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Abstract

We investigated the effect of inhibitors of endothelium-derived nitric oxide and sodium-potassium (Na*-K *) pumps on adenosine
receptor-mediated hyperpolarization of porcine coronary artery smooth muscle with and without endothelium. The average resting
membrane potential (RMP) in porcine coronary artery smooth muscle was —51.5+ 0.2 and —50.7 + 0.2 mV, in the presence and
absence of endothelium, respectively. Neither ouabain, N-nitro-L-arginine methyl ester (L-NAME) nor ouabain and L-NAME in
combination significantly affected the resting membrane potential in the absence of vasodilator agonists. Adenosine agonists, 2-chloro-
adenosine and 5-N-ethylcarboxamidoadenosine at 10~° M caused a significant increase in RMP with intact endothelium and caused a
smaller but significant increase in RMP in the absence of endothelium. Quabain (10~° M) in the absence of L-NAME significantly
reduced hyperpolarization due to 2-chloroadenosine and 5'-N-ethylcarboxamidoadenosine in the presence of endothelium. However, in the
absence of endothelium, its inhibitory effect was not significant. When ouabain plus L-NAME (10~° M) were given simultaneously, the
hyperpolarization caused by adenosine agonists was significantly further attenuated nearly to the RMP level. Attenuation of the response
to 2-chloroadencsine and 5'-N-ethylcarboxamidoadenosine by ouabain was not reversed by the nitric oxide precursor, L-arginine (104
M) both in the presence and absence of endothelium. These results suggest that hyperpolarization of vascular smooth muscle of the
porcine coronary artery by adenosine agonists is at least partly endothelium dependent and possibly involves the Na™-K* pump and the
release of nitric oxide. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction been reported previously that adenosine-induced relaxation
of human coronary artery could be inhibited by ouabain,

The cardiovascular effects of adenosine have been an agent that inhibits the sodium potassum (Na*-K™*)

shown to be mediated by a number of different receptor
subtypes (Collis and Hourani, 1993). Adenosine causes an
increase in coronary blood flow through its interaction
with vascular adenosine receptors. In general, the vasodila
tor effects of adenosine are thought to be mediated through
the A, receptor subtype via adenylate cyclase activation
and G protein mediation (Kennedy and Burnstock, 1985).
Evidence has accumulated that both adenosine A; and A,
receptors are present on smooth muscle cells including
vascular smooth muscle cells of the coronary artery (Mill
and Gewirtz, 1990; Olanrewaju and Mustafa, 1996). It has
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pump (Sabouni and Mustafa, 1989). Activation of the
Na™-K* pump which is present in al cells has been
reported to hyperpolarize vascular smooth muscle (Haddy,
1983; Feletou and Vanhoutte, 1988). This mechanism may
be induced by an unknown diffusible factor named en-
dothelium-derived hyperpolarizing factor (EDHF) since
the electrical event can be transferred from tissues with
endothelium to those without endothelium (Chen and
Suzuki, 1991). It has been suggested that human plasma
contains endogenous digitalis-like substances which inhibit
Na* /K *-ATPase and cause vascular contraction (De War-
dener et al., 1987). Among other factors, relaxation of
isolated blood vessels has been attributed to hyperpolariza-
tion of the cell membrane resulting from direct activation
of the Na"/K*-ATPase in canine femora artery and
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rabbit ear artery (De Mey and Vanhoutte, 1980). Nitric
oxide (NO) is synthesized in various cell types through the
conversion of L-arginine to citrulline by NO synthase. It
has been shown that vascular smooth muscle also has the
ability to produce NO or NO-related substances and that
L-arginine-induced responses are in part mediated by the
smooth muscle-derived NO (Schini and Vanhoutte, 1991;
Wood et al., 1990). It appears that concomitant factors
may mediate adenosine-induced vasodilation. The contri-
butions of Na* /K "-ATPase and EDRF-induced hyperpo-
larizations in smooth muscle responses to endogenous
and/or exogenous adenosine agonists remain unclear. This
study examines the effect of inhibitors of endothelium-de-
rived NO and Na*-K* pumps on adenosine receptor-medi-
ated hyperpolarization of porcine coronary artery smooth
muscle with and without endothelium.

