British Journal of Pharmacology (2000) 130, 1983-1991

© 2000 Macmillan Publishers Ltd Al rights reserved 0007 -1188/00 $15.00 C‘)

www.nature.com/bjp

Comparison of the pharmacological properties of EDHF-mediated
vasorelaxation in guinea-pig cerebral and mesenteric resistance

vessels
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1 In the presence of L-NNA (100 uM), indomethacin (10 uM) and ODQ (10 uM), acetylcholine
induced a concentration-dependent vasorelaxation of guinea-pig mesenteric and middle cerebral
arteries precontracted with cirazoline or histamine, but not with high K*, indicating the
contribution of an endothelium-derived hyperpolarizing factor (EDHF).

2 In cerebral arteries, charybdotoxin (ChTX; 0.1 uM) completely inhibited the indomethacin, L-
NNA and ODQ-insensitive relaxation; iberiotoxin (IbTX, 0.1 uM), 4-aminopyridine (4-AP, 1 mm),
or barium (30 uM) significantly reduced the response; in the mesenteric artery, ChTX and IbTX also
reduced this relaxation. Glibenclamide (10 uM) had no affect in either the mesenteric or cerebral
artery.

3 Neither clotrimazole (1 uM) nor 7-ethoxyresorufin (3 uM) affected EDHF-mediated relaxation in
the mesenteric artery, but abolished or attenuated EDHF-mediated relaxations in the cerebral
artery. AM404 (30 uM), a selective anandamide transport inhibitor, did not affect the vasorelaxation
response to acetylcholine in the cerebral artery, but in the mesenteric artery potentiated the
vasorelaxation response to acetylcholine in an IbTX, and apamin-sensitive, but SR 141816A-
insensitive manner. Ouabain (100 uM) almost abolished EDHF-mediated relaxation in the
mesenteric artery, but enhanced the relaxation in the cerebral artery whereas the addition of K*
(5—20 mM) to precontracted guinea-pig cerebral or mesenteric artery induced further vasoconstric-
tion.

4 These data suggest that in the guinea-pig mesenteric and cerebral arteries different EDHFs
mediate acetylcholine-induced relaxation, however, EDHF is unlikely to be mediated by K*.
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Introduction

A substantial body of evidence supports the view that
acetylcholine mediates endothelium-dependent relaxation of
many vessels via the release of at least three endothelium-
derived vasodilators: prostacyclin (PGI,), nitric oxide (NO)
and endothelium-derived hyperpolarizing factor (EDHF)
Gryglewski et al., 1986; Palmer et al., 1987; Taylor & Weston,
1988; Chen et al., 1988; Triggle et al., 1999). The regulation of
the release, the cellular actions as well as the putative identity
of EDHF have been the subject of a number of recent studies.
It is assumed that EDHF-mediates vasorelaxation via the
opening of the K* channels, however, the identity and cellular
mechanism(s) of action of EDHF remain poorly defined
(Garland et al., 1995; Waldron et al., 1996; Guimaraes &
Moura, 1999; Triggle et al., 1999). In porcine coronary artery
(Hecker et al., 1994; Campbell et al., 1996; Popp et al., 1996)
and rabbit carotid artery (Lischke et al., 1995; Dong et al.,
1997a) evidence suggests that EDHF may be a cytochrome
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P450-derived epoxide. However, the evidence is inconsistent in
the rat mesenteric artery (Fukao et al., 1997; Vanheel & de
Voorde, 1997) and hepatic artery (Zygmunt et al., 1996).
Evidence has also suggested than an endogenous cannabinoid,
anandamide, may also be an EDHF (Randall et al., 1996;
Randall & Kendall, 1997), however, this has been vigorously
challenged (Plane et al., 1997, Zygmunt et al., 1997).
Conversely, anandamide may be involved in mediating
endothelium-dependent vasorelaxation via the stimulation of
capacitative Ca>" entry in endothelial cells and increasing the
synthesis and release of an endothelium-derived vasorelaxant
rather than a direct action on vascular smooth muscle
(Mombouli, er al., 1999). A recent report (Edwards et al.,
1998) suggests that endothelium-dependent hyperpolarization
is mediated by a small increase (5— 10 mM) in extracellular K™
that originates from endothelial cells subsequent to the
opening of Ca®*-activated K" channels.

The data presented in a number of recent studies have also
emphasized the need to consider the role of direct endothelial-
vascular smooth muscle cell communication in mediating
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endothelium-dependent relaxation in a variety of vascular
preparations. Thus, Chaytor et al. (1998) reported that a
peptide, Gap 27, which contains an amino acid sequence
identical to that contained in the second extracellular loop of
the connexin reported to be present in vascular tissue,
attenuated the L-NAME insensitive endothelium-dependent
relaxation to ACh in the rabbit mesenteric artery. Further-
more, Gap 27 also inhibited the ACh and ATP-induced
relaxation in the rabbit aorta. Thus, endothelium-dependent
hyperpolarization may reflect direct electrical communication
from endothelial to VSMC and gap junctions may provide a
preferred route for endothelial cell-derived factors to act on
VSMCs. Of particular relevance to the current investigation
are the recent studies by Yamamoto ez al. (1998; 1999) that
report the putative gap junction blocker 18 f-glycyrrhetinic
acid blocked the ACh-mediated, ChTX-sensitive and endothe-
lium-dependent hyperpolarization of guinea-pig mesenteric
arterioles. These data suggest an essential role for myoen-
dothelial gap junctions in mediating endothelium-dependent
vasorelaxation in guinea-pig mesenteric arterioles.

