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1 The e�ects of endothelium-derived hyperpolarizing factor (EDHF: elicited using substance P or
bradykinin) were compared with those of 11,12-EET in pig coronary artery. Smooth muscle cells
were usually impaled with microelectrodes through the adventitial surface.

2 Substance P (100 nM) and 11,12-EET (11,12-epoxyeicosatrienoic acid; 3 mM) hyperpolarized
endothelial cells in intact arteries. These actions were una�ected by 100 nM iberiotoxin but were
abolished by charybdotoxin plus apamin (each 100 nM).

3 Substance P (100 nM) and bradykinin (30 nM) hyperpolarized intact artery smooth muscle;
Substance P had no e�ect after endothelium removal.

4 11,12-EET hyperpolarized de-endothelialized vessels by 12.6+0.3 mV, an e�ect abolished by
100 nM iberiotoxin. 11,12-EET hyperpolarized intact arteries by 18.6+0.8 mV, an action reduced by
iberiotoxin, which was ine�ective against substance P. Hyperpolarizations to 11,12-EET and
substance P were partially inhibited by 100 nM charybdotoxin and abolished by further addition of
100 nM apamin.

5 30 mM barium plus 500 nM ouabain depolarized intact artery smooth muscle but responses to
substance P and bradykinin were unchanged. 500 mM gap 27 markedly reduced hyperpolarizations
to substance P and bradykinin which were abolished in the additional presence of barium plus
ouabain.

6 Substance P-induced hyperpolarizations of smooth muscle cells immediately below the internal
elastic lamina were una�ected by gap 27, even in the presence of barium plus ouabain.

7 In pig coronary artery, 11,12-EET is not EDHF. Smooth muscle hyperpolarizations attributed to
`EDHF' are initiated by endothelial cell hyperpolarization involving charybdotoxin- (but not
iberiotoxin) and apamin-sensitive K+ channels. This may spread electrotonically via myoendothelial
gap junctions but the involvement of an unknown endothelial factor cannot be excluded.
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Introduction

In the coronary circulation, the identity of endothelium-
derived hyperpolarizing factor (EDHF) remains to be

determined. Based on studies in rat hepatic and mesenteric
arteries, Edwards et al. (1998) ®rst showed the critical
importance of endothelial cell hyperpolarization in the EDHF
pathway. These workers concluded that `EDHF' was likely to

be K+ released as a consequence of endothelial cell K+

channel opening and hyperpolarization. In other vessels such
as rabbit aorta, it has been proposed that EDHF might not

even be a `factor' per se. Instead, the EDHF phenomenon
might result from the transfer of endothelial cell hyperpolar-
ization to the smooth muscle through gap junctions (Chaytor

et al., 1998). In bovine and porcine coronary arteries, an
alternative current view is that EDHF may be a cytochrome
P450 metabolite, such as an epoxyeicosatrienoic acid (EET)
(Hecker et al., 1994; Popp et al., 1996; Li & Campbell, 1997;

Fisslthaler et al., 1999). Indeed, EETs are produced from
coronary artery endothelial cells (Rosolowsky et al., 1990;

Campbell et al., 1996; Rosolowsky & Campbell, 1996) and are
capable of hyperpolarizing vascular smooth muscle (Campbell
et al., 1996; Eckman et al., 1998). In bovine coronary artery
myocytes, EETs open the large-conductance calcium-sensitive

K+ channel (BKCa: Gebremedhin et al., 1998), which is
selectively blocked by iberiotoxin (Kaczorowski et al., 1996).
Similarly, in segments of guinea-pig coronary artery 11,12-

EET induces an iberiotoxin-sensitive hyperpolarization (Eck-
man et al., 1998). However, iberiotoxin has little, if any, e�ect
on the electrical or mechanical responses to EDHF in vessels

including the pig and guinea-pig coronary arteries (Zygmunt &
HoÈ gestaÈ tt, 1996; Corriu et al., 1996; Chataigneau et al., 1998;
Eckman et al., 1998; Quignard et al., 1999).

In the porcine coronary artery it seems unlikely that

EDHF is simply K+ derived from endothelial cells since
small increases in extracellular K+ do not hyperpolarize its
smooth muscle (Quignard et al., 1999). Gap junctions may

be involved in the EDHF response in this artery, but
whether these structures play an important role remains to*Author for correspondence.
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be established. Additionally, a role for EETs cannot be
excluded. Thus the aim of the present study was to
characterize the electrophysiological aspects of the EDHF

response in the porcine coronary artery paying particular
attention to the contribution of gap junctions and of
EETs in this phenomenon.

