced contraction.

5 IRL 1620, a selective ETB receptor agonist, induced a contraction of the isolated bronchus
(7logEC50=7.94+0.11, n=19). This e�ect was not modi®ed by epithelium removal or by BQ-123.
BQ-788 exerted a competitive antagonism against IRL 1620 which was similar in the presence or
absence of epithelium.

6 These results show that ET-1 exerts two opposite e�ects on the human airway smooth muscle.
One is contractile via ETB-receptor activation, the other is inhibitory and responsible of NO release
which counteracts via ETA-receptor activation the contraction.

Keywords: Endothelin-1; human bronchus; ETA receptors; ETB receptors; IRL 1620; BQ-123; BQ-788; nitric oxide; airway
epithelium

Abbreviations: ACh, acetylcholine; BAL, bronchoalveolar lavage ¯uid; CRC, concentration-response curve; ET-1, endothelin-1;
NEP, neutral endopeptidase; NO, nitric oxide.

Introduction

Endothelin-1 (ET-1) was originally isolated as a potent
vasoconstrictor peptide from a culture medium of endothelial

cells (Yanagisawa et al., 1988). The biological actions of ET-1
are mediated through two distinct receptor subtypes, both of
which belong to the G-protein coupled receptor superfamily,

termed ETA and ETB receptors (Sakurai et al., 1992; Arai et al.,
1993). Numerous studies have revealed the diverse biological
action of this peptide in the lungs (Hay, 1995; Fernandes et al.,
1996; Goldie et al., 1996). Furthermore, immunoreactive levels

of ET were found to be elevated in bronchoalveolar lavage
¯uid (BAL) (Redington et al., 1995) and in airway epithelium
of asthmatic patients (Springall et al., 1991) compared to

healthy subjects, suggesting a pathophysiological role of ET-1
in bronchial asthma.

In guinea-pigs, endothelins are potent constrictors of airway

smooth muscle both in vitro and in vivo. IRL 1620 (Suc-[Glu9,
Ala11,15]ET-1(8,21)), a selective ETB receptor agonist (Takai et

al., 1992; James et al., 1993) induces contraction of the guinea-
pig trachea with a comparable potency to the natural ligand

ET-1 suggesting a major involvement of ETB receptors in this
response (Takai et al., 1992). In human bronchus, ET-1 is a
potent constrictor agent (Advenier et al., 1990; Hay et al.,

1993a; Nally et al., 1994; Goldie et al., 1995). Similarly, this
e�ect seems to be mediated by non-ETA receptors, presumably
ETB receptors (Hay et al., 1993c). In addition, prior
investigations have demonstrated that removal of the

epithelium from human bronchi or guinea-pig trachea
augments contraction to ET-1. Firstly, it was postulated that
epithelium ablation resulted in the suppression of the main

source of neutral endopeptidase (NEP), the enzyme involved in
part in ET-1 catabolism (Candenas et al., 1992). Secondly, ET-
1 has also been reported to induce relaxation in precontracted

rabbit and guinea-pig tracheal segments (Grunstein et al.,
1991; Filep et al., 1993). These ®ndings indicated that ET-1
was capable of releasing a relaxant factor from the airways

under certain circumstances. Recently, nitric oxide (NO) has
been suggested as an epithelial mediator following activation
of epithelial receptor (Filep et al., 1993). Endothelin receptors
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have been identi®ed on human airway epithelial cells in culture
(Takimoto et al., 1996). These ®ndings led us to hypothesize
that NO might modulate the contractile response of ET-1 in

human bronchi.
The present experiments were designed to characterize

further the contractile response of ET-1 in human bronchi
using two endothelin antagonists, BQ-123 and BQ-788, known

to be selective antagonists of ETA and ETB receptors,
respectively (Ihara et al., 1992a,b; Ishikawa et al., 1994).
Furthermore, we investigated the role of the epithelium on ET-

1- as well as on IRL 1620-induced contraction.
This study provides evidence that ET-1 may have two

opposite e�ects: one is contractile and linked to ETB receptor

stimulation; the other is inhibitory, dependent on ETA

receptors and linked to NO release.

