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1 The endothelial modulation of the relaxant responses to the nitric oxide (NO) donor sodium
nitroprusside (SNP) and the KATP channel opener levcromakalim (LEM) and the interactions
between these agents were analysed in isolated rat aorta.

2 LEM-induced relaxation was unchanged by endothelium removal or by the presence of L-
NAME (1074

M) or ODQ (1076
M). In contrast, in KCl- (25 mM), but not in noradrenaline- (NA,

1076
M) contracted arteries, SNP-induced relaxation was augmented by endothelium removal but

not by L-NAME, indomethacin, glibenclamide nor charybdotoxin plus apamin.

3 The isobolographic analysis of the interactions between exogenously activated KATP channels and
cyclic GMP using mixtures of SNP and LEM revealed that there were no interactions between both
drugs at the proportions at which both drugs were active. However, the points for the SNP :LEM
mixtures in proportions 10 : 1 and 1 : 10,000 (i.e. at concentrations at which LEM and SNP were
inactive, respectively) fell signi®cantly above the line of additivity indicating that there were negative
interactions between both drugs at these selected proportions (about 5- and 2 fold inhibition,
respectively). The former interaction was sensitive to glibenclamide, whereas the latter was
insensitive ODQ. The magnitude of the 10 : 1 SNP :LEM interaction was smaller in endothelium-
intact arteries and was absent in arteries stimulated by NA.

4 In conclusion, the relaxations induced by LEM and SNP were additive. However, the presence of
endothelium and low concentrations of LEM inhibited SNP-induced relaxation. Both inhibitory
e�ects were not additive and were only observed in KCl- and not in NA-contracted aortae.
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Abbreviations: COX, cyclooxygenase; DMSO, dimethylsulphoxide; EDHF, Endothelial derived hyperpolarizing factor; Emax,
maximal relaxant e�ect; k, factor which represents the slope of the concentration-response curve; KATP ATP-
dependent K+ channels; KCa, Ca2+-dependent K+ channels; LEM, levcromakalim; NA, noradrenaline; NO,
nitric oxide; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; pD2, drug concentration exhibiting 50% of the
Emax expressed as negative log molar; SNP, sodium nitroprusside

Introduction

The endothelium plays a major role in regulating vascular

smooth muscle tone through the release of a variety of
vasoactive factors. Among the endothelium derived-vasodila-
tors, nitric oxide (NO), probably the primary mediator of

endothelium-dependent relaxation in most blood vessels,
induces its vasorelaxant e�ects by an activation of soluble
guanylate cyclase and the subsequent rise of intracellular cyclic
GMP levels (Moncada et al., 1991; Warner et al., 1994). In

addition, endothelium-derived hyperpolarizing factor (EDHF)
is also an important mediator of vasodilatation in various
vascular beds which induces vascular smooth muscle

hyperpolarization mainly by activation of K+ channels (Cohen
& Vanhoutte, 1995; Edwards et al., 1998).

K+ channels also regulate the membrane potential and

modulate vascular smooth muscle tone (Nelson & Quayle,
1995). ATP-sensitive potassium channels (KATP) are expressed
in vascular smooth muscle and their activation by hypoxia,
endogenous mediators or potassium channel openers such as

levcromakalim (LEM) results in hyperpolarization and

relaxation (Edwards & Weston, 1993).
Recently, the cross talk between endogenous NO or NO

donors and EDHF or potassium channel activators has

received a great deal of attention. Under some circumstances,
removal of basal NO activity results in augmented potassium
channel openers- or EDHF-induced vasodilatation, whereas
activation of the cyclic GMP pathway with NO donors or

cyclic GMP mimetics produces opposite e�ects (Randall &
Gri�th, 1993; McCulloch & Randall, 1996; Bauersachs et al.,
1996; Deka et al., 1998; McCulloch, et al., 1997). Therefore, it

has been suggested that EDHF may function as a back up
system which is upregulated when NO synthesis is impaired
(Kilpatrick & Cocks, 1994; Kemp et al., 1995). However, this

interaction does not appear to be a general rule because other
authors have reported that endothelial derived NO or NO
donors do not a�ect the vasodilatation mediated by EDHF or
potassium channel openers (Gardiner et al., 1991; Zygmunt et

al., 1998; PeÂ rez-VizcaõÂ no et al., 1998). Furthermore, endothe-
lium removal and inhibition of NO synthesis has been reported
to reduce the relaxant responses to potassium channel openers

