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Endothelium-derived Relaxing Factor Is Not Responsible for

Inhibition of Hypoxic Pulmonary Vasoconstriction by

Inhalational Anesthetics

Carol Marshall, Ph.D.,* Bryan E. Marshall, M.D., F.F?.C.P.T

Inhalational anesthetics inhibit hypoxic pulmonary vasocon-
striction (HPV). One mechanism suggested for this action is stim-
ulation of release of endothelium-derived relaxing factor. The pres-
ent study has tested this hypothesis. These studies were performed
in 66 ventilated and perfused isolated rat lungs. There were three
study protocols. Study 1 examined the effect on HPV of the inhibition
of soluble guanylate cyclase by methylene blue (MB). In the presence
or absence of MB, the lungs constricted to hypoxia with pulmonary
artery pressure increases of 8.6 + 0.2 cmH,0 and 11.5 + 0.4 cmH,0,
respectively, and halothane, enflurane, and isoflurane caused a re-
versible 50% decrease in the pulmonary pressor response, but ace-
tylcholine (ACh) was vasodilatory in the saline group and vasocon-
strictor in the MB group. In Study II a dose-response curve was
established for the potent stimulator (Sin 1) of the enzyme guanylate
cyclase. In the presence of MB the dose-response curve for Sin 1
was shifted to the right with an increase in the EDs, for Sin 1 from
44 uM for the control to 85 uM for the MB group. In Study III,
baseline pulmonary artery pressure was increased with U46619, and
the hypoxic pressor response was increased (28.9 * 2.5 cmH;0), but
halothane again caused a 50% decrease (11.0 + 1.8 cmH,0) in the
response to hypoxia. In summary, when soluble guanylate cyclase
activity is inhibited by MB, the inhibition of hypoxic pulmonary
vasoconstriction by halothane, isoflurane, or enflurane was unal-
tered, and release of endothelium-derived relaxing factor (EDRF)
is therefore not an essential mechanism underlying this action. (Key
words: Anesthetics, volatile: halothane, isoflurane, enflurane. Lung,
isolated, blood flow: hypoxic pulmonary vasoconstriction. Methylene
blue. Parasympathetic nervous system: acetylcholine.)

ALVEOLAR HYPOXIA and/or hypoxemia cause constric-
tion of pulmonary arteries (hypoxic pulmonary vasocon-
striction [HPV]) and inhalational anesthetics inhibit this
constriction in a dose-dependent manner.! The mecha-
nisms by which hypoxia causes constriction and inhala-
tional anesthetics inhibit this response are unknown.

One hypothesis is that alveolar hypoxia and/or hypox- -

emia reduce the production of the endothelium-derived
relaxing factor (EDRF)? and that inhalational anesthetics
interfere with this sequence. Blaise ef al.® presented data
suggesting that the vasodilatory action of isoflurane on
systemic vessels was through its action on endothelial cells;
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and Muldoon et al.* reported that inhalational anesthetics
reduced the ability of some systemic vessels to dilate in
response to a vasodilator and this too was endothelium-
related.

Endothelial cells contribute to vasodilation through the
release of endothelium-derived relaxing factor (EDRF).5
Endothelium-derived relaxing factor is synthesized and
released from endothelial cells on stimulation by a number
of agents such as acetylcholine, adenosine diphosphate
(ADP), and the calcium ionophore, A23187.% Endothe-
lium-derived relaxing factor diffuses to the vascular
smooth muscle, where it activates the soluble form of
guanylate cyclase. This enzyme converts guanosine tri-
phosphate (GTP) to cyclic guanosine monophosphate
(cGMP). The concentration of cGMP has been found to
have a positive correlation with vascular smooth muscle
relaxation.”® Methylene blue (MB) prevents activation of
this guanylate cyclase in the vascular smooth muscle and
thus prevents relaxation through the cGMP pathway.?
The present study has used this property of methylene
blue to investigate four questions; Does MB inhibit gua-
nylate-cyclase-dependent responses in the whole lung?
Does MB alter the HPV response? What effect does MB
and therefore the inhibition of the action of EDRF have
on the reduction of hypoxic pulmonary vasoconstriction
by inhalational anesthetics? Does increased tone in the
pulmonary vasculature change the response to pulmonary
hypoxia or change the inhibitory action of an inhalational
anesthetic on HPV?

