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Nitric oxide and sodium nitroprusside-induced relaxation of the

human umbilical artery
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1 In the human umbilical artery (HUA) pre-contracted with the thromboxane mimetic U46619 or
with 5-hydroxytryptamine (5-HT), (and pretreated with indomethacin (3 uM) to suppress the
synthesis of prostanoids), authentic nitric oxide (NO) evoked concentration-dependent relaxation
(pECs, 7.05 and 5.99, respectively). In contrast, sodium nitroprusside (SNP) induced relaxation only
in U46619 pre-contracted HUA (pECs, 6.52).

2 At high (>300 mmHg) vs low (<55 mmHg) oxygen tension the dose-response curves to NO-
and SNP-induced relaxations were biphasic and shifted leftward.

3 Preincubation of the arterial rings with the soluble guanylyl cyclase (sGC) inhibitor
1H[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 uM) shifted the concentration-response curve
to NO, reduced the maximal relaxation response to NO (E,.. 71%) and to SNP (E..« 10%).

4 Pre-exposure of HUA rings to high extracellular K* (50 mMm) reduced E,,, relaxation responses
to NO (36%) and SNP (1%).

5 Pretreatment of the HUA with the K™ channel inhibitors, tetraethylammonium (TEA, 1 mMm), 4-
aminopyridine (4-AP, 0.5 mM), charybdotoxin (0.1 uM) or iberiotoxin (0.1 uM) increased the pEC;,
for NO and SNP and changed the shape of the dose-response curves from biphasic to monophasic.
6 Pre-incubation of HUA rings with TEA (1 mM), 4-AP (0.5 mMm) and ODQ (10 um) significantly
reduced the NO-induced maximal relaxation (E,.x 26%) but not the pECs, (5.60).

7 These data indicate that SNP-induced relaxation in the HUA is primarily mediated via sGC-
cyclic GMP whereas NO-induced relaxation also involves the activation of Ky and K¢, channels and

a cyclic GMP/K ™ channel-independent mechanism(s).
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Introduction

Nitric oxide (NO) plays an important role in the regulation of
vascular tone (Furchgott & Zawadzki, 1980), non-vascular
smooth muscle tone (Kannan & Johnson, 1995), inhibition of
platelet aggregation (Azuma et al., 1986) and is also the
mediator of a number of immunological responses (Moncada
et al., 1991). Most of these biological actions of NO can be
attributed to the stimulation of soluble guanylyl cyclase (sGC)
and the subsequent production of cyclic 3: 5 guanosine
monophosphate (cyclic GMP) and activation of G kinase
(Ignarro, 1990). Feto-placental tissue expresses endothelial NO
synthase and releases NO (Myatt et al., 1993). Furthermore,
the NO-mediated relaxation system is enhanced during
pregnancy and inhibits uterine contractility until term
(Yallampalli et al., 1994).

The human umbilical artery (HUA) has been shown to
release endothelium-derived relaxing factor (EDRF) and
respond in an endothelium-dependent manner to histamine,
bradykinin and adenosine triphosphate (Van de Voorde et al.,
1987; Chaudhuri et al., 1991). However, the HUA response to
EDREF is comparatively weak (Chandhuri ez al., 1991) and the
HUA appears to lack an endothelium-dependent relaxation
response to acetylcholine and the Ca®" ionophore A23187 (Xie
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& Triggle, 1994). Indirect evidence suggests that acetylcholine-
initiated relaxation is mediated by activation of a Na™, K*-
ATP-ase, and subsequent hyperpolarization via K™ efflux,
whereas A23187 mediated relaxation results from the synthesis
of an indomethacin-resistant product (Xie & Triggle, 1994).
Although endothelial cells derived from the HUA release
EDREF, the artery itself has been described as being relatively
refractory to the relaxant effects of both endogenously
produced NO or exogenously applied nitrovasodilators and
despite an increase in cyclic nucleotide levels, no corresponding
reduction in vascular tone was reported (Renowden et al.,
1992; Bergh et al., 1995).

Studies have also shown that NO can cause hyperpolariza-
tion of smooth muscle cells in the rat mesenteric and rabbit
femoral artery (Garland & McPherson, 1992; Plane et al., 1994).
In the guinea-pig uterine artery. NO, acetylcholine and
nitrovasodilators also cause hyperpolarization and relaxation
(Tare et al., 1990). Several studies have indicated an effect of NO
on different types of K* channels. Thus, in the rat mesenteric
artery, NO-evoked hyperpolarization of the resting membrane
potential is inhibited by glibenclamide, thus suggesting that NO
activates a Krp channel (Garland & McPherson, 1992).
However, in the rabbit mesenteric artery, the effects of NO
could be inhibited by the small conductance Ca**-activated K *
channel blocker, apamin (Murphy & Brayden, 1995). NO has
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also been reported to directly stimulate charybdotoxin sensitive
K™ channels in the rabbit aorta (Bolotina et al., 1994) and in rat
mesenteric arteriole cells (Mistry & Garland, 1998). There are,
however, no functional or electrophysiological studies that have
investigated the effects of exogenously applied NO on human
umbilical vessels. Therefore, our study was designed to assess
the contribution of cyclic GMP and K™ channel activation to
NO-induced relaxation of the HUA.