Methods

Experiments using bolus application of agonists were
performed on porcine left descending coronary arteries which
were obtained from the local abattoir and transported to the

laboratory in ice-cold Krebs solution. The delay in removal of
the heart from the animal and dissection of the coronary artery
was approximately 30 min.

For the experiments with continuous application of
agonists, Large-White pigs (male or female, 25 kg) were
anaesthetized with a mixture of tiletamine plus zolazepam,
(i.m., each 10 mg kg71). The heart was removed and rapidly

placed in an ice-cold oxygenated Krebs solution. The left
anterior descending, left circum¯ex and right coronary arteries
were then dissected free, cleaned of adherent fat and

connective tissue, and maintained in oxygenated Krebs
solution at room temperature.

Micro-electrode experiments

Intact vessels were pinned to the Sylgard base of a heated

bath (volume 10 ml) and superfused (10 ml min71), at
378C, with Krebs solution containing 300 mM NG-nitro-L-
arginine and 10 mM indomethacin and gassed with 95% O2/
5% CO2. Smooth muscle cells were impaled from the

adventitial side (unless otherwise indicated) and endothelial
cells from the intimal side, using micro-electrodes ®lled with
3 M KCl (resistance 40 ± 80 MO). Successful impalements

were signalled by a sudden change in membrane potential
which remained stable for at least 2 min before the
experiment was commenced. In some experiments the

endothelial layer was removed by gentle rubbing and the
lack of endothelium in each vessel segment was con®rmed
by the absence of a response to substance P. Acetylcholine,
bradykinin, 11,12-EET (11,12-epoxyeicosatrienoic acid), lev-

cromakalim, NS1619 (1,3-dihydro-1-(2-hydroxy-5-(tri¯uoro-
methyl) phenyl) -5- (tri¯uoromethyl) - 2H - benzimidazol-2-one)
and substance P were each added as bolus injections

directly into the bath in quantities calculated to give
(transiently) the ®nal concentrations indicated. Barium,
ouabain and the toxin K+-channel inhibitors were added

to the reservoir of Krebs superfusing the bath. To
investigate the e�ects of the gap junction inhibitor gap 27
(Chaytor et al., 1997; 1998), tissues were pre-incubated at

378C with the peptide for 60 min prior to the recordings
which were performed in the absence of the inhibitor (i.e.
during its wash-out). In some experiments the coronary
artery segments were continuously superfused with sub-

stance P so that responses were observed under equilibrium
conditions. Recordings were made using a conventional
high impedance ampli®er (Intra 767; WPI Instruments or V

180, Biologic). The membrane potential was monitored
simultaneously on a digital storage osciloscope (2211,
Tektronix) and a pen-chart recorder (3400, Gould).

Alternatively, signals were digitized and analysed using a
MacLab system (AD Instruments) and 50 Hz interference
at the ampli®er output was selectively removed using an
active processing circuit (Humbug; Digitimer).

Drugs and solutions

Krebs solution comprised (mM) Na+ 143, K+ 4.6, Ca2+ 2.5,

Mg2+ 1.2, Cl7 126.4, H2PO4
7 1.2, SO4

27 1.2, HCO3
7 25,

glucose 11.1 and was bubbled with 95% O2 and 5% CO2.
The following substances were used: acetylcholine chloride,

bradykinin, synthetic apamin and charybdotoxin (Latoxan,

France), (+)11,12-epoxyeicosa-5Z,8Z14Z-trienoic acid (11,12-
EET, A�niti Research Products Ltd), gap 27 (amino acid
sequence SRPTEKTIFII, purity499%, synthesized by Severn

Biotech, U.K.), synthetic iberiotoxin (Latoxan, France),
indomethacin, levcromakalim (SmithKline Beecham), NS1619
(1,3-dihydro-1-(2-hydroxy -5- (tri¯uoromethyl) phenyl) -5- (tri-

¯uoromethyl)-2H-benzimidazol-2-one; RBI), ouabain, and
substance P (RBI). Unless otherwise stated, all compounds
were obtained from Sigma.

Statistics

Student's t-test (paired or unpaired as appropriate) was used to

assess the probability that di�erences between mean values had
arisen by chance; P50.05 was considered to be signi®cant.

