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Endothelium-dependent and BRL 34915-induced vasodilatation
in rat isolated perfused mesenteric arteries: role of G-proteins,
K + and calcium channels

1Ayotunde S.O. Adeagbo & 2Kafait U. Malik

Department of Pharmacology, University of Tennessee, Memphis, TN 38163, U.S.A.

1 In the isolated perfused, noradrenaline (NA)-constricted mesenteric arteries of the rat, acetylcholine
(0.003-1 nmol), histamine (0.01-lOnmol) and the calcium ionophore A23187 (0.01-1 nmol), caused
endothelium-dependent vasodilatation while the vasodilatation by the K+ channel activator BRL 34915
(0.1-1 nmol) was independent of endothelium.
2 The guanylate cyclase inhibitor, methylene blue at 1O pM did not inhibit the action of any of the
vasodilators but at 5OpM reduced the vasodilator effect of acetylcholine (ACh), histamine and A23187.
3 Infusion of ouabain or perfusion with K+-free or excess K+ (50mM) Krebs solution reduced the
vasodilator effect of ACh, histamine and A23187, suggesting the action of these agents involves, at least in
part, activation of Na+/K+-ATPase. The vasodilator effect of BRL 34915 was not affected by ouabain,
but abolished during perfusion with Krebs solution containing excess K+ or depleted of K+.
4 Five structurally distinct K+ channel blockers (apamin, crude scorpion venom, procaine, quinidine
and tetraethylammonium) attenuated the vasodilator effect of ACh, histamine and A23187. The K+
channel blockers, except apamin and crude scorpion venom, also inhibited the vasodilatation produced by
BRL 34915.
5 The vasodilator effect of ACh, histamine or A23187 was not altered in mesenteric vessels of pertussis
toxin-treated rats, suggesting that the K+ channels associated with the endothelium-dependent vasodila-
tor effect of these agents are either not coupled to G-proteins or are coupled to G-proteins that are

insensitive to pertussis toxin.
6 The calcium channel blockers, diltiazem (0.1 or 1 pM), nifedipine (0.01 or 0.1 M) or nitrendipine (1 nM)
attenuated the vasodilatation produced by ACh, histamine, A23187 and also that by BRL 34915.
7 We conclude that endothelium-dependent vasodilatation induced by ACh, histamine and A23187 is
mediated via activation of membrane K+ channels and Na+/K+-ATPase. The K+ channels involved in
the vasodilator action of these agents are not coupled to pertussis toxin-sensitive G-proteins and appear
to be regulated by Ca2 +

Introduction

Vascular relaxation in response to acetylcholine (ACh) and a
variety of other vasodilators has been shown to be dependent
on an intact, functional endothelium (Furchgott & Zawadzki,
1980). In the rat, the endothelium-dependent nature of the
vasorelaxation induced by ACh, calcium ionophore A23187
and histamine has been demonstrated in the aorta and pul-
monary artery (Van De Voorde & Leusen, 1983; Chen et al.,
1988), perfused mesenteric (Burdet et al., 1986; Furchgott et
al., 1987; Randall & Hiley, 1988; Bhardwaj & Moore, 1988)
and tail (Spokas & Folco, 1984) arteries. These agents are
believed to act through the release of endothelium-derived re-
laxing factor (EDRF). EDRF (and agents that cause its
release) relaxes vascular smooth muscle via activation of gua-
nylate cyclase. The evidence for this is derived from the obser-
vations that the action of agents that release EDRF is often
accompanied by elevation of guanosine 3': 5'-cyclic mono-
phospate (cyclic GMP) levels (Moncada et al., 1988) and can
be blocked by inhibitors of guanylate cyclase, methylene blue
and oxyhaemoglobin (Murad et al., 1978; Martin et al., 1985).
The relative insensitivity of endothelium-dependent effects to
guanylate cyclase inhibitors in the rat mesenteric artery
(Furchgott et al., 1987) raises the possibility that this effect
may be mediated via another mechanism, notably increased
potassium permeability as suggested by Bolton et al. (1983)

through activation of either the Na+/K' pump (Haddy, 1978;
Webb & Bohr, 1978; De Mey & Vanhoutte, 1980; Rubanyi &
Vanhoutte, 1985) or directly via K+ channels (Gordon &
Martin, 1983; Petersen & Maruyama, 1984; Gebremedhin et
al., 1987).
ACh which acts on muscarinic receptors and certain other