Methods

Human umbilical artery tissue

Umbilical cords were cut from the placenta as soon as possible
after delivery but normally within 1 h. The cord was placed in
oxygenated (95% oxygen/5% carbon dioxide) physiological
salt solution, PSS, (composition, mM: NaCl 118; KCI 4.7;
CaCl, 2.5; KH,PO, 1.2; MgS0O, 1.2; NaHCO; 25; glucose 11.1)
at 4°C. Arteries were dissected free of surrounding Wharton’s
jelly and either utilized the same day or stored at 4°C and
studied the next day. Previous studies (Xie & Triggle, 1994)
have shown that overnight storage at 4°C does not affect the
responsiveness of the HUA. Six to 10 rings, 3—5 mm in length,
obtained from the same cord were carefully suspended in 25 ml
organ baths containing PSS with 3 uM indomethacin at 37°C
bubbled with 95% oxygen/ 5% carbon dioxide (actual oxygen
tension >300 mmHg) under a preload of 2 g. Some studies
were carried out under low, oxygen tension produced by
bubbling with 2.5% oxygen/8% carbon dioxide 89.5%
nitrogen (actual oxygen tension <55 mmHg) and with arteries
dissected in de-oxygenated PSS (Templeton et al., 1991; Xie &
Triggle, 1994). The oxygen tension was measured with a 1306
pH/blood gas analyser (Instrumentation Laboratory, Lexing-
ton, MA, U.S.A.).

In all experiments, tissues were equilibrated for 3—4 h prior
to any experimental protocols with the bath solution being
changed every 30 min. Isometric force was monitored using
Grass FT-03 transducers and a Grass model 7D polygraph.

The results described in this manuscript were obtained with
endothelium-intact preparations of the HUA. In most arterial
preparations it is possible to assess endothelial cell integrity by
determining the endothelial-cell dependent relaxation response
to ACh and, although the pre-contracted HUA does not relax
in response to ACh, it is possible to assess the structural
integrity of the endothelium in HUA using scanning electron
microscopy (Xie & Triggle, 1994). In the present study we did
not routinely use scanning electron microscopy to determine
the presence or absence of the endothelial cell layer, but care
was taken not to touch the endothelial cell layer during the
preparation of the HUA rings and thus it was assumed that the
endothelium remained undamaged.

Preparation of NO solution

NO was prepared in double-distilled water after de-oxygena-
tion by bubbling the water with argon for 45 min and then
with NO for at least 20— 30 min to produce a saturated NO
stock solution. The NO concentration in the stock solution
was 0.9—1.0 mM which was measured using a chemilumines-
cence technique (O’Neill et al., 1993).

Experimental protocols

After the equilibration period, the rings were contracted with a
high concentration of KCl (50 mMm). Following a further 1 h

period of recovery, with repeated washing every 15 min, either
the thromboxane mimetic U 46619 (0.1 nM—10 um) or 5-HT
(0.1 nMm—10 uM) was used to induce contraction in the HUA.
After establishing concentration-response curves to U46619 or
5-HT, the tissues were contracted with EC,, concentrations of
either U46619 (110 nM) or 5-HT (0.1-1 uM) and NO (0.03—
30 uM) or SNP (0.01—-10 pum) was then added cumulatively to
elicit relaxations and concentration-relaxation curves were
constructed. The concentration-response curves were then
repeated after a 30 min incubation of the tissue with a sGC,
potassium channel or voltage-gated calcium channel inhibitor.
In a separate series of experiments NO- and SNP-induced
relaxations were tested in KCl (50 mM) pre-contracted HUA.
All experiments were performed in the presence of indometha-
cin (3 uM) to suppress the synthesis of prostanoids.

Under low oxygen tension and in the presence of
indomethacin (3 uM) NO (0.03-30 um)- and SNP (0.01—
10 um)- induced relaxations were also studied but only in the
vessels pre-contracted with of EC,, concentration of U46619.
All other experiments were carried out under high oxygen
tension.

