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Hal othane attenuates nitric oxide relaxation of rat aortas by competition
for the nitric oxide receptor site on soluble guanylyl cyclase
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Abstract

Endothelial cells play an important role in the regulation of vascular activity through the release of endothelium derived relaxing factor
(EDRF) now believed to be nitric oxide (NO). NO and the NO donor drug nitroglycerin relax vascular smooth muscle by stimulating
soluble guanylyl cyclase leading to elevation of intracellular levels of cyclic guanosine 3',5-monophosphate (cGMP). Halothane has been
shown to inhibit the action of NO on blood vessels. This study was designed to further investigate the mechanisms by which halothane
attenuates NO-induced vascular relaxations. This was done by examining the effects of halothane on nitroglycerin and NO-induced
relaxations in the presence and absence of the inhibitors of soluble guanylyl cyclase, methylene blue and 6-anilino-5,8-quinolinedione
(LY 83583). Thoracic aortas from anesthetized male Sprague—-Dawley rats were excised and cut into rings and the endothelium was
removed. The aortic rings were suspended in organ baths containing Krebs solution and equilibrated at their optimal passive tension.
When a stable plateau of contraction was produced by ECg4, concentrations of norepinephrine, increasing concentrations of nitroglycerin
or NO were added to the baths to relax the rings. This contraction—relaxation procedure was repeated three or four times. In some baths
hal othane was administered by a calibrated vaporizer 10 min before beginning the second procedure. Either methylene blue or LY 83583
was added to the baths 20 min before the third procedure. The combination of halothane, methylene blue or LY 83583 was added before
the fourth procedure. Halothane, methylene blue or LY 83583 significantly inhibited nitroglycerin-induced relaxation individually.
Halothane and LY 83583 also significantly inhibited NO-induced relaxations (5 107°-3x 1078 M and 5x 107 °-3x 10" % M,
respectively) individually. The combination of haothane and methylene blue or halothane and LY 83583 significantly inhibited
nitroglycerin-induced relaxation, also, the combination of halothane and LY 83583 significantly inhibited NO-induced relaxations.
Halothane, methylene blue and LY 83583 treatment led to rightward shift in the concentration—effect curves. Halothane, in combination
with methylene blue or LY 83583, produced inhibition equivalent to the sum of their individual effects. The present study demonstrates
that the halothane, methylene blue and LY 83583 attenuate nitroglycerin and NO-induced relaxations of endothelium-denuded rat aortic
rings. This suggests that hal othane, methylene blue and LY 83583 may act through competitive antagonism at a common site of action on
soluble guanylyl cyclase in the EDRF/NO relaxation pathway. © 1998 Elsevier Science B.V.
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1. Introduction of cyclic guanosine 3,5-monophosphate (cGMP).
Halothane has a variety of systemic and regional hemody-
namic effects. Several investigators have reported that
hal othane attenuated endothelium-dependent and -indepen-
dent vasodilation in vitro (Muldoon et al., 1988; Stone and
Johns, 1989; Toda et a., 1992; Uggeri et a., 1992; Hart et
al., 1993; Nakamura et al., 1994; Jing et a., 1995). It is
generally agreed that when vascular tissue is exposed to
halothane in vitro, halothane decreases vascular relaxation
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Endothelia cells play an important role in the regula-
tion of vascular activity through the release of endothelium
derived relaxing factor (EDRF) now believed to be nitric
oxide (NO). NO, and the NO donor drug nitroglycerin,
relax vascular smooth muscle by stimulating soluble
guanylyl cyclase leading to elevation of intracellular levels
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and rat vessels (Muldoon et a., 1988; Hart et a., 1993).
However, this activity is not a result of a specific in-
hibitory effect by halothane of NO synthase, the enzyme
which forms NO (Rengasamy et a., 1995). Instead, the
mechanism of the action of halothane on vascular smooth
muscle is thought to be an inhibition of soluble guanylyl
cyclase, the hemoprotein responsible for catalyzing the
conversion of GTP to cGMP. Halothane has been reported
to be metabolized by the heme containing cytochrome
P-450 and can be reduced by hemoglobin (Baker et a.,
1983). Therefore, we hypothesized that halothane acts
primarily on the heme site of soluble guanylyl cyclase in
interfering with the vasodilating actions of NO.