receptor ligands are known to elicit their effects by activation
or enhancement of the activity of resting K+ channels and
recent evidence suggests that a guanine nucleotide binding-
protein (G-protein) couples the specific receptors of these
ligands to K+ channels (Pfaffinger et al., 1985; Andrade et al.,
1986; Codina et al., 1987; Yamashita et al., 1987; Nakajima et
al., 1988). Since muscarinic receptors involved in endothelium-
dependent vasodilatation to ACh have also been linked to K +
channels in bovine aortic endothelial cells (Olesen et al., 1988),
it is reasonable to expect modulation by K+ channel blockers
of endothelium-dependent responses. Furthermore, since G-
proteins mediate the signal transduction of some K+ channel-
linked responses (Stryer & Bourne, 1986; Gilman, 1987;
Sasaki & Sato, 1987), procedures that interfere with GTP-
binding proteins, such as treatment with pertussis toxin, could
also be expected to affect biological functions coupled to these
channels. Accordingly, the objectives of the present study were
two fold: first, to ascertain by use of K+ channel blocking
agents, the role of K+ channels in endothelium-dependent
vasodilatation elicited by ACh, A23187 and histamine.
Second, to determine the influence of pertussis toxin treatment
on the vasodilator effect of these agents in order to character-
ize further the contribution of G-protein coupled K+ channels
to endothelium-dependent responses. In addition, since the
role of calcium in the release of EDRF is unequivocal, we
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have also examined the action of calcium channel antagonists
on endothelium-dependent vasodjlatation in rat mesenteric
arteries.

Methods

Experiments were performed on male rats (Charles River,
Indianapolis, IN) which weighed 250-300g. Under ether anes-
thesia, midline laparotomy was performed on the rats and the
aorta ligated both proximally and distally to the superior mes-
enteric artery. A small cannula was inserted into the superior
mesenteric artery, and the vessels were flushed with heparin-
ized Krebs solution (100 u ml- 1) and subsequently isolated, as
described by McGregor (1965). Following isolation, the
arterial preparation was transferred to a chamber and per-
fused with Krebs solution (maintained at 37'C and gassed
with 95% ,2, 5% CO2 mixture) at a constant flow rate of
5 ml min'- by a peristaltic pump (Harvard Apparatus, Millis,
MA). Changes in perfusion pressure were measured with a
Statham pressure transducer and recorded on a Rikadenki
polygraph recorder (KA-12 series; Soltec, Elcino CA). Since
the flow was maintained at a constant rate, alterations in per-
fusion pressure were taken to reflect vascular resistance. The
Krebs solution used had the following composition (mM):
NaCl 118; KCl 4.7, CaCl2 2.5, NaH2PO4 1.2, MgSO4 1.2,
NaHCO3 25 and glucose 11.5. High K+ Krebs was prepared
by substituting an equimolar amount of K+ for Na', while
K+-free Krebs solution was made without any added K+ and
osmolarity was maintained with sucrose. Arterial perfusion
pressure was elevated by continuous infusion of noradrenaline
(NA, 2-5pM) in the presence of ascorbic acid (20pgml-1) as
an antioxidant, or in some cases with KCl (50 mM).

Experimental protocol

Series I In the first series of experiments, the dependence or

otherwise of the vasodilator actions of ACh, A23187 and his-
tamine or a K+ channel activator (BRL 34915) on an intact
functional endothelium was examined. Dose-response curves
were constructed to each of these substances in arteries pre-
constricted with NA with or without endothelium. The
arteries were denuded of their endothelium by perfusion for
10min with either distilled water (Criscione et al., 1984) or

10jM p-bromophenacyl bromide (p-BPB, Furchgott, 1983).
After either treatment, the arteries were re-equilibrated in
Krebs solution and subsequently tone was elevated with NA
infusion. Dose-response curves to each of the vasodilators
were established in this set of arteries, and the responses
obtained were compared with those in control arteries. In
some arteries with intact endothelium, we also examined the
effect of methylene blue (MB, a guanylate cyclase inhibitor)
which is widely stated to block endothelium-dependent
responses of vascular tissues. In such experiments, the effects
of vasodilators were tested before and after 1 h infusion of
MB.