Each ring preparation was exposed to only one vasodilator
and one inhibitor or combination of K™ channel/sGC
inhibitors. In any given protocol, a cumulative concentra-
tion-response curve to a single vasodilator was obtained and
then repeated in the presence of a K channel and/or sGC
inhibitor. In all experiments, one HUA ring served as a time
control and was only exposed to the vasodilator.

Drugs

Ultrapure grade argon and pure NO were obtained from Linde
div. Union Carbide (Calgary, AB, Canada). The following
compounds were used: ODQ (1H[1,2,4Joxadiazolo[4,3-a]qui-
noxalin-1-one; Tocris Inc., Ballwin, MO, U.S.A.), dendrotoxin
and nifedipine (RBI, Natick, MA, U.S.A.) and all other
compounds were from Sigma Chemical Co. (St. Louis MO,
U.S.A).

Data analysis

The ECs, and the EC5, values for NO and SNP were calculated
using nonlinear regression analysis and reported as the
negative logarithm of the mean of individual estimation for
each vessel (pECso and pEC;). The shift of concentration-
response curves to SNP along the x-axis were also measured at
the 30% level of the contraction because it was at this level that
some of the treatment protocols appeared to have their
greatest effect. E,,, refers to the maximal relaxation where
100% denotes a complete reversal of the 5-HT or U 46619
induced contraction. Values are presented as mean +s.e. mean,
and n reflects the number of cords from which umbilical
arteries were obtained. Statistical analysis was performed by
Student’s #-test (paired). Statistical significance was accepted
when P<0.05.

Results

Effects of vasoactive agents on NO- and SN P-induced
relaxation

In the HUA, both 5-HT and U46610 were potent contractile
agents producing a concentration-dependent increase in tone
with pECs, values of 7.56+0.08 and 8.56+0.05, respectively,
n=10 (Figure 1). Following incubation with nifedipine

British Journal of Pharmacology, vol 131 (3)



F. Lovren & C. Triggle

NO- and SNP-induced relaxation in the HUA 523

(0.3 uM), the maximal contractions and pECs, values for
U46619 and 5-HT were reduced with E,,, values 6242 and
274+3%, and pECses of 7.484+0.04 and 6.15+0.02, respec-
tively, n=10 (Figure 1).

U46619 was applied in various concentrations (1 —10 nM) in
order to produce a comparable and similar level of contraction
in each experiment. NO or SNP was added against a mean
background contraction of 2.75+0.5 mN (n=131) correspond-
ing to 70+5% of the high K* (50 mMm)-induced maximum
contraction.

In the HUA pre-contracted with the thromboxane mimetic
U46619 (1-10 nMm), NO (0.03—30 uM) initiated relaxations in
a concentration-dependent manner, pECs, 7.434+0.11, pECs,
7.05+0.49 and E, .., 95+ 5%, n=10. However, in 5-HT (0.01 —
1 uM) pre-contracted vessels, the NO-induced relaxation was
attenuated (pECs, 5.99+0.07 and E,.. 62+3%, n=38,
P<0.05; Figure 2).

SNP (0.01-10 um)-induced relaxations were observed in
U46619 pre-contracted vessels, pEC;, 6.524+0.12, pECs,
6.2740.04 and E,.. 76+4%, n=15, but not in 5-HT pre-
contracted vessels (Epax 10+2%, n=10) (Figure 2). The SNP-
induced relaxation was found to be distinctly biphasic. The
first phase of the response was between 0.1 nM and 0.5 uM,
and the second phase between 0.5 and 10 uM.

In all subsequent experiments U46619 was used to pre-
contract the vessels.

Effects of oxygen tension on NO- and SN P-induced
relaxation

Under low oxygen tension (2.5% oxygen/8% carbon dioxide/
89.5% nitrogen), HUA pre-contracted with the thromboxane
mimetic U46619 (1-10 nM) responded to NO (0.03—30 um)
and SNP (0.01-10 uMm) with concentration-dependent relaxa-
tions. Increasing the oxygen tension resulted in a significant
leftward shift and a change in shape of the NO and SNP
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Figure 1 Concentration-response curves for S-HT and U46619 alone
and after incubation with 0.3 uM nifedipine. Each point represents
the arithmetic mean +s.e.mean of n= 10 experimental determinations.