Overall, the contribution of EDHF to endothelium-
dependent relaxation appears to depend on tissue source,
species and agonist employed to induce vasorelaxation (Nagao
& Vanhoutte, 1993; Garland et al., 1995; Waldron et al., 1996).
Unfortunately, there have been few systematic studies
comparing the contribution of EDHF to endothelium-
dependent relaxation in different vessels under identical
experimental conditions. Furthermore, the contribution of
EDHF to endothelium-dependent relaxation in small cerebral
resistance arteries remains elusive (Petersson et al., 1997; Dong
et al., 1998). Therefore, the present study was undertaken to
systematically compare EDHF-mediated endothelium-depen-
dent vasorelaxation in small cerebral and mesenteric resistance
arteries from guinea-pigs under identical experimental condi-
tions. Following such protocols we have found differences in
the nature and cellular mechanism(s) of action of EDHF
released from small cerebral and mesenteric resistance arteries.
Our results suggest that there might be different EDHFs
existing in cerebral versus peripheral vessels of guinea-pigs.
Further studies, however, are required in order to assess the
contribution of myoendothelial gap junctions to endothelium-
dependent relaxation in guinea pig cerebral and mesenteric
vessels. Some of the data presented here have been previously
published in abstract form (Dong et al., 1997b).

Methods

Preparation of arteries

Male guinea pigs (400—450 g) were killed by cervical
dislocation after anaesthesia with halothane according to a
research protocol consistent with the standards of the
Canadian Council on Animal Care and approved by the local
Animal Care Committee of the University of Calgary. Brains
and small intestine were rapidly removed and placed in cold
physiological salt solution (PSS) of the following composition
(in mMm): NaCl 118; KCl 4.7; CaCl, 2.5; KH,PO, 1.2; MgSO,
1.2; NaHCO; 12.5; dextrose 11.1. The pH of the PSS after
saturation with 95% O,+5% CO, gas mixture was 7.4.
Solutions of high K* PSS (40 mM) KCIl) were made by
equimolar replacement of NaCl with KCIl. Segments of middle
cerebral artery (150—200 um i.d.) and the third order branches
of mesenteric artery (200—250 um i.d.) were gently dissected
from the surface of the brain and the mesenteric vascular bed,
respectively, and placed in fresh PSS. Where possible we used

mesenteric vessels that approximated the size of the cerebral
vessels studied (approximately 200 pum i.d.). Adherent con-
nective tissue was removed and a 2 mm segment of artery was
then prepared for recording isometric force development in a
wire myograph as previously described (Waldron & Garland,
1994). Briefly, two tungsten wires (40 um diameter) were
inserted through the lumen of the vessel and the tissue placed
in a 10 ml myograph chamber containing gassed PSS. One
wire was then attached to a force transducer and the other
connected to a micrometer. In some experiments, endothelial
cells were removed from the vessels by repeatedly passing
stainless steel cannulae of appropriate size through the vessel
lumen and destruction of the endothelium was confirmed
pharmacologically by loss of the relaxation response to
acetylcholine (10 um). Only vessels which after denudation
had responses to contractile agents comparable to those from
as endothelium-intact arteries were used for further studies.
After a 30 min equilibration period, arteries were stretched in a
stepwise fashion to a resting tension of 2 mN, which in
preliminary studies was found to be the optimal preload for
force development in these blood vessels. Tissues were
routinely allowed to equilibrate for 2 h before the start of the
experiments. Isometric tension was recorded at a sample
interval of 0.2 s to a hard disc via an analog/digital converter
(Axon Instruments, Foster City, U.S.A.) and analysed using
computer software (Axotape 2.0, Axon Instruments).