Methylene blue is an inhibitor of soluble guanylyl
cyclase and known to affect iron-containing proteins, such
as soluble guanylyl cyclase, by oxidizing protein-bound
heme ferrous irons (Gruetter et al., 1981; Martin et al.,
1985; Kelner et al., 1988; Mayer et al., 1993; Kawada et
al., 1994). LY 83583 (6-anilino-5,8-quinolinedione) is a
compound which has a chemical structure completely dif-
ferent from that of methylene blue, but has also been
reported to be an inhibitor of activation of soluble guanylyl
cyclase by NO or NO-producing vasodilators (Diamond,
1986; Malta et al., 1987; Mulsch et a., 1988; Torfgard et
al., 1990). Further, methylene blue and LY 83583 have
been reported to inhibit nitroglycerin-induced relaxation of
rat aortic rings by competitive antagonism (Malta, 1989;
Kawada et al., 1994). The suggested mechanism of this
inhibition was interference with soluble guanylyl cyclase.

The current studies used the soluble guanylyl cyclase
inhibitors methylene blue and LY 83583 to investigate the
actions of halothane on the NO pathway in isolated blood
vessels.,

2. Materials and methods

2.1. Isolated vessel preparation

Male Sprague-Dawley rats (300-450 g) were anes
thetized with halothane and thoracic aortas were carefully
excised and placed in Krebs solution of the following
composition (mM): 118.2 NaCl, 4.7 KCI, 2.5 CaCl,, 1.2
MgSO,, 1.2 KH,PO,, 25.0 NaHCO,, and 5.6 glucose (pH
7.4). The aortas were cleaned of adhering fat and connec-
tive tissue and cut into rings 3—4 mm in length. The
endothelium was gently removed from all rings by rotating
the rings around the tip of a small forceps.

The rings were suspended between two stainless steel
wire hangers inserted into the lumen of the aortain 25 ml
water jacketed organ chambers filled with Krebs solution
continuously aerated with 95%0,-5%CO, (37°C) The
lower hanger was attached to a hook and the upper hanger
to a force transducer (Grass FT 03; Quincy, MA), and
isometric tension was continuously recorded on Gould

recorders (Model RS 3400; Valley Views, OH). Four rings
from the same rat were tested simultaneously in separate
baths. They were equilibrated for 60 min in Krebs while
set at optimal tension of approximately 1.5 g, as deter-
mined previously by length tension experiments. The Krebs
was changed at 15 min intervals during equilibration.

2.2. Experimental protocol

Following equilibration, cumulative norepinephrine
(107°-10"°% M) was added to the baths to establish a
concentration—contraction curve. The absence of endothe-
lium was confirmed in each experiment in norepineph-
rine-contracted rings by lack of relaxation to acetylcholine
(1075 M). Following the establishment of a stable base-
line, an ECg4, concentration of norepinephrine was added
to the rings to produce an active contraction. When a
stable plateau was reached, a range of concentrations of
NO (5 x 107°~10"° M) or nitroglycerin (10~ °-5x 103
M) was added to the endothelium denuded rings to cause
relaxation. When maximal relaxation was reached, the
organ baths were repeatedly washed with fresh Krebs
solution to remove all vasoactive substances and reestab-
lish a stable baseline.