Results

E�ects of substance P and 11,12-EET

Smooth muscle impalements The resting membrane potential

of the porcine coronary artery smooth muscle was slightly but
signi®cantly depolarized by removal of the endothelial layer
(+ endothelium: 751.6+0.2 mV, n=15; de-endothelialized:
750.0+0.3 mV, n=5). Substance P (100 nM) had no e�ect on

the smooth muscle cells in the absence of the endothelium but
hyperpolarized those in intact vessel segments by
28.4+0.8 mV (n=8; Figures 1 ± 3). Iberiotoxin (100 nM) alone

had no e�ect on responses to substance P or 10 mM
levcromakalim in intact segments but abolished hyperpolariza-
tions to 33 mM NS 1619. However, the combination of 100 nM

iberiotoxin+100 nM apamin produced a small but signi®cant
inhibition of substance P-induced hyperpolarizations. Char-
ybdotoxin (100 nM) also produced a small but signi®cant
inhibition of substance P, responses to which were abolished in

the additional presence of 100 nM apamin (Figures 1 and 3).
In contrast to substance P, 11,12-EET hyperpolarized the

smooth muscle in both intact and de-endothelialized prepara-

tions but the magnitude of these e�ects and their toxin-
sensitivities were very di�erent. Thus, in the presence of the
endothelium, 3 mM 11,12-EET hyperpolarized the smooth

muscle by 18.6+0.8 mV (n=8). This value was signi®cantly
greater than in the absence of the endothelium (12.6+0.3 mV,
n=4) and signi®cantly more than the e�ect of ethanol, the

vehicle used to dissolve 11,12-EET (smooth muscle hyperpo-
larization to ethanol: de-endothelialized vessel segments,
4.5+0.2 mV, n=4; intact vessel segments, 4.1+0.9 mV, n=8).

In the absence of the endothelium, the smooth muscle

hyperpolarization induced by 3 mM 11,12-EET was abol-
ished by 100 nM iberiotoxin (i.e. the hyperpolarization was
not signi®cantly di�erent from that produced by vehicle

alone) (Figures 1 and 2). However, iberiotoxin only slightly
inhibited the response to 3 mM 11,12-EET in intact vessels
and subsequent exposure to apamin produced no further

inhibition (Figures 1 and 3). In contrast charybdotoxin
markedly inhibited the response to 11,12-EET, with
abolition of the residual hyperpolarization by apamin
(Figures 1 ± 3).
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Endothelial cell impalements The resting membrane potential
of endothelial cells in intact segments of porcine coronary
artery was 747.9+0.3 mV (n=8). As shown in Figure 4,

11,12-EET (3 mM) and substance P (100 nM) hyperpolarized

these cells by 22.3+0.4 mV (n=8) and 31.0+0.6 mV (n=8),
respectively, values which were signi®cantly greater than for

smooth muscle cells in both intact and de-endothelialized
preparations (Figures 2 and 3). In intact vessel segments,
iberiotoxin (100 nM) did not modify the endothelial cell

hyperpolarization induced either by 11,12-EET or by
substance P (Figure 4a,c). Charybdotoxin (100 nM) markedly
inhibited the 11,12-EET response and slightly (but signi®-

cantly; P50.05) inhibited the substance P-induced hyperpo-
larization (Figure 4b,d). In the additional presence of apamin
the responses to 11,12-EET and substance P were abolished
(Figure 4b,d).

E�ects of barium+ouabain and gap junction inhibition

In this series of experiments the membrane potential of the
smooth muscle cells of the porcine coronary artery was
recorded with microelectrodes inserted either from the

adventitial side (i.e. membrane potential of the outer layer of
smooth muscle cells) or from the intimal side (i.e. membrane
potential of the inner layer of smooth muscle cells).

Adventitial side In the present study, we con®rmed that
acetylcholine does not hyperpolarize porcine coronary artery
smooth muscle in the presence of the endothelium (Figure 5,

representative of n=4 experiments), consistent with the
reported lack of relaxation to acetylcholine in this preparation
(Harasawa et al., 1989). Exposure to 30 mM barium and

500 nM ouabain (concentrations which inhibit inward-recti®er

Figure 1 Typical traces comparing the smooth muscle hyperpolarizations in pig coronary artery induced by bolus application of
11,12-EET and its vehicle, ethanol (EtOH), with those induced by bolus application of substance P (SP), NS1619 and
levcromakalim (LK). Microelectrode impalements were made through the adventitial surface. (a) In de-endothelialized vessels,
substance P was without e�ect. Iberiotoxin (IbTX) abolished the response to NS1619 and reduced the magnitude of the
hyperpolarization to 11,12-EET to that of its vehicle. (b,c) In intact vessels, iberiotoxin had little e�ect on the response to 11,12-
EET or to substance P in the absence or presence of apamin. In contrast, charybdotoxin (ChTX) markedly reduced the
hyperpolarization to 11,12-EET and slightly inhibited the response to substance P. Responses to 11,12-EET and substance P were
abolished in the presence of both charybdotoxin and apamin. (a ± c) Hyperpolarizations induced by levcromakalim were similar in
the presence or absence of the endothelium and were not modi®ed by the presence of the toxin K+ channel inhibitors.