Experimental protocols

The first series of experiments were performed to determine the
contribution of EDHF to endothelium-dependent vasorelaxa-
tion in segments of the cerebral artery and the mesenteric
artery. Arterial rings were precontracted with histamine (3 uM,
cerebral artery) or cirazoline (I uM, mesenteric artery) and
subsequently relaxed by applying acetylcholine cumulatively in
half-log increments from 3 nM to 3 uM. The second acetylcho-
line concentration-response curves were always performed
after 30 min of washing with PSS and blockers (indomethacin
(10 um) plus NC-nitro-L-arginine (L-NNA, 100 um); or a
combination of both agents, plus high K™ PSS, were added
to the tissues 30 min prior to determining the second
concentration-response curve. Pretreatment with indometha-
cin and L-NNA did not affect the basal tone of the vessels, but
increased the sensitivity of the vessels to histamine or
cirazoline. To rule out the possibility of functional antagonism
(in the presence of indomethacin plus L-NNA or a
combination of both agents plus high K* PSS) the
concentration of histamine or cirazoline was adjusted to
ensure a similar level of tone to control conditions. In a second
series of experiments designed to pharmacologically character-
ize the EDHF response from either the cerebral artery or the
mesenteric artery, initial concentration-response curves for
acetylcholine were obtained in the presence of indomethacin
and L-NNA, and then compared with a second exposure to
acetylcholine performed under similar conditions plus the
presence of another blocker. In these experiments, the second
concentration-response curves were performed with: (a) either
U73122 (1 um) or AACOCF; (1 uM) to inhibit phospholipase
C (PLC) or phospholipase A, (PLA,), respectively; (b)
clotrimazole (1 uM) or 7-ethoxyresorufin (3 uM) to inhibit
cytochrome P450 and AM404 (30 uM) to inhibit the carrier-
mediated transport of anandamide. In a third series of
experiments designed to investigate the cellular mechanisms
of the vasodilation mediated by EDHF, initial concentration-
response curves to acetylcholine were obtained in the presence
of indomethacin and L-NNA, and then compared to the extent
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of relaxation during a second exposure to acetylcholine
performed under similar conditions plus the presence of
another potassium channel blocker: (a) ChTX (0.1 um), to
block intermediate conductance and large conductance Ca**
activated K™ channels (IK, and BK ¢, respectively); (b) IbTX
(0.1 um), to block large conductance Ca’>"-activated K*
(BK¢,) channels; (c) Apamin (3 uM), to block small
conductance Ca®*-activated K* (SK¢,) channels; (d) Glib-
enclamide (10 uM), to block ATP-sensitive K* (K, 7p)
channels; (e) 4-aminopyridine (4-AP, 1 mMm), to block
voltage-gated K™ (K;) channels; (f) BaCl, (30 um), to block
inwardly rectifying K™ (K,) channels. Because pretreatment
with ChTX and 4-AP sometimes increased the basal tone of
the vessels, the concentration of histamine or cirazoline was
appropriately decreased after pretreatment with ChTX or 4-
AP in order to maintain tone comparable to that prior
pretreatment with the K™ channel blockers. The other K™
channel blockers used in the present study did not affect the
basal level of tone in the cerebral or the mesenteric artery. In
most experiments, only two concentration-response curves
were obtained for an individual tissue. In preliminary
experiments, control curves to acetylcholine were performed
in the absence of inhibitors to determine the effects of time and
repeated exposure to acetylcholine on the magnitude of the
vasorelaxation, however, under these conditions no significant
difference was identified during three sequential concentration-
response curves to acetylcholine.

Drugs

Indomethacin, glibenclamide, apamin, charybdotoxin, 4-AP,
and clotrimazole were purchased from Sigma Chemical
Company (St. Louis, U.S.A.). Iberiotoxin, N€-nitro-L-arginine
were purchased from Research Biochemicals, Inc. (Natick,
U.S.A.). 1H]1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ)
was purchased from Tocris Cookson Inc. (St. Louis, U.S.A.),
AM404 from Cayman Chemical (MI, U.S.A.), and SR
141716A from SRI International (Menlo Park, CA, U.S.A.).
Stock solutions of clotrimazole (1 mM) and indomethacin
(1 mm) were prepared in ethanol and 4% (w/v) NaHCOs;,
respectively, and SR 141716A and glibenclamide (10 mM) in
dimethylsulphoxide. All other compounds dissolved freely in
distilled water. At the final concentrations employed (0.1%),
none of the solvents used had any effect on the vessels during
preliminary experiments. A saturated solution of nitric oxide
was prepared by bubbling gaseous nitric oxide (Liquid
Carbonic INC.) for 20 min through a gas tight vial containing
ice-cold distilled water which had been bubbled with research
grade argon (Union Carbide) for 20 min, producing a
saturated solution of exogenous nitric oxide of ~1 mM. Nitric
oxide in solution was serially diluted immediately before use in
gas-tight vials using cold deoxygenated distilled water and then
injected into the organ bath in volumes of 10—30 ul with a gas-
tight syringe.

Statistical analysis

Vasorelaxant responses were measured as percentage inhibition
of the contraction induced by histamine or cirazoline. pECs,
values were determined as the negative log molar concentration
of acetylcholine which caused 50% of the maximal vasorelaxant
effect. All data were expressed as means+s.e.m. Where
appropriate, Student’s z-test for paired data and one way
analysis of variance (ANOVA) were used and considered
significant at P<0.05. In all experiments, n equals the number
of animals from which vessels were removed.

Results
Contribution of EDHF to vasorelaxation

In the mesenteric artery precontracted with cirazoline,
acetylcholine induced a concentration-dependent relaxation,
that was completely abolished by removal of the endothe-
lium (n=4, data not shown). A combination pretreatment
with the cyclo-oxygenase inhibitor, indomethacin (10 um)
and the NO synthase inhibitor, L-NNA (100 uM), signifi-
cantly shifted the concentration-response curves for acet-
ylcholine to the right (Figure 1). The pECs, value for the
pretreatment was described (7.67+0.07 vs 7.06+0.03,
P<0.01, n=06) with the maximal relaxation to acetylcholine
unchanged (105+3% vs 100+1%, P>0.05, n=6). In the
presence of indomethacin and L-NNA, the soluble guanylyl
cyclase inhibitor ODQ (10 um) produced no significant
inhibition of the concentration-response curve to acetylcho-
line (Figure 1 and Table 1). However, after vessels were
pretreated with indomethacin and L-NNA and then
contracted with high K* PSS (40 mM), the acetylcholine-
induced vasorelaxation was completely blocked (Figure 1
and Table 1). In the cerebral artery, a combination of
indomethacin and L-NNA significantly inhibited the con-
centration-response curves to acetylcholine (pECs, value:
7.340.03 vs 6.804+0.08 and the maximal relaxation: 99 +4%
vs 76+5%, P<0.05, n=6 for both). ODQ (10 um)
produced no additional inhibition, however, after the
cerebral artery was precontracted with high K* PSS
(40 mM), the acetylcholine-induced vasorelaxation was
completely blocked (Figure 1 and Table 2).