In order to examine the effects of 1 and 2 minimum
alveolar concentrations (3.4 x 10™* M and 7.2 X 10" * M
in Krebs solution, respectively) of halothane on nitroglyc-
erin-induced relaxations, this contraction /relaxation proce-
dure was repeated three times. Hal othane was administered
10 min prior to and throughout the second procedure.
Halothane was delivered from calibrated vaporizers (Fore-
goer DR 1, Smithtown, NY) to the O,/CO, mixture
aerating the Krebs. The concentrations of halothane in the
resulting gas mixtures were monitored by an infrared
analyzer (Datax, Model 254; Helsinki) which was cali-
brated using standard halothane calibration gas mixture.
Bath concentrations of halothane in Krebs were confirmed
by gas chromatography as previously described (Muldoon
et al., 1988).

In protocols examining the soluble guanylyl cyclase
inhibitors, methylene blue or LY 83583 was added to the
baths 20 min before the third contraction/relaxation pro-
cedure. Then a fourth procedure was done in which both
halothane (10 min prior to contraction /relaxation proce-
dure) and methylene blue or LY 83583 were administered.
Also, superoxide dismutase was added to the baths (300
U,/ml) to test its influence on the inhibition of nitroglyc-
erin by LY 83583.

Since halothane decreased contractile responses to nor-
epinephrine, the concentration of norepinephrine was in-
creased to achieve tension development during halothane
administration about equal to that before hal othane. Simul-
taneous time control rings were run for al experiments in
an identical manner but without halothane, methylene blue
or LY 83583.
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Fig. 1. Effects of halothane on nitroglycerin-induced relaxations of rat aortic rings without endothelium. Concentration—response curve for nitroglycerin on
norepinephrine contracted rat aortic rings before halothane treatment (), in the presence of 3.4 X 10™* M halothane () and 7.2 X 10~* M halothane
(a). Vaues are means+ S.EE.M. ~ Significantly different from pre-anesthetic. TSignificantIy different from 3.4 x 10~% M haothane treated group

(P<0.05 n=5).

The effect of halothane on the response to cGMP
analog 8-bromo guanosine 3':5-cyclic monophosphate (8-
bromo cGMP) was aso examined. The response of the
ECg norepinephrine contracted rings to 8-bromo cGMP
(4 107° M) were compared in the presence or absence
of 1 and 2 minimum aveolar concentrations of hal othane.

2.3. Nitric oxide preparation

NO solutions were prepared immediately prior to use,
under anaerobic conditions by a modified method of Gille-
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spie and Sheng (1988). To generate NO, sodium nitrite (10
ml, 0.27 g/ml) was added (at a rate of 30 drops per
minute) to a 50 ml round bottom flask with a side septum
inlet in which FeCl,-4H,0 (4.0 g) was dissolved in
deoxygenated 4 M HCI solution (20 ml). To prepare a
saturated NO stock solution (1.9 X 1072 M), 10 ml NO
gas was removed from this reaction flask and injected into
another gas-tight flask containing 100 ml deoxygenated
water. Gas tight syringes were used for transfer of NO
solutions to the tissue baths. Final bath concentrations of
NO ranged from 5x 1079 to 107° M.

—{3— Pre-Treatment
-~y Halothane

----O----  Methylene Blue
---fi--- Methylene Blue+Halothane

Nitroglycerin (-log M)

Fig. 2. Effects of halothane and methylene blue on nitroglycerin-induced relaxations of rat aortic rings without endothelium. Concentration—response curve
for nitroglycerin on norepinephrine contracted rat aortic rings before drug treatment (), in the presence of 7.2 x 10~% M halothane (), 1075 M
methylene blue (O) and combination of 10~5 M methylene blue and 7.2 X 10~* M halothane (m). Values are means + S.E.M. “ Significantly different
from control. TSignificantly different from halothane treated group. T gnificantly different from methylene blue treated group (P < 0.05, n=5).
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Fig. 3. Effects of halothane and LY 83583 on NO-induced relaxations of rat aortic rings without endothelium. Concentration—response curve for nitric
oxide on norepinephrine contracted rat aortic rings before drug treatment (0), in the presence of 7.2 X 10~% M halothane (a), 5x 1077 M LY 83583
(O) and combination of 5x 10~7 M LY 83583 and 7.2 X 10~* M halothane (m). Vaues are means + SE.M. " Significantly different from control.