Methods

Human bronchial tissue preparation

Bronchial tissues were removed from 59 patients (50 men and 9
women, mean age, 62.8+1.3 years) with lung cancer at the

time of the surgical operation. Just after resection, segments of
bronchi were taken from an area as far as possible from the
malignancy and were dissected free of parenchyma. They were

placed in oxygenated Krebs-Henseleit solution (NaCl, 119;
KCl, 5.4; CaCl2, 2.5; KH2PO4, 1.2; MgSO4, 1.2; NaHCO3, 25;
glucose, 11.7 mM) and stored overnight at 48C. Previous

experience in this laboratory and published data have
demonstrated that overnight storage of tissue does not alter
its reactivity. After removal of adhering fat and connective
tissues, 4 ± 8 rings (5 ± 7 mm length61 ± 2 mm internal

diameter) of the same bronchus were prepared. The bronchial
rings were suspended on tissue hooks in 5 ml organ baths
containing Krebs-Henseleit solution, gassed with 95% O2: 5%

CO2 and maintained at 378C (pH 7.4). Each preparation was
connected to a force displacement transducer (Statham UF-1)
and isometric tension changes recorded on a polygraph. The

preparations were equilibrated for 90 min with changes in
fresh Krebs-Henseleit solution every 15 min before the start of
each experiment. A load of 2 ± 2.5 g was maintained
throughout the equilibrium period. When required, the

epithelium was removed by gently and repeated rubbing of
the luminal surface with a cotton-tipped applicator, as
described previously (Naline et al., 1989; Candenas et al.,

1992). Experiments were conducted on parallel groups of 4 ± 8
rings, one ring used as control. Only one concentration-
response curve was recorded for each ring.

In all experiments, human bronchi were ®rst contracted
maximally with acetylcholine (361073

M)(ACh) and then
relaxed with theophylline (361073

M). These concentrations

did not alter subsequent responsiveness of the tissue. The tissue
was then allowed to equilibrate for a further 60 min period.

Experimental procedures

Concentration-response curves to ET-1 or to the ETB receptor
selective agonist, IRL 1620 (10711 to 361077

M), were

obtained by applying increasing concentrations at 10 ± 15 min
intervals. Contractile responses were expressed as a percentage
of the maximal e�ect induced by acetylcholine (361073

M).

Following the equilibration period, tissues with or without
epithelium were incubated (20 min) with L-NAME (1074 to
361073

M) (inhibitor of NO synthase) or L-Arg (361073
M),

with BQ-123 or BQ-788 (ETA and ETB receptor antagonists,

respectively), or with vehicle before addition of cumulative
concentrations of ET-1 or IRL 1620.

Analysis of data

7logEC50 values represent the negative logarithm of the
concentration of ET-1 or IRL 1620which induced a contraction

equal to 50% of the maximal e�ect induced by acetylcholine
(361073

M). Emax values represent the maximal contraction
induced by ET-1 or IRL 1620 and are expressed as percentage of

acetylcholine (361073
M). ACh 361073

M induced maximal
responses which were not modi®ed by epithelium removal or L-
NAME treatment (2.13+0.30 g, n=12; 1.81+0.20 g, n=12;

2.07+0.23 g, n=15 in control, after epithelium removal or after
L-NAME treatment, respectively). pA2 and pKB values of
antagonists were calculated according to Arunlakshana &

Schild (1959) andKenakin (1987), respectively. The competitive
nature of the antagonism was evaluated by the Schild plot
method (Arunlakshana&Schild, 1959) on data obtainedwith at
least three concentrations of BQ-788 (1077 ± 1075

M and 1079 ±

1077
M) tested against ET-1 and IRL 1620, respectively. All

values in the text and in the ®gures are expressed as means
+s.e.mean. Statistical analysis of the results was performed

using Student's t-test (two-tailed, for paired samples), and P
values lower than 0.05 were considered signi®cant.