Role of K* channels in EDHF-mediated vasorelaxation

To systematically compare the contribution of K* channels to
EDHF-mediated relaxation of the mesenteric and cerebral
arteries, all vessels in this series of experiments were pretreated
with indomethacin (10 uM) plus L-NNA (100 um), and
subsequently a variety of K" channel blockers were evaluated.
Glibenclamide (10 pum) did not affect the vasorelaxation
response to acetylcholine in either the mesenteric or cerebral
artery. 4-AP (1 mM) did not significantly inhibit the
vasorelaxation response to acetylcholine in the mesenteric
artery, but almost abolished the vasorelaxation response to
acetylcholine in the cerebral artery. ChTX (0.1 uM) signifi-
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Figure 1 Concentration-response curves for acetylcholine in the
guinea-pig mesenteric artery (MA) and middle cerebral artery (CA) in
the absence and the presence of a combination of indomethacin
(10 um) and L-NNA (100 um) or indomethacin and L-NNA plus
ODQ (10 um) or high K™ PPS (40 mm). Data are shown as the
mean +s.e.mean from 5-7 separate experiments.
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Table 1 Effects of different treatments on EDHF-mediated vasorelaxation of the guinea-pig mesenteric arteries

PECs Maximum relaxation (%)
Treatment Before After Before After
ODQ (10 um) 7.07+0.01 7.07+0.04 101+1 98+1
KCl (40 mm) 7.06+0.03 - 100+2 10+ 4%*
U73122 (1 um) 6.90+0.03 6.92+0.05 10142 101+1
AACOCF; (1 um) 6.93+0.02 6.9040.06 102+1 100+1
Glibenclamide (10 pm) 7.0340.02 7.1540.03 101 +2 99+1
4-Aminopyridine (1 mm) 7.074+0.02 7.01+£0.03 101+1 98+1
ChTX (0.1 pum) 7.03+0.02 5.67+0.02%* 101+2 61+ 8**
IbTX (0.1 um) 7.0240.05 6.614+0.03%* 98+1 91+4
APA (3 um) 7.18+0.03 6.37+0.08* 100+1 96+1
IbTX +APA 7.0240.05 6.2240.03%* 98+1 44 + 8**
BaCl, (30 um) 7.12+0.05 6.84+0.04 100+3 95+4
Ouabain (100 um) 7.12+0.05 100+3 16+ 5%*
BaCl, + Ouabain 7.1240.05 - 100+3 8 £ 3**
Clotrimazole (1 pm) 7.0740.03 7.05+0.04 96+1 98+1
AM404 (30 pum) 7.05+0.08 7.454+0.01* 97+2 98+1
AM404 +IbTX + APA 7.0540.03 6.2140.02%* 97+2 324+6%*

All drugs were tested on cirazoline-preconcentrated and then acetylcholine-relaxed mesenteric arteries in the presence of indomethacin

)

(10 um) and L-NNA (100 pm). Values are meansts.e.mean. n=5-—7 observations. ‘—’ represents that pECs, values were not
determined due to the abolition of the response. *P <0.05, **P <0.01 vs before drug treatments using Student’s paired ¢-test.

Table 2 Effects of different treatments on EDHF-mediated vasorelaxation of the guinea-pig middle cerebral arteries

PECsg Maximum relaxation (% )

Treatment Before After Before After
ODQ (10 um) 6.80+0.08 6.8340.11 76+5 78+4
KCl (40 mm) 6.874+0.17 - 76+5 74 2%*
U73122 (1 um) 6.734+0.23 5.8940.10%* 89+4 54+ 10**
AACOCF; (1 um) 6.834+0.19 5.85+0.17** 90+2 47+ 6**
Glibenclamide (10 pm) 6.724+0.21 6.84+0.21 89+3 86+3
4-Aminopyridine (1 mMm) 6.74+0.19 85+3 16+ 5%*
ChTX (0.1 um) 6.7240.19 - 88+1 10 £ 3%*
IbTX (0.1 um) 6.40+0.13 5.44+0.24%* 83+7 5347
Apamin (3 um) 6.804+0.13 6.654+0.12 80+4 8244
IbTX +APA 6.4140.05 5.89+0.06%** 78+4 36+ 11%*
BaCl, (30 um) 6.8940.03 6.794+0.27 85+5 63+ 10%**
Ouabain (100 um) 6.8940.03 7.304+0.05* 85+5 90+2
BaCl, + Ouabain 6.89+0.03 7.2840.12% 85+5 86+7
Clotrimazole (1 um) 6.60+0.23 - 80+2 1143%*
AM404 (30 um) 6.67+0.06 6.5240.12 84+6 90+1