Figure 2 E�ect of iberiotoxin on smooth muscle hyperpolarizations
induced by bolus exposure to 11,12-EET, its vehicle (ethanol, EtOH),
NS1619 and levcromakalim (LK) in de-endothelialized segments of
porcine coronary artery. The results are the mean of four experiments
typi®ed by the trace in Figure 1(a). In the absence of the
endothelium, substance P (SP) was without e�ect. Each column
indicates the membrane potential before and after exposure to the
indicated substance, +or7s.e.mean.

EDHF in porcine coronary artery 1147G. Edwards et al
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K+ channels and Na+, K+-ATPase and abolish the response

to EDHF in the rat hepatic artery: Edwards et al., 1998; 1999b)
rapidly depolarized the smooth muscle of the coronary artery
and induced a series of rapid, transient depolarizations to
0 mV (mean number of transient depolarizations 4.7+0.7,

n=6). Although in the presence of barium and ouabain the

membrane did not hyperpolarize to the same potential on

exposure to substance P, bradykinin or levcromakalim (Figure
6a), the magnitude of the hyperpolarizations was similar
before and after exposure to the pump and channel inhibitors
(Figure 6b). After 60 min pre-exposure to 500 mM gap 27, the

resting membrane potential of the coronary artery smooth

a b

Figure 3 E�ects of iberiotoxin (a) and charybdotoxin (b) on smooth muscle hyperpolarizations induced by bolus application of
11,12-EET, its vehicle (ethanol, EtOH) and substance P (SP) in intact segments of porcine coronary artery. The results in each
graph are the mean of four experiments typi®ed by the traces in Figure 1(b) and (c). Each column indicates the membrane potential
before and after exposure to the indicated substance, +or7s.e.mean.

Figure 4 Typical traces comparing the endothelial cell hyperpolarizations in pig coronary artery induced by bolus application of
11,12-EET and its vehicle, ethanol (EtOH), with those induced by bolus application of substance P (SP). (a) Iberiotoxin (IbTX) was
without e�ect on the hyperpolarizations to substance P, to 11,12-EET or its vehicle, ethanol (EtOH). (b) Charybdotoxin (ChTX)
markedly reduced the hyperpolarization to 11,12-EET but had little e�ect on the response to substance P. Responses to 11,12-EET
and substance P were abolished in the presence of both charybdotoxin and apamin. (c and d) Graphical representation of data from
four separate experiments of the types shown in (a) and (b), respectively in which each column represents the endothelial cell
membrane potential (m.p.), +or7s.e.mean, before and after exposure to substance P, EtOH or 11,12-EET. Responses are shown
before (control) or after exposure to (c) 100 nM iberiotoxin or (d) 100 nM charybdotoxin in the absence and presence of 100 nM
apamin.
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muscle (751.5+0.4 mV, n=6) was similar to that of

untreated segments from the same animals (751.9+0.4 mV,
n=6). However, after exposure to the gap 27 peptide the
response to substance P was markedly reduced and was

abolished in the additional presence of barium and ouabain
(Figures 5 and 6). The hyperpolarization induced by
bradykinin was also greatly inhibited by gap 27 and further

reduced by exposure to barium+ouabain (Figure 6). Exposure
to the gap 27 also reduced the number of transient
depolarizations on exposure to barium+ouabain (0.8+0.4,
n=6; Figure 5).

Intimal side When the smooth muscle was impaled from the
intimal surface (resting membrane potential, 751.0+0.3 mV;

Figure 6c) the hyperpolarizations to substance P
(29.0+0.7 mV, n=5) and to levcromakalim (33.6+0.4 mV,
n=5) were similar to those obtained when the muscle was

impaled from the adventitial side (26.6+0.9 mV, n=12 and
31.4+0.8 mV, respectively, n=14) (compare Figure 6b with
Figure 7d). As shown in Figure 7a, exposure to barium+oua-

bain produced an almost instantaneous depolarization of the
smooth muscle which was associated with a single transient
depolarization to approximately 0 mV. Again, in the presence
of barium and ouabain, neither substance P nor levcromaka-

lim hyperpolarized the membrane to the same potential as
before exposure to the inhibitors but the absolute magnitude of
the hyperpolarizations was increased (Figure 7a). After 60 min

exposure to gap 27 (500 mM), the smooth muscle resting

membrane potential (750.9+0.5 mV, n=5; Figure 7c) was

not signi®cantly di�erent from that of control segments from
the same animals (751.0+0.3 mV, n=5; Figure 7c). However,
after pre-exposure to gap junction inhibitor the transient, rapid

depolarizations to barium and ouabain were not recorded
when the smooth muscle was impaled from the intimal side
and the sustained depolarization developed more slowly

(Figure 7b). Under these conditions there was no reduction
in the magnitude of the substance P- and levcromakalim-
induced hyperpolarizations compared to those in the absence
of the gap peptide inhibitor (Figure 7d).

