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melittin-induced arterial relaxation

Iain R. Hutcheson 1, Tudor M. Griffith)

Department of Diagnostic Radiology, Wales Heart Research Institute, UniÕersity of Wales College of Medicine, Health Park, Cardiff CF14 4XN, UK

Received 17 February 2000; received in revised form 15 August 2000; accepted 18 August 2000

Abstract

We have used preconstricted rings of rabbit superior mesenteric artery to investigate the contribution of phospholipase A and gap2
Ž .junctional communication to endothelium-derived hyperpolarizing factor EDHF -type relaxations evoked by melittin, a polypeptide toxin

Ž .known to mobilize arachidonic acid from the cell membrane. Arachidonyl trifluoromethyl ketone 30 mM , an inhibitor of the
2q Ž .Ca -dependent phospholipase A , and Gap 27 300 mM , a connexin-mimetic peptide which attenuates intercellular communication via2

gap junctions, both abolished the endothelium-dependent component of EDHF-type responses evoked by melittin in the presence of the
G Ž . Ž .NO synthase inhibitor N -nitro-L-arginine methyl ester L-NAME, 300 mM and the cyclooxygenase inhibitor indomethacin 10 mM .

Ž . Ž .By contrast, the sulfhydryl agent thimerosal 300 nM , which amplifies EDHF activity, potentiated nitric oxide NO rprostanoid-indepen-
dent relaxations induced by melittin. Neither arachidonyl trifluoromethyl ketone nor thimerosal modulated relaxations evoked by the
peptide toxin in the absence of L-NAME and indomethacin. We conclude that melittin evokes EDHF-type relaxations through activation
of the endothelial Ca2q-dependent phospholipase A followed by the transmission of a chemical andror electrical signal via2

myoendothelial gap junctions. This mechanism of vasorelaxation may be negatively regulated by NO. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

In many artery types endothelium-dependent relaxations
evoked by agonists such as acetylcholine are observed in
the simultaneous presence of inhibitors of nitric oxide
Ž .NO and prostanoid synthesis. Such responses are thought
to be mediated by an endothelium-derived hyperpolarizing

Ž .factor EDHF whose chemical identity remains controver-
Žsial Hecker et al., 1994; Campbell et al., 1996; Randall

and Kendall, 1998; Edwards et al., 1998; Griffith and
.Taylor, 1999 . Under specific experimental conditions,

mechanical relaxations that are attributable to EDHF can
be demonstrated in cascade bioassay and in ‘sandwich’
preparations constructed from closely apposed arterial strips
Ž .Mombouli et al., 1996; Hutcheson et al., 1999 . Neverthe-

) Corresponding author. Tel.: q29-20743070; fax: q29-20744726.
Ž .E-mail address: griffith@cardiff.ac.uk T.M. Griffith .

1 Present address: Tenovus Cancer Research Centre, Welsh School of
Pharmacy, Cardiff University, Redwood Building, King Edward VII
Avenue, Cardiff, CF10 3XF, UK

less, in rabbit arteries and veins, and guinea-pig and pig
arteries, there is accumulating evidence that an EDHF will
transfer from endothelium to smooth muscle via gap junc-
tion channels, rather than the extracellular space, following

Žstimulation by agonists Chaytor et al., 1998, 1999; Taylor
et al., 1998; Dora et al., 1999; Hutcheson et al., 1999;
Griffith and Taylor, 1999; Yamamoto et al., 1999; Ed-

.wards et al., 2000 .
Gap junctions consist of two interlocked connexons,

one contributed by each coupled cell, which are con-
structed from six connexin subunits arranged around a
central aqueous pore that permits the passage of molecules
-1 kDa in size and provides electrical continuity between

Ž .adjacent cells Yeager and Nicholson, 1996; Brink, 1998 .
Direct coupling between endothelium and vascular smooth
muscle has been confirmed using dye transfer techniques
and also by the characteristic pentalaminar appearance of
myoendothelial gap junction plaques in rabbit conduit

Ž .arteries Spagnoli et al., 1982; Little et al., 1995 . Previous
Ž .studies have shown that connexin 43 Cx43 is the only

connexin protein expressed in endothelium-denuded rabbit
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superior mesenteric artery, and in this species EDHF-type
relaxations and hyperpolarizations induced by agonists can
be inhibited by a synthetic peptide that possesses homol-
ogy with the Gap 27 domain of the second extracellular

Žloop of Cx43 Gap 27; amino acid sequence SRPTEKTI-
. ŽFII Chaytor et al., 1997, 1998, 1999; Dora et al., 1999;

.Hutcheson et al., 1999 . Gap 27 also inhibits intercellular
Lucifer yellow dye transfer in confluent monolayers of
COS-7 cells, which express Cx43 as their only functional

Ž .protein Dora et al., 1999; Chaytor et al., 1999 . Inhibition
of EDHF-mediated responses by Gap 27 in rabbit vessels
is rapid and reversible, suggesting that it modulates al-
ready-established connexon interactions in addition to pre-

Žventing connexon docking Warner et al., 1995; Chaytor et
.al., 1998 .