Methods

Following institutional approval, 66 adult female rats
were anesthetized by an intraperitoneal injection of so-
dium pentobarbital (30 mg/kg). A jugular vein was ex-
posed and cannulated and either methylene blue (30 rats)
or saline (36 rats) was slowly infused; the milligram dose
of MB infused was based on 0.04 times the rat’s body
weight in grams, and this gave a concentration in the
whole animal of approximately 1 X 107 M.

The MB was allowed to circulate in the anesthetized
animal for 45 minutes. At the end of this time, a trache-
ostomy was performed, the lungs were exposed by means
of a sternotomy, and 100 IU of heparin was injected into
the heart. Both the pulmonary artery and left ventricle
were cannulated. The pulmonary artery cannula was ““t”
shaped and one arm of the “t”* was attached to a Statham”
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transducer for measurements of pulmonary artery pres-
sure. A perfusate solution was pumped from a heated
reservoir by a Harvard® peristaltic pump through a pe-
diatric Fenwal® filter into the pulmonary artery. The rate
of flow was maintained constant at 0.06 ml-g body
weight™' - min™! and the perfusate was returned to the
reservoir by the left ventricular cannula. The perfusate
consisted of half blood and half physiologic salt solution'®
containing 3% bovine albumin and sodium meclofenam-
ate (5 mg/Il). The blood was obtained from anesthetized
donor rats by means of a cardiac puncture.

The lungs were removed from the chest cavity and
suspended in a heated chamber and were ventilated at
60 breaths per minute with a Harvard” Rodent ventilator
with a normoxic gas mixture (21% oxygen, 5% carbon
dioxide, balance nitrogen) and a minute volume of 180
ml/min. A positive end-expiratory pressure of 2 cmH,0O
was applied. An additional amount of MB was added to
the reservoir at this time for studies numbered I and 11,
to obtain a final MB concentration of 0.5 X 107% M, and
the same volume of saline was added to the reservoir for
the saline groups.

The lungs were allowed to stabilize for 30 min, during
which time they were ventilated with the normoxic gas
mixture. At the end of this period the isolated lungs were
challenged for 6 min with an hypoxic gas mixture (3%
oxygen, 5% carbon dioxide, balance nitrogen) followed
by a 6-min normoxic ventilation. This pattern of venti-
lation was repeated at least three times until the pulmo-
nary artery pressure response to hypoxia stabilized. This
procedure was perforined in all animals before the com-
mencement of the studies.

To answer each of the specific questions, the animals
then were assigned to three different study protocols.

STUDY

Study I concerned the effect of methylene blue on in-
hibition of hypoxic response by inhalation anesthetics (24
methylene blue rats, 24 saline rats).

The isolated lungs were challenged for 10 min with
the hypoxic gas mixture (Phase I), and 5 min into the
hypoxic challenge, acetylcholine was infused into the pul-
monary artery to achieve a concentration of 0.5 X 107°
M. At this time, the saline and methylene blue groups of
rats were each further subdivided into four groups to
obtain a total of eight groups, each containing six rats.
Group 1 (control) consisting of six saline and six MB rats,
received no anesthetic. Groups 2, 3, and 4 received the
halothane, isoflurane, or enflurane, respectively. The an-
esthetics were introduced into the ventilatory circuit by
diverting the inspired gases through a calibrated Drager®
vaporizer set to deliver the percent anesthetic vapor that
causes an approximate 50% depression of the hypoxic
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response'; halothane (0.57%), isoflurane (0.69%), and
enflurane (1.1%).