2. Materials and methods

Porcine hearts were obtained from a local slaughter-
house within 10 min of death and transported to the
laboratory in oxygenated (95% O,/5% CO,) ice-cold
Krebs-Henseleit buffer of the following composition (mM):
NaCl, 118; KCl, 4.7, MgSO,, 1.2; KH,PO,, 1.2; NaHCO,,
2.5; CaCl,, 2.5; glucose, 11 (4°C; pH 7.4). Electrophysio-
logical experiments were performed carefully and correctly
as described previously (Olanrewaju et a., 1995). Briefly,
left anterior descending coronary arteries were dissected,
cleaned of fat, connective tissues and prepared for the
experiments. The vessels were then split open to form a
sheet. The arterial sheets were placed and pinned down in
an organ bath (10 ml) maintained at 37°C with the adventi-
tia side downward to allow the penetration of microelec-
trodes from the intimal surface of the blood vessels. The
organ bath had a constant flow system. The vascular sheets
(with and without endothelium) were continually super-
fused throughout the experimental period with an oxy-
genated Krebs-Henseleit buffer solution (37°C, pH 7.4).
Care was taken to preserve the endothelium intact. For
observations on endothelium-denuded tissues, endothelial
cells were removed by a gentle rubbing of the intimal
surface of the vessel with a buffer-moistened cotton swab
and lack of response to bradykinin (10~°> M) was used to
confirm removal of endothelium (Chen and Suzuki, 1991;
Olanrewaju et al., 1995).

Glass capillary microelectrodes filled with 3 M KCl (tip
resistance, 40-80 M Q) were made from a borosilicate
glass tube (1.5 mm o.d.; Sutter Instrument, Movato, CA,
USA). Transmembrane potentials were recorded with glass
microel ectrodes mounted on a micromanipulator, and mon-
itored under a microscope to ensure that it penetrated
deeper than the endothelial cell layer. Electrical responses
displayed on a cathode-ray oscilloscope (VC-9A, Nihon-
Kohden, Tokyo, Japan) and on a digital voltameter were
tabulated. Proper impalements were accepted only when a

sudden change in voltage was observed on the oscilloscope
trace and the indicated potential was maintained for at
least 3 min. Measurements were disregarded when mem-
brane potential decreased spontaneously, indicating cell
damage. Moreover, the electrode tip resistance was moni-
tored before and after impalement to avoid potential
changes caused by electrode artifacts.

Resting membrane potential with and without endothe-
lium was recorded after equilibration. In the present study,
experiments were conducted with 10°° M ouabain, N-
nitro-L-arginine methyl ester (L-NAME), or a combination
of both by continuously superfusing the tissues with either
or both of these inhibitors for 15 min and recording
changes in membrane potential. From the dose-dependent
preliminary experiments, ouabain at 10> M concentration
was effective in inhibiting hyperpolarization induced by
2-chloroadenosine and 5'-N-ethylcarboxamidoadenosine
(data not shown). L-NAME at 107> M concentration has
also been shown to be effective in inhibiting hyperpolar-
ization induced by 2-chloroadenosine and 5-N-ethyl-
carboxamidoadenosine (Olanrewgju et al., 1995). L-NAME
has been reported to be a more potent inhibitor of NO
synthase than N S-monomethyl-L-arginine (Gross et al.,
1990; Rees et a., 1990; Olanrewaju et a., 1995). The
concentration (10~° M) of the adenosine receptor agonists
used in the present experiments has been shown to produce
hyperpolarization in isolated human and porcine coronary
arteries (Olanrewaju et al., 1995). In these procedures,
membrane potentials were recorded before (control) and
15 min after the initiation of continuous superfusion with
oxygenated buffer containing the adenosine receptor ago-
nists. The adenosine agonist-induced hyperpolarization was
recorded after membrane potential was maintained for at
least 3 min. All experiments were conducted in the pres-
ence of indomethacin (107> M) to rule out the involve-
ment of prostanoids.