(Drieu La Rochelle et al., 1992; Feleder & Adler-Graschinsky,
1997). On the other hand, activation of KATP channels does not
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appear to modify NO-induced vasodilatation (White & Hilley,
1998b; PeÂ rez-VizcaõÂ no et al., 1998).

In the present study, we have analysed the endothelial

modulation of the relaxant responses to the NO donor sodium
nitroprusside (SNP) and the KATP channel opener LEM in
isolated rat aorta. The possible cross talk between both
pathways at the level of smooth muscle was analysed in

endothelium denuded arteries by an isobolographic analysis
using a wide range of mixtures of both drugs.

Methods

Tissue preparation

Male Wistar rats (300 ± 350 g), were killed by a blow on the

head and then exsanguinated. The descending thoracic aorta
was rapidly dissected and placed in Krebs solution of the
following composition (mM): NaCl 118, KCl 5, NaHCO3 25,
MgSO4 1.2, CaCl2 2, KH2PO4 1.2 and glucose 11 at pH 7.4.

After excess of fat and connective tissue had been removed, the
aorta was cut into rings (2 ± 3 mm). In some arteries the
endothelium was mechanically removed by gently rubbing the

intimal surface of the rings with a metal rod. The rings were
suspended horizontally by means of two parallel L-shaped
stainless steel holders inserted into the lumen in 5 ml organ

baths ®lled with Krebs and bubbled with a 95% O2 ± 5% CO2

gas mixture and maintained at 378C. One holder served as
anchor and the other was attached to an isometric force-

displacement transducer coupled to a signal ampli®er (Model
PRE 206-4, Cibertec, Madrid, Spain) and connected to a
computer via an A/D interface. Contractile tension was
recorded by a REGXPC computer program (Cibertec,

Madrid, Spain) as previously described (PeÂ rez-VizcaõÂ no et al.,
1993; 1998). Each ring was stretched to a resting tension of 2 g
and allowed to equilibrate for 60 ± 90 min. During this period

tissues were re-stretched and washed every 30 min with warm
Krebs solution. The procedure of endothelium removal was
tested by the lack of relaxant e�ects of acetylcholine (1076

M)

in rings pre-contracted with noradrenaline (1076
M).

Experimental procedures

After equilibration, aortic rings were contracted by 25 mM

KCl or NA (1076
M). When the contractile response reached a

stable tension, some arteries were treated with glibenclamide

(361076
M), ODQ (1076

M), L-NAME (1074
M), indometha-

cin (1076
M) or the combination of charybdotoxin (1077

M)
plus apamin (1077

M) for 15 min. Thereafter, concentration-

response curves to SNP (10710 ± 361076
M), LEM (1078 ±

361075
M) or mixtures of SNP :LEM were constructed by

cumulative addition of the drugs. Parallel time-matched

controls decayed less than 10% over the period of the study.

Drugs

The following drugs were used: sodium nitroprusside,
glibenclamide, acetylcholine chloride, charybdotoxin, apa-
min, L-NAME, indomethacin and noradrenaline (Sigma

Chemical, Alcobendas, Madrid, Spain), 1H-[1,2,4]oxadiazo-
lo[4,3-a]quinoxalin-1-one (ODQ, Tocris Cookson, Bristol,
U.K.) and levcromakalim (Smith Kline Beecham Pharma-

ceuticals, U.K.). All drugs were dissolved in distilled
deionized water to prepare stock solutions (except glib-
enclamide and ODQ which were dissolved in DMSO), and
further dilutions were made in Krebs solution. Ascorbic acid

(1074
M) was present in the stock solution of noradrenaline

to prevent oxidation. The mixtures of SNP :LEM (mol :mol)
were prepared by mixing the stock solutions of both drugs

in the appropriate proportions.