After 20 min, to allow equilibration of the anesthetic
vapor in the circuit, the isolated lungs were challenged
for 10 min with the hypoxic gas mixture (Phase II) con-
taining the same concentration of anesthetic, 5 min into
the hypoxic challenge acetylcholine was added to the res-
ervoir.

The anesthetic administration was discontinued and
allowed to dissipate from the circuit over a 20-min period.
The hypoxic challenge then was performed two more
times (Phases III and IV) with acetylcholine added to the
reservoir 5 min into the hypoxic challenge. Each of these
hypoxic challenges was separated by 20 min of normoxic
ventilation.

StuDpY Il

Study II concerned the effect of methylene blue on the
action of Sin 1 (six methylene blue rats, six saline rats).

The lurigs were ventilated with an hypoxic gas mixture,
and 5 min into the hypoxic response, increasing doses of
Sin 1 (3-morpholino-sydnonimine-hydrochloride, the ac-
tive principle of Molsidomine; Cassella AG, Frankfurt,
FRG)(1 X 107%M;1 X 1075M;5 X 107° M; 1 X 107 m;
1 X 1073 M) were injected into the pulmonary artery at
2-min intervals. Two minutes after the final Sin 1 injec-
tion, the ventilatory gas was returned to normoxia for 10
min. The lungs were finally rechallenged with the hypoxic
gas mixture for 10 min, followed by the normoxic gas.

StuDyY III

Study III concerned the influence of baseline tone on
the hypoxic pulmonary pressor response (six rats).

Before the equilibration period, the thromboxane
mimic, U46619, (Upjohn Co., Kalamazoo, MI) was in-
jected into the pulmonary artery until a baseline pressure
was obtained that was greater than the initial baseline
pressure in the methylene-blue-treated animals {(total
U46619 injected was 0.3 ug). At the end of the stabili-
zation period and after the three successive hypoxic re-
sponses, the study began. The lungs were challenged with
the hypoxic gas mixture for 10 min followed by the nor-
moxic gas mixture, after which the inhalational anesthetic
halothane was introduced into the ventilatory circuit, in
a similar manner to Study I. After 20 min, the isolated
lungs were challenged with the hypoxic gas mixture for
10 min. The normoxic gas then was restored and the
anesthetic was allowed to dissipate over a 20-min period.
The lungs then were rechallenged with the hypoxic gas
mixture, and then after 10 min of normoxia, the final
hypoxic challenge was imposed.

In all studies, measurements of Pg, and Pco, of the
ventilated gases and of pulmonary artery pressure and
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airway pressure were recorded on a Grass eight-channel
recorder and the pressor responses derived as shown in
figure 1 and explained in the legend. The concentration
of inhalation anesthetics contained in the perfusate was
measured by gas chromatography.'' The concentration
of anesthetics in the inspired gas mixture were measured
on a Perkin Elmer” MGA 1100 Mass Spectrometer. The
body weight, airway pressure, temperature, hematocrit,
pH and final lung (wet-dry)/dry weight also were re-
corded. The data were analyzed by a two-way mixed de-
sign analysis of variance (ANOVA), and differences be-
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FIG. 1. Observation for representative animals from the saline:halo-
thane group (B) and MB: halothane group (A). The middle two tracings
are of the oxygen tension of the ventilatory gas and indicate the hypoxic
and normoxic sequence and the airway pressure. The top tracing is of
the pulmonary artery pressure from the MB: halothane group. The
arrow marked “hal. on” and “hal. off” indicate when halothane was
added to and removed from the ventilatory circuit. The arrow marked
“Ach,” indicates the time acetylcholine was infused into the pulmonary
artery. The pressor response to hypoxia was measured after 5 min,
immediately before Ach, and the response to Ach was measured 5 min
later. The construction for deriving these pressor responses is indicated
in the diagram and was performed as follows: a line was drawn con-
necting the baseline before and after the hypoxic challenge. The dif-
ference between this interpolated baseline and the observed pulmonary
artery pressure at 5 min was recorded as the hypoxic pressor response.
The measurement for the acetylcholine response was made at 10 min
after commencement of the hypoxic challenge and was the difference
between the pulmonary pressure at 5 min and at 10 min of hypoxia.
The recording demonstrates the dilator response to Ach in the saline
group and the reversal to a constrictor response in the MB group, and
yet HPV response was equally present and well maintained in both
groups. It also demonstrates a 50% depression of the HPV response
with halothane with and without MB and also that the responses to
Ach were still constrictor in the MB group and dilator in the saline