Series 2 This series of experiments was conducted in order to
assess the contributions of Na+/K+-ATPase enzyme and K+
channels to the vasodilator actions of the various agents used
in this study. To achieve this objective, the vasodilators were

tested during perfusion with either normal (with or without
ouabain, 0.1 mM), 0-K +, or excess K + (50 mM) Krebs solution.
In experiments where normal or 0-K+ Krebs solution was

used, arterial tone was elevated with NA (2 jM). The selectivity
of ouabain on Na+/K+-ATPase was assessed against K+-
induced vasodilatation according to Webb & Bohr (1978).
Studies on the role of K+ channels in the vasodilator action of
the agents under investigation employed apamin (0.1 or

0.5 jM), crude scorpion venom (Leiurus quinquestraitus heb-
raeus, 2.5jgml-'), procaine (0.1 or 0.5mM), tetra-
ethylammonium (TEA, 5 or 10mM) or quinidine (5 or lOjM)
as inhibitors of K+ channels. In these studies, each inhibitor

was tested against the vasodilator response to a submaximal
dose of each of ACh, A23187 and histamine. Each inhibitor
was infused for 30 min, except TEA which (because of its quat-
ernary ammonium chemical nature) was infused for 1 h.

Series 3 In these experiments, we examined the contribution
of calcium channels to the vasodilator action of ACh, hista-
mine, A23187 and BRL 34915 by studying the effect of
calcium channel blockers (nifedipine, nitrendipine and
diltiazem) on their effects; the experimental protocol was
similar to that described for the K+ channel blockers above.

Treatment of rats with pertussis toxin

Rats were injected with pertussis toxin (PTX), 25jg 100g-1
body weight intraperitoneally (i.p.) in volumes not exceeding
200yl per rat. This dose has previously been shown (Lynch et
al., 1986) to be effective in causing adenosine diphosphate
(ADP) ribosylation in rat hepatic plasma membranes. Control
rats were administered saline. Twenty-four or seventy-two
hours later, mesenteric arteries were isolated and set up as
described earlier. The effect of PTX treatment was examined
on the vasoconstrictor actions of NA, arginine vasopressin
(AVP) and KCl for the purpose of determining the agent most
suitable for elevation of arterial tone. Thereafter, vasodilator
responses to ACh, histamine and A23187 during infusion of
the constrictor agent were obtained in saline- (control) and
PTX-treated rats, and the responses were compared. Liver
plasma membranes were also prepared from both the control
and PTX-treated rats for the assessment of the degree of ADP
ribosylation resulting from the PTX treatment.

Drugs

The following drugs were purchased from Sigma Chemical
Company, St. Louis, MO, U.S.A.: noradrenaline bitartrate,
acetylcholine bromide, arginine vasopressin, histamine dihy-
drochloride, apamin (from bee venom), procaine hydro-
chloride, crude scorpion venom (Leiurus quinquestraiatus
hebraeus), tetraethylammonium, p-bromophenacyl bromide (p-
BPB), quinidine hydrochloride, nifedipine, methylene blue,
sodium nitroprusside and ouabain. Calcium ionophore
A23187 was purchased from Aldrich Chem. Co, Milwaukee,
WI, U.S.A., while cromakalim (BRL 34915), diltiazem and
nitrendipine were obtained gratis from Beecham Laboratories,
Bristol, TN, Marion Pharmaceutical Co, Kansas City, U.S.A.,
and Dr Chris Triggle respectively. NA stock solution (10-2M)
was prepared in 0.1 M hydrochloric acid and diluted with
Krebs solution for infusion. The stock solutions of A23187,
p-BPB, nifedipine, nitrendipine and cromakalim were pre-
pared in ethanol, while all other compounds were dissolved in
saline or Krebs solution.

Data analysis

Changes in perfusion pressure were calculated as percentage
of the pressure before the administration of a vasodilator
agent in the absence and during the infusion of various inhibi-
tors and expressed as means + s.e.mean. Differences between
the mean values were determined by Student's t test. The dif-
ferences between means were considered significant when
P < 0.05.