TSignificantIy different from halothane treated group. "Significantly different

2.4. Chemicals and drugs

The following chemicals were used: acetylcholine chlo-
ride, norepinephrine HCI, methylene blue, superoxide dis-
mutase (Sigma Chemical, St. Louis, MO); nitroglycerin
(Marion Laboratories, Kansas City, MO); 6-anilino-5,8-
quinolinedione (LY 83583, Cabiochem, La Jolla, CA);
halothane (Halocarbon, N. Augusta, NC).

2.5. Data analyses

Relaxations caused by nitroglycerin or NO are ex-
pressed as a percent of the active tension produced by
norepinephrine. All data are expressed as means + standard
errors of the means. Statistical analyses of concentration—
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from LY 83583 treated group (P < 0.05, n= 5).

effect data were performed by repeated measures analysis
of the variance between experimental groups followed by
Student—Newman—Keuls test when appropriate. A P <
0.05 was considered significant. Lines were fit by a least
square linear regression model. Comparison of slope and
intercept were by analysis of variance.

3. Reaults

3.1. Effects of halothane on nitroglycerin-induced relax-
ations

Halothane (1 and 2 minimum alveolar concentrations,
34x%x107* M and 7.2x10"* M in Krebs solution, re-
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--O--- LY83583 +SOD
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Fig. 4. Effects of halothane and LY 83583 on nitroglycerin-induced relaxations of rat aortic rings without endothelium. (A) Concentration—response curve
for nitroglycerin on norepinephrine contracted rat aortic rings before drug treatment (0), in the presence of 7.2 X 10~* M halothane (A ), 5% 1077 M LY
83583 (O) and combination of 5x 10~ M LY 83583 and 7.2 X 10~ * M halothane (m) in the presence of 300 U /ml superoxide dismutase. Values are
means + SE.M. * Significantly different from control. "Significantly different from halothane treated group. "Significantly different from LY 83583 treated

group (P < 0.05, n=5).
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spectively) decreased contractions of endothelium-denuded
rat aortas in response to norepinephrine. The concentra
tions of norepinephrine used to contract the aortic rings
during halothane (1078 M for 3.4 x 10"* M and 2 X 10~ 8
M for 7.2 X 10~* M) were increased to achieve contrac-
tions (1.9 + 0.3 g) approximately equal to those of the
pre-anesthetic group which was contracted (2.0 + 0.2 g)
with 5x 10°° M norepinephrine. The increase in nor-
epinephrine concentration has previously been shown not
to inference the relaxant responsiveness to NO-dependent
vasodilation (Jing et a., 1996). There were no significant
differences in norepinephrine-induced contractions be-
tween pre-treatment, anesthetic and LY 83583 or methy-
lene blue treatment groups, nor with the time control
group. Nitroglycerin (range 10 °-10"°% M) produced
concentration dependent relaxations (ECgy =24 0.2 X
107° M). At 3x10°7 M, nitroglycerin caused 100%
relaxation. The concentration—response curves to nitro-
glycerin in the control rings were reproducible. Halothane
(3.4x10°* M) antagonized nitroglycerin-induced relax-
ations and caused a 3.2-fold parallel shift in the curve of
the log concentration response profile without a decrease
of maximal effect. Halothane (7.2 x 104 M) also caused
aparalle shift (16 fold) in the nitroglycerin dose—response
curve. (Fig. 1

3.2. Effects of halothane on NO and nitroglycerin-induced
relaxations in the presence and absence of methylene blue
and LY 83583