In the perfused rat heart and mesentery and in isolated
rabbit superior mesenteric arteries, mobilization of arachi-
donic acid by a Ca2q-dependent phospholipase A also2

appears to play a central role in the mediation of EDHF-
Žtype responses Fulton et al., 1996; Adeagbo and Henzel,

.1998; Hutcheson et al., 1999 . In these studies, however,
pharmacological inhibitors of phospholipase A were ad-2

ministered to intact preparations, thereby precluding a
clear distinction between their effects on endothelial and
smooth muscle cells. The aim of the present study was to
clarify the site of phospholipase A activation involved in2

the EDHF phenomenon by studying relaxations evoked by
melittin, a polypeptide toxin found in bee venom. This
agent is a potent activator of phospholipase A and mobi-2

lizes arachidonic acid in a variety of cell types, including
Žthe endothelium Hassid and Levine, 1977; Shier, 1979;

.Rosenthal and Jones, 1988; Choi et al., 1992 . Although
melittin is known to evoke endothelium-dependent relax-
ations of rat and rabbit aorta by stimulating endothelial NO

Žproduction Thomas et al., 1986; Forstermann and Neu-
.fang, 1985; Loeb et al., 1988; Rapoport et al., 1989 , we

reasoned that it should also evoke a gap-junction depen-
dent EDHF-type relaxation by stimulating phospholipase
A activity. Arachidonyl trifluoromethyl ketone, a specific2

2q Žinhibitor of the Ca -dependent phospholipase A Street2
.et al., 1993 , and Gap 27 were used to test this hypothesis,

with the site of action of melittin being defined in experi-
ments with rings of endothelium-intact and -denuded rab-
bit superior mesenteric artery.

2. Materials

2.1. Isolated ring preparations

Experiments were performed with superior mesenteric
Ž .arteries from male New Zealand white rabbits 2.5 kg

which had been killed by injection of sodium pentobarbi-
Ž .tone 120 mgrkg; i.v. . The tissues were transferred to

Ž .cold Holman’s solution of the following composition mM :
120 NaCl, 5 KCl, 2.5 CaCl , 1.3 NaH PO , 25 NaHCO ,2 2 4 3

Ž .11 glucose, and 10 sucrose. Rings 2–3 mm wide were
cut and suspended by thread from Dynamometer UFI force

Ž .transducers Lectromed, UK connected to a Maclab 4e
Ž .system ADInstruments, UK in 3 ml organ baths contain-

Ž .ing gassed 95% O , 5% CO , pH 7.4 Holman’s solution2 2

at 378C to measure isometric force development. Tension
was set at 0.5 g and during an equilibrium period of 1 h,
the tissues were washed with fresh Holman’s solution
every 10–15 min with tension being restored to its initial
level as necessary following stress relaxation. Endothe-
lium-denuded rings were prepared by gentle abrasion of
the luminal surface of the vessel. All tissues were initially
tested for the presence or absence of an endothelium by
constriction with 10 mM phenylephrine and addition of 1
mM acetylcholine followed by washout.

2.2. Experimental protocols

Endothelium-intact and -denuded rings were precon-
stricted with 10 mM phenylephrine and cumulative con-

Žcentration–response curves to melittin 10 ngrml–10
.mgrml constructed before and after a 45 min incubation

with the specific inhibitors of NO synthase, N G-nitro-L-
Ž .arginine methyl ester L-NAME, 300 mM and cyclooxy-
Ž .genase, indomethacin 10 mM . The involvement of phos-

pholipase A activation in the response was determined2

using the Ca2q-dependent phospholipase A inhibitor,2
Ž .arachidonyl trifluoromethyl ketone 30 mM . This agent

was added to the organ bath 45 min prior to construction
of concentration–response curves to melittin both in the
absence and presence of L-NAME and indomethacin. To
investigate the role of gap junctional communication in the
response to melittin, endothelium-intact rings were prein-

Ž .cubated for 20 min with Gap 27 300 mM again in the
absence and presence of L-NAME and indomethacin. Us-
ing an identical protocol, the effects of a 20 min preincuba-

Ž .tion with thimerosal 300 nM were also assessed.