We next studied the effect of the Na*/K*-ATPase
inhibitor, ouabain, in adenosine receptor-mediated hyper-
polarization of porcine coronary artery smooth muscle
with and without endothelium. The effect of the agonists
was determined after equilibration and preincubating the
same tissues for 15 min with 107> M ouabain and/or
107% M L-NAME. The effect of adenosine agonists on
smooth muscle resting membrane potential was repeated
with fresh tissue as described above while ouabain (10~°
M) was included in the perfusate (agonist) and the hyper-
polarization effect of 2-chloroadenosine and 5-N-ethyl-
carboxamidoadenosine were re-evaluated to assess direct
effect of ouabain on adenosine agonist-induced hyperpolar-
ization in porcine coronary artery smooth muscle. In sub-
sequent experiments the tissue was continuously super-
fused with 2-chloroadenosine and 5-N-ethylcarboxami-
doadenosine in combination with L-NAME. After a period
of 15 min, L-arginine (10°* M) was included in the
perfusate (agonist plus L-NAME) and the hyperpolariza-
tion effect of 2-chloroadenosine or 5-N-ethylcarboxami-
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doadenosine was re-evaluated to assess the reversibility
effect of L-NAME.

2.1. Data analysis

Responses of smooth muscle to adenosine agonists were
observed and recorded from 10 different cells from the
same tissue and the pooled data from coronary artery
tissue from several different hearts (4-5 separate experi-
ments) were expressed as mean + standard error of the
mean (SE.M.). Statistical significances were determined
by Student’s t-test for paired or unpaired observations and
when more than two means were compared, one-way
analysis of variance was used. Vaues were considered to
be statistically different when P was smaller than 0.05.

2.2. Chemicals and drugs

Indomethacin, bradykinin, L-arginine, ouabain and N-
nitro-L-arginine methyl ester (L-NAME) were purchased
from Sigma (St. Louis, MO, USA). 5-N-Ethylcarboxami-
doadenosine and 2-chloroadenosine were purchased from
Research Biochemicals (Wayland, MA, USA). Each antag-
onist /inhibitor solution was added to each agonist in the
buffer reservoir, and the blood vessels were continually
superfused with the mixture throughout the test periods.
All drugs were dissolved in distilled water to make stock
solutions with the exceptions of 5-N-ethylcarboxamidoa
denosine, L-NAME and indomethacin which were prepared
in 90% ethanol at 1072 M concentration. Na,CO, (5 N)
was used to adjust the pH of the indomethacin solution to
physiological range. All stocks were further diluted by
1000 times or more in distilled water or buffer. Ethanol
used to dissolve drugs at the final concentration (0.01%)

100

did not, in itself, affect the electrical responses at the fina
bath concentration.

3. Reaults

The average resting membrane potential (RMP) for
porcine coronary artery was —51.54+ 0.2 mV with en-
dothelium and —50.7+ 0.2 mV without endothelium.
There was no significant difference in RMP of endothe-
lium-intact and denuded tissues (Fig. 1). Separate applica
tion of either ouabain, L-NAME or combination of ouabain
and L-NAME at 10~° M to porcine coronary artery tissue
had no significant effect on resting membrane potential in
the absence of vasodilator agonists (Fig. 1). Bradykinin
increased resting membrane potential significantly only in
the presence of endothelium. Lack of response to
bradykinin (10~° M) was used to confirm the absence of
functional endothelium. Indomethacin, an inhibitor of cy-
cloxygenase, does not inhibit the hyperpolarization medi-
ated by 2-chloroadenosine and 5-N-ethylcarboxamidoa-
denosine, confirming the previous suggestion that the en-
dothelium-derived vasoactive substance(s) released by
adenosine agonists in porcine coronary artery is not a
prostanoid metabolite of arachidonic acid (Abebe et al.,
1995; Olanrewaju et al., 1995).

Separate application of 2-chloroadenosine (107° M)
and 5'-N-ethylcarboxamidoadenosine (10~° M) caused sig-
nificant hyperpolarization in intact and endothelium-de-
nuded arteries (Figs. 2 and 3). In all experiments, hyper-
polarization due to adenosine agonists was significantly
more pronounced in the presence of endothelium. The
addition of ouabain (107° M) to the perfusate containing
adenosine agonists in the absence of L-NAME drastically
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Fig. 1. Effect of 107> M ouabain, N-nitro-L-arginine methyl ester (L-NAME, 10~° M) or combination of both on resting membrane potential in porcine
coronary artery branches. Values are means + S.E from 6 hearts in each series, each representing 10 impalements in endothelium-intact (E*) and -denuded

(E7) arteries. * Significantly different from controls at P < 0.05.
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Fig. 2. Effect of 2-chloroadenosine (CAD) on resting membrane potential in porcine coronary artery branches in the presence of EDRF blocker (L-NAME,
105 M) and ouabain (10~° M) and influence of 10~% M L-arginine (L-Arg). Values are means + S.E. from 6 hearts in each series, each representing 10
impalements in endothelium-intact (E*) and -denuded (E~) arteries. * Significantly different from controls at P < 0.05.