group.
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tween means compared by Neuman-Keuls test, with sig-
nificance at P < 0.05.'% Additional statistical analysis are
indicated in the text.

Results

For those conditions that did not differ between the
studies, the following overall mean values (mean + SE)
were derived: body weight, 298.0 + 3.5 g; temperature,
38 £ 0.10° C; mean airway pressure, 5.6 * 0.6 cmH,0;
hematocrit, 19.9 + 0.2%. For those groups pretreated
with saline instead of methylene blue, the lung water con-
tent did not differ between the groups and the overall
mean value was 4.27 + 0.05 ml water/g dry weight. The
lung water measurement for the groups receiving MB
again did not differ between groups, but the overall mean
value of 6.02 + 0.2 ml water/g dry weight was signifi-
cantly greater than that observed for the saline groups.
The overall airway pressure for the saline group was 5.5
% 0.3 cmH;0, and for the methylene blue group was 5.6
+ 0.3 cmH,0, and these were not significantly different.

StuDpY ]

Effect of Methylene Blue on Inhibition of Hypoxic Response
by Inhalation Anesthetics

Table 1 shows the mean baseline pressure data and
statistical analysis for each of the four phases for the eight
groups of animals. The pattern of change between the
individual groups receiving saline did not differ, but was
different from those receiving MB. The individual saline
groups and MB groups have therefore been combined.
The combined initial baseline pressure for the saline
groups (n = 24) at Phase I was 16.8 + 0.3 cmH30, and
by Phase IV there was a significant increase in the baseline
pressure to 21.0 + 0.4 cmH;O. For the methylene blue
group, the combined baseline pressure data from the four
groups for Phase I was 21.7 + 0.7 cmH;0, and this sig-
nificantly increased with time to 29.5 + 2.0 cmH0. The
baseline pressures were significantly greater for the MB
group compared with the saline group at the beginning
and end of the study.

The data and statistical analysis for the mean hypoxic
pressor response before acetylcholine, with and without
anesthetics, are presented in Table 2. The pressor re-
sponse in the saline group progressively decreased (Phase
I versus Phase IV), whereas that in the MB groups pro-
gressively increased so that by Phase IV, the combined
pressor responses to hypoxia in the saline groups were
significantly less than that of the MB groups (6.0 £ 0.1
cmH,0 and 12.6 # 0.5 cmH,0, respectively). This result
was not dependent on the administration of an inhala-
tional anesthetic agent, as the groups not receiving in-
halational anesthetics had a similar pattern in their pressor
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TABLE 1. Baseline Pulmonary Artery Pressure (cmH,0)
PHASES
Groups* 1 2 3 4

Saline + no anesthetic 18.2 19.6 21.1 23.1F

0.9 0.9 0.9 1.1
Saline + halothane 16.7 16.9 18.6 20.3+

0.5 0.6 0.7 0.9
Saline + isoflurane 14.5 15.6 16.7 17.9%

0.4 0.5 0.6 0.8
Saline + enflurane 18.0 19.0 20.2 22,7

. 0.4 0.4 0.5 0.7

MB -+ no anesthetic

23.0 23.2 25.6 28.9%

MB + halothane 2.3 1.9 3.0 5.8
22.5 23.8 29.2 37.7%

MB + isoflurane 2.0 2.2 3.8 6.3
18.5 194 21.7 26.3¢

MB + enflurane 0.8 1.1 1.2 1.2
22.6 23.2 23.9 25.2¢

0.6 0.8 0.7 0.5

n = 6 for each group; mean =+ SE.
* Inhalation anesthetic was only administered during phase 2.
1 Significantly different from phase 1.