Analysis of the results

Results are expressed as means+s.e.mean of measurements in
n arteries. Individual cumulative concentration-response
curves were ®tted to the following logistic equation:

E � Emax

1� 10ÿk���drug�ÿpD2�

where E is the relaxant e�ect of the drug, Emax is the maximal
relaxant e�ect (an index of the e�cacy of the vasodilator)

expressed as a percentage of the initial contractile response, k
is a factor which represents the slope of the curve, and pD2 is
the drug concentration exhibiting 50% of the Emax expressed

as negative log molar (an index of the potency of the
vasodilator). The calculated pD2 values of drug mixtures are
expressed considering either the concentration of LEM or of

SNP. These pD2 values re¯ect the estimated concentration (as
negative log molar) of drug present in the mixture when a
relaxation of 50% of the Emax is achieved and are not an
indication of the potency of the component. Statistically

signi®cant di�erences were calculated by an ANOVA analysis
followed by a Newman Keuls test. P50.05 was considered
statistically signi®cant. The interaction between SNP and

LEM was evaluated by an isobolographic analysis using
mixtures of both drugs (Gessner, 1995). Statistically
signi®cant deviations from the line of additivity in the

isobologram were analysed as described by Tallarida et al.
(1989). Since the slopes of the curves to SNP and LEM (k
values from the logistic equation) were statistically di�erent,

the analysis for curves with statistically di�erent slopes was
used (Tallarida et al., 1989).

Results

In¯uence of endothelium, basal NO and cyclic GMP on
KATP channel mediated relaxation

KCl (25 mM) induced a contractile response in endothelium-

intact and endothelium-denuded arteries of 1406+181 mg
(n=10) and 1382+152 mg (n=8), respectively (P40.05, intact
vs denuded). LEM induced a concentration-dependent but

endothelium-independent relaxation (Figure 1A, Table 1). In
endothelium-intact arteries, inhibition of basal NO by addition
of L-NAME (1074

M) on the steady state contraction further
increased tone by 19+6% (P50.05, n=10) but had no e�ect

on LEM-induced relaxation (Figure 1, Table 1). Furthermore,
inhibition of basal cyclic GMP synthesis by ODQ (1076

M),
which per se had no e�ect on vascular tone in endothelium-

denuded arteries, was also unable to modify the relaxant
response to LEM (n=10).

NA (1076
M) induced a contractile response in endothe-

lium-intact and endothelium-denuded arteries of
1633+145 mg (n=6) and 1728+204 mg (n=8), respectively
(P40.05, intact vs denuded). Addition of L-NAME to
endothelium intact arteries increased tone by 5+2% (n=7).

Under these conditions, LEM induced a concentration-
dependent relaxation which was similar in intact and denuded
arteries and una�ected by L-NAME (Figure 1B). No

di�erences were found between the pD2 values of LEM for
NA- and KCl-induced contractions but LEM showed a
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signi®cantly greater Emax on KCl-induced contractions (Table
1).

In¯uence of endothelium, basal activity of KATP and KCa

channels on SNP-mediated relaxation

SNP induced a concentration-dependent relaxation in rings

contracted with 25 mM KCl which was enhanced after

endothelium removal (Figure 2A, Table 2). In endothelium-
intact arteries, addition of L-NAME (1074

M) on the steady
state contraction further increased tone by 14+3% (P50.05,

n=10), whereas addition of glibenclamide (361076
M),

indomethacin (1076
M) or the combination of charybdotoxin

(1077
M) plus apamin (1077

M) had no e�ect on vascular tone.
However, none of these drugs a�ected SNP-induced relaxation

(Figure 2A, Table 2).

Figure 1 Relaxant e�ects of levcromakalim in endothelium intact
(+E) or endothelium denuded (7E) aortic rings pre-contracted by
25 mM KCl (A) or 1076

M NA (B) in the absence or the presence of
L-NAME (1074

M) or ODQ (1076
M). Each symbol represents the

mean+s.e.mean of 6 ± 10 experiments.