2.3. Drugs

Acetylcholine, phenylephrine, melittin, indomethacin,
L-NAME and thimerosal were obtained from Sigma, Poole,
UK. Arachidonyl trifluoromethyl ketone was obtained from

Ž .Affiniti Research Products Gap 27 SRPTEKTIFII was
synthesised by Sigma Genosys, Cambridge, UK. Purity
was -95%. All drugs were dissolved in Holman’s buffer
with the exception of arachidonyl trifluoromethyl ketone
Ž . Ž .dimethylsulphoxide , melittin distilled water , and indo-

Ž .methacin 5% wrv NaHCO in distilled water .3

2.4. Statistical analysis

Data are given as mean"S.E.M., where n denotes the
number of animals studied for each data point. Concentra-
tion–response curves were assessed by one-way analysis

Ž .of variance ANOVA followed by the Bonferroni multiple



( )I.R. Hutcheson, T.M. GriffithrEuropean Journal of Pharmacology 406 2000 239–245 241

comparisons test. EC and maximal responses were com-50

pared by the Student’s t-test for paired and unpaired data
as appropriate. P-0.05 was considered as significant.

3. Results

3.1. Effects of phospholipase A inhibition on melittin-in-2

duced relaxations in endothelium-intact rings

Melittin evoked relaxations of endothelium-intact
mesenteric rings, preconstricted to 3.0"0.2 g with 10 mM
phenylephrine, with an EC of 0.49"0.05 mgrml and a50

maximal response of 64"4% at a concentration of 3
Ž . 2q

mgrml ns17, Fig. 1a . Inhibition of the Ca -dependent
phospholipase A using arachidonyl trifluoromethyl ke-2

Ž .tone 30 mM had no effect on melittin-induced relaxations
Ž .either in terms of the EC 0.52"0.09 mgrml, ns6 or50

Ž . Ž .the maximal response 67"6%, ns6 Fig. 1a . Preincu-
Ž . Žbation with L-NAME 300 mM and indomethacin 10

.mM had no significant effect on steady-state phenyl-
Ž .ephrine-induced tone 3.2"0.2 g, ns20 , but signifi-

cantly attenuated melittin-induced relaxations causing a
Žshift in the EC to 1.06"0.13 mgrml P-0.001, ns50

.20 and a reduction in the maximal response to 28"3%
Ž . Ž .P-0.001, ns20 Fig. 1a . Preincubation with arachi-
donyl trifluoromethyl ketone in the presence of L-NAME

and indomethacin, further increased the EC to 1.40"50
Ž .0.23 mgrml P-0.001, ns7 and reduced the maximal

Ž . Ž .response to 12"2% P-0.01, ns7 Fig. 1a . There
was again no significant effect of these treatments on

Ž .phenylephrine-induced tone 3.3"0.2 g, ns7 .

3.2. Effects of phospholipase A inhibition on melittin-in-2

duced relaxations in endothelium-denuded rings

In endothelium-denuded rings, precontracted with
phenylephrine, melittin evoked relaxations with an EC of50

0.98"0.24 mgrml and a maximal response of 16"3%
Ž . Ž .ns7 at a concentration of 3 mgrml Fig. 1b . Arachi-
donyl trifluoromethyl ketone had no effect on these relax-

Žations either in terms of the EC 0.67"0.12 mgrml,50
. Ž . Ž .ns5 or maximal response 17"4%, ns5 Fig. 1b . In

the presence of L-NAME and indomethacin, there was no
significant change in the EC value for melittin-induced50

Ž .relaxation 0.84"0.15 mgrml, ns11 or the maximal
Ž . Ž .response to this agent 10"2%, ns11 Fig. 1b . Addi-

tion of arachidonyl trifluoromethyl ketone to the L-NAME-
and indomethacin-treated rings had no effect on melittin-

Žinduced relaxations either in terms of the EC 0.61"0.1350
. Ž . ŽmM, ns5 or maximal response 12"2%, ns5 Fig.

.1b . There was no significant effect of any of these
Žtreatments on phenylephrine-induced tone control: 3.5"

0.4 g, ns7; arachidonyl trifluoromethyl ketone: 3.3"0.4

Fig. 1. Concentration–response curves showing the effects of phospholipase A inhibition on melittin-induced relaxations in endothelium-intact and2
Ž . Ž . Ž .-denuded rings of rabbit superior mesenteric artery. a In endothelium-intact tissues a combination of L-NAME 300 mM and indomethacin 10 mM

Ž .attenuated responses to melittin by ;60% whereas arachidonyl trifluoromethyl ketone AACOCF , 30 mM alone was without effect. In the presence of3
Ž .L-NAME and indomethacin, however, arachidonyl trifluoromethyl ketone significantly attenuated melittin-induced relaxations. b In endothelium-denuded

vessels melittin evoked only a small relaxant response which was not significantly affected by pretreatment with L-NAME and indomethacin, arachidonyl
trifluoromethyl ketone alone, or the combination of these inhibitors. ) ) P-0.01 cf. control, ) ) ) P-0.001 cf. control, †††P-0.001 cf. L-NAMEq indo-
methacin.
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g, ns5; L-NAMEq indomethacin: 3.5"0.2 g, ns11;
L-NAME q indomethacin q arachidonyl trifluoromethyl

.ketone: 3.3"0.2 g, ns5 .