responses to hypoxia (Table 2). In all the saline groups,
the addition of acetylcholine resulted in dilatation,
whereas for the MB groups the response was constrictor,
and this difference was significant at all phases. The ad-
dition of anesthetic at Phase II caused a significant re-
duction in the pulmonary pressor response in all the
groups. In the methylene blue groups, the increase in
pressure due to acetylcholine was significantly reduced
(fig. 1) in the presence of anesthetics, and in the saline
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groups the dilator response to acetylcholine was signifi-
cantly reduced compared with Phase I (by Student’s ¢ test).

The elimination of anesthetic from the circuit caused
a return of the hypoxic pressor response. In the case of
the methylene blue groups, the magnitude of the hypoxic
pulmonary pressor response and the response to acetyl-
choline were restored to that of Phase I by 20 min (Phase
III) and significantly exceeded that response by 30 min
(Phase IV). In the saline groups, the hypoxic response at
Phases 111 and IV did not return to the original pressor
values (Phase I), and progressive reductions in responses
were apparent although the response to acetylcholine re-
mained dilator. The mean partial pressures for each of
the inhalation anesthetics in the perfusate during Phase
IT were for halothane, 3.5 + 0.1 mmHg; for isoflurane,
5.4 £ 0.3 mmHg; and for enflurane, 5.4 + 0.2 mmHg.
No significant differences in the effect of the different
anesthetics on the hypoxic response or the response to
acetylcholine were observed.

In summary, the combined data of Phase I for animals
that subsequently received inhalational anesthetics during
Phase 11 in the presence of saline (n = 18) was a significant
decrease in the hypoxic pressor response from 11.6 = 0.6
cmH;3O to0 8.9 * 0.4 cmHO (Phase I) when acetylcholine
was added. The addition of inhalational anesthetic caused
a 60% decrease (Phase I vs. Phase II) in the pressor re-
sponse to hypoxia and a further decrease in the pressor
response in the presence of acetylcholine (4.6 + 0.3
cmH,0 to 3.9 * 0.4 cmH0). In the MB groups, the
combined data (n = 18) showed a significant increase in
the pressor response Phase I (8.6 & 1.0 cmH;0 to 11.0

TABLE 2. Hypoxic Pressor Response (cmH,0) (pressure during hypoxia-base line pressure)

Phases
1 3 4

Before With Before With Before With Before With
Groups* ACH ACH ACH ACH ACH ACH ACH ACH
Saline + no anesthetic 11.3 9.2 9.0 7.3 7.9 6.2 6.8 5.7
0.1 1.0 1.7 1.3 2.0 1.6 2.6 1.9

Saline + halothane 11.7 9.5 5.2 4.2 8.2% 6.7 6.2 5.7
1.1 0.9 0.8 0.7 1.1 1.0 1.8 1.5

Saline + isoflurane 1.3 8.0 2.7F 3.0t 7.8t 5.6 6.1 4.8
0.6 0.3 0.5 0.3 0.9 0.5 1.4 0.8

Saline + enflurane 11.7 9.2 5.71 4.5% 777 5.7 4.8% 3.9%
1.3 1.0 1.1 0.9 1.4 0.9 1.0 0.6

MB + no anesthetic 8.7 12.2 8.0 13.7 12.2 17.8% 15.8% 22.2¢
1.1 1.6 1.1 1.9 1.6 1.9 1.9 3.6

MB + halothane 9.9 13.1 3.3¢ 6.37 8.3 15.1 13.2 21.2%
11 1.2 0.5 0.3 1.6 1.6 2.5 2.1

MB + isoflurane 6.7 8.4 2.5¢ 4.3t 8.2 13.7¢ 12.0F 16.6%
0.8 0.8 0.3 0.4 1.5 1.4 1.7 2.0