The concentrations of norepinephrine (3.2 x 10°° M)
which produced 60% of maximal contraction of control
groups and methylene blue or LY 83583 treated groups
were not significantly different. The concentration—re-
sponse curves of nitroglycerin and NO in the control rings
were reproducible. Methylene blue (10™° M) pretreatment
antagonized nitroglycerin-induced relaxation causing a par-
alel rightward shift (100 fold) in the concentration—re-
sponse curve. The methylene blue rightward shift was
parallel to the halothane curve. The combination of methy-
lene blue (107° M) and 7.2 X 10~* M halothane led to an
even more significant parallel rightward shift of the curve.
However, this combination did not affect the maximal
response to nitroglycerin. The shift in the nitroglycerin
concentration—response curve caused by a combination of
methylene blue and halothane was about equa to the
logarithmic sum of their individual logarithmic EC., value
(Fig. 2).

NO caused concentration dependent relaxations be-
tween 5X 10°° M and 10~° M. Halothane (7.2 x 10™*
M) significantly attenuated relaxations from 5x 107° M
to 3xX10°% M and led to a parallel 2.8-fold rightward
shift in the NO concentration response profile. LY 83583
(5x 1077 M) caused a parallel 14.1-fold rightward shift.
The combination of LY 83583 and halothane had greater

inhibitory effects than either agent alone, and produced
effects that were about equal to the sum of each antagonist
alone by comparing the logarithmic EC,, concentrations
of relaxant in the absence and presence of inhibitors (Fig.
3.
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Fig. 5. (A) The double-reciprocal plots inhibition of nitroglycerin-induced
relaxations of rat aortic rings before and during 3.4x10™* M and
7.2x10~* M halothane. Data and symbols are same as in Fig. 1. (B) The
double-reciprocal plots of nitroglycerin-induced relaxations of rat aortic
rings before and during 7.2Xx10°4 M halothane, 10°° M methylene
blue, and 7.2x 10~* M halothane plus 10~° M methylene blue. Data and
symbols are same as in Fig. 2C. The double-reciprocal plots of nitric
oxide-induced relaxations of rat aortic rings before and during 7.2x 10™*
M halothane, 5x10~7 M LY 83583, and 7.2x10~% M halothane plus
5% 1077 M LY 83583. Data and symbols are same as in Fig. 3. The data
points are mean values of five separate determinations. Ordinate is the
reciprocal of response/max response (e.g. A/ A, )- Abscissa represents
reciprocal of concentrations of nitroglycerin or NO (e.g. 1/nM).



222 M. Jing et al. / European Journal of Pharmacology 342 (1998) 217-224

In the presence of superoxide dismutase, LY 83583
(5x 1077 M) till inhibited nitroglycerin-induced relax-
ation but did not alter the maximal response to nitroglyc-
erin. The combination of LY 83583 and haothane had
greater inhibitory effects than either agent alone but also
did not alter the maximal response to nitroglycerin. The
combination of LY 83583 and halothane caused a right-
ward shift in the nitroglycerin concentration—response
curve (Fig. 4).

3.3. Analysis of antagonism of halothane, LY 83583 and
methylene blue on NO or nitroglycerin-induced relaxations

The effects of halothane, LY 83583 and methylene blue
on NO or nitroglycerin-induced relaxations were evaluated
by double reciprocal plots (Lineweaver—Burke relation-
ship) as shown in Fig. 5. Fig. 5A shows that 3.4 X 10 % M
and 7.2 X 10~* M halothane had the same maximal effects
(eg. E,,), a seen by the common intercept on the
ordinate on nitroglycerin-induced relaxation. This indicates
that halothane has a competitive inhibition pattern with
respect to nitroglycerin in its site of action. 7.2 X 1074 M
hal othane was more potent than 3.4 X 10~* M halothane.
Methylene blue (10~° M) and a combination of methylene
blue (1075 M) and 7.2 X 10~* M halothane also had the
same E.,, which is consistent with similar competitive
antagonistic effects on nitroglycerin-induced relaxation
(Fig. 5B). There was aso competitive antagonism by LY
83583 (5 x 10~ " M) on NO-induced relaxations. Hal othane
(7.2 X 10~* M), and the combination of halothane and LY
83583 (5 10~ M) also inhibited NO-induced relaxation
through a competitive antagonism (Fig. 5C).