Results

Effect ofACh, A23187, histamine and BRL 34915 on
NA-induced arterial tone

The basal perfusion pressure in mesenteric arteries perfused
with Krebs solution was 20.0 + 2.0mmHg (n = 35). In arteries
with intact endothelium, infusion of NA (2-5/jM) caused a
sustained elevation of arterial perfusion pressure
(60.0 + 8.0mmHg, n = 30); ACh (0.003-1 nmol), histamine
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Figure 1 Dose-response curves for the vasodilatation induced by (a)
acetylcholine (ACh), (b) histamine, (c) A23187 and (d) BRL 34915 in
rat isolated perfused mesenteric arteries. (0) Arteries with intact
endothelium; (El) and (0) respectively, represent the responses of
arteries after treatment for 10min with distilled water and p-

bromophenacyl bromide (p-BPB). Each point on the graphs rep-

resents the mean and vertical lines show s.e.mean. (n = 8).* Denotes
values obtained from arteries treated with distilled water and p-BPB
significantly different from the corresponding values obtained in the
control, untreated group (P < 0.0005). The doses of each agent shown
are on a log scale.

(0.01-lOnmol), A23187 (0.01-1 nmol) and BRL 34915 (0.1-
nmol) each caused a dose-dependent decrease in NA-

induced tone. At the highest dose used, only BRL 34915
completely reversed NA-induced tone, while ACh, histamine
and A23187 respectively caused 77.4 + 5.7, 72.6 + 6.9 and
72.4 + 5.1% decrease in NA-induced arterial tone. In some

experiments, arterial tone was raised by the infusion of AVP
(1 nM). The vasodilator responses to ACh, histamine and
A23187 in such arteries did not differ in magnitude from those
obtained in arteries where NA infusion was used to raise
arterial tone. When endothelium was removed by treatment
with either distilled water or p-BPB (10 jM), infusion of 2-3pM
NA produced similar levels of arteriolar tone as in
endothelium-intact arteries. However, both treatment pro-
cedures caused complete abolition of ACh-, histamine- or

A23187-induced fall in perfusion pressure, while the fall in per-
fusion pressure caused by BRL 34915 was unaffected by either
of the treatment procedures (Figure 1). Methylene blue (MB)
did not alter the effect of any of the vasodilators at 10pM but
at 5OpM, reduced by 44.3 + 6.4%, 36.1 + 4.9% and
59.4 + 5.8% respectively, the effect of ACh, histamine and
A23187. MB had no effect on BRL 34915-induced vasodilata-
tion.

Effect of vasodilators during alteration ofK +

concentration or ouabain infusion

In some experiments, arterial tone was elevated by infusion of
50mM K +-depolarizing Krebs solution to which prazosin
(10nM) was added to block the effect of possible indirectly-
released NA from the adrenergic nerve terminals. In these
conditions, the vasodilator effect of ACh, histamine, A23187
was reduced, while that of BRL 34915 was nearly abolished. A
similar reduction in the effect of all the vasodilators was

observed in arteries perfused with K +-free Krebs solution
(Figure 2), even though under this latter condition, the
increase in perfusion pressure induced by NA was significantly
greater than in normal Krebs solution. Ouabain infusion com-
pletely inhibited KCI-induced vasodilatation (Figure 3),

Figure 2 Effects of ouabain and of variations in Krebs solution K+
on the vasodilatation induced by (a) acetylcholine (ACh), (b) hista-
mine, (c) A23187 and (d) BRL 34915 in rat isolated perfused mesen-

teric arteries. (D) Control responses, (l) responses of arteries
perfused with excess K+ (50mM) Krebs solution. (0) and (0) Rep-
resnt the responses obtained in K+-free Krebs solution and ouabain
infusion, respectively. Arterial perfusion pressure was elevated by an

infusion of noradrenaline (NA, 2guM), and for each point on the graph,
n = 6. * Denotes value in the presence of ouabain, O-K+ and 50mm
K+ significantly different from the corresponding value obtained in
the control group in the presence of 4.7 mM K + (P < 0.05).

reduced the vasodilator effects of ACh, histamine, A23187 but
was ineffective against BRL 34915-induced vasodilatation.