All drugs were tested in histamine-precontracted and then acetylcholine-relaxed middle cerebral arteries in the presence of indomethacin
(10 um) and L-NNA (100 pm). Values are means +s.e.mean. n=5-7 observations. ‘-’ represents ECs, values were not determined due
to the abolition of the response. *P <0.05, **P <0.01 vs before drug treatments using Student’s paired z-test.

cantly inhibited the vasorelaxation response to acetylcholine in
the mesenteric artery, but abolished the vasorelaxation
response to acetylcholine in the cerebral arteries (Figure 2,
Tables 1 and 2). Since ChTX may also inhibit K* channels
other than BK(, (Chandy & Gutman, 1995), the effects of
IbTX, which is a more selective blocker of BK, channels, and
also apamin, a selective blocker of SK, channels and the
combination of these two were assessed. Pretreatment of the
mesenteric artery with IbTX (0.1 uM), apamin (3 uM), or the
combination of both compounds did not alter the basal tone of
the mesenteric or cerebral artery, but significantly inhibited the
vasorelaxation response to acetylcholine, with both the pECs,
values and maximal relaxations being decreased (Figure 2b
and Table 1). In the cerebral artery, apamin alone had no
significant effect, IbTX significantly decreased both the pECs,
values and the maximal relaxations in response to acetylcho-
line, and the combination of IbTX in addition to apamin
produced no additional inhibitory action compared with IbTX
alone (Figure 2b and Table 2). 30 um Ba?*, which at this
concentration has been reported to be selective for K,
(Standen & Stanfield, 1978; Quayle er al., 1993), reduced the

vasorelaxation response to acetylcholine in the cerebral artery,
but not in the mesenteric artery (Figure 3 Tables 1 and 2).

Role of cytochrome P450 products in EDHF-mediated
relaxation

To investigate the possibility that EDHF released from the
mesenteric and cerebral arteries is a cytochrome P450
metabolite, all vessels in this series of experiments were
pretreated with indomethacin (10 uM) plus L-NNA (100 um),
and these inhibitors of cytochrome P450 were evaluated.
Pretreated with clotrimazole (1 uM), an imidazole that binds to
the heme moiety of the enzyme (Matsuura et al., 1991), did not
significantly inhibit the vasorelaxation response to acetylcho-
line in the mesenteric artery, but abolished the vasorelaxation
response to acetylcholine in the cerebral artery (Figure 4,
Tables 1 and 2). Similarly, 7-ethoxyresorufin (3 um), a
competitive substrate of cytochrome P450 enzymes (Tassa-
neeyakul er al, 1993), did not affect the vasorelaxation
response to acetylcholine in the mesenteric artery, but
significantly inhibited the vasorelaxation response to acet-
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ylcholine in the cerebral artery. The maximal relaxation
attributed to EDHF in the mesenteric artery was not reduced
in the presence of 3 uM 7-ethoxyresorufin (101+2% vs
99+4+3%, n=3, P>0.05), whereas pretreatment with 7-
ethoxyresorufin reduced the maximal relaxation of the cerebral
artery (80+4% vs 48+5%, n=3, P<0.01). Consistently,
pretreatment with U73122 (1 um), a PLC inhibitor and
AACOCF; (1 um), a PLA, inhibitor, significantly inhibited
EDHF-mediated vasorelaxation in the cerebral artery without
effects in the mesenteric artery (Figure 5, Tables 1 and 2). To
address the potential non-specific effects of clotrimazole and
AACOCF; on smooth muscle cell calcium and K, channels,
their actions were investigated on histamine-induced contrac-
tion and NS1619-induced relaxation of endothelium-denuded
cerebral artery. Both clotrimazole and AACOCF; at the
concentrations applied in the present study (n=4, data not
shown) neither affected histamine (1 um)-induced contraction
nor inhibited the relaxation induced by NS1619 (30 um), a
putative K., channel-opener (Olesen et al., 1994).
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Figure 2 Concentration-response curves for acetylcholine in the
guinea-pig mesenteric artery (MA) and middle cerebral artery (CA) in
the presence of a combination of L-NNA (100 um) plus indomethacin
(10 um) as the control compared with the vessels pretreated with L-
NNA plus indomethacin and K* channel blockers. (a) Glibencla-
mide (10 uM), 4-aminopyridine (I mMm) or charybdotoxin (0.1 um);
(b) apamin (3 um), iberiotoxin (0.1 uM) or a combination of apamin
and iberiotoxin. Data are shown as the mean+s.e.mean from 5-7
separate experiments.
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Figure 3 Concentration-response curves for acetylcholine in the
guinea-pig mesenteric artery (MA) and middle cerebral artery (CA) in
the presence of a combination of NS-nitro-L-arginine (100 x) plus
indomethacin (10 uM) as a control and vessels pretreated with BaCl,
(30 um), ouabain (100 uM) or their combination. Data are shown as
the mean+s.e.mean from 8—10 separate experiments.