concentration-relaxation curves from monophasic to biphasic.
NO induced a similar maximal relaxation (E,.,) under low and
high oxygen tension but with significantly decreased pECs,
values (6.254+0.09 vs 6.93+0.12, respectively, n=5, P<0.05,
Figure 3). However, the maximal relaxation induced with SNP
was significantly attenuated under low oxygen tension (62 +2
vs 77+4% under high oxygen tension, n=35, P<0.05) with
pECs, values of 5.78+0.19 vs 6.52+0.14, n=5, P<0.05
(Figure 3).
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Figure 2 Concentration-response curves for NO- and SNP-induced
relaxations in 5-HT and U46619 pre-contracted tissue. Each point
represents the arithmetic mean+s.e.mean of n=35 and 6 experimental
determinations.
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Figure 3 Concentration-response curves for NO- and SNP-induced
relaxation in U46619 pre-contracted tissue at low (<55 mmHg)
versus high (>300 mmHg) oxygen tension. Each point represents the
arithmetic mean +s.e.mean of n=35 experimental determinations.
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Role of high K* concentration and K" -channel inhibitors
on NO- and SN P-induced relaxation

In the HUA pre-contracted with 50 mMm KCl NO (0.03—
30 uMm)-induced relaxations were substantially inhibited from
95+5 to 36+ 5% (Figure 4, n=5, P<0.05).

In U46619-precontracted vessels, pretreatment with the
Katp inhibitor glibenclamide (10 uMm) did not affect the
relaxation induced by NO (=4, P>0.05) or SNP (n=3,
P>0.05) (data not shown). However, 4-aminopyridine (4-AP;
0.5 mM) an inhibitor of K,, suppressed and produced a
rightward shift of NO-evoked relaxations with pEC;, values of
6.62+0.27, pECs, 5.80+0.40 and E, . 86+5, n=7, P<0.05
(Figure 4), whereas dendrotoxin (0.5 uM), a selective K, 1.1
and K, 1.6 inhibitor, failed to significantly inhibit the effects of
NO (n=3, P>0.05) (data not shown).

Pretreatment with tetracthylammonium (TEA; 1 mMm)
resulted in a rightward shift of the concentration-response
curve for NO without affecting the maximal response; pEC;,
6.90+0.15, pEC506.58+0.44 and E,,, 90 + 5%, n=5, P>0.05
(Figure 4). The combination of TEA (1 mM) and 4-AP
(0.5 mM) produced no greater inhibition or additional shift
in the dose-response curve to NO than that observed for 4-AP
alone at the pECs, level (pECs 5.72+0.22 and E.« 93+2%,
n=5, P>0.05, Figure 4). However, the combination of the
above-mentioned two K™ channel inhibitors did significantly
shift the dose response curve to NO at the pEC;, level
(5.9540.26 vs 6.62+0.27 for 4-AP alone; n=35; P<0.05).
Pretreatment with charybdotoxin (0.1 uM) evoked a parallel
rightward displacement of the response curve to NO without
attenuation of the maximum response (n=3); pEC;s,
6.194+0.28 vs 7.05+0.49 in controls, and E... 8947 vs
95+5%, respectively, P<0.05 (Figure 5). Iberiotoxin
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Figure 4 NO-induced relaxation in U46619- or KCI (50 mMm)-
precontracted HUA. Effects of 0.5 mm 4-AP, 1 mm TEA or 4-AP
and TEA together on NO-induced relaxation in U46619- precon-
tracted vessels at high oxygen tension (300 mmHg). Each point
represents the arithmetic mean+s.e.mean of n=4-7 experimental
determinations.

(0.1 um), a selective inhibitor of large conductance Ca®*
activated K™ channels (BKc,) also produced a rightward shift
of the dose-response for NO-evoked relaxation; pECs, and
E..x in the presence of iberiotoxin were 5.954+0.26 and
95+5% (n=3), respectively, P>0.05 (Figure 5). Apamin
(1 um) was devoid of inhibitory activity on NO induced
relaxation (n=4, P>0.05) (data not shown). In the presence of
4-AP, TEA, charybdotoxin or iberiotoxin the dose-response
curve to NO, which was biphasic under control conditions,
became monophasic in the presence of K™ channel blockers.

In the HUA pre-contracted with 50 mm KCI SNP (0.01—
10 uM)-induced relaxations were abolished (Figure 6). In
U46619-precontracted vessels, 4-AP (0.5 mM) pretreatment
shifted the first phase of the relaxation-response curve to SNP
without altering the second phase, pECs, 6.27+0.04 vs
6.90+0.12 in control (P <0.05) (Figure 6). Pretreatment of the
tissues with TEA (1 mMm) for 30 min was found to produce a
significant inhibitory effect (P <0.05) on the first phase of the
concentration-response curve to SNP with the pECsy and E,,.,
values being 6.29 +0.05and 72+ 1% vs 6.90+0.12 and 76 + 4%
in control (Figure 6). The control concentration-response curves
to SNP were biphasic and the responses to low concentrations of
SNP were blocked with TEA or 4-AP and in the presence of these
K" channel inhibitors the concentration-response curve became
monophasic.
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Figure 5 The effect of selective K¢, channel inhibitors on NO-
induced relaxation in U46619 pre-contracted HUA: 0.1 um char-
ybdotoxin, and 0.1 um iberiotoxin. Each point represents the
arithmetic mean+s.e.mean of n=3-5 experimental determinations.
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Figure 6 SNP-induced relaxation in U46619- and KCI (50 mm)-
precontracted vessels. Effects of guanylyl cyclase inhibitors or
potassium channel inhibitors on SNP-induced relaxation in U46619
pre-contracted tissue at high oxygen tension (>300 mmHg). Each
point represents the arithmetic mean+s.e.mean of n=5-7 experi-
mental determinations.