and significantly attenuated hyperpolarization due to 2-
chloroadenosine and 5'-N-ethylcarboxamidoadenosine in
the presence of endothelium. However, in the absence of
endothelium, its inhibitory effect was not significant. Addi-
tion of L-NAME to ouabain-containing solution signifi-
cantly further attenuated the hyperpolarizing effects of
2-chloroadenosine and 5'-N-ethylcarboxamidoadenosine
more than ouabain alone in the presence of endothelium
(Figs. 2 and 3). L-Arginine (10~* M), an NO precursor,
significantly reversed the attenuation of the response due
to 2-chloroadenosine and 5'-N-ethylcarboxamidoadenosine
by L-NAME especialy in the presence of endothelium
(data not shown), confirming our previous report (Olan-

rewgju et al., 1995). However, attenuation of the response
to 2-chloroadenosine and 5'-N-ethylcarboxamidoadenosine
by ouabain (107> M) was not reversed by L-arginine
(10~* M) both in the presence and absence of endothelium
(Figs. 2 and 3).

4, Discussion

The present study demonstrates that adenosine agonists,
2-chloroadenosine and 5-N-ethylcarboxamidoadenosine,
produced hyperpolarization that was more pronounced in
endothelium-intact than endothelium-denuded tissues and
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Fig. 3. Effect of 5-N-ethylcarboxamidoadenosine (NECA) on resting membrane potentia in porcine coronary artery branches in the presence of EDRF
blocker (L-NAME, 10~% M) and ouabain (10~° M) and influence of 10~* M L-arginine (L-Arg). Vaues are means + S.E. from 6 hearts in each series,
each representing 10 impalements in endothelium-intact (E*) and -denuded (E ™) arteries. * Significantly different from controls at P < 0.05.
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this is in agreement with our previous report (Olanrewaju
et al., 1995). The endothelium-dependent effect of adeno-
sine agonists appears to be primarily due to the release of a
diffusable hyperpolarizing factor(s) following the activa-
tion of adenosine receptors present on endothelial cells
(Chen and Suzuki, 1991). There was no significant differ-
ence in resting membrane potential of endothelium-intact
and denuded tissues and this may indicate that there is no
contribution of endothelium-derived hyperpolarizing factor
to the resting membrane potential as has been reported
previously (Chen and Suzuki, 1991; Olanrewaju et al.,
1995). The hyperpolarization of vascular smooth muscle
cells produced by adenosine agonists in the presence of
indomethacin ruled out the possibility of the responses
being mediated by prostanoid metabolites of arachidonic
acid. A possible candidate may be endothelium-derived
hyperpolarizing factor (EDHF), which has been previously
shown to produce smooth muscle hyperpolarization that
was not mainly mediated by NO (Chen and Suzuki, 1991;
Olanrewaju et al., 1995). The hyperpolarization produced
by adenosine agonists in porcine coronary artery was
attenuated by ouabain and the results are in agreement
with those observed in canine coronary artery (Feletou and
Vanhoutte, 1988). In contrast, the present results are not in
agreement with those observed in the rabbit ear artery
(Suzuki, 1988) and in the dog coronary artery (Chen et al.,
1989) where the attenuation effect of ouabain on hyper-
polarization was not observed. Thus, the mechanisms un-
derlying adenosine-induced hyperpolarization have yet to
be clearly established. The ability of endothelial cells to
release vasoactive substances varies between tissues and
species (Vanhoutte et al., 1986). At present, there is no
physiological explanation for the species differences in the
role of coronary endothelial NO. The mechanism by which
EDHF causes hyperpolarization appears to vary with the
tissue, species, concentration of the drug applied, level of
resting membrane potential, state of stretch of the tissue
and the endothelial stimulant studied (Parkington et d.,
1993). One possihility is that vasodilator agonists stimulate
cAMP-dependent phosphorylation to enhance electrogenic
Na*-K* pump activity (activation of Na*/K"-ATPase)
thereby hyperpolarizing smooth muscle. In the present
study a 15 min incubation period with ouabain was im-
posed to avoid the acute transient effects on vascular
smooth muscle by ouabain as we were interested in the
steady-state effects of Na* pump inhibition. The present
results suggest the possibility that attenuation by ouabain
of the hyperpolarizing responses to 2-chloroadenosine and
5'-N-ethylcarboxamidoadenosine was probably a result of
changes in membrane potential due to Na*-K* pump
inhibition in coronary smooth muscle. The sensitivity of
Na* /K *-ATPase to ouabain for the inhibition of hyper-
polarization due to adenosine agonists appears to differ
between endothelial and vascular smooth muscles, the
former being more sensitive to ouabain than the latter.
The hyperpolarization observed in the absence of en-