3.3. Effects of Gap 27 on melittin-induced relaxations in
endothelium-intact rings

Preincubation of endothelium-intact rings with Gap 27
Ž .300 mM caused a small but not significant shift in the

Ž .EC value for melittin from 0.49"0.05 mgrml ns2050
Ž .to 0.71"0.07 mgrml ns3 but had little effect on

Žmaximal relaxation control: 64"4%, ns20; Gap 27:
. Ž .62"6%, ns3 Fig. 2 . However, in the presence of

L-NAME and indomethacin preincubation with Gap 27
Žnearly abolished melittin-induced relaxations ns4; Fig.

.2 . Gap 27 had no effect on phenylephrine-induced tone
Ž .either in the absence 2.8"0.2 g, ns3 or presence

Ž .3.2"0.2 g, ns4 of L-NAME and indomethacin.

3.4. Effects of thimerosal on melittin-induced relaxations
in endothelium-intact rings

Ž .Preincubation with thimerosal 300 nM had no effect
Ž .on either phenylephrine-induced tone 2.9"0.2 g, ns4

or melittin-induced relaxations in the absence of L-NAME
ŽEC : 0.45"0.11 mgrml, ns4; maximal response: 6150

."8%, ns4; Fig. 3 . In L-NAME- and indomethacin-
treated rings thimerosal again had no effect on phenyl-

Fig. 2. Concentration–response curves showing the effects of Gap 27
Ž .peptide 300 mM on melittin-induced relaxations in endothelium-intact

rings of rabbit superior mesenteric artery. Maximal melittin-induced
responses were not significantly affected by Gap 27 in the absence of
L-NAME, but in its presence relaxations were almost abolished. ) ) ) P -

0.001 cf. L-NAMEqindomethacin.

Fig. 3. Concentration–response curves showing the effects of thimerosal
Ž .300 nM on melittin-induced relaxations in endothelium-intact rings of
rabbit superior mesenteric artery. Thimerosal significantly enhanced
melittin-evoked relaxations observed in the presence, but not the absence,
of L-NAME. ) P -0.05 cf. L-NAMEqindomethacin, ) ) P -0.01 cf.
L-NAMEqindomethacin.

Ž .ephrine-induced tone 3.2"0.2 g, ns4 but enhanced
relaxations to melittin with a significant reduction in the

Ž .EC from 1.06"0.13 mgrml ns17 to 0.52"0.0950
Ž . Ž .mgrml ns4 P-0.001 and a significant increase in

Ž .the maximal response from 28"3% ns17 to 43"6%
Ž . Ž . Ž .ns4 P-0.05 Fig. 3 .

4. Discussion

In the present study, we have investigated the pathways
through which melittin induces endothelium-dependent re-
laxations of the rabbit superior mesenteric artery and have
confirmed previous reports that this peptide stimulates NO
synthesis. The major new finding is that melittin-induced
activation of a Ca2q-dependent phospholipase A located2

within the endothelial cell additionally promotes an
EDHF-type relaxation, which is dependent on intercellular
communication via gap junctions.

Approximately 60% of the initial relaxation induced by
melittin in endothelium-intact rings was susceptible to
combined inhibition of NO and prostanoid synthesis. The
remaining endothelium-dependent component of this re-
sponse was almost abolished by preincubation with Gap
27, which attenuates EDHF-type relaxations and hyperpo-
larizations evoked by agonists such as acetylcholine in

Žrabbit arteries and veins Chaytor et al., 1998; Taylor et
.al., 1998; Dora et al., 1999; Griffith and Taylor, 1999 .
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L-NAME and indomethacin-insensitive relaxations to
melittin were also markedly attenuated by arachidonyl
trifluoromethyl ketone, consistent with previous observa-
tions that activation of a Ca2q-dependent phospholipase
A plays a crucial role in EDHF-type relaxations in the2

Ž .rabbit superior mesenteric artery Hutcheson et al., 1999 .
Relaxations induced by melittin in endothelium-denuded

Ž .preparations were much smaller ;10% of initial tone
than in those possessing an intact endothelium, and were
not significantly affected by L-NAME plus indomethacin,
arachidonyl trifluoromethyl ketone, or these inhibitors in
combination. These observations are in general agreement
with a previous report that melittin has little or no direct

Žrelaxant activity in vascular smooth muscle Rapoport et
.al., 1989 , and indicate that the activation of phospholipase

A associated with EDHF-type relaxations occurs within2

the endothelium rather than smooth muscle. The mecha-
nisms that underlie the small residual direct relaxant effect
of melittin in endothelium-denuded rings of rabbit mesen-
teric artery require further evaluation.