Effects of sGC inhibitors alone or in the combination
with K*-channel inhibitors on NO- and SN P-induced
relaxation.

Pretreatment of the tissues with the sGC inhibitor methylene
blue (10 uM) for 30 min did not affect SNP-induced relaxation
while ODQ pretreatment significantly decreased SNP-induced
relaxation, E. ., 10+3%, n="7, P<0.05 (Figure 6).

Pretreatment of the HUA with methylene blue was found to
displace the concentration-response curve for NO with pECs,
and E,_,, values in the presence or absence of methylene blue
(n=15) of 6.47+0.45 and 7.05+0.49, and 95+ 3 and 95+ 5%,
respectively (P<0.05). In the presence of 10 uM of the sGC
inhibitor ODQ (n=75), the relaxation responses to NO were
partially inhibited with pECs, and E,,, values significantly
lower, 5.87+0.28 and 71+ 5%, P<0.05 (Figure 7).

Pre-incubation of the HUA for 30 min with the sGC
inhibitor ODQ (10 uM) induced a transient contraction of the
HUA and vascular tone induced by U46619 (1-10 nMm)
increased by 7+ 5% (P>0.05).

A combination of the sGC inhibitor ODQ (10 uM) and 4-
AP (0.5 mM) caused no further inhibition in maximal NO-
induced relaxation vs ODQ alone (E,., 65+3 and 71 +5%,
respectively, n=5, P>0.05), but significantly shifted the
concentration-response  curve  (pECso  5.60+0.11 s
5.87+0.28, P<0.05, Figure 7). Although TEA (1 mM), in the
presence of either ODQ (10 uM) or 4-AP (0.5 mMm), failed to
produce any additional inhibition of the NO-induced
vasorelaxation to that already seen with ODQ or 4-AP alone,
a combination of TEA (1 mMm) with 4-AP (0.5 mM) and ODQ
(10 um) did significantly reduce the E... (26+6%, n=>5,
P <0.05, Figure 7). The combination of apamin with either 4-
AP or the K¢, inhibitors (TEA, charybdotoxin, iberiotoxin)
produced no additional antagonism to that seen with 4-AP or
the large conductance K, inhibitors alone (data not shown).
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Figure 7 Concentration-response curves for NO-induced relaxation
in U46619 pre-contracted tissue in the absence and presence of
guanylyl cyclase inhibitors: 10 uM methylene blue and 10 um ODQ.
Effect of ODQ in the presence of 4-AP or 4-AP and TEA on NO-
induced relaxation in U46619 pre-contracted HUA. Each point
represents the arithmetic mean+s.e.mean of n=35-7 experimental
determinations.

Effect of nifedipine on NO- and SN P-induced relaxation

In the HUA pre-contracted with U46619 (0.1-10 um),
nifedipine treatment (0.3 uM) produced no significant effect
(P>0.05) on either the pECs, (6.85+0.18) or E, .« (94+6%),
n=1>5, for NO-induced relaxation and, in addition, the SNP-
induced relaxation was unaffected (pEC;, 6.9740.06 and E,,.,
74+ 5%, n=6 versus pEC;zy 6.90+0.12 and E,.. 76+4%,
n=13 for control) (Figure 8).

Discussion

Contribution of oxygen tension and voltage-operated
calcium channels on the HUA responsiveness

In the present study, both NO and the NO-donor SNP evoked
relaxation of the pre-contracted HUA, but with different
sensitivity. NO-induced relaxation was complete and SNP-
induced less than maximal relaxation of the vessel. The
differences in the relaxation response to these two compounds
in the HUA may reflect differences in the mechanism whereby
each of them generates NO. Exogenously applied solutions of
NO gas readily provides NO in the physiological bathing
solution whereas SNP, although subject to photolysis (O’Neill
et al., 1993), does not decompose spontaneously to release NO
and has been reported to release only small amounts of NO
over comparatively long time periods (Bates et al., 1992; Rao
et al., 1991). SNP requires cellular metabolism to produce NO
(Kowaluk et al., 1992). The requirement for SNP metabolism
may result in a lower maximal relaxation response. Murphy
(1999) has reported that variations in the metabolism of
vasodilators may underlie differences in their regional
specificity or tolerance development. In a recent comparative
study of the vasculature from eNOS knockout (—/—) and
control mice a supersensitivy to NO and SNP was reported for
aortic tissues from eNOS (—/—) mice and, furthermore, the
sensitivity increase to SNP was greater than that to NO

British Journal of Pharmacology, vol 131 (3)
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Figure 8 Effect of nifedipine on NO- and SNP-induced relaxation in
U46619 pre-contracted HUA. Each point represents the arithmetic
mean +s.e.mean of n=>5-6 experimental determinations.