Drugs

Drugs used were ET-1 (Novabiochem, LaÈ ufel®ngen, Switzer-

land), acetylcholine HCl (Pharmacie Centrale des HoÃ pitaux,
Paris, France), NG-nitro-L-arginine methyl ester (L-NAME)
and L-Arginine (L-Arg) (Sigma, St Louis, MO, U.S.A.), BQ-
123 and BQ-788 (Bachem, Bubendorf, Switzerland), IRL 1620

(International Research Laboratories, Ciba-Geigy Japan Ltd.,
Takarazuka, Japan).

ET-1 was dissolved in distilled water at concentration of

2.561074
M and kept in small aliquots (200 ml) at7208C until

used. A fresh aliquot was used for each experiment. Dilutions
were made in Krebs solution. BQ-123 and BQ-788 were

dissolved with ethanol at concentration of 2.561073
M and

kept in small aliquots (200 ml) at 7208C until used. A fresh
aliquot was used for each experiment. Dilutions were made
®rst with ethanol/water (50/50) (concentration of 2.561074

M)

and then in Krebs solution. The maximal ®nal concentration
of ethanol was 0.02% and this concentration did not modify
the maximal acetylcholine response. IRL 1620 was dissolved

with ethanol at concentration of 2.561073
M. Dilutions were

made ®rst with ethanol/water (50/50) (concentration of
2.561074

M) and then in Krebs solution. L-NAME and L-

Arg were dissolved in distilled water at concentration of 0.25 M

and then in Krebs solution.

Results

E�ect of epithelium removal on ET-1- and IRL 1620-
induced contraction of human bronchi

Both ET-1 and IRL 1620 potently contracted isolated human

bronchi (7logEC50 values of 7.92+0.09, n=18 and
7.94+0.11, n=19, respectively (Figure 1a and b). The
contractile response induced by IRL 1620 was not a�ected

by epithelium removal (7logEC50 values of 8.10+0.09, n=12;
P40.05 compared to intact preparations) (Figure 1b). In
contrast, the concentration-response curve for ET-1 was
signi®cantly shifted to the left after epithelium removal

ETA receptor and NO release530 E. Naline et al



(7logEC50 values of 8.65+0.11; shift of 0.73+0.10 log unit,
n=17, P50.001) (Figure 1a).

E�ect of BQ-123, L-NAME and BQ-788 on ET-1
induced contraction of human bronchi

Using intact human bronchi, BQ-123 (1078 ± 1075
M) induced

a signi®cant potentiation of the ET-1 contractile response as
shown by a leftward shift of the ET-1 concentration-response
curves at all concentration tested (0.55 ± 0.66 log unit) (Figure

2a; Table 2a). L-NAME (361073
M) induced a signi®cant

leftward shift of the ET-1 concentration-response curve
(0.44+0.07 log unit, n=15, P50.001) (Figure 2b; Table 2)

and this potentiation was abolished by the presence of L-Arg
(361073

M; Table 2). However, after epithelium removal, BQ-
123 (1078 ± 1075

M) and L-NAME (361073
M) had no

signi®cant e�ect on the ET-1 concentration-response curve

(Table 2). In addition, the e�ects of L-NAME and BQ-123
were not additive in preparations with epithelium (Table 2).

The concentration-response curve for ET-1 was displaced

signi®cantly to the right by BQ-788 only with the highest
concentration (1075

M) in preparations with epithelium (shift
to the right of 0.43+0.10 log unit, n=7, P50.05) (Figure 3a;
Table 1). pKB calculated according to Kenakin (1987) for a

concentration of BQ-788 (1075
M) was 5.08+0.36 (Schild plot

slope=0.68+0.08, n=7, signi®cantly di�erent from unity,
P50.05). After epithelium removal, BQ-788 induced a

concentration-dependent rightward shift of the ET-1 con-
centration-response curve (shift to the right of 0.56 ± 1.21 log
unit; Schild plot slope=0.70+0.10, n=6, signi®cantly

di�erent from unity, P50.05 and pKB=6.40+0.31, n=6)
(Figure 3b; Table 1). This improvement in the antagonistic
activity of BQ-788 was also observed in intact preparations in

the presence of L-NAME (361073
M; shift to the right of

0.21 ± 0.93 log unit; Schild plot slope=0.59+0.08, n=7,
signi®cantly di�erent from unity, P50.01 and pKB=
5.86+0.28, n=7) (Figure 3c).