Effect ofK + channel blockers

The inability of ouabain or K+ depletion (two conditions that
interfere with Na+/K' transport) to abolish the vasodilator
effects of ACh, histamine and A23187 suggested a possible
involvement of an additional mechanism in the effects of these
compounds. We therefore tested the effect of five structurally
distinct K + channel blockers (apamin, procaine, tetra-
ethylammonium, quinidine and crude scorpion venom) on the
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Figure 3 Representative tracings of the effect of ouabain on KCI-and
sodium nitroprusside (SNP)-induced vasodilatation in mesenteric
arteries perfused with K+-free Krebs solution containing noradrena-
line (2pM), to elevate arterial tone. In (a), the endothelium was intact;
while in (b) the mesenteric artery was previously infused with distilled
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Figure 4 Effects of K + channel blockers, (a) procaine 0.1 M (hatched
columns) or 1 mm (solid columns), (b) quinidine 0.5 (hatched columns
or 5 (solid columns) pM, and (c) tetraethylammonium 5 (hatched
columns) or 10 (solid columns) mM on the vasodilator responses to
acetylcholine (ACh), histamine (Hist), A23187 and BRL 34915 in per-
fused mesenteric arteries of the rat. In (a), (b) and (c), open columns
represent vehicle-treated (control) groups. Arterial perfusion pressure
was elevated by an infusion of noradrenaline (NA), and each column
represents the mean response with bars showing s.e.mean. (n = 6). Sta-
tistical differences from corresponding controls are denoted by
*P <0.05, **P < 0.005 and tP < 0.0005.

responses to the vasodilators. Procaine (0.1 or 1 mM), quini-
dine (0.5 or 5pM) and tetraethylammonium (TEA, 5 or 1OmM)
inhibited the vasodilator effect of ACh, histamine and A23187.
The decrease in perfusion pressure induced by BRL 34915 was
also attenuated by procaine, quinidine and the higher concen-
tration of TEA (Figure 4). Two additional inhibitors, apamin
and crude scorpion venom were tested on the vasodilator
responses. Apamin (0.1 or 0.5 pM) and crude scorpion venom
(2.0ygml-') also blocked the effects of ACh, histamine and
A23187; but not that of BRL 34915 (Table 1).
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Figure 5 Representative tracings of the vasoconstrictor effects of
noradrenaline (NA), arginine vasopressin (AVP) and KCI in mesen-
teric arteries isolated from saline- (a) and pertussis toxin- (b) treated
rats. Doses for NA and AVP are indicated in pmol, while those for
KCI are in ymol.

Effect ofACh, histamine and A23187 in pertussis
toxin-treated rats

Mesenteric arteries isolated from rats after 72h of treatment
with PTX exhibited markedly depressed responsiveness to NA
(0.01-10nmol) compared to control tissues, whereas responses
to arginine vasopressin (AVP, 0.001-1 nmol) and KCI (10-
300 ymol) were apparently unaffected by this treatment
(Figure 5). The effect of PTX treatment was less pronounced
after 24h. For this reason, arterial tone was elevated with
AVP (1 nM) infusion in situations requiring assessment of
vasodilator activity. When infused, AVP (1 nM) caused a sus-
tained increase in perfusion pressure: 48.0 + 4.00mmHg,
n = 5 and 46.0 + 2.0mmHg, n = 5 respectively in saline- and
PTX-treated rats. ACh (0.01 or 0.1 nmol), histamine (0.1 or

Table 1 Effect of apamin and crude scorpion (Leiurus quinquestriatus) venom on the vasodilator responses to acetylcholine (ACh),
A23187 and BRL 34915 in isolated perfused mesenteric arteries of the rat

% decrease in noradrenaline-induced tone

Vasodilator

ACh, 0.1 nmol

A23187, 0.1 nmol
BRL 34915, 1 nmol

Control 0.1 AM

77.8 + 4.3
80.7 + 3.7
75.0 + 2.6
94.0 + 2.2
97.1 + 3.1

25.6 + 3.4*

Not tested
95.8 + 1.9

Data represent the means + s.e.mean. (n = 4). * and t denote statistically significant differences (P < 0.005 and P < 0.0005, respectively)
from corresponding control values.
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Table 2 Comparison of the endothelium-dependent vasodil-
atation induced by acetylcholine (ACh), histamine and
A23187 in perfused mesenteric arteries of saline- (control) and
pertussis toxin- (PTX) treated rats

Dose % decrease in AVP-induced tone
Vasodilator (nmol) Control PTX-treated

34915-induced vasodilatation. However nifedipine 0.1 gM or
diltiazem 1 JM markedly reduced BRL 34915-induced vasodil-
atation, even though under these conditions, a higher NA
(10mM) concentration was required to sustain arteriolar tone
(data not shown).