(Waldron et al., 1999). It was argued that this differential
sensitivity to SNP versus NO may reflect differences in the
chemical form of NO and, perhaps, differences related to the
local release of NO from SNP versus the global cellular effects
of a solution of NO gas as well as differing degrees of sGC
activation (Waldron et al., 1999). In the HUA we have
demonstrated that the relaxation-response to NO compared to
SNP is less sensitive to ODQ indicating that cellular
mechanisms, other than those mediated by activation of sGC,
are more important in determining the sensitivity of the HUA
to NO and SNP.

It has been shown that changes in oxygen tension affects the
response to agonists in the HUA. A thromboxane A, receptor
antagonist, or blockade of the synthesis of thromboxane,
selectively attenuates oxygen-induced contractions, indicating
that the elevation of the tone induced by high oxygen tension is
likely mediated by the release of endogenous thromboxane A,
(Templeton et al., 1991). To block synthesis of prostanoids at
high oxygen tension, all of our experiments were performed in
the presence of indomethacin (3 uM). In addition, it has been
reported that prostanoid formation in the HUA is altered at
high oxygen tension (Bjero et al., 1987) and that prostanoids
are formed endogenously by a cyclo-oxygenase-independent
mechanism in vivo in humans (Morrow et al., 1990) and in vitro
in human arteries (femoral, tibialis anterior, poplitea, aorta,
vertebralis) and umbilical vein (Gniwotta et al., 1997). It is not
known whether the production of prostanoids by this pathway
contributed to the responses obtained in the HUA.

There are no reports of whether changes in oxygen tension
affects vasorelaxation induced with NO or NO donor
compounds in the HUA. Our study demonstrates that
increasing oxygen tension from the low, but physiological
levels, to higher levels obtained with the use of the 95% O,, 5%
CO, gas mixture resulted in an increased vasodilatory potency
of NO and SNP. Furthermore, at high oxygen tension the
concentration-relaxation curves for both NO and SNP became
biphasic. The increased potency at high oxygen tension might
reflect the involvement of two distinct cellular mechanisms

mediating the vasodilatory effects of NO and SNP. In our
study, most of the experimental protocols described were
pursued at high oxygen tension and the data indicate that
differences between NO- and SNP-mediated relaxation at the
high oxygen tension levels generated by the use of 95% 0,/5%
CO, gas mixture and PSS, however, it is possible that the
cellular mechanism that mediates NO- versus SNP-induced
relaxation differs at high versus low oxygen tension.

The vascular receptors mediating 5-HT-induced contraction
in the HUA has been shown to be 5-HT,, and 5-HT;
subtypes (Lovren et al., 1999). It is well established that 5-HT,
receptors are coupled to phospholipase C, and inositolpho-
spholipid hydrolysis and calcium mobilization linked to
phosphatidylinositol turnover and 5-HT, receptors are
negatively coupled to adenylyl cyclase (Hoyer et al., 1994).
In the HUA, contractions evoked following stimulation of 5-
HT receptors primarily result from an enhanced influx of
extracellular Ca®>" via voltage- or receptor-operated Ca’"
channels with a lesser involvement of mobilization of Ca**
from intracellular stores (Medeiros & Calixto, 1991). 5-HT-
induced contractions in HUA vessels are dependent on
extracellular calcium since contractions were greatly attenu-
ated following Ca’?" withdrawal from the physiological
solution (Wylam et al., 1993). Moreover, 5-HT evoked
contractions were depressed in the presence of nifedipine, a
blocker of voltage-gated L-type calcium channels, indicating
that calcium entry via nifedipine-sensitive channels plays a
major role in 5-HT-mediated contraction (Mederios & Calixto,
1991).

In our studies we found that SNP-induced relaxation in 5-
HT pre-contracted HUA vessels is only observed in the
presence of calcium-free PSS (personal observation), whereas
SNP relaxed the HUA in PSS containing Ca*?* when the
thromboxane analogue, U46619 was used to induce contrac-
tion. U46619 initiates a contraction in the HUA which is
largely independent of voltage-operated Ca®* channels and
depends primarily on the release of intracellular Ca®*
(Toyofuku et al., 1995) and this is supported by the data that
we have presented in the current study.