Other candidates for EDHF in the arteries

To investigate the chemical nature of EDHF, all vessels in this
series of experiments were pretreated with indomethacin
(10 um) plus L-NNA (100 pm) and then a variety of inhibitors
were evaluated. Co-treatment with AM404 (30 uM), an
anandamide transport inhibitor (Beltramo et al., 1997), had
no effect on the vasorelaxation response to acetylcholine in the
cerebral artery, but potentiated the vasorelaxation response to
acetylcholine in the mesenteric artery. A combination of IbTX
(0.1 um) and apamin (3 uM) reversed the AM404-induced
enhancement of acetylcholine-mediated relaxation in the
mesenteric artery, and the response was similar to that
observed in IbTX and apamin alone (Figure 4). AM404
(30 uMm), in a manner similar to ODQ (10 uM), also
significantly inhibited the relaxation induced by NO at 0.1 to
1 uM in the mesenteric artery (Figure 6), and furthermore, the
enhancement effect of AM404 on the acetylcholine-induced
relaxation was not inhibited by the cannabinoid CB, receptor
antagonist SR 141716A (30 uM, n=6, data not shown).

To investigate the contribution of an increase in extra-
cellular K" as a potential mediator of EDHF, we investigated
the effects of Ba?>" (30 um), ouabain (100 um), either alone or
in combination, on the L-NNA and indomethacin resistant
component of acetylcholine-mediated relaxation in the
cerebral artery and the mesenteric artery. Either pretreatment
with ouabain alone for 30 min, or in combination with Ba?"
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Figure 4 Concentration-response curves for acetylcholine in the
guinea-pig mesenteric artery (MA) and middle cerebral artery (CA) in
the presence of a combination of L-NNA (100 um) plus indomethacin
(10 um) as the control and vessels pretreated with: clotrimazole
(1 um), AM404 (30 um) or combination of AM404, apamin (3 uM)
and iberiotoxin (0.1 uM). Data shown as the mean+s.e.mean from
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Figure 5 Concentration-response curves for acetylcholine in the
guinea-pig mesenteric artery (MA) and middle cerebral artery (CA) in
the presence of a combination of L-NNA (100 um) plus indomethacin
(10 um) as the control and vessels pretreated with U73122 (1 um) or
AACOCF; (1 um). Data are shown as the mean+s.e.mean from six
separate experiments.
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Figure 6 The inhibitory effects of AM404 (30 um) and ODQ
(10 um) on NO-mediated relaxation of endothelial-denuded guinea-
pig mesenteric artery. Data shown are as the mean+s.e.mean from
siX separate experiments.

for the same duration, almost abolished EDHF-mediated
relaxation in the mesenteric artery, but enhanced the
relaxation in the cerebral artery (Figure 3). Moreover, addition
of K" in the concentration range of 5—20 mM did not induce
vasorelaxation, but rather induced contraction of both
mesenteric artery precontracted with cirazoline and cerebral
artery precontracted with histamine. (n=15, data not shown).

Discussion

The present comparative study of guinea-pig cerebral vs
mesenteric resistance vessels, conducted under identical
experimental conditions, indicates the heterogeneous nature
of EDHF-mediated vasorelaxation. These data suggest that
EDHEF or the cellular process that mediated EDHF, cannot be
readily attributed to a single factor or pathway.

Different contribution of EDHF

In the present study, acetylcholine-induced relaxations of the
mesenteric and cerebral arteries were completely abolished by
removal of the endothelium, indicating that acetylcholine
mediates endothelium-dependent relaxation. In the presence of
the NO synthase inhibitor L-NNA plus the cyclo-oxygenase
inhibitor indomethacin, the acetylcholine-induced vasorelaxa-
tion remained largely unaffected. Cohen er al. (1997) has
recently reported that a combination of N€-nitro-L-arginine
methyl ester (L-NAME, 30 uM) and L-NNA (100 uM) did not
completely inhibit NO release and vasorelaxation in the rabbit
carotid artery and, thus, in the present studies we combined
ODQ (10 um), a soluble guanylyl cyclase inhibitor with L-
NNA (100 uM) and indomethacin (10 uM). As apparent from
the data presented in Figure 1, ODQ did not further inhibit the
L-NNA /indomethacin-insensitive relaxation response to acet-
ylcholine in either the guinea-pig mesenteric or cerebral artery.
Furthermore, LY83583 (10 uM), a non-selective soluble
guanylyl cyclase inhibitor, which also inhibits NO synthase
and inactivates NO (Kontos & Wei, 1993), produced no
additional inhibition of the L-NNA /indomethacin-insensitive