3.4. Effects of halothane on 8-bromo cGMP-induced relax-
ations

The cGMP analog 8-bromo cGMP (4 X 10~° M) caused
relaxation of norepinephrine-contracted rat aortic rings (88
+ 4.5%). Halothane (3.4 X10™* M and 7.2 X 10" * M)
did not significantly inhibit the relaxation (69 + 11.3% and
86 + 6.6%, respectively).

4, Discussion

Clinically relevant concentrations of halothane attenu-
ated NO and nitroglycerin-induced relaxations of rat aortic
rings. The halothane-induced shifts in the vasodilator con-
centration—response curves were parallel, without reduc-
tions in the maximal effects. These effects of halothane
were similar to, and additive with, those of the soluble
guanylyl cyclase inhibitors methylene blue and LY 83583,
agents which have been reported to interact competitively
with NO at its binding site on soluble guanylyl cyclase
within the smooth muscle. These results suggest that
hal othane acts at the same soluble guanylyl cyclase site as

methylene blue and LY 83583 to inhibit the actions of NO
by a competitive mechanism.

A number of investigators have reported that hal othane,
and other halogenated hydrocarbon anesthetics, interfere
with the important EDRF pathway in blood vessels from
various species, as well as with the actions of NO and NO
donors (such as nitroglycerin) on these blood vessels
(Muldoon et al., 1988; Stone and Johns, 1989; Toda et al.,
1992; Uggeri et a., 1992; Hart et al., 1993; Nakamura et
a., 1994; Jing et a., 1995). This vasodilator pathway
involves a sequence of steps. Nitric oxide is formed in the
endothelium by the activation of the enzyme NO synthase
which acts on L-arginine. Once formed, NO diffuses out of
the endothelium with some entering the underlying vascu-
lar smooth muscle where it binds to and activates soluble
guanylyl cyclase. This enzyme catalyzes the conversion of
GTP to cGMP. The rise in cGMP initiates reactions that
result in relaxation of the smooth muscle. Phosphodi-
esterase then terminates the action of the cGMP (Furchgott
and Vanhoutte, 1989; Nathan, 1992). Where in this se-
guence of steps halothane may be acting has not been
clearly established.

We have suggested that halothane is acting at the level
of the soluble guanylyl cyclase within the vascular smooth
muscle, where it competes with NO for its binding site.
Originally, this hypothesis was based on reports that the
halogenated hydrocarbons have a high affinity for ferrous
heme proteins and that these anesthetics are metabolized
by a variety of heme proteins including cytochrome P-450
(Baker et d., 1983). Both NO synthase (in the endothe-
lium) and soluble guanylyl cyclase (in the smooth muscle)
are heme-containing proteins (Ignarro, 1994; Masters et
al., 1996), and therefore potential sites for halothane ef-
fects. However, we had observed that the endothelium was
not required for the attenuating effects of halothane on the
relaxing actions of NO. Additionally, the actions of NO on
a partialy purified liver soluble guanylyl cyclase were
inhibited by halothane (Jing et al., 1995). Thus, the most
likely site for these actions of halothane is at the ferrous
heme of the soluble guanylyl cyclase, the same site for NO
binding.