Table 1 Parameters (pD2 and Emax) of the concentration-response curves to levcromakalim in endothelium intact (+E) and denuded
(7E) isolated rat aorta contracted by KCl and NA

KCl (25 mM) NA (1076
M)

n pD2 Emax (%) n pD2 Emax (%)

+E 10 7.16+0.08 86+3 6 7.10+0.03 71+3*
+E+L-NAME 10 7.12+0.06 82+4 7 6.93+0.09 71+4*
7E 8 7.13+0.06 90+3 8 7.03+0.06 81+6
7E+ODQ 8 7.15+0.05 78+6 7 7 7

*P<0.05 vs KCl. L-NAME 1074
M, ODQ 1076

M. pD2 and Emax values were calculated from the data shown in Figure 1.

Figure 2 Relaxant e�ects of sodium nitroprusside in endothelium
intact (+E) or endothelium denuded (7E) aortic rings pre-
contracted by 25 mM KCl (A) or 1076

M NA (B) in the absence or
the presence of L-NAME, glibenclamide (GLI, 361076

M), indo-
methacin (INDO, 1076

M) or the combination of charybdotoxin
(1077

M) plus apamin (1077
M) (CHT+APA). Each symbol

represents the mean+s.e.mean of 5 ± 19 experiments.
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In NA-contracted arteries, SNP showed a signi®cantly
greater pD2 value (but similar Emax) than in KCl-induced
contractions. In contrast to the results obtained in KCl-

contracted arteries, in NA-contracted arteries SNP-induced
vasodilatation was una�ected by endothelium removal.
Addition of glibenclamide was also without e�ect on SNP-
induced relaxations (Figure 2B, Table 2).

Interactions between SNP and LEM

In endothelium denuded arteries stimulated by 25 mM KCl,
SNP :LEM mixtures (100 : 1, 10 : 1, 1 : 1, 1 : 10, 1 : 30, 1 : 100,
1 : 1000, 1 : 10,000, 1 : 100,000) induced monophasic relaxant

e�ects which could be ®tted to a logistic equation as if they
were single drugs (Figure 3A, Table 3). To further analyse the
interactions between both drugs an isobolographic analysis

(Figure 3B) was carried out from the curves shown in Figure
3A at the level of 50% relaxation. The dotted line in Figure 3B
represents the line of additivity, so that deviations above and
below this line mean negative and positive interactions,

respectively. A novel logarithmic representation of the isoboles
shown in the inset of Figure 3B allows a better visualization of
the results. It can be observed that most of the points of the

SNP :LEM mixtures were not signi®cantly di�erent from the
line of additivity indicating that there were no interactions
between the two drugs. However, the points for the 10 : 1 and

1 : 10,000 SNP :LEM mixtures fell signi®cantly above the line
of additivity indicating that there were negative interactions
between both drugs at these selected proportions. Similar

results were obtained when the analysis was performed at the
level of 30 or 70% of relaxation except that the negative
interaction of the 1 : 10,000 mixture did not reach statistical
signi®cance at the level of 70% relaxation (not shown).

Negative modulation of SNP-induced relaxation by KATP

channels (10 : 1 SNP :LEM mixture)

In order to analyse the involvement of KATP channels in the
deviation from the line of additivity for the 10 : 1 mixture,

another series of experiments were performed with SNP and
the 10 : 1 mixture in the presence and absence of 361076

M

glibenclamide in rings contracted by KCl or NA. In Figure 4,
the drug concentration in the abscissa for the 10 : 1 mixture

represents the concentration of SNP present in the mixture. In
endothelium-denuded arteries contracted by 25 mM KCl, the
curve for the 10 : 1 mixture was signi®cantly shifted rightwards

by about 6 fold (pD2 expressed as SNP=7.56+0.19, n=5) as
compared to SNP (pD2=8.34+0.16, n=6, P50.05), but this
e�ect was blunted by glibenclamide (pD2 expressed as

SNP=8.33+0.08, n=6), (Figure 4A). In endothelium intact
arteries (Figure 4B), the curve to the 10 : 1 mixture was also