ACh

Histamine

A23187

0.01
0.1
0.1
1.0
0.03
0.3

29.1 ± 1.7
64.9+4.1
29.2 + 4.9
58.5 + 4.7
27.7 + 5.6
69.5 + 4.1

32.6 + 4.9
66.0 + 6.7
30.1 ± 6.8
63.1 + 9.5
25.8 + 6.2
67.5 + 2.8

Data represent the mean + s.e.mean. (n = 5). Statistical com-
parison (analysis of variance) of the control and PTX-treated
revealed no significant difference. Arterial tone was elevated
by an infusion of arginine vasopressin (AVP, 1 nm).

1 nmol) and A23187 (0.03 or 0.3 nmol) produced consistent,
and dose-dependent vasodilator responses of similar magni-
tudes in saline- (control) and PTX-treated rats (Table 2).

Effect of calcium channel antagonists

Nifedipine (10nM) did not alter NA-induced arteriolar tone,
but attenuated the effects of all the vasodilator compounds
(Figure 6); an effect that was mimicked by diltiazem (0.1 JIM)
and nitrendipine (1nM) (see Table 3). All calcium channel
antagonists tested produced a less marked effect against BRL

Table 3 Effects of diltiazem (Dilt) and nitrendipine (Nit) on
the vasodilator responses of acetylcholine (ACh, 0.1 nmol),
histamine (1 nmol), A23187 (0.1 nmol) and BRL 34915
(1 nmol) in isolated perfused mesenteric arteries of the rat

% decrease in noradrenaline-induced tone
Inhibitor ACh Histamine A23187 BRL34915

Dilt
0.1 pM
Nit
lnM

20.7 + 3.3t
(72.5 + 4.6)
10.9 + 4.Ot
(68.7 + 2.8)

24.5 ± 3.1t
(64.0 ± 2.8)

8.3 + 2.2t
(60.2 ± 2.9)

9.4 + 1.8t
(74.4 + 2.9)

4.8 + 0.9t
(76.2 + 5.0)

39.7 + 5.0*
(69.0 + 3.0)
29.1 + 3.6*
(70.2 + 2.1)

Data represent the means ± s.e.mean. (n = 6). Statistically
significant differences from corresponding control values in
parentheses are denoted by *P < 0.005 and tP < 0.0005. In
all experiments, arterial tone was elevated by infusion of nor-
adrenaline (2 yM).

5 min

Discussion

The contribution of EDRF to the vasodilator effects of ACh,
histamine and A23187 has been documented in resistance
(Byfield et al., 1986; Furchgott et al., 1987; Randall & Hiley,
1988; Bhardwaj & Moore, 1988) and non-resistance (Van De
Voorde & Leusen, 1983; Spokas & Folco, 1984) blood vessels
of the rat. This is further confirmed by the results of the
present study. In addition, data from the present study also
show that the endothelium-dependent responses by these
agents are very sensitive to blockade by calcium channel
antagonists and appear to involve activation of both Na+/
K +-ATPase and K + channels which are insensitive to PTX.

Perfusion of the mesenteric arteries with either distilled
water or p-BPB for 10min abolished the vasodilator effect of
ACh, histamine and A23187, while neither of the treatments
affected the response to the K+ channel activator, BRL 34915
suggesting that the integrity of the underlying vascular
smooth muscle (VSM) cells was unaffected. This view is
further supported by the observation that the responsiveness
to NA infusion was not smaller (as would be expected if the
VSM cells were damaged) than that in arteries with intact
endothelium. Furthermore, previous work has shown short-
term (10 min) perfusion with distilled water removes the endo-
thelium from the blood vessels of the mesentery and
transmission electron microscopy after such a procedure
revealed no damage to the smooth muscle cells (Criscione et
al., 1984). Treatment with distilled water presumably caused
endothelial cell (EC) loss and consequently affected both the
production and release of EDRF; conversely, attenuation of
endothelium-dependent vasodilatation by p-BPB may be
related either to EC damage (Furchgott, 1983; Busse et al.,
1985) or to actions related or unrelated to smooth muscle
cyclic GMP production (Johns & Peach, 1988). However, the
failure of the guanylate cyclase inhibitor, methylene blue to
attenuate the endothelium-dependent vasodilator responses
suggests (Khan et al., 1986) that activation of guanylate
cyclase might not be an important factor in endothelium-
dependent vasodilatation in rat mesenteric arteries.
The vasodilator effect of ACh before the discovery of EDRF