When applied as a continuous superfusion, substance P
(100 nM) induced hyperpolarizations of 19.6+1.1 mV (n=14)
and 14.0+1.0 mV (n=7) when the smooth muscle cells were

impaled through the intima or the adventitia, respectively.
Furthermore, the rate of onset of the hyperpolarization was
greater when impalements were made from the intimal side

(compare Figure 8a(i) and (ii)). The resting membrane
potential was unchanged after 60 min exposure to gap 27
(500 mM), irrespective of whether cells were impaled from the

intimal or adventitial sides. Depolarization was induced
throughout the smooth muscle by subsequent exposure to
30 mM barium plus 500 nM ouabain (Figure 8c). Under these
conditions the hyperpolarization to substance P recorded just

below the internal elastic lamina was not reduced
(28.0+1.3 mV; n=8) (Figures 8b(i) and c ± d), whereas near
the adventitia it was markedly inhibited (4.0+1.5 mV, n=6;

Figures 8b(ii) and c ± d).

Figure 5 E�ects of Ba2+ and ouabain and of pre-treatment with gap 27 on hyperpolarizations induced by bolus exposure to
substance P (SP), acetylcholine (ACh) and levcromakalim (LK) in smooth muscle cells of pig intact coronary arteries.
Microelectrode impalements were made through the adventitial surface. (a) The upper trace shows that substance P and
levcromakalim each produced smooth muscle hyperpolarization whereas acetylcholine was without e�ect. Exposure to 30 mM
Ba2++500 nM ouabain produced a depolarization usually accompanied by rapid membrane potential oscillations (inset panel) and
responses to substance P and levcromakalim were essentially unchanged. (b) After 60 min incubation of a di�erent vessel in Krebs
solution containing 500 mM gap 27, substance P generated only a small hyperpolarization whereas a substantial e�ect of
levcromakalin was always observed. Exposure to Ba2++ouabain produced a depolarization which was accompanied by fewer
membrane potential oscillations. The e�ects of substance P were essentially absent while the e�ects of levcromakalim were
unchanged or enhanced. Note that the rapid oscillations usually depolarized the membrane to approximately zero mV and that their
indicated magnitude was limited by the speed of the A-D converter.
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Figure 6 Graphical representation of data from four separate experiments of the types shown in Figure 5 in which the columns
represent the membrane potential (m.p.)+or7s.e.mean in vessels exposed to 30 mM Ba2++500 nM ouabain (Ba+ouab) and 500 mM
gap 27. (a) Shows absolute values of membrane potential (m.p.) before and after exposure to the agonists to highlight the
depolarizing e�ect of Ba2++ouabain. (b) Hyperpolarizations (D m.p.) produced by substance P (SP), bradykinin (BK) and
levcromakalim (LK) to emphasise the inhibitory e�ects of gap 27 and Ba2++ouabain on responses to substance P and bradykinin
while responses to levcromakalim were una�ected.

Figure 7 (a,b) Typical traces showing e�ects of Ba2+ and ouabain and of pre-treatment with gap 27 on hyperpolarizations induced
by bolus application of substance P (SP) and levcromakalim (LK) in smooth muscle cells of pig intact coronary arteries impaled via
the intimal surface. (a) Substance P and levcromakalim each produced smooth muscle hyperpolarization. Exposure to 30 mM
Ba2++500 nM ouabain produced an almost instantaneous sustained depolarization usually accompanied by a single, rapid,
transient depolarization to 0 mV. The responses to substance P and levcromakalim were not reduced by the presence of barium and
ouabain. (b) After 60 min incubation of a di�erent vessel in Krebs solution containing 500 mM gap 27, responses to substance P and
levcromakalim were similar to those before exposure to the gap junction inhibitor (see panel (a)). Subsequent exposure to
barium+ouabain produced a sustained depolarization which developed more slowly than in the absence of gap 27 and which was
never associated with a rapid, transient depolarization. The e�ects of substance P and levcromakalim were not reduced in the
presence of barium and ouabain after exposure to gap 27. (c,d) Graphical representation of data from 4 ± 5 separate experiments in
which the columns represent the membrane potential (m.p.), +or7s.e.mean, before and after exposure to substance P or
levcromakalim under control conditions and after exposure to 30 mM Ba2++500 nM ouabain (Ba+ouab) and 500 mM gap 27 as
indicated. (c) Representation showing absolute values of membrane potential (m.p.) to highlight the depolarizing e�ect of
Ba2++ouabain. (d) Hyperpolarizations (D m.p.) produced by 100 nM substance P and levcromakalim to emphasise the lack of
inhibitory e�ects of gap 27 and Ba2++ouabain.
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Discussion