Table 2 Parameters (pD2 and Emax) of the concentration-response curves to nitroprusside in endothelium intact (+E) and denuded
(7E) isolated rat aorta contracted by KCl and NA

KCl (25 mM) NA (1076
M)

n pD2 Emax (%) n pD2 Emax (%)

+E 16 8.02+0.08 97+2 15 7.53+0.07 101+2
+E+L-NAME 7 8.06+0.11 98+3 7 7 7
+E+CHT+APA 5 8.05+0.02 101+1 7 7 7
+E+GLIB 6 8.05+0.08 93+4 9 7.59+0.11 99+1
+E+INDO 6 8.05+0.07 100+1 7 7 7
7E 9 8.52+0.14** 98+2 19 7.58+0.08 101+2

**P<0.01 vs +E. L-NAME 1074
M, CHT=1077

M charybdotoxin, APA=1077
M apamin, GLIB=3 x 1076

M glibenclamide,
INDO=10-6 M indomethacin. pD2 and Emax values were calculated from the data shown in Figure 2.

Figure 3 Interactions between SNP and LEM. (A) Relaxant e�ects
of SNP :LEM mixtures in endothelium denuded aortic rings pre-
contracted by 25 mM KCl. Drug concentration in the abscissa
represents the concentration of LEM present in the mixture. Each
symbol represents the mean+s.e.mean of 5 ± 15 experiments. (B)
Isobologram for the interaction between SNP and LEM in causing
relaxation in endothelium-denuded aortic rings pre-contracted by
25 mM KCl. Each solid circle represents the estimated concentration
of drug present in the mixture when a 50% relaxation is achieved,
calculated from the data in (A). The concentrations of pure SNP and
pure LEM inducing 50% relaxation are shown in open circles. The
inset shows a novel logarithmic representation of the same results.
The s.e.means, statistical signi®cance and correspondence of symbols
with drug mixtures are only shown in the inset for clarity. The dotted
line in both the main panel and the inset represents the line of
additivity, deviations above and below the line mean negative and
positive interactions, respectively. Results are expressed as means
+s.e.means. *Signi®cantly di�erent (P50.05) from the line of
additivity.
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shifted rightwards (pD2 expressed as SNP=7.66+0.15, n=6)

as compared to SNP (pD2=8.02+0.07, n=10, P50.05).
However, this shift, which was also blunted by glibenclamide
(pD2 expressed as SNP=8.09+0.09, n=8), was smaller than
in endothelium denuded arteries (only about 2 fold). In

contrast, when the arteries were contracted by NA (1076
M)

similar relaxant responses were obtained for SNP and the 10 : 1
mixture either in the presence or in the absence of

glibenclamide (Figure 4C).
To further con®rm the interaction observed with the 10 : 1

SNP : LEM mixture we also performed experiments where the

e�ect of the sequential addition of single concentrations of the
two drugs at the 10 : 1 proportion instead of concentration-
response curves with the premixed drugs. In endothelium

denuded arteries, SNP (361079
M) relaxed the contractions

induced by 25 mM KCl-induced contractions by 50+7%
(n=9). In parallel experiments, pretreatment with LEM
(3610710

M) for 10 min after KCl-induced contractions

reached steady-state had no e�ect on vascular tone but
inhibited SNP-induced relaxation (25+3%, n=11, P50.01)
and this inhibitory e�ect was prevented by 1077

M glib-

enclamide added 10 min before LEM (40+7%, n=9, P50.05
vs LEM alone).

Negative modulation of LEM-induced relaxation by
SNP (1 : 10,000 SNP :LEM mixture)

The negative interaction observed for the 1 : 10,000 SNP :LEM

mixture was very weak (about 2 fold shift) and was
accompanied by a signi®cant reduction in the slope of the
curve (P50.05). Furthermore, as shown in Figure 5, the

relaxant e�ect of this mixture was not modi®ed by
pretreatment with ODQ (1076

M, n=6). Moreover, this
interaction was not observed when using single concentrations

of the drugs. LEM (1077
M) induced a relaxation of 51+9%

(n=9) in aortae contracted by 25 mM KCl. Pretreatment with
SNP (10711

M) had no e�ect on tone and did not modify the

relaxant e�ect of LEM (60+10%, n=9, P40.05 vs LEM
alone).