MB + enflurane 9.2 11.5 5.1t 8.5 8.7 12.7 9.3 16.3%
1.7 2.0 0.9 1.6 2.5 2.2 1.7 2.4

* The anesthetics were administered only during phase 2.
1 Significantly different from phase 1.

n = 6 for each group; mean + SE.
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* 0.8) when acetylcholine was added to the perfusate.
The combined results for the addition of inhalational an-
esthetic showed a 58% decrease (Phase I vs. Phase II) in
the hypoxic pressor response and a constrictor response
to acetylcholine (3.6 + 0.5 to 6.4 + 0.5 cmH,0).

StuDpY II

Effect of Methylene Blue on the Action of Sin 1

The dose-response curve for Sin 1 in the presence and
absence of methylene blue is shown in figure 2, and was
analyzed by nonlinear regression analysis. In the presence
of MB, the dose-response curve is shifted to the right by
a factor of almost 2, so that the EDs, for this group is 85
uM, and for the saline group, 44 uM. The final dose of
Sin 1 was totally inhibitory and no pressor response was
observed with the final hypoxic challenge.

STuDY 111

Influence of Baseline Tone on the Hypoxic
Pulmonary Pressor Response

Addition of U46619 increased the baseline pressure
to 28.7 + 1.9 cmH,0, and in addition, the pressure tended
to increase with time, to 30.1 + 1.5 cmH,O by the end
of the study, but this was not statistically significant, The
pressor response to hypoxia in Phase I was 28.9 + 2.5
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F1G. 2. The influence of methylene blue on the dilator effect of Sin
1. The open circles represent the effect of cumulative doses of Sin 1
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cause a 50% decrease in a maximum hypoxic challenge.
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c¢mH30, and the addition of the inhalational anesthetic
halothane caused a significant decrease in the pressor re-
sponse to 11.0 + 1.8 cmH,0. After dissipation of the
anesthetic, the pressor response to hypoxia increased to
18.8 £ 2.6 cmH30 and 17.7 + 2.4 cmH,0 (Phases 111
and 1V, respectively), both of which were significantly less
than that of Phase 1.

Discussion

The present study has shown that in the presence of
methylene blue the baseline pulmonary artery pressure
is increased, the hypoxic pulmonary vasoconstrictor re-
sponse is present and is potentiated with time, and the
action of acetylcholine is converted from dilator to con-
strictor. Methylene blue inhibits the action of the enzyme
guanylate cyclase and both the reversal of the normal
vasodilator action of acetylcholine and the shift to the
right of the Sin 1 dose-response curve are consistent with
significant inactivation of soluble guanylate cyclase in the
groups receiving MB. Inhalational anesthetics in equi-
potent concentrations of three different agents (halothane,
enflurane, and isoflurane) decreased the hypoxic pul-
monary pressor response approximately 60% both in the
presence and absence of methylene blue. Finally, in-
creased pulmonary vascular tone potentiated the initial
pulmonary pressor responses to hypoxia, and these re-
sponses were not sustained with time. The small increase
in lung water that we observed in the methylene blue
groups is probably unimportant because the hypoxic
pressor response is insensitive to moderate edema.'?

Increased intracellular cyclic guanosine monophos-
phate (cGMP)? is associated with relaxation of vascular
smooth muscle. Increased cGMP concentration has been
reported with agonists that are non-endothelial-depen-
dent, such as nitroprusside, nitroglycerine, nitric oxide,
and sodium nitrite, and with endothelium-dependent
agents such as acetylcholine, methacholine, ADP, and the
calcium ionophore, A23187.'* The latter group is be-
lieved to stimulate the synthesis or release of the relaxing
factor from the endothelial cells (EDRF), which has now
been suggested to be nitric oxide (NO).'® The nitrova-
sodilators and EDRF pass into the vascular smooth muscle
and activate the soluble enzyme guanylate cyclase, the
action of which is to convert guanosine triphosphate
(GTP) to cGMP. The mechanism of the action of cGMP
is still not completely known, but possibly it activates a
c¢GMP-dependent kinase, which in turn phosphorylates
cell proteins, resulting in vascular smooth muscle relax-
ation; a non-guanylate cyclase pathway for EDRF activity
has not been established. Hemoglobin'® and MB!? both
inhibit the action of EDRF, but by different mechanisms.
The action of hemoglobin is presumably interstitial, as
the hemoglobin molecule cannot enter the vascular