Melittin has previously been shown to increase free
2q Žw 2qx .cytosolic Ca Ca in bovine aortic endothelial cells,i

and this action of the polypeptide is likely to underlie the
NO-mediated component of its relaxant response since the
constitutive endothelial NO synthase is Ca2qrcalmodulin-

Ždependent Loeb et al., 1988; Whatley et al., 1989; Mon-
.cada et al., 1991 . Melittin-induced elevations in endothe-

w 2qxlial Ca could also contribute to activation of thei

cytosolic arachidonyl trifluoromethyl ketone-sensitive form
of phospholipase A , which is a Ca2q-dependent enzyme,2

thereby explaining the known Ca2q-dependency of EDHF
Žformation, at least in part Street et al., 1993; Fukao et al.,

. w 2qx1997 . The rise in Ca induced by melittin may bei
Ž .multifactorial in origin and involve: i the formation of

pores in the plasma membrane that permit influx of extra-
2qŽ . Ž .cellular Ca Alder et al., 1991; Choi et al., 1992 , ii

Ca2q release from stores following increased synthesis of
Ž . Ž . Ž .inositol 1,4,5 -trisphosphate InsP Loeb et al., 1988 ,3

Ž . 2qand iii inhibition of the endoplasmic reticulum Ca -
ATPase which prevents sequestration of Ca2q within stores
Ž .Baker et al., 1995; Voss et al., 1995 .

In marked contrast to the attenuation of relaxations to
mellitin observed following inhibition of NO and
prostanoid synthesis, responses to this peptide were unaf-
fected by arachidonyl trifluoromethyl ketone in the ab-
sence of L-NAME and indomethacin. This is analogous to
findings with acetylcholine in the rabbit superior mesen-
teric artery in which arachidonyl trifluoromethyl ketone is
also ineffective as an inhibitor of endothelium-dependent

Žrelaxation under control conditions Hutcheson et al.,
.1999 . A possible explanation for these findings is that NO

activity in some way suppresses EDHF-type relaxations
Ž .Olmos et al., 1995; Kessler et al., 1999 . Under conditions
where NO dominates melittin- and acetylcholine-induced
relaxations, the phospholipase A -dependent component of2

the response would then be masked, and arachidonyl triflu-

oromethyl ketone without significant effect, whereas
EDHF-type responses may be enhanced in the presence of
L-NAME, and relaxation then more susceptible to inhibi-
tion of phospholipase A . Consistent with this interpreta-2

tion of the present experimental findings, there is a nega-
tive correlation between the magnitude of NO- and
EDHF-dependent relaxations in superior mesenteric artery

Ž .rings from individual rabbits Hutcheson et al., 1999 . The
biochemical basis for this apparently reciprocal interaction
between NO and EDHF remains to be elucidated in detail,
although there is some evidence for the participation of a

Ž .cGMP-dependent mechanism Olmos et al., 1995 .
Further evidence that the pathways underlying EDHF-

type responses evoked by melittin are similar to those
activated by other pharmacological stimuli was provided
by experiments with thimerosal, an organic sulfhydryl
reagent which stimulates endothelial NO synthesis and
EDHF-type hyperpolarizations and relaxations when ad-
ministered at concentrations in the high micromolar range
ŽForstermann et al., 1986; Beny, 1990; Mombouli et al.,´

.1996 . In the rabbit superior mesenteric artery, subthresh-
old nanomolar concentrations of thimerosal have also been
shown to amplify EDHF-mediated relaxations evoked by
acetylcholine and the Ca2q ionophore A23187, which acts

Žthrough a receptor-independent mechanism Hutcheson et
.al., 1999 . A similar phenomenon was evident in the

present study with melittin in which maximal relaxations
observed in the presence of L-NAME and indomethacin
were enhanced ;1.5-fold in the presence of 300 nM
thimerosal. This potentiation of EDHF-type responses may
reflect the ability of thimerosal to inhibit the endothelial
acyl-coenzyme Arlysolecithin acyltransferase and thereby