It has been reported that NO modulates Ca’"-channel
activity in vascular smooth muscle and thus induces relaxation
(Blatter & Wier, 1994; Clapp & Gurney, 1991). However, in
the presence of 0.3 uM nifedipine, which should inhibit L-type
Ca** channel activity, NO and SNP still induced maximum
relaxation in the HUA pre-contracted with U46619. Thus,
NO- and SNP-mediated relaxations in the HUA are
nifedipine-resistant indicating that the vasorelaxant action is
independent of the closure of voltage-operated Ca®" -channels.

Role of sGC activation in relaxation response to NO and
SNP

Activation of sGC and subsequent accumulation of cyclic
GMP is thought to be the principal mechanism that ultimately
leads to NO-induced vasorelaxation. In the present study, we
report that whereas the presence of the sGC inhibitor ODQ
completely inhibited the relaxation response to SNP that to
NO was, even in the presence of K*-channel blockers, not
completely eliminated. Although there are many other
potential molecular targets for NO, sGC is probably the most
sensitive (Stamler, 1994).

In the HUA smooth muscle cyclic GMP levels were
increased in response to an NO donor such as SNP (Bergh et
al., 1995). Furthermore, it was reported that A23187-evoked
relaxation of the HUA was accompanied by an increase in
cyclic GMP (Chaudhuri et al., 1993). However, HUA vessels
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pre-contracted with 5-HT exhibited little if any response to
nitrovasodilators (White, 1988; Chaudhuri ef al., 1991) leading
to the suggestion that the HUA either lacks sGC or lacks the
cellular targets for cyclic GMP (Renowden et al., 1992; Bergh
et al., 1995). Nonetheless, in vessels pre-contracted with 5-HT
in the absence of extracellular Ca>", or when the entry of
extracellular Ca?" is prevented, nitrovasodilators produced
dose-dependent relaxation (Sugawara et al., 1997, Wylam et
al., 1993). These findings are compatible with the view that
cyclic GMP relaxes the HUA by reducing intracellular Ca**
concentration and that the 5-HT-mediated influx of extra-
cellular Ca", via the nifedipine-sensitive process, overwhelms
the cyclic GMP-dependent cellular events. Our demonstration
of the greater ability of ODQ to inhibit SNP- versus NO-
mediated relaxation indicated that NO, as applied to the cell as
a solution of the gas, has cellular targets in addition to sGC
whereas the NO released from SNP mediates relaxation of the
HUA entirely via an ODQ-sensitive mechanism(s).

Recently, Feelisch er al. (1999) have reported that ODQ
lacks specificity for sGC and interferes with other haeme-
dependent processes. They showed that ODQ affects SNP-
mediated relaxation by inhibiting reductive bioactivation via
cytochromes P450. Therefore, the higher sensitivity of SNP
versus NO to inhibition by ODQ that we report in our study
might be result not only of the sGC inactivation with ODQ,
but also an impairment of SNP biotransformation in the
presence of ODQ. Another possibility is that the concentration
range of SNP used in our experiments were insufficient to relax
the vessel when ODQ was applied. Of interest is the report that
after pretreatment of the rat aorta with ODQ, SNP- induced
relaxation only in very high concentrations (> 1 mMm) (Feelisch
et al., 1999).

Role of K" - channel activation to relaxation of HUA by
NO and SNP

SNP-induced relaxations in the HUA were completely
inhibited and those to NO were significantly reduced (by
approximately 60%) by increasing the extracellular concentra-
tion of K, thus suggesting that relaxation involves smooth
muscle hyperpolarization. K* channels and the transmem-
brane K™ gradient modify the membrane potential, thus
affecting the tone of the smooth muscle cells (Adeagbo &
Triggle, 1993) and the opening of K™ channels results in K*
efflux, hyperpolarization and relaxation (Edwards & Weston,
1994). We examined the contribution of K™ channels to SNP-
induced vasodilation using selective inhibitors of K™ channels
in the HUA pre-contracted with U46619. SNP failed to induce
relaxation when the extracellular concentration of K™ was
increased. We attribute this inhibition to the predicted
membrane depolarization elicited by elevated extracellular
K™ that interferes with SNP-induced relaxation in a similar
manner as we also report for HUA pre-contracted with 5-HT.
SNP-induced relaxations in the HUA were found to be
noticeably biphasic suggesting the role for two cellualar sites
of action. The relaxations induced with low concentrations of
SNP were significantly reduced by 4-AP or TEA treatment at
pECs5 but not pECs, levels (pEC; 6.27 and 6.29, respectively,
versus control 6.90) and were abolished by the sGC inhibitor,
ODQ. Recent studies have shown that NO can stimulate
charybdotoxin-sensitive K channels, either directly (Bolotina
et al., 1994) or via a cyclic GMP-dependent mechanism
(George & Shikata, 1995) and that cyclic GMP itself can
directly activate K™ channels (Robertson e al., 1993). Our
data indicates that at low concentrations, SNP induced
relaxation occurs through sGC and activating K* channels.