EDHF responses in the pig coronary artery

In the present study, exposure of endothelium-intact pig
coronary arteries to substance P produced smooth muscle
hyperpolarizations which showed the axiomatic features of
`EDHF' (Mombouli & Vanhoutte, 1997; Edwards &

Weston, 1998). Thus the substance P-induced increase in
membrane potential was produced in spite of inhibition of
both cyclo-oxygenase and nitric oxide synthase. Further-

more, it was not inhibited by iberiotoxin+apamin but was
abolished by charybdotoxin+apamin. These ®ndings are
similar to the results of studies (using acetylcholine) in the

rat hepatic and mesenteric arteries and in the guinea-pig
internal carotid artery (Corriu et al., 1996; Edwards et al.,
1998; 1999b; Chataigneau et al., 1998) and con®rm previous

observations in the porcine coronary artery (Quignard et al.,
1999).

Substance P hyperpolarized the endothelial cells in pig
intact coronary vessels, an action which was una�ected by

iberiotoxin but which was abolished by charybdotoxin+apa-
min. These ®ndings, together with those of earlier studies in
other vessels (Marchenko & Sage, 1996; Edwards et al., 1998;

Doughty et al., 1999; Ohashi et al., 1999) combine to con®rm

that the charybdotoxin- and apamin-sensitive K+ channels
involved in the EDHF pathway in the pig coronary
vasculature are also on the endothelial cells in this tissue. The

inability of iberiotoxin, at a concentration which abolished de-
endothelialized smooth muscle responses to 11,12-EET, to
reduce the endothelial cell hyperpolarizations to this eicosa-

noid indicates that the recording electrodes were in fact
inserted into endothelial cells.

Are EETs involved in the EDHF response?

Metabolism of arachidonic acid by cytochrome P450 epox-
ygenases results in the formation of four regioisomeric

epoxyeicosatrienoic acids, 5,6-, 8,9-, 11,12- and 14,15-EET
(Fitzpatrick & Murphy, 1988). Endothelial cells are capable of
producing EETs (Moore et al., 1988; Graier et al., 1995;

Rosolowsky & Campbell, 1996; Hoebel et al., 1998) and, when
applied exogenously, these are able to hyperpolarize, and
thereby relax, some vascular smooth muscle preparations

(Rosolowsky et al., 1990; Gebremedhim et al., 1992; 1998;
Harder et al., 1994; Campbell et al., 1996; Le�er & Fedinec,
1997; Eckman et al., 1998; Fisslthaler et al., 1999). In some
preparations such as the rabbit mesenteric artery (Hutcheson

et al., 1999), the rat hepatic artery (Zygmunt et al., 1996) and
the guinea-pig internal carotid artery (Chataigneau et al.,

Figure 8 (a,b) Typical traces showing e�ects of gap 27 plus Ba2+ and ouabain on smooth muscle hyperpolarization induced by
continuous superfusion of substance P (SP) in pig intact coronary arteries impaled via the intimal (i) or adventitial (ii) surfaces. (a)
The onset of the response to substance P was more rapid when myocytes were impaled from the intimal side. (b) Following 60 min
exposure to gap 27, tissues were exposed to 30 mM barium (Ba2+)+500 nM ouabain (+inhibitors). Under these conditions, the
magnitude of the hyperpolarization induced by substance P was not reduced in recordings made from the intimal side but was
substantially diminished in recordings from the adventitial side. (c,d) Graphical representation of data from 7 ± 14 separate
experiments in which the columns represent the membrane potential (m.p.), +or7s.e.mean, when myocytes were impaled from
either the intimal or adventitial sides under control conditions or after exposure to 30 mM Ba2++500 nM ouabain and 500 mM gap
27 (+inhibitors). (c) Absolute values of membrane potential (m.p.) before and after exposure to 100 nM substance P to highlight the
depolarizing e�ect of Ba2++ouabain. (d) Hyperpolarizations (D m.p.) produced by substance P to emphasise the e�ects of the
inhibitors.
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1998), exogenous EETs appear to have no relaxant or
hyperpolarizing e�ects and are thus unlikely to represent an
`EDHF'. However, the current view is that EETs represent an

`EDHF' in porcine coronary arteries (Hecker et al., 1994; Popp
et al., 1996; Li & Campbell, 1997; Gebremedhin et al., 1998;
Fisslthaler et al., 1999). In the present study, 11,12-EET was
selected for investigation since this is the isomer most likely to

be involved in the EDHF response in the porcine coronary
artery (Fisslthaler et al., 1999).