In our studies, we found some differences in magni-
tudes of nitroglycerine and NO responses during halothane.
However, responses to 10~ M and higher concentrations
of NO and responsesto 3 x 10~" M and higher concentra-
tions of nitroglycerine in the absence and presence of
halothane were not significantly different, these results
may reflect the different potencies and durations of action
between NO and nitroglycerine. The fact that higher con-
centrations of NO and nitroglycerine could overcome the
inhibition by halothane demonstrated the competition be-
tween halothane and NO or nitroglycerine. The most im-
portant point, however, is not the difference in magnitudes
of responses, but in the apparent similar mechanisms of
inhibitory effects of halothane on both NO and nitroglycer-
ine relaxations.
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The current results with methylene blue and LY 83583
add another line of evidence to support this hypothesis.
Although chemically very different, there is strong evi-
dence that the primary action of both methylene blue and
LY 83583 is soluble guanylyl cyclase inhibition, and that
they both act by competing with NO for the ferrous heme
binding site on this enzyme. Craven and De Rubertis
(1978) observed that soluble guanylyl cyclase was only
effective in the ferrous, but not the ferric state and that
methylene blue effectively oxidized the ferrous to the
ferric form as the basis for its inhibitory effect. Malta
(1989) reported that both methylene blue and LY 83583
significantly inhibited nitroglycerin-induced relaxation of
rat aortic rings by competitive antagonism, with LY 83583
being the more selective antagonist. Likewise, Kawada et
al. (1994) also reported that LY 83583 and methylene blue
inhibited nitroglycerin as well as NO induced relaxation of
rat, rabbit and guinea pig aortas in a competitive manner,
and that they both decreased cGMP accumulation. The
paralle shifts in the NO and nitroglycerin concentration—
response curves caused by methylene blue and LY 83583
that we observed, support the findings of these previous
reports.

Although most evidence indicates that the primary ac-
tion of methylene blue and LY 83583 is the inhibition of
soluble guanylyl cyclase, these agents may have other
actions aswell, including inhibition of NO synthase (Brandit
and Conrad, 1991). However, in the present study, only
endothelial denuded vessels were used. Therefore, NO
synthase inhibition was not a factor. There have also been
several reports (Gillespie and Sheng, 1990; Hobbs et 4.,
1991; Rajanayagam et a., 1993) that LY 83583 may
inhibit NO-induced relaxation of non-vascular smooth
muscle by the generation of superoxide anions, as this
effect was blocked by superoxide dismutase (Barbier and
Lefebvre, 1992). In our study, the inhibition of LY 83583
of nitroglycerin-induced relaxation was not influenced by
superoxide dismutase. In addition, in previous studies we
found that the inhibitory effects of halothane on acetyl-
choline-induced relaxations of the rat aorta were not
changed by superoxide dismutase pretreatment (Hart et al.,
1993). Therefore, it is unlikely that generation of superox-
ide anions by LY 83583 played a role in our current
findings.

In addition to providing evidence for soluble guanylyl
cyclase being the site of action of halothane, our results
also indicate that the mechanism of action of halothane is
by competitively inhibiting the actions of NO. This is
supported by the parallel double-reciprocal plots with simi-
lar E,, Of the NO concentration—response curves in the
presence of the combinations of halothane and methylene
blue or LY 83583.

In order to further investigate the mechanism of
halothane on the NO-cGMP pathway, we used the cGMP
analog 8-bromo cGMP, which can mimic the action of
cGMP intracellularly, to produce relaxation. Halothane did

not cause significant inhibition of 8-bromo cGMP-induced
relaxation. This result suggests that hal othane acts on a site
prior to cGMP in the NO—cGMP pathway. Because we
used endothelium-denuded rings to eliminate influences on
nitric oxide synthase, this indicates that the most likely site
of halothane's action may be on the sGC.

In summary, the current studies using the soluble
guanylyl cyclase inhibitors methylene blue and LY 83583,
provide additional evidence that halothane interferes with
the NO pathway in vascular smooth muscle by competi-
tively inhibiting the actions of NO at the ferrous heme site
of soluble guanylyl cyclase. This action can account for
the reduced responses of vessels to NO and NO-donating
drugs in the presence of halothane.
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