In contrast, at higher concentrations, SNP-induced relaxation
is mediated through a sGC-cyclic GMP pathway, but
independent of K™ -channel activation. In addition, the
involvement of two cellular mechanisms of action may also
explain the biphasic nature of the relaxation to SNP and our
observation that in the presence of K" channel inhibitors the
relaxation becomes monophasic. These data indicate that a
cyclic GMP-dependent K* channel-sensitive pathway can
mediate smooth muscle relaxation in the HUA.

We examined the contribution of K* channels to NO-
induced vasorelaxation using selective inhibitors of K™
channels in the HUA pre-contracted with U46619. Compara-
tive studies with TEA and the selective blockers, iberiotoxin,
charybdotoxin, apamin and glibenclamide, suggest that the
activation of a large conductance BK¢, channel and 4-AP-
sensitive voltage-gated Ky channels may contribute to NO-
evoked relaxation, but not small conductance Ca’"-activated
nor glibenclamide sensitive K tp channels. The inhibition of
NO-induced relaxation by both charybdotoxin and iberiotoxin
indicates that NO can activate BK, (Giangiacomo et al.,
1992; Kaczorowski et al., 1996), but charybdotoxin also
inhibits K, 1.2 and Kv 1.3 (Kaczorowski et al., 1996). 4-AP
also inhibited NO-induced relaxation in the HUA. 4-AP can,
at high concentrations, also inhibit BK¢, and K rp channels
(Hermann & Gorman, 1981; Nelson & Quayle, 1995) but at
the concentration of 0.5 mM used in the present study, it is
likely selective for K, channels. Thus, the inhibitory effects of
both 4-AP and charybdotoxin on NO-induced relaxation is
suggestive of a role for K, channels. High extracellular K*
concentration also produces a greater inhibition of NO-
induced relaxation than that reported for a combination of
K™ channel inhibitors (Figure 4). This may suggest that an
additional TEA and 4-AP insensitive, K" channel(s) con-
tributed to the NO- mediated vasorelaxation of the HUA and/
or that high extracellular K* produces effects other than
eliminating the role of K*-channel-mediated hyperpolariza-
tion.

In addition, neither the sGC inhibitor ODQ nor K™
channel blockers alone completely eliminated NO-induced
relaxation. We have, as already noted, reported similar
findings for the rat renal afferent arterioles (Trottier et al.,
1998). The cellular basis for the cyclic GMP/K " -channel-
independent action of NO is unknown, but may involve an
action on cellular metabolism (Briine et al., 1994; Cleeter et al.,
1994), activation of heat-shock protein 70 (Xu et al., 1997)
and/or an action subsequent to the formation of peroxynitrite
(Beckman & Koppenol, 1996).

No attempt was made to remove the endothelial cell layer
from the HUA since it was previously reported that the
endothelium of the HUA does not respond to endothelium-
dependent vasorelaxants with the release of an endothelium-
derived relaxing factor (EDRF) (Xie & Triggle, 1994). It is
thus unlikely that the presence of the endothelium and the
release of an EDRF affects the relaxation responses to NO and
SNP.

Conclusions

In conclusion, the present study provides evidence that
relaxation induced by authentic NO in the HUA is mediated
via both sGC-cyclic GMP-dependent and independent
mechanisms as well as K™ channel activation that, pre-
sumably, leads to hyperpolarization, whereas SNP-induced
relaxation is primary mediated via a cyclic GMP-dependent
mechanism and, at low concentrations, a cyclic GMP-
dependent activation of a TEA-sensitive K* channel(s). Based
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on studies of the effects of K* channel inhibitors, we conclude
that NO-mediated hyperpolarization is partly due to the
opening of K, and K¢, channels. In addition, since none of the
tested inhibitors could completely eliminate relaxation induced
by higher concentrations of NO (=1 uM), we suggest that an
additional, as yet unidentified mechanism(s) may be also
involved in NO-induced relaxation in the HUA. Furthermore,
we conclude that the relative contribution of voltage-
dependent and -independent mechanisms to relaxation is
influenced by the cellular processes mediating contraction.
Thus, the vasorelaxation response to NO in the presence of 5-
HT induced vascular tone is significantly lower than that
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