In de-endothelialized preparations of pig coronary artery,

11,12-EET did hyperpolarize the smooth muscle. This e�ect
was essentially abolished by iberiotoxin at a concentration
which also abolished hyperpolarizations to the BKCa opener,

NS1619. However, 11,12-EET hyperpolarized the muscle to a
greater extent in intact vessels and iberiotoxin (a selective
inhibitor of BKCa; Kaczorowski et al., 1996) produced only a

small inhibition of this hyperpolarization even in the presence
of apamin. In contrast, the response to 11,12-EET in the intact
vessel was abolished by apamin+charybdotoxin.

11,12-EET hyperpolarized the endothelial cells of pig

coronary arteries, an action which was una�ected by
iberiotoxin but was abolished by charybdotoxin plus apamin.
Since iberiotoxin abolished the hyperpolarizing action of

11,12-EET on the pig coronary smooth muscle, the observed
endothelial cell hyperpolarization produced by this agent must
have been exerted directly on the endothelium and not

transmitted to the endothelium from the muscle layer (possibly
via gap junctions). Collectively, these results suggest that
11,12-EET can cause some smooth muscle hyperpolarization

by opening BKCa channels on the myocytes. However, these
channels have only a minor role in the EET-induced
hyperpolarization in intact vessels in which the opening of
charybdotoxin- (but not iberiotoxin-) sensitive and apamin-

sensitive K+ channels (presumably IKCa and SKCa; Edwards et
al., 1999b) on the endothelium is the prime cause of the
observed response.

As already discussed, the smooth muscle hyperpolarization
to both 11,12-EET and to substance P could be totally
inhibited by the combination charybdotoxin+apamin. How-

ever, the EET-induced hyperpolarization was more sensitive to
charybdotoxin alone than was the e�ect of substance P, a
®nding also made when endothelial cells were impaled. EETs
are believed to stimulate endothelial cell calcium in¯ux via

calcium release-activated channels (CRAC) (Hoebel et al.,
1997; Mombouli et al., 1999). Speculatively, the primary e�ect
of 11,12-EET may thus be to stimulate calcium in¯ux via

endothelial CRAC at a site closely associated with IKCa. In the
absence of the endothelial cell layer, the e�ect of 11,12-EET
may result from the stimulation of calcium in¯ux via smooth

muscle CRAC channels which results in the opening of BKCa

channels and a smaller hyperpolarization.
In the many studies on the modulation of smooth muscle

K+ channels by exogenous EETs, the non-selective BKCa

channel inhibitor charybdotoxin has surprisingly been used in
preference to iberiotoxin. In vascular preparations, iberiotoxin
selectively inhibits smooth muscle BKCa channels but does not

inhibit endothelial cell IKCa channels whereas charybdotoxin
inhibits both channel types (Edwards et al., 1999b; Kaczor-
owski & Garcia, 1999). In studies using isolated coronary

artery smooth muscle cells, the K+ channel opened by
exogenous EETs, including 11,12-EET, has a large unitary
conductance. Since it is inhibited by iberiotoxin (Gebremedhin

et al., 1992; 1998; Li & Campbell, 1997; Hayabuchi et al.,
1998), it is likely to be BKCa (Kaczorowski et al., 1996) and this
conclusion is consistent with the results of the present study.
However, since the EDHF response in many preparations is

inhibited by apamin+charybdotoxin and not by apamin
+iberiotoxin (Zygmunt & HoÈ gestaÈ tt, 1996; Petersson et al.,
1997; Eckman et al., 1998; Yamanaka et al., 1998), it seems

unlikely that an EET per se is `EDHF'.

Gap junction involvement in the EDHF response:
impalements through the adventitia

In a previous study (Edwards et al., 1999a), the gap junction
inhibitors gap 27 and carbenoxolone (a water-soluble salt of b-
glycyrrhetinic acid) were equi-e�ective inhibitors of `EDHF' in
the guinea-pig carotid artery. However, gap 27, unlike
carbenoxolone, did not depolarize the vascular smooth muscle

membrane. Since the carbenoxolone-induced depolarization
probably results from inhibition of Na+/K+ ATPase (Ter-
asawa et al., 1992), gap 27 was used in the present study in an

attempt to minimise such unwanted e�ects. This peptide
inhibitor comprises the amino acid sequence of one of the
extracellular loops (of a connexin, Cx43, found in both
vascular smooth muscle and endothelial cells: Christ et al.,