dothelium which was inhibited by L-NAME in the present
study could be due to release of NO or NO-related sub-
stances as a result of direct stimulation of the A, adeno-
sine receptors on smooth muscle (Schini and Vanhoutte,
1991; Olanrewaju et a., 1995). The existence of NO in
endothelium-denuded tissue may be due to several factors,
such as the ability of vascular smooth muscle to produce a
relaxing factor (vascular smooth muscle-derived relaxing
factor, MDRF) with pharmacologic and chemica proper-
ties similar to those of NO (Wood et al., 1990). Further-
more, maybe guanylate and adenylate cyclase systems
operate in a positive synergism, possibly through the inhi-
bition of phosphodiesterase (Maurice et a., 1991). How-
ever, the physiological significance and pharmacological
value of synergism between activators of guanylyl and
adenylyl cyclases in vascular smooth muscle and other
tissues remain unclear. Among other suggestions, hyper-
polarization may be due to activation of ATP-sensitive K*
channels by cyclic AMP-dependent phosphorylation thus
mediating membrane hyperpolarization as previoudy re-
ported in the porcine coronary artery (Miyoshi and Nakaya,
1993).

Microscopic examination showed an occasiona frag-
ment of endothelial cells on the luminal wall of some of
the tissues, but organ-bath experiments indicated nonfunc-
tional fragmented endothelia cells with bradykinin, which
evokes vasorel axation in endothelium-intact arteries (Abebe
et al., 1995). It should be noted that in the present study,
hyperpolarization induced by adenosine agonists was not
completely blocked by ouabain, indicating that there is
more than one mechanism of action, as with al other
vasoactive substances studied to date. Addition of L-NAME
plus ouabain almost completely attenuated the hyperpolar-
ization effects of 2-chloroadenosine and 5-N-ethylcarbo-
xamidoadenosine, especially in the presence of endothe-
lium indicating the involvement of the NO pathway. Atten-
uation of adenosine agonist-induced hyperpolarization by
L-NAME (10~® M) which was significantly reversed by
L-arginine (10~* M) mainly in the presence of endothe-
lium has been reported previousy (Olanrewaju et al.,
1995). However, L-arginine (10-% M) was unable to re-
verse the attenuation of the response to 2-chloroadenosine
and 5'-N-ethylcarboxamidoadenosine by ouabain (10~° M)
both in the presence and absence of endothelium. Our
results suggest the involvement of both Na*-K* pump and
NO in adenosine receptor-mediated hyperpolarization of
porcine coronary artery vascular smooth muscle. Consider-
ation of the relationship between the inhibition by L-NAME
of the ouabain-resistant component of the adenosine-in-
duced hyperpolarization and ion channels involved is re-
quired. It remains to be seen if the ouabain-sensitive
component of the 2-chloroadenosine- or 5-N-ethylcarbo-
xamidoadenosine-induced hyperpolarization is also sensi-
tive to L-NAME. These results suggest that the hyperpolar-
izing responses due to adenosine agonists are genetrated
by different factors and as such are in agreement with our
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previous report (Olanrewaju et a., 1995). Cardiac glyco-
sides such as ouabain are specific inhibitors of this electro-
genic pump. The concentration (10> M) of ouabain used
in the present study was sufficient to produce an inhibitory
effect on the isolated porcine coronary smooth muscle
hyperpolarization induced by adenosine agonists.

In summary, our results indicate that activation of
adenosine receptors in porcine coronary artery results in
largely endothelium-dependent and to a lesser extent en-
dothelium-independent hyperpolarization of vascular
smooth muscle which involves the electrogenic Na*-K *
pump and the release of NO. Involvement of other factors
insensitive to blockade by ouabain such as activation of
K*-ATP channels cannot be ruled out in endothelium-de-
pendent and -independent hyperpolarization of vascular
smooth muscle.
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