Discussion

In the present study we have analysed the endothelial

modulation of the relaxant responses to the NO donor sodium
nitroprusside (SNP) and the KATP channel opener LEM in
isolated rat aorta and the possible interactions between both

pathways. LEM-induced relaxation in aortic rings contracted

by either KCl or NA was not in¯uenced by endothelium

removal or by inhibition of basal NO or cyclic GMP synthesis
because it persisted in rings pretreated with L-NAME and
ODQ, respectively. In contrast, in KCl- but not in NA-

contracted arteries, SNP-induced relaxation was augmented by
endothelium removal, whereas the inhibition of KATP channels
by glibenclamide or the inhibition of KCa channels by the
combination of charybdotoxin plus apamin were without

e�ect. The interactions between exogenously activated KATP

Figure 4 Relaxant e�ects of SNP and the 10 : 1 SNP : LEM mixture
in endothelium intact (+E) and denuded (7E) aortic rings pre-
contracted by 25 mM KCl (A and B) or 1076

M NA (C) in the
presence or absence of glibenclamide (361076

M, GLI) or ODQ
(1076

M). In the case of the 10 : 1 mixture, the drug concentration in
the abscissa represents the concentration of SNP present in the
mixture. Each symbol represents the mean+s.e.mean of 6 ± 10
experiments.

Table 3 Parameters (pD2 and Emax) of the concentration-
response curves to SNP:LEM mixtures in endothelium-
denuded isolated rat aorta contracted by 25 mM KCl (from
Figure 3).

Mixture n pD2 (LEM) pD2 (SNP) Emax (%)

100:1 6 10.1+0.11 8.1+0.11 96+3
10:1 11 8.79+0.17 7.79+0.17 96+3
1:1 8 8.47+0.28 8.47+0.28 104+3
1:10 8 7.75+0.15 8.75+0.15 100+2
1:30 8 7.42+0.04 7.94+0.04 100+5
1:100 7 7.15+0.04 9.15+0.04 92+5
1:1000 5 6.90+0.13 10.90+0.13 97+5
1:10,000 15 6.90+0.06 11.90+0.06 92+2
1:100,000 7 7.18+0.11 12.18+0.11 90+3

pD2 (LEM) and pD2 (SNP) re¯ect the estimated amount of
LEM and SNP, respectively, present in the mixture when a
relaxation of 50% of the Emax is achieved.
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channels and SNP were analysed using mixtures of SNP :LEM

and revealed that the vasodilator e�ects of both drugs were
additive when added at proportions at which both drugs were
active. However, in KCl-contracted arteries very small

concentrations of LEM (in the range of high pM to low nM),
which per se have no e�ect on arterial tone, negatively
modulate the response to SNP. Conversely, a very small

concentration of SNP (in the pM range) inhibited LEM-
induced relaxation. The former interaction was sensitive to
glibenclamide, whereas the later was insensitive to ODQ.

In the rat aorta, EDHF appears to play a minor role in

endothelium-dependent relaxation (Chen et al., 1988;
Shimokawa et al., 1996). However, hyperpolarization
induced by potassium channel openers is very e�ective in

inducing vasodilatation in this tissue (PeÂ rez-VizcaõÂ no et al.,
1993). The role of the endothelium in modulating the
relaxant e�ects of potassium channel openers in vascular

smooth muscle is controversial because enhanced, unchanged
or reduced relaxant responses have been reported after
endothelium removal (White & Hilley, 1998a; Cavero et al.,
1989; Drieu La Rochelle et al., 1992; Feleder & Adler-