20z ludy 21 uo 3senb Aq ypd-z1.000-00060066 |-Z¥S0000/250LEY/ Ly ¥/€/€ L/yPd-01on1e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



446

smooth muscle cell. McMurtry et al.'® found that red blood
cells (hemoglobin) prolonged the response to HPV, prob-
ably by reducing the availability of released EDRF. In
contrast, MB combines with the heme-containing guanyl-
ate cyclase to prevent the activation of the enzyme by NO
or EDREF, resulting in decreased synthesis of cGMP.'®

In the pulmonary circulation, acetylcholine has both
vasodilator and vasoconstrictor effects, and these actions
have been shown to be tone-dependent.'? At low vascular
tone, injection of acetylcholine causes pulmonary vaso-
constriction, but, in the presence of increased pulmonary
vascular tone, injections of acetylcholine stimulate the re-
lease of EDRF from endothelial cells, causing an increase
of ¢cGMP in the adjacent vascular smooth muscle cells,
resulting in vasodilation. In the presence of methylene
blue, although EDRF is released when acetylcholine is
added, cGMP cannot increase and the vasoconstriction
reported above is present even with pulmonary vascular
tone!” increased by hypoxia.

The inhibition of the soluble form of the enzyme gua-
nylate cyclase by MB was further shown in Study II. Sin
1, a vasoactive metabolite of molsidomine is a potent and
direct stimulator of soluble guanylate cyclase. The dose-
response curve for Sin 1 was shifted to the right in the
presence of MB, indicating a competitive action between
methylene blue and Sin 1 for the guanylate cyclase. Pre-
vious studies by Schmidt and Kukovetz?® on bovine pul-
monary arteries showed a 100-fold increase in the soluble
guanylate cyclase activity when stimulated with Sin 1 and
diminished activity when methylene blue was present. It
also has been suggested by Martin et al.?' that methylene
blue may interact directly with EDRF and prevent its va-
sodilatory action in vascular smooth muscle. They have
suggested that MB may be a direct oxidant of and as such
a direct inactivator of EDRF. This may account for the
apparently more marked influence of methylene blue on
the acetylcholine response compared with that of Sin 1.

In the present study, vascular tone was increased by
hypoxia. The changes of response to acetylcholine and
Sin 1 demonstrates that the dose of MB used had reduced
the availability of guanylate cyclase and thus prevented
EDRF from influencing vascular smooth muscle. Maz-
manian ef al.,* in isolated perfused rat lungs, and Rodman
et al.,”® with isolated pulmonary vessels, showed a poten-
tiation of HPV in the presence of MB, although they did
not provide evidence as to whether the MB had inhibited
EDRF. Brashers et al.** also demonstrated enhancement
of HPV in isolated rat lungs after exposure to a variety
of agents postulated to inhibit endothelial-derived relax-
ation, and this author used the response to cholinergic
agonists to assess the effectiveness of this inhibition. These
and the present study suggest that the fundamental
mechanism of HPV is not dependent on changes in gua-
nylate cyclase. Evidence that HPV is independent of en-
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dothelial cells is supported by the demonstration by Mur-
ray et al.?>2° of reversible hypoxic constrictor activity in
isolated pulmonary vascular smooth muscle cells. Further
evidence that HPV is independent of endothelial cells was
provided by Maxson et al.,?” in isolated rat pulmonary
arteries. In addition, Rodman et al.?® and Johns et al®®
found that the removal of the endothelium resulted in a
decrease, not an abolition, of the hypoxic pressor re-
sponse. The latter decreases are perhaps attributable to
damage to the pulmonary vasculature rather than the
change of EDRF, because 2 h after the pulmonary artery
has been denuded by the usual mechanical means, trans-
mission electron microscopy shows degenerative changes
in the vascular smooth muscle®® cells.