Želevate free arachidonic acid levels within the cell Irvine,
.1982; Forstermann et al., 1986 . Indeed, we have previ-

Ž .ously shown that 5,6-epoxyeicosatrienoic acid 5,6-EET
and the cannabinoid N-arachidonylethanolamide
Ž .anandamide , which are both endothelial products of
arachidonic acid, induce EDHF-type relaxations of the
rabbit superior mesenteric artery that are susceptible to
inhibition of gap junctional communication by Gap 27
Ž .Hutcheson et al., 1999; Chaytor et al., 1999 . Measure-
ments of cell membrane potential also suggest that the

Ž .11,12-epoxyeicosatrienoic acid regioisomer 11,12-EET
promotes an EDHF-type hyperpolarization in the porcine

Ž .coronary artery Edwards et al., 2000 . Further research is
necessary to establish the extent to which such arachidonic
acid derivatives act via the endothelium in other artery
types, as EETs and anandamide can activate hyperpolariz-
ing Kq channels in vascular smooth muscle, leading to
proposals that they may also act as freely diffusible

ŽEDHFs Hecker et al., 1994; Rosolowsky and Campbell,
1996; Campbell et al., 1996; Lin et al., 1996; Li and
Campbell, 1997; Li et al., 1997; Randall and Kendall,

.1998; Fisslthaler et al., 1999 . Whether gap junctional
communication contributes to the EDHF phenomenon by
allowing the transmission of a hyperpolarizing current



( )I.R. Hutcheson, T.M. GriffithrEuropean Journal of Pharmacology 406 2000 239–245244

from the endothelium to smooth muscle and subsequently
between smooth muscle cells in successive layers of the
vessel wall likewise remains uncertain. However, in porcine
ciliary arteries electrotonic conduction of endothelial
hyperpolarization extends only as far as immediately sub-
jacent smooth muscle, suggesting that the endothelium
may be unable to serve as a major source of electrical

Ž .current in thick-walled conduit arteries Beny, 1999 .´
We conclude that, melittin, like acetylcholine, activates

a Ca2q-dependent phospholipase A in endothelial cells2

that leads to the formation of a signal which is transmitted
from endothelium to smooth muscle via gap junctions and
results in an EDHF-type relaxation. This mechanism of
vasorelaxation may normally be attenuated by NO under
physiological conditions.

Acknowledgements

The study was supported by the Medical Research
Council.

References

Adeagbo, A.S., Henzel, M.K., 1998. Calcium-dependent phospholipase
A mediates the production of endothelium-derived hyperpolarizing2

factor in perfused rat mesenteric prearteriolar bed. J. Vasc. Res. 35,
27–35.

Alder, G.M., Arnold, W.M., Bashford, C.L., Drake, A.F., Pasternak,
C.A., Zimmermann, U., 1991. Divalent cation-sensitive pores formed
by natural and synthetic melittin and by triton X-100. Biochim.
Biophys. Acta 1061, 111–120.

Baker, K.J., East, J.M., Lee, A.G., 1995. Mechanism of inhibition of the
Ca2q-ATPase by melittin. Biochemistry 34, 3596–3604.

Beny, J.L., 1990. Thimerosal hyperpolarizes arterial smooth muscles in´
an endothelium-dependent manner. Eur. J. Pharmacol. 185, 235–238.

Beny, J.L., 1999. Information networks in the arterial wall. News Physiol.´
Sci. 14, 68–73.

Brink, P.R., 1998. Gap junctions in vascular smooth muscle. Acta
Physiol. Scand. 164, 349–356.

Campbell, W.B., Gebremedhin, D., Pratt, P.F., Harder, D.R., 1996.
Identification of epoxyeicosatrienoic acids as endothelium-derived
hyperpolarizing factors. Circ. Res. 78, 415–423.

Chaytor, A.T., Evans, W.H., Griffith, T.M., 1997. Peptides homologous
to extracellular loop motifs of connexin 43 reversibly abolish rhyth-

Ž .mic contractile activity in rabbit arteries. J. Physiol. London 503,
99–110.

Chaytor, A.T., Evans, W.H., Griffith, T.M., 1998. Central role of hetero-
cellular gap junctional communication in endothelium-dependent re-

Ž .laxations of rabbit arteries. J. Physiol. London 508, 561–573.
Chaytor, A.T., Martin, P.E.M., Evans, W.H., Randall, M.D., Griffith,

T.M., 1999. The endothelial component of cannabinoid-induced relax-
ation in rabbit mesenteric artery depends on gap junctional communi-

Ž .cation. J. Physiol. London 520, 539–550.
Choi, O.H., Padgett, W.L., Daly, J.W., 1992. Effects of the amphiphilic

peptides melittin and mastoparan on calcium influx, phosphoinositide
breakdown and arachidonic acid release in rat pheochromocytoma
PC12 cells. J. Pharmacol. Exp. Ther. 260, 369–375.