relaxation to acetylcholine in the guinea-pig cerebral artery
(unpublished observations). These results suggest that the L-
NNA /indomethacin-insensitive acetylcholine-induced relaxa-
tions in guinea-pig mesenteric and cerebral arteries are neither
mediated by NO nor soluble guanylyl cyclase and independent
of relaxant prostanoids. Our data are thus in contrast to those
of Cohen et al. (1997) that were obtained in the rabbit carotid,
and, perhaps, reflecting differences between conduit and
resistance-sized vessels. The L-NAME/indomethacin-insensi-
tive relaxation responses in both cerebral and mesenteric
arteries were, however, abolished when arterial segments were
preconstricted with high K PSS, which causes membrane
depolarization and increases the membrane conductance for
K™ as the membrane potential shifts toward the new Ex. High
K" blockade of the L-NAME/indomethacin-insensitive relaxa-
tion establishes that the endothelium-dependent mediators in
both cerebral and mesenteric arteries have the properties
expected of an EDHF and that membrane hyperpolarization is
fundamental to EDHF-induced relaxation. Our results are
consistent with those reported in the rat mesenteric artery
(Adeagbo & Triggle, 1993; Waldron & Garland, 1994) and the
guinea-pig basilar artery (Petersson et al., 1997), in which
EDHF appears to be a major contributor to endothelium-
dependent vasorelaxation. The results also suggest that the
LNNA /indomethacin-insensitive relaxation response to acet-
ylcholine is of greater importance in the mesenteric artery than
in the cerebral artery (pECs, values 7.04 in mesenteric artery vs
6.70 in the cerebral artery, maximal relaxation 99% in the
mesenteric artery vs 83% in the cerebral artery, Figure 1).

Cellular targets for EDHF

Extensive investigation indicates that the cellular modes of
action of EDHF show tissue and species variability (Garland
et al., 1995; Waldron et al., 1996; Triggle et al., 1999). Four
kinds of K™ channels have been reported to mediate the
vascular actions of EDHF: (a) K¢, channels (Popp et al., 1996;
Li et al., 1997); (b) K, channels (Zakharenko, 1996; Petersson
et al., 1997); (¢) K, channels (Edwards et al., 1998); (d) K, 7p
channels (Liu & Flavahan, 1997). In most studies, however, the
effects of EDHF are inhibited by K, channel blockers (Popp
et al., 1996; Dong et al., 1997a, b; Petersson et al., 1997). Three
kinds of K, channels have been described: large conductance
(BKc.), intermediate conductance (/K¢,) and small conduc-
tance (SKc,; Cook & Quast, 1990). In the present study, three
K™ channel blockers with different selectivity for subtypes of
K, channels were used: (1) ChTX was employed as a
nonselective blocker of K, as it is known to also inhibit other
K™ channels, for example voltage-gated K™ channels well as
an intermediate conductance, IKc,, K* channels (Cook &
Quast, 1990; Nelson & Quayle, 1995). (2) IbTX was used as a
highly selective and potent blocker of BK, channels (Galvez
et al., 1990). (3) Apamin was utilized in our studies as a
selective blocker of SKc, channels (Cook & Quast, 1990;
Nelson & Quayle, 1995). Of importance was our observation
that 4-AP, which has been shown to block Ky, including K, in
many tissues, abolished EDHF-mediated relaxation in the
cerebral artery, but had no effect in the mesenteric artery.
Finally, Ba>", which at concentration of 30 uM is putatively a
selective Kj; channel blocker, inhibited EDHF-mediated
relaxation in the cerebral artery, but was without effect in the
mesenteric artery. In contrast, ouabain inhibited EDHF-
mediated relaxation in the mesenteric artery, but potentiated
the EDHF-response in the cerebral artery. The different
profiles of inhibition that we have reported for ChTX, IbTX,
apamin, 4-AP, Ba®" and ouabain against the vasorelaxation
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response attributed to EDHF suggests that the cellular targets
of EDHF differ in guinea-pig mesenteric and cerebral arteries.
Taking into account the limited selectivity of some of the K*
channel blockers that we have used in this study, our data
suggests that K¢, (SK¢,, IK¢,, BK¢,) channels are involved in
EDHF-mediated relaxation in the mesenteric artery, and most
likely, K., and K, channels are involved in the cerebral artery.

Nature of EDHF

As discussed above, our data indicate that the pharmacological
properties of EDHF, or the cellular events mediating the
response to EDHF, differ in the cerebral and mesenteric
arteries thus suggesting the heterogeneity of EDHF. Although
the chemical identity of EDHF remains elusive, three
candidate molecules have received recent attention: (1) A
cytochrome P450 metabolite of arachidonic acid, possibly an
EET (Hecker et al., 1994; Campbell et al., 1996; Popp et al.,
1996); (2) Endothelial cell-derived increase in extracellular K*
(Edwards et al., 1998); (3) An endogenous cannabinoid,
anandamide (Randall er al., 1996; Randall & Kendall, 1997).
These hypotheses have, however, been vigorously challenged
notably with respect to the specificity of the pharmacological
agents applied and, in addition, the data reported also
illustrates laboratory-dependent differences that may reflect
variabilities in the experimental conditions. (Zygmunt et al.,
1996; 1997; Fukao et al., 1997; Plane et al., 1997; Vanheel & de
Voorde, 1997). In the present study, identical experimental
conditions were applied to our comparison of the contribution
and pharmacological properties of EDHF in the guinea pig
mesenteric and cerebral arteries.