Graschinsky, 1997). The picture is further complicated since,
in a given vessel under the same experimental conditions,
endothelium removal increased and decreased the relaxant

responses to the potassium channel openers, LEM and
pinacidil, respectively (Deka et al., 1998). The enhanced
relaxant e�ects after endothelium removal have been

attributed to a negative modulatory e�ect of basally released
NO from the endothelium (McCulloch & Randall, 1996),
whereas the reduced relaxant e�ects might be explained by a

hyperpolarizing e�ect of potassium channel openers in
endothelial cells leading to increased endothelial intracellular
Ca2+ concentration, activation of endothelial NO synthase
and release of NO (Feleder & Adler-Graschinsky, 1997). In

rat aortic endothelium-intact rings, L-NAME induced a
further contractile response (5 ± 19% over the previous
value) indicating that NO is being released from the

endothelium and that it negatively modulates the contractile
response to NA and KCl. However, endothelium removal
and inhibition of NO or cyclic GMP synthesis had no e�ect

on LEM-induced relaxation indicating that endothelial

derived NO does not appear to modulate this vasodilator
response.

In the rat aorta, SNP-induced relaxation is strongly

inhibited by the soluble guanylate cyclase inhibitor ODQ,
indicating that this e�ect is due to an increase in cyclic GMP
(Cogolludo et al., 1999). Endothelial denudation results in
either unchanged or increased relaxant responses to NO

donors (White & Hilley, 1998a; Furchgott et al., 1981;
Rubanyi & Vanhoutte, 1985; Shirasaki & Su, 1985). In the
present study, endothelium removal enhanced the relaxant

response to SNP in aortae contracted by 25 mM KCl
suggesting that the endothelium releases a factor which inhibits
the e�ects of SNP. However, this endothelial inhibitory factor

was not NO, cyclooxygenase (COX) derived metabolites or
other factors activating KATP or KCa channels because L-
NAME, indomethacin, the KATP channel inhibitor glibencla-

mide or the combination of the KCa channel blockers
charybdotoxin (blocker of the high and intermediate con-
ductance KCa channels, BKCa and IKCa, respectively) plus
apamin (blocker of the small conductance KCa channel, SKCa)

were without e�ect on the relaxant e�ect of SNP in
endothelium-intact arteries. Accordingly, other NO synthesis
inhibitors did not modify SNP-induced relaxation (Sakuma et

al., 1988; Wang et al., 1995). In contrast to the results obtained
in KCl-contracted arteries, in rings stimulated by NA, SNP-
induced relaxation was una�ected by endothelium removal

suggesting that KCl-induced depolarization of endothelial or
smooth muscle cells might be a prerequisite.

Interactions between NO donors and potassium channel

openers have been analysed by several authors with con¯icting
results (McCulloch & Randall, 1996; Deka et al., 1998; White
& Hilley, 1998a,b; PeÂ rez-VizcaõÂ no et al., 1998). The di�erences
in the results may be explained, not only by the di�erent vessels

studied, but also by the protocols employed. The interactions
have been analysed by comparing the e�ects of a drug
(normally a concentration-response curve) in the absence or

presence of a single concentration of the second drug. This
approach has the disadvantage that the tone at which the
concentration-response curve is performed is lower in the

presence of the second drug. The problem can be solved by
increasing the concentration of vasoconstrictor to induce a
similar tone in both cases, but again the di�erent concentra-
tions of contracting agonist may in¯uence the results.

Likewise, vasoconstrictors (including a1-adrenergic receptor
agonists) inhibit KATP channel activity through the activation
of protein kinase C (Bonev & Nelson, 1996). Furthermore, the

interactions may depend on the concentration of the second
drug; e.g. 100 nM but not 30 nM SNAP (which induced about
50 and 30% relaxation, respectively) shifted rightwards the

concentration-response curve to LEM (White & Hilley,
1998a). To avoid these problems, in the present study we have
analysed the interactions between SNP and LEM using

mixtures of a wide range of proportions of both drugs. Using
an isobolographic analysis, we found that most of the points of
the SNP :LEM mixtures were not signi®cantly di�erent from
the line of additivity when the analysis was performed at the

level of 30, 50 and 70% relaxation which indicated that there
were no interactions between the two drugs, i.e. their e�ects
were additive. Particularly, there were no interactions at the

proportions 1 : 1, 1 : 10, 1 : 30, 1 : 100 and 1 : 1000 at which both
components were expected to be active (the relative expected
potency of the two components at these proportions, i.e. the

ratio of the EC50 values of the single drugs corrected by the
proportion factor, were 24.5, 2.45, 0.82, 0.245 and 0.024,
respectively). However, the points for the 10 : 1 and 1 : 10,000
SNP :LEM mixtures fell signi®cantly above the line of