was attributed to activation of the Na', K+ pump (Haddy,
1978; Webb & Bohr, 1978; De Mey & Vanhoutte, 1980). The
involvement of this pump in the vasodilator action of ACh,
histamine and A23187 is evident in the present study, based
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on the observed partial reduction in the effect of these com-
pounds during procedures known to modify Na+/K+-ATPase
activity viz: infusion of ouabain or K+-depleted Krebs solu-
tion (Blaustein, 1977; Haddy, 1978; Webb & Bohr, 1978;
Rapoport et al., 1985; Feletou & Vanhoutte, 1988). The selec-
tivity of ouabain for Na+/K+-ATPase activity in the present
study was indicated by its ability to abolish KCI-induced
vasodilatation during infusion of K+-free Krebs solution. KCl
caused vasodilatation in mesenteric arteries with or without
endothelium and ouabain abolished this action under either
condition, indicating that the Na+/K+-ATPase inhibited by
ouabain is located on the VSM cells rather than the endothe-
lial cells. That ouabain did not affect K+ conductance directly
was indicated by its failure, but not of extracellular K+ deple-
tion, to attenuate the vasodilator effect of the K+ channel
activator BRL 34915. Therefore, since neither ouabain nor
external K+ depletion abolished the vasodilator response to
ACh, histamine or A23187, it may be concluded that an addi-
tional mechanism, possibly increase in K+ conductance
through membrane K+ channels, contributes to the vasodila-
tor action of these agents. This conclusion was supported by
the finding that the vasodilator effect of these agents, like that
of BRL 34915, was markedly reduced during elevation of
arterial tone with excess K+ (50 mM) Krebs solution.
The importance of potassium efflux in the endothelium-

dependent action of vasodilator agents was suggested by
Bolton et al. (1983). These authors concluded that EDRF
increases potassium permeability in several blood vessels
including guinea-pig anterior mesenteric arteries. The loss of
potassium from cells occurs through membrane K+ channels
(Lattore & Miller, 1983; Peterson & Maruyama, 1984), which
are known to be blocked by compounds such as apamin, pro-
caine, quinidine, tetraethylammonium (Romey et al., 1984;
Cook & Haylett, 1985; Cook, 1988) and scorpion venom
(Abia et al., 1986; Castle & Strong, 1986). Our finding that
ACh-, histamine- and A23187-induced endothelium-
dependent vasodilatation was attenuated by K+ channel
blockers further supports the view that these agents increase
K+ conductance. Similar conclusions have been reached in
the rabbit superior mesenteric artery (Kuriyama & Suzuki,
1978) and aortic strips (Gebremedhin et al., 1987), and in
bovine aortic endothelial cells (Olesen et al., 1988). The vaso-
dilator effect of BRL 34915 is endothelium-independent
(present study) and has been attributed by previous studies to
be due to activation of an apamin-insensitive type of K+
channel (Allen et al., 1986; Weir & Weston, 1986). Since pro-
caine, quinidine and TEA also blocked BRL 34915-induced
vasodilatation, vascular smooth muscle cells rather than the
endothelium would appear to be the site of action of these K+
channel blockers.
Many recent studies have implicated the guanine nucleotide

binding proteins (G-proteins) as mediators of signal trans-
duction of muscarinic receptor activated responses in several
tissues. These include inhibition of adenylate cyclase (Jakobs
et al., 1979), opening of cardiac potassium channels (Pfaffinger
et al., 1985; Codina et al., 1987), activation of phospholipase C
(Sasaguri et al., 1985), and opening of calcium-activated chan-
nels in lacrimal cells (Evans & Marty, 1986). In the present
study, endothelium-dependent responses induced by ACh, his-
tamine or A23187 were not altered in arteries isolated from
rats treated with pertussis toxin. Since this toxin is generally
used as a tool to study the role of various G proteins in mem-
brane transduction mechanisms, our data suggest that K+
channels associated with endothelium-dependent responses of
these vasodilators are not coupled to a pertussis toxin-
sensitive GTP binding protein. The finding, with respect to
A23187 is in agreement with that of Flavahan et al. (1989) in
porcine coronary arteries, but contradicts the suggestion by
Sasaki & Sato (1987) that a GTP-binding protein such as G,
regulates the opening of K+ channels coupled to receptors for
dopamine, acetylcholine and histamine in the abdominal gan-
glion cells of the sea slug Aplysia. The latter authors had
observed that PTX irreversibly blocked all K +-dependent