Clotrimazole, at a concentration which did not affect the
contraction evoked by cirazoline or histamine, or the
relaxation response to the K., channel opener NS1619,
abolished the EDHF-mediated relaxation in the cerebral
artery. 7-ethoxyresorufin also significantly inhibited the
vasorelaxation response to acetylcholine in the cerebral
artery. Consistently, pretreatment with U73122, a PLC
inhibitor, and AACOCF,;, a PLA, inhibitor, significantly
inhibited EDHF-mediated vasorelaxation in the cerebral
artery. Taken together these findings suggest that a
cytochrome P450-reaction may be involved in the produc-
tion or vascular action of EDHF in the cerebral artery,
however, with the experimental protocol employed we
cannot conclude as to whether the effects of cytochrome
P450 inhibition are at the level of the endothelial or the
vascular smooth muscle cell or both. In contrast, EDHF-
mediated relaxation in the mesenteric artery was not
affected by inhibiting either cytochrome P450 enzymes,
PLC or PLA,, but was significantly enhanced by AM404,
which would be expected to potentiate the activity of
anandamide by Dblocking the cellular re-uptake this
endogenous cannabinoid (Beltramo er al., 1997). The effects
of AM404 were attenuated by a combination of IbTX and
apamin, however, the specificity of AM404 is questionable
since it also inhibited NO-mediated vasorelaxation of the
mesenteric artery and the AM404-induced enhancement of
the acetylcholine-induced relaxation was not inhibited by
SR 141716A, an agent that targets anandamide at its
receptor. Thus, our data suggest that an endogenous
cannabinoid is unlikely to be involved in the EDHF-
mediated relaxation in the mesenteric artery. Of interest is
the report from Mombouli et al. (1999) that annandamide
increased cytosolic Ca?* in endothelial cells and thus may
enhance the release of endothelial cell-derived vasorelaxant
factors.

Edwards et al. (1998) have recently suggested that EDHF is
endothelial cell-derived K™, which, in the 5—20 mM concen-
tration range hyperpolarizes and relaxes adjacent rat artery
smooth muscle cells via the activation of Ba®"-sensitive K,
channels and Na™, K*-ATPase. We also tested this hypothesis
in guinea-pig arteries. Exposure to ouabain for 30 min, alone
or in combination with Ba?" almost abolished EDHF-
mediated relaxation in mesenteric artery, but K*, applied at
low concentrations, rather than inducing relaxation further
contracted the mesenteric and cerebral arteries. Furthermore,
in the cerebral artery ouabain potentiated the EDHF-mediated
relaxation. These data suggest that K* is not an EDHF in
guinea-pig arteries although Ba®"-sensitive K* channels may
be involved in the EDHF-mediated relaxation of cerebral
artery and Na™, K"-ATPase may be involved in the EDHF-
mediated relaxation of mesenteric artery. Our results are
consistent with those reported by Quignard ez al. (1999), in
which they found that K and EDHF are unlikely the same
entity in guinea-pig carotid and porcine coronary arteries.
Furthermore, a report by Ding et al. (2000) has also indicated
that K™ does not fulfil the expected criteria for an EDHF in
mouse saphenous arteries.

The role of myoendothelial cell gap junctions in
contributing to endothelium-dependent relaxation in gui-
nea-pig mesenteric and middle cerebral arteries was not
assessed in the present study. This is an important area for
future investigation. Chaytor er al. (1998) have reported that
the Gap 27 junction peptide, when applied at a high
concentration of 300 uM, attenuated the L-NAME-insensitive
dependent relaxation to ACh in rabbit mesenteric artery and
aorta. The specificity of action of the Gap 27 peptide was
supported by the failure of Gap 27 to affect relaxation to
the endothelium-independent vasodilator, sodium nitroprus-
side. Nonetheless, the specificity of action of Gap 27 has
been questioned by others (van Breemen and Labher,
personal communication) and thus further studies are
warranted. Other studies have reported that the lipophilic
aglycone, glycyrrhetinic acid, can also reversibly prevent gap
junction communication. This has been demonstrated in
rabbit iliac artery (Taylor et al., 1998) and also guinea-pig
submucosal arterioles (Yamamoto et al., 1998, 1999). The
studies are of particular interest to the current study since
they provide data from arterioles downstream from those
that we have used (200—250 um). It remains to be
determined whether myoendothelial gap junctions are also
involved in contributing to the non-NO/PGI, endothelium-
dependent relaxation that we have described in guinea-pig
mesenteric arterioles.

In conclusion, our data suggest that EDHF is not a single
substance and that the nature of EDHF shows considerable
tissue variability. In the guinea-pig cerebral artery, a
cytochrome P450 product may be involved in the production
and/or action of EDHF and EDHF-mediated vasorelaxation
involves the activation of IK.,, BK¢,, Ky, and K. channels. In
contrast, in the mesenteric artery, our data indicates the lack of
a role for a cytochrome P450 product, however, EDHF
mediates vasorelaxation via the activation of K¢, (SKc¢a, IKcu,
BKc,) channels. Our data demonstrating that pretreatment
with the cannabinoid transport inhibitor AM404 potentiates
EDHF-mediated relaxation in the mesenteric artery indicates
that further studies concerning the role for an endogenous
cannabinoid in the regulation of EDHF production/release/
action are required. Our study does not exclude possible role
for gap junction proteins in mediating, or contributing to
endothelium-dependent hyperpolarization in the vessels
studied. Finally, we can provide no convincing data in support
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of the hypothesis that an increase in extracellular K is an
EDHEF in guinea-pig mesenteric or cerebral artery.
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