It has been observed in previous studies that a higher
basal tone in the vessel allows a greater pressor response
to hypoxia. To ensure that increased basal tone due to
the presence of methylene blue was not the primary cause
of the responsiveness with MB, the thromboxane mimetic
U46619 was added to the lung to increase baseline pres-
sure. The addition of U46619 caused a significant increase
in the baseline pressure and greater initial responsiveness
to hypoxia, but the response diminished with time, as did
the control, unlike that of methylene blue groups, which
increased with time. An explanation for this decreasing
responsiveness with time in the absence of MB could be
that, although endothelial-derived relaxing factor cannot
accumulate,’®!7 it may cause a progressive accumulation
of cGMP in the vascular smooth muscle. The simplest
explanation might be that there is a steady rate of metab-
olism of cGMP so that in the presence of MB, when no
new cGMP is formed, the intracellular store is used up
and the pulmonary artery baseline and hypoxic pressor
response increase with time, while the reverse is true in
the control and U46619 groups. The decrease in the re-
sponsiveness is not due to dilator effects of prostacyclin
(PGIs), as meclofenamate, the cyclooxygenase blocking
agent, was present in the perfusate of all groups.

Blaise et al.,® using coronary vessels with and without
endothelium, demonstrated that inhibition of the con-
strictor responses to three different agonists involved dif-
ferent mechanisms of action. Thus, when prostaglandin
Fg, or serotonin were the agonists, the inhibition of the
constriction by isoflurane observed when the endothelium
was present was no longer observed when the endothelium
was removed. This result suggests that the anesthetic ac-
tion is exerted through the endothelium, via increasing
release of or sensitivity to EDRF. In contrast, when the
constriction was stimulated by phenylephrine, the inhi-
bition by isoflurane was only partially decreased by re-
moving the endothelium, suggesting that some of the
mechanism of the anesthetic action lay with the vascular
smooth muscle cell itself and was independent of endo-
thelial effects. Muldoon e al.* reported that halothane
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caused constriction of canine femoral arteries and dilation
of canine carotid arteries by a direct action on the vascular
smooth muscle, because the effects were independent of
the presence or absence of endothelium. When vasodi-
lation was stimulated by exposing the endothelium-intact
arteries to acetylcholine, Muldoon et al.* reported that
the magnitude of the vasodilation was inhibited by halo-
thane.

In the present studies, the reduction of the hypoxic
response in the presence of the inhalational anesthetics
obscures the interpretation of chariges in the vasodilator
response to acetylcholine (in the absence of methylene
blue). The small, and statistically not significant, reduction
of the acetylcholine dilation reported here may represent
inhibition of EDRF action, consistent with the conclusion
of Blaise ef al.® and Muldoon et al.* However, our obser-
vations of inhibition of both HPV and the constrictor ef-
fect of acetylcholine in the presence of methylene blue
are consistent with a direct action of inhalation anesthetics
on the pulmonary vascular smooth muscle cells. It is con-
ceivable that the anesthetic effects might be exerted
through reductions of endothelial-derived contracting
factors, but the characteristics do not meet those of the
best defined one, endothelin.?! In conclusion, HPV is not
mediated by changes in guanylate cyclase, neither is the
inhibitory action of inhalational anesthetics on HPV de-
termined through changes in this enzyme. It follows,
therefore, that EDRF maybe a modulator, but not a ime-
diator, of HPV and that for pulmonary arteries the actions
of the three inhalational anesthetics may be similar and
are not primarily exerted through EDRF.
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