Figure 1 E�ect of epithelium removal on (a) ET-1- and (b) IRL
1620-induced contraction of isolated human bronchi on intact
preparations or after epithelium removal. Values are means+s.e.-
mean (n=12± 19).

Figure 2 Comparative e�ect of BQ-123, an ETA receptor antagonist
(a), and L-NAME (361073

M), a nitric oxide synthase inhibitor (b)
on ET-1-induced contraction of intact isolated human bronchi.
Values are means+s.e.mean (n=5±15).
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E�ect of BQ-123 and BQ-788 on IRL 1620-induced
contraction of human bronchi

The concentration-response curves for IRL 1620 were not
modi®ed by BQ-123 (1078 ± 1076

M; Table 1). Irrespective of
the presence of the epithelium, BQ-788 (1079 ± 1077

M)
induced a rightward shift of the IRL 1620 concentration-

response curve (shift to the right of 0.18 ± 2.06 log unit; Table
1). Antagonism by BQ-788 was competitive antagonism since
maximal responses to IRL 1620 were not signi®cantly reduced

and the slope of Schild plot were not signi®cantly di�erent
from unity in the presence (pA2=8.64+0.06; slope=1.11+
0.09, n=7) and in the absence (pA2=8.82+0.10; slope=

1.19+0.11, n=5) of the epithelium (Figure 4a and b; Table 1).

Discussion

The present results show that the airway epithelium plays a
major role in the contractile response of the isolated human

bronchi to ET-1. The results obtained with receptor-selective
agonist and antagonists suggest that ETA receptors are present
on the airway epithelium mediating the release of nitric oxide

which counteracts the contraction. In contrast, ETB receptors
seem to be located on airway smooth muscle cells mediating
contraction.

The respiratory epithelium not only acts as a physical

barrier but also contains enzymes to metabolize peptides or
release mediators to modulate the responses of the underlying
smooth muscle to a variety of bronchoconstrictors including

ET-1 (Bertrand & Tschirhart, 1993). A potentiation of the
contractile response to ET-1 after epithelium removal has
already been reported in guinea-pig tracheae (SarriaÂ et al.,

1990; Tschirhart et al., 1991) and human bronchi (Candenas et
al., 1992) providing further con®rmation of the regulatory role
of airway epithelium in airway tone. In these studies, it was

suggested that neutral endopeptidase EC 24.11 (NEP) was in
part responsible for the potentiation of the ET-1 response after
epithelium removal since inhibitors of this enzyme were able to
partially mimic this e�ect (Tschirhart et al., 1991; Candenas et

Table 1 Shift of the concentration response curves of ET-1 and IRL 1620 in the presence of endothelin receptor antagonists

+Epithelium 7Epithelium

ET-1
7log EC50 7.85+0.13 (12) 8.78+0.10 (9)
shifts after pretreatments with:
BQ-123 1078

M

1077
M

1076
M

1075
M

0.51+0.08 (12)***
0.66+0.20 (5)*
0.62+0.15 (6)**
0.53+0.10 (7)**

0.00+0.17 (5)
0.01+0.08 (6)
0.23+0.19 (8)
0.25+0.13 (7)

7log EC50 8.10+0.10 (9) 8.84+0.19 (6)
shifts after pretreatments with:
BQ-788 1078

M

1077
M

1076
M

1075
M

0.07+0.04 (6)
0.08+0.06 (8)

70.15+0.08 (8)
70.43+0.11 (7)*

0.06+0.12 (5)
0.06+0.37 (6)

70.56+0.15 (6)*
71.21+0.18 (6)**

IRL 1620
7log EC50 7.74+0.30 (5) 7.95+0.17 (5)
shifts after pretreatments with:
BQ-123 1078

M

1077
M

1076
M

70.03+0.12 (5)
0.02+0.15 (5)

70.11+0.36 (4)

0.08+0.29 (5)
70.16+0.12 (5)
70.35+0.43 (5)

7log EC50 8.18+0.12 (9) 8.12+0.15 (7)
shifts after pretreatments with:
BQ-788 1079

M

1078
M

1077
M

70.18+0.02 (6)***
70.68+0.15 (7)**
71.98+0.13 (8)***

70.26+0.13 (3)
71.07+0.08 (5)***
72.06+0.24 (6)***

(n): number of experiments. Signi®cant shift: *P50.05; **P50.01; ***P50.001.