Dora, K.A., Martin, P.E.M., Chaytor, A.T., Evans, W.H., Garland, C.J.,
Griffith, T.M., 1999. Role of heterocellular Gap junctional communi-

cation in endothelium-dependent smooth muscle hyperpolarization:
inhibition by a connexin-mimetic peptide. Biochem. Biophys. Res.
Commun. 254, 27–31.

Edwards, G., Dora, K.A., Gardener, M.J., Garland, C.J., Weston, A.H.,
1998. Kq is an endothelium-derived hyperpolarizing factor in rat
arteries. Nature 396, 269–272.

Edwards, G., Thollon, C., Gardener, M.J., Feletou, M., Vilaine, J.-P.,
Vanhoutte, P.M., Weston, A.H., 2000. Role of gap junctions and
EETs in endothelium-dependent hyperpolarization of porcine coro-
nary artery. Br. J. Pharmacol. 129, 1145–1154.

Fisslthaler, B., Popp, R., Kiss, L., Potente, M., Harder, D.R., Fleming, I.,
Busse, R., 1999. Cytochrome P450 2C is an EDHF synthase in
coronary arteries. Nature 401, 493–496.

Forstermann, U., Neufang, B., 1985. Endothelium-dependent vasodilation
by melittin: are lipoxygenase products involved?. Am J. Physiol. 249,
H14–H19.

Forstermann, U., Goppelt-Strube, M., Frolich, J.C., Busse, R., 1986.
Inhibitors of acyl-coenzyme A:lysolecithin acyltransferase activate the
production of endothelium-derived vascular relaxing factor. J. Phar-
macol. Exp. Ther. 238, 352–359.

Fukao, M., Hattori, Y., Kanno, M., Sakuma, I., Kitabatake, A., 1997.
Sources of Ca2q in relation to generation of acetylcholine-induced
endothelium-dependent hyperpolarization in rat mesenteric artery. Br.
J. Pharmacol. 120, 1328–1334.

Fulton, D., McGiff, J.C., Quilley, J., 1996. Role of phospholipase C and
phospholipase A in the nitric oxide-independent vasodilator effect of2

bradykinin in the rat perfused heart. J. Pharmacol. Exp. Ther. 278,
518–526.

Griffith, T.M., Taylor, H.J., 1999. Cyclic AMP mediates EDHF-type
relaxations of rabbit jugular vein. Biochem. Biophys. Res. Commun.
263, 52–57.

Hassid, A., Levine, L., 1977. Stimulation of phospholipase activity and
prostaglandin biosynthesis by melittin in cell culture and in vivo. Res.
Commun. Chem. Pathol. Pharmacol. 18, 507–517.

Hecker, M., Bara, A.T., Bauersachs, J., Busse, R., 1994. Characterization
of endothelium-derived hyperpolarizing factor as a cytochrome P450-

Ž .derived arachidonic acid metabolite in mammals. J. Physiol. London
481, 407–414.

Hutcheson, I.R., Chaytor, A.T., Evans, W.H., Griffith, T.M., 1999.
NO-independent relaxations to acetylcholine and A23187 involve
different routes of heterocellular communication. Role of gap junc-
tions and phospholipase A . Circ. Res. 84, 53–63.2

Irvine, R.F., 1982. How is the level of free arachidonic acid controlled in
mammalian cells?. Biochem. J. 204, 3–16.

Kessler, P., Popp, R., Busse, R., Schini-kerth, V.B., 1999. Proinflamma-
tory mediators chronically downregulate the formation of the endothe-
lium-derived hyperpolarizing factor in arteries via a nitric oxidercyclic
GMP-dependent mechanism. Circulation 99, 1878–1884.

Li, P.L., Campbell, W.B., 1997. Epoxyeicosatrienoic acids activate Kq

channels in coronary smooth muscle through a guanine nucleotide
binding protein. Circ. Res. 80, 877–884.

Li, P.L., Zou, A.P., Campbell, W.B., 1997. Regulation of potassium
channels in coronary arterial smooth muscle by endothelium-derived
vasodilators. Hypertension 29, 262–267.

Lin, J., Kobari, H-C., Stemerman, Y., Pritchard, M.B., 1996. Human
umbilical vein endothelial cells express P450 2C mRNA: cloning of
endothelial P450 epoxygenase. Endothelium 4, 219–229.