1996) which is thought to be involved in the docking of
connexons to form gap junctions (Chaytor et al., 1997). It is
thought that gap 27 interferes not only with formation but also

with the stability of gap junctions (Chaytor et al., 1998).
When pig coronary artery smooth muscle cells lying

immediately below the adventitia were impaled, gap 27 had

no e�ect on the resting membrane potential but markedly
inhibited the endothelium-dependent hyperpolarizations to
substance P and to bradykinin. After exposure to the gap

junction inhibitor, barium+ouabain further inhibited the
bradykinin-induced hyperpolarizations and abolished those to
substance P, whereas barium+ouabain alone were without
e�ect on either response. These results are consistent with a

major role for gap junctions in the EDHF response in the pig
coronary vasculature, with only a minor contribution from
smooth muscle inwardly-rectifying K+ channels and/or Na+/

K+-ATPase (Edwards et al., 1998).
Such results are thus similar to those obtained in studies

using rabbit and guinea-pig arteries which have described a

reduction in the EDHF response by inhibitors of gap
junctions. From these it was concluded that such connec-
tions must play a role in endothelium-dependent hyperpolar-
ization of the smooth muscle in these vessels. Furthermore,

it was assumed that the inhibited gap junctions were those
which formed a functional connection between the
endothelial and smooth muscle layers (KuÈ hberger et al.,

1994; Chaytor et al., 1997; 1998; Yamamoto et al., 1998;
1999; Dora et al., 1999). However, in porcine (and other)
coronary arteries, gap junctions link not only the endothelial

cells to the smooth muscle layer but also adjacent
endothelial and smooth muscle cells within each layer (BeÂ ny
& Gribi, 1989; BeÂ ny & Connat, 1992; BeÂ ny & Pacicca,

1994). Thus, an equally tenable hypothesis is that inhibition
of gap-junctional coupling within the endothelial or smooth
muscle layers (and not between the di�erent layers) could
account for the observed inhibition of the smooth muscle

hyperpolarization by agents such as carbenoxolone and gap
27.

Gap junction involvement in the EDHF response:
impalements through the intima

In an attempt to clarify the site of action of gap 27,
microelectrodes were carefully advanced through the endothe-
lium and internal elastic lamina to impale the smooth muscle
cells lying immediately below the endothelial layer. Under
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these conditions, gap 27 was without e�ect on hyperpolariza-
tions produced by substance P. In fact, the only detectable
action of gap 27 was a marked slowing of the rate of myocyte

depolarization following exposure to barium+ouabain which,
in combination with gap 27, also failed to inhibit hyperpolar-
izations to substance P. The observed major di�erences
between the inhibitory e�ects of gap 27, barium and ouabain

on `sub-adventitial' and `sub-intimal' smooth muscle cells
cannot be attributed to the method of agonist exposure since
identical results were obtained using either bolus or continuous

application of agonists.
Collectively, these di�erences between the inhibitory e�ects

of gap 27, which are dependent on the position of the

microelectrode, suggest that the actions of this agent (in the pig
coronary artery at least) are not solely exerted on myoen-
dothelial gap junctions. Instead a major action at myocyte ±

myocyte junctions is strongly implicated, a possibility which
could explain many of the previous ®ndings reported using this
peptide (KuÈ hberger et al., 1994; Chaytor et al., 1997; 1998;
Dora et al., 1999). The pig coronary vessels used contained a

15 ± 20 myocyte-thick layer of cells (Burnham & Weston,
unpublished). If 500 mM gap 27 e�ectively inhibited (say) 50%
of both endothelial ±myocyte and myocyte ±myocyte gap

junctions, the endothelial cell hyperpolarization would still be
well-coupled to myocytes close to the endothelium. Addition-

ally, and consistent with the ®ndings of the present study, the
electrical changes in the endothelium would be prevented from
reaching the outermost layers of muscle cells immediately

below the adventitia.

Conclusions

In pig coronary artery, 11,12-EET is not EDHF. Instead, the
smooth muscle hyperpolarization attributed to `EDHF' is
initiated by endothelial cell hyperpolarization involving

charybdotoxin- (but not iberiotoxin-) and apamin-sensitive
K+ channels. The results minimise the contribution to the
porcine coronary EDHF pathway made by the coupling of

endothelium-derived K+ to smooth muscle inward recti®ers
and Na+/K+ ATPase. In contrast, the data appear to
emphasise the role of gap-junctional coupling between the

endothelium and smooth muscle in this vascular system.
Nevertheless, the present results would also be consistent with
the release of an endothelium-derived hyperpolarizing factor
of unknown identity following endothelial cell hyperpolariza-

tion. This possibility is the subject of further study.

This study was supported by the British Heart Foundation, the
Medical Research Council and by the Servier Research Institute.
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