Table 2 Shift of the concentration response curves of ET-1 in the presence of L-NAME (1074 to 361073
M) and/or BQ-123 1078

M

+Epithelium 7Epithelium

7log EC50 7.85+0.13 (12) 8.52+0.04 (8)
shifts after pretreatments with:
BQ-123 1078

M

L-NAME 1074
M

L-NAME 1073
M

L-NAME 361073
M

BQ-123 1078
M+L-NAME 361073

M

L-Arg 361073
M+L-NAME 361073

M

0.51+0.08 (12)***
0.18+0.12 (5)
0.23+0.05 (5)*
0.44+0.07 (15)***
0.41+0.13 (9)*

70.02+0.13 (7)

0.15+0.11 (8)

0.04+0.14 (7)
0.09+0.10 (7)

7log EC50 (+L-NAME 361073
M) 8.28+0.15 (7) 8.59+0.11 (7)

shifts after pretreatments with:
BQ-123 1078

M 70.01+0.18 (7) 0.05+0.12 (7)

(n): number of experiments. Signi®cant shift: *P50.05; **P50.01; ***P50.001.
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al., 1992). However, the potentiation produced by the NEP
inhibitor was smaller than the e�ect of epithelium removal
(Candenas et al., 1992) suggesting the release of an epithelium-

derived relaxant factor in response to ET-1. The presence of
endothelin receptors on the airway epithelial cells in culture
has been demonstrated in several species, including human
(Wu et al., 1993; Ninomiya et al., 1995; Takimoto et al., 1996).

In these systems, ET-1 was able to release a variety of
arachidonic acid metabolites such as PGE2 (Wu et al., 1993;
Takimoto et al., 1996). Thus it may be speculated that ET-1

could induce the release of relaxant prostanoids in human
bronchi. However, although ET-1 increased the release of
several prostanoids in intact human bronchi, blockade of the

cyclo-oxygenase pathway with indomethacin or sodium
meclofenamate had no e�ect on the contraction induced by
ET-1 (Advenier et al., 1990; Hay et al., 1993b). Recently, it has

been shown that, under certain circumstances, human
epithelial cells are able to produce NO (Robbins et al.,
1994). Furthermore, in precontracted guinea-pig trachea, ET-1

Figure 3 E�ect of BQ-788, an ETB receptor antagonist, on ET-1-
induced contraction of isolated human bronchi with (a) or without
(b) epithelium, or (c) in intact preparations in the presence of L-
NAME (361073

M). Values are means+s.e.mean (n=5±9).

Figure 4 E�ect of BQ-788 on IRL 1620-induced contraction of
isolated human bronchi with (a) or without (b) epithelium. Values are
means+s.e.mean (n=5±9).
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is able to induce relaxation via epithelium-dependent NO
release (Filep et al., 1993; Hadj-Kaddour et al., 1996). In this
study, we have shown that L-NAME, an inhibitor of NO

synthesis, potentiated ET-1-induced contraction only in the
presence of the epithelium suggesting the release of NO from
the epithelial layer. We also demonstrated the speci®city of L-
NAME action showing that L-Arg was able to reverse its

e�ect.
To characterize the receptors involved in the NO release

following ET-1, the e�ect of BQ-123 and BQ-788 were

investigated. In intact human bronchi, BQ-123 induced a
leftward shift of the concentration-response curve to ET-1
which was similar to the e�ect of L-NAME or epithelium

removal. In contrast, BQ-788 did not potentiate ET-1-induced
contraction in the same preparations and the concentration-
response curve to IRL 1620, an ETB selective agonist, was not

a�ected by epithelium removal, BQ-123 or L-NAME.
Collectively, these results would strongly suggest that ET-1-
induced NO release is mediated via ETA receptor activation on
the airway epithelium. In addition, autoradiographic studies in