Little, T.L., Xia, J., Duling, B.R., 1995. Dye tracers define differential
endothelial and smooth muscle coupling patterns within the arteriolar
wall. Circ. Res. 76, 498–504.

Loeb, A.L., Izzo, N.J., Johnson, R.M., Garrison, J.C., Peach, M.J., 1988.
Endothelium-derived relaxing factor release associated with increased
endothelial cell inositol trisphosphate and intracellular calcium. Am.
J. Cardiol. 62, 36G–40G.

Mombouli, J.V., Bissiriou, I., Agboton, V.D., Vanhoutte, P.M., 1996.
Bioassay of endothelium-derived hyperpolarizing factor. Biochem.
Biophys. Res. Commun. 221, 484–488.



( )I.R. Hutcheson, T.M. GriffithrEuropean Journal of Pharmacology 406 2000 239–245 245

Moncada, S., Palmer, R.M., Higgs, E.A., 1991. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109–142.

Olmos, L., Mombouli, J.V., Illiano, S., Vanhoutte, P.M., 1995. cGMP
mediates the desensitization to bradykinin in isolated canine coronary
arteries. Am. J. Physiol. 268, H865–H870.

Randall, M.D., Kendall, D.A., 1998. Endocannabinoids: a new class of
vasoactive substances. Trends Pharmacol. Sci. 19, 55–58.

Rapoport, R.M., Ashraf, M., Murad, F., 1989. Effects of melittin on
endothelium-dependent relaxation and cyclic GMP levels in rat aorta.
Circ. Res. 64, 463–473.

Rosenthal, M.D., Jones, J.E., 1988. Release of arachidonic acid from
vascular endothelial cells: fatty acyl specificity is observed with
receptor-mediated agonists and with the calcium ionophore A23187
but not with melittin. J. Cell Physiol. 136, 333–340.

Rosolowsky, M., Campbell, W.B., 1996. Synthesis of hydroxyeicosatetra-
Ž . Ž .enoic HETEs and epoxyeicosatrienoic acids EETs by cultured

bovine coronary artery endothelial cells. Biochim. Biophys. Acta
1299, 267–277.

Shier, W.T., 1979. Activation of high levels of endogenous phospholipase
A in cultured cells. Proc. Natl. Acad. Sci. U. S. A. 76, 195–199.2

Spagnoli, L.G., Villaschi, S., Neri, L., Palmieri, G., 1982. Gap junctions
in myo-endothelial bridges of rabbit carotid arteries. Experientia 38,
124–125.

Street, I.P., Lin, H.-K., Laliberte, F., Ghomashchi, F., Wang, Z., Perrier,
H., Tremblay, N.M., Huang, Z., Weech, P.K., Gelb, M.H., 1993.

Slow- and tight-binding inhibitors of the 85-kDa human phospholi-
pase A . Biochemistry 32, 5935–5940.2

Taylor, H.J., Chaytor, A.T., Evans, W.H., Griffith, T.M., 1998. Inhibition
of the gap junctional component of endothelium-dependent relax-
ations in rabbit iliac artery by 18-a-glycyrrhetinic acid. Br. J. Pharma-
col. 125, 1–4.

Thomas, G., Mostaghim, R., Ramwell, P.W., 1986. Endothelium depen-
dent vascular relaxation by arginine containing polypeptides. Biochem.
Biophys. Res. Commun. 141, 446–451.

Voss, J.C., Mahaney, J.E., Thomas, D.D., 1995. Mechanism of Ca2q-
ATPase inhibition by melittin in skeletal sarcoplasmic reticulum.
Biochemistry 34, 930–939.

Warner, A., Clements, D.K., Parikh, S., Evans, W.H., DeHaan, R.L.,
1995. Specific motifs in the external loops of connexin proteins can
determine gap junction formation between chick heart myocytes. J.

Ž . Ž .Physiol. London 488 3 , 721–728.
Whatley, R.E., Nelson, P., Zimmerman, G.A., Stevens, D.L., Parker, C.J.,

McIntyre, T.M., Prescott, S.M., 1989. The regulation of platelet-
activating factor production in endothelial cells. The role of calcium
and protein kinase C. J. Biol. Chem. 264, 6325–6333.

Yamamoto, Y., Imaeda, Y., Suzuki, K., 1999. Endothelium-dependent
hyperpolarization and intercellular electrical coupling in guinea-pig

Ž .mesenteric arterioles. J. Physiol. London 514, 505–513.
Yeager, M., Nicholson, B.J., 1996. Structure of gap junction intercellular

channels. Curr. Opin. Struct. Biol. 6, 183–192.