Figure 5 Relaxant e�ects of LEM and the 1 : 10,000 SNP : LEM
mixture in endothelium denuded aortic rings pre-contracted by
25 mM KCl) in the presence or absence of ODQ (1076

M). In the case
of the 1 : 10,000 mixture, the drug concentration in the abscissa
represents the concentration of LEM present in the mixture. Each
symbol represents the mean+s.e.mean of 6 ± 10 experiments.
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additivity indicating that there were negative interactions
between both drugs at these selected proportions. Thus, as
reported by White & Hilley (1998a), interactions between KATP

channels and NO donors depend on the degree of activation of
each pathway.

The negative interaction at the 1 : 10,000 mixture indicates
that a very small concentration of SNP (in the pM range)

inhibited LEM-induced relaxation. However, several facts
raise some doubts about the signi®cance of this interaction: (a)
its magnitude was small (only 2 fold shift), (b) it did not appear

when using single concentrations of the drugs, and (c) it was
not reverted by the guanylate cyclase inhibitor ODQ. Thus, it
might re¯ect a direct e�ect of SNP or NO on the KATP

channels.
The negative interaction at the 10 : 1 mixture indicates that

very small concentrations of LEM (in the range of high pM to

low nM), which per se have no e�ect on arterial tone, negatively
modulate the response to SNP. The restoration of the expected
relaxant response of the 10 : 1 mixture by glibenclamide
indicates that the inhibitory action of LEM on SNP-induced

relaxation is mediated by an activation of KATP channels. We
speculate that the interaction may involve e�ects in spatial
microdomains, probably within the membrane or the

sarcoplasmic reticulum. LEM can activate both sarcolemmal
and sarcoplasmic reticulum KATP channels. Thus, it might be
that the activation of these KATP channels to an extent

insu�cient to modify whole cell membrane potential and tone
may alter the activity of a nearby protein involved in the
signalling pathway of SNP (e.g. membrane Na+/K+ ATPase

or the sarcoplasmic reticulum Ca2+ATPase). This negative
interaction was also observed in endothelium-intact arteries,
although the degree of the rightward shift of the curves was
much smaller than in endothelium-denuded arteries.

Our results indicate there is not an overall interaction
between these two important pathways for both physiological

and pharmacological vascular smooth muscle relaxation. The
signi®cance of the negative interactions observed at some
selected concentrations is not so clear. One could speculate

that both NO and KATP channel activation exert a mutual
inhibition so that a weak activation of one of them negatively
controls the other and vice versa, whereas the vasodilatory
system is fully working when both are activated. However, the

®nding that this interaction occurs only in arteries constricted
with 25 mM KCl indicates that this is not a general mechanism.
Nevertheless, there were some similarities between the

inhibitory action of endothelium and low concentrations of
LEM: (a) they only occur in KCl- but not in NA-contracted
arteries and (b) their inhibitory e�ects were not additive, i.e. in

the presence of LEM, the endothelium is unable to further
inhibit the e�ects of SNP, probably because a common
inhibitory mechanism is already activated. Therefore, there

might be a common link between both e�ects.
In conclusion, in the rat aorta, LEM-induced relaxation was

not in¯uenced by endothelium removal or by inhibition of
basal NO or cyclic GMP synthesis. In contrast, SNP-induced

relaxation was inhibited by the endothelium through a
mechanism independent of NO and KATP or KCa channels.
The relaxations induced by LEM and SNP were additive.

However, low concentrations of LEM inhibited SNP-induced
relaxation through a KATP channel-dependent mechanism.
Endothelium- and LEM-induced inhibition were not additive

and were only observed in KCl- but not in NA-contracted
aortae.
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