human isolated airways revealed the presence of ETA receptors
at the epithelium level (Goldie et al., 1995). Moreover, studies
with cultured epithelial cells indicated the predominant

expression of ETA receptors (Ninomiya et al., 1995; Takimoto
et al., 1996). Finally, Gater et al. (1996) also reported a lack of
e�ect of BQ-123 in human bronchi of which the epithelium had

been removed. In contrast, it has been reported that BQ-123
(10 mM) had no e�ect on ET-1-induced contraction in intact
human bronchi (Hay et al., 1993c). However, the method

described in this study to clean the bronchi from parenchymal
tissues, using a glass probe placed into the lumen, could
damage the airway epithelium (Hay et al., 1993c). Further-
more, appreciable regional di�erences in the relative distribu-

tion of ETA and ETB receptors were described in the guinea-pig
airways (Hay et al., 1993c). If such phenomena exits in the
human airways, the fact that the bronchi used in the study by

Hay and colleagues (1993c) had a bigger diameter (4 ± 15 mm)
than in the present study may explain a di�erent modulation of
the contraction by BQ-123. Although our results strongly

suggest the involvement of ETA receptor activation in NO
release from the airway epithelium in human bronchi, the
release, by these cells, of other mediators such as prostanoids
following ET-1 application could not be excluded. However,

the use of selective inhibitors or antagonists of these mediators
did not modulate ET-1 induced contraction (Hay et al., 1993b)
suggesting a major role of NO in the regulation of this

response in intact human bronchi.
In intact human bronchi, IRL 1620, an ETB selective

agonist, was as potent as ET-1 to induce contraction of

isolated human bronchi. Furthermore, contractions induced
by IRL 1620 were competitively antagonized by BQ-788
suggesting a major role of ETB receptors in the contraction of

human bronchi. Surprisingly, BQ-788 (10 mM) was a very
weak antagonist of ET-1 in intact human bronchi. Moreover,
epithelium removal slightly improved the antagonistic activity
of BQ-788, although the concentration-response curves to ET-

1 were only rightward shifted for the highest concentrations of
this antagonist (51 mM). The greater e�ectiveness of BQ-788
against IRL 1620 cannot be explained by lower binding

a�nity of this selective agonist compared to ET-1 since
competitive binding experiments revealed almost identical
displacement curves (Watakabe et al., 1992). However, IRL

1620 binds to endothelin receptors in a reversible manner,
whereas ET-1 only dissociates very slowly from the binding
sites (Watakabe et al., 1992) in several species including

human (Nambi et al., 1994). This di�erent sensitivity of
agonists to antagonists would agree with previous observa-
tions that ETA/ETB non-selective receptor antagonists are
more potent against responses to ETB receptor agonists than

ET-1 itself (Warner et al., 1993; Gater et al., 1996). These data
suggest that the relative e�ectiveness of endothelin receptor
antagonists varies with the agonist used. Recently, Fukuroda

and colleagues (1996) have suggested a role for both ETA and
ETB receptors in the contraction induced by ET-1 in human
bronchi. In fact, they observed that ET-1-induced contraction

was not antagonized by BQ-123 alone or BQ-788 alone but
was blocked by combined treatment with both antagonists
(Fukuroda et al., 1996). These data could explain the weak

activity of BQ-788 used alone against ET-1 activity, although
the antagonist activity of dual ETA/ETB antagonists was still
weak in this preparation (Fukuroda et al., 1996) as well as in
guinea-pig trachea (Battistini et al., 1994). Although these

data would suggest the involvement of both ETA and ETB

receptors in ET-1-induced contraction of the human bronchi,
further studies with di�erent ETB selective antagonists are

needed.
In conclusion, our results show that BQ-123 and L-NAME

potentiated contractions to ET-1 in human bronchi suggesting

the involvement of ETA receptors in NO release. These ETA

receptors are most probably situated on the epithelial cells,
since this potentiation was not seen in preparations without
epithelium. Moreover, epithelial cells are likely to be the source

of NO in human bronchi following ETA receptor activation.
The respective role of ETA and ETB receptors in the
contraction induced by ET-1 in human bronchi will need

further investigation using other selective ETB receptor
antagonists.
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