responses to these agonists. The insensitivity of the
endothelium-dependent vasodilators employed in the present
study to PTX is unlikely to be due to the ineffectiveness of the
PTX treatment regimen since, in vitro, ADP-ribosylation of
the liver plasma membranes isolated from the PTX-treated
rats revealed no significant incorporation of radioactivity
from [32P]-NAD into a 41-kDa peptide as compared to
hepatic plasma membranes obtained from vehicle-treated
(control) rats (Bipin & Patel, personal communication).

Perhaps the most striking observation in the present study
was the profound inhibitory effect of the calcium channel
blockers on the vasodilator action of ACh, histamine, A23187
and BRL 34915; indicating that calcium may play a more
crucial role than pertussis-toxin sensitive G-proteins in the
vasodilator action of these agents in mesenteric arteries.
Although the release of EDRF has been shown to be calcium-
dependent (Furchgott, 1983; Singer & Peach, 1982; Long &
Stone, 1985), the effectiveness of calcium channel antagonists
on this process is debatable. For instance, nifedipine and vera-
pamil have been shown to have a modest inhibitory effect in
rabbit aorta (Singer & Peach, 1985), but endothelium-
dependent vasodilatation in rat aorta is somewhat insensitive
to calcium channel inhibition (Miller et al., 1985) and activa-
tion (Spedding et al., 1986). Our results, therefore, imply differ-
ences in the mechanism of endothelium-dependent
vasodilatation in resistance and non-resistance vessels.

Recently, Adams et al. (1989) have demonstrated the exis-
tence of at least three ion transport pathways through which
extracellular calcium can enter the endothelial cell: receptor-
mediated calcium influx, the calcium leakage pathway and the
stretch-activated calcium pathway. In the present study,
calcium channel blockers attenuated the effect of both
receptor- (ACh, histamine) and non-receptor (A23187, BRL
34915) activating agents, which indicates that receptor-
mediated calcium influx is not of prime importance. On the
other hand the electrophysiological data of Ryan et al. (1988)
have indicated that endothelial cells lack voltage-dependent
calcium channels. Therefore the VSM, rather than the endo-
thelium would appear to be the site of action of the calcium
channel blockers. This conclusion is supported by our obser-
vation that the endothelium-independent vasodilator action
of BRL 34915 was also attenuated by calcium channel
blockers. Moreover, Bean et al. (1986) have shown the pre-
sence of dihydropyridine-sensitive calcium channels in smooth
muscle cells isolated from rat mesenteric arteries.
Another important finding in the present study pertains to

the differential effect of PTX treatment on NA-, AVP- and
KCI-induced vasoconstrictor responses. NA-, but not AVP- or
KCl-induced vasoconstriction was suppressed in PTX-treated
rats compared with control rats. Even though these three
agents are known to require Ca2+ for their vasoconstrictor
action, they differ remarkably in their dependence on extra-
cellular Ca2+ for this effect; AVP- and KCl-induced vaso-
constriction was abolished in the absence of extracellular
calcium, while NA-induced vasoconstriction persisted (present
study, data not shown). NA, which acts on a1-adrenoceptors
(Lynch et al., 1985), and AVP on V1-receptors (Fox et al.,
1987; Nabika et al., 1985) and KCl, which acts directly on
smooth muscle cells (Underwood et al., 1988) have all been
shown to be capable of inducing the breakdown of poly-
phosphoinositides to myoinositol trisphosphate and dia-
cylglycerol. Therefore, the differential effects of pertussis toxin
on these Ca2+-mobilizing processes activated by these agents
suggest that either the events associated with each of the
agents are coupled to different G-proteins or only
a,-receptors, but not V1-receptors or voltage-dependent
calcium channels are coupled to PTX-sensitive G-proteins in
rat mesenteric arteries.

In conclusion, this study demonstrates that endothelium-
dependent vasodilator effects to ACh, histamine and A23187
are mediated via activation of K+ efflux notably through K+
channels and Na+/K+-ATPase which are regulated by
calcium, and not by a PTX-sensitive G-protein. Guanylate
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cyclase possibly plays a less important role in the
endothelium-dependent vasodilator effects of these agents in
this vascular bed.
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