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Does Halothane Interfere with the Release, Action,
or Stability of Endothelium-derived Relaxing

Factor /Nitric Oxide?

Gilbert Blaise, M.D.,* Quy To, B.Sc.,* Martin Parent, B.Sc.,* Benoit Lagarde, M.Sc.,t Francisco Asenjo, M.D.,*

Remy Sauvé, Ph.D.,1

Background: Halothane attenuates endothelium-dependent
relaxation. To differentiate halothane’s effect on endothelium-
derived relaxing factor/nitric oxide (EDRF/NO) production
from its effect on nitric oxide action on vascular smooth mus-
cle, halothane’s effect on endothelium-dependent relaxation
was studied in a bioassay system.

Methods: Indomethacin-treated, bovine aortic endothelial
cells (BAEC) grown on microcarrier beads, continuously per-
fused by oxygenated and carbonated (95% O,, 5% CO,) Krebs-
Ringer solution served as nitric oxide donors while an isolated
denuded rabbit aortic ring directly superfused by the effluent
of the BAEC and precontracted with phenylephrine was used
to detect EDRF/NO release. The effect of basal and bradykinin-
stimulated EDRF release on the tension of the vascular ring
was measured. In the bioassay, it was possible to treat cither
the vascular denuded ring alone or the vascular ring plus the
BAEC with halothane by adding it to the perfusate either up-
stream or downstream from the BAEC. Halothane (final con-
centration 2.2%) was added to the perfusate at these two po-
sitions, and its effect on the relaxation induced by EDRF/NO
was determined. In some experiments, the preparations were
treated with hemoglobin or L-monomethyl-L-arginine to at-
tenuate the relaxation induced by the EDRE/NO pathway. Fi-
nally, halothane’s effect on vascular relaxation induced by an
increasing concentration of sodium nitroprusside was mea-
sured. Halothane'’s concentration in the perfusate was deter-
mined by gas chromatography using clectron capture for an-
esthetic measurement,

Results: EDRF/NO released by the BAEC was responsible for
the relaxation of the vascular ring. Halothane added to the
perfusate potentiated the tension induced by phenylephrine
(7.1 = 1.89%) and attenuated the relaxation induced by the
release of EDRF/NO. This effect was reversible after discon-
tinvation of halothane. Halothane’s effect was present even
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when the anesthetic was added to the perfusate downstream
to the perfusion of the endothelial cells. Halothane had no
effect on the vascular relaxation induced by sodium nitro-
prusside.

Conclusions: The authors’ data demonstrate that halothane
does not interfere with endothelial cell release of EDRF/NO
and its smooth muscle cell relaxation but scems to modify
cither EDRF/NO half-life or its activated redox form. (Key
words: Anesthetics, volatile: halothane. Endothelium: endo-
thelivm-derived relaxing factor; nitric oxide. Relaxation,
bioassay.)

HALOTHANE, a volatile anesthetic agent, is a vasoactive
drug. In vivo, it decreases arterial blood pressure, par-
tially by decreasing peripheral vascular resistance.! The
mechanism of halothane’s induced vasodilation is mul-
tifactorial. It has a direct cffect on neurotransmitter
release,? smooth muscle calcium homeostasis,® and
endothelium-dependent  relaxation. ¢ Furthermore,
halothane reduces platelet aggregation,” a source of
potent vasoconstrictors; and it reduces coronary arterial
ring contractile response to 5-hydroxytryptamine.?

In rat aortic rings precontracted with norepinephrine,
a biphasic response has been shown with increasing
concentrations of halothane. An initial increase is fol-
lowed by a subsequent decrease in tension in rings with
and without endothelium.” The same biphasic response
has been shown to occur in rabbit aortic rings.'® Mul-
doon er al. have shown that halothane inhibits the re-
laxation induced by acetylcholine and bradykinin in
isolated contracted rabbit and canine vascular rings.
This effect was reversible after cessation of halothane.”
Uggeri et al® and Toda et al.® have confirmed these
findings. Acctylcholine and bradykinin induce the re-
lease of endothelium-derived relaxing factor/nitric ox-
ide (EDRF/NO) from the endothelial cells, EDRF/NO
diffuses to stimulate the soluble guanylate cyclase and
increases cyclic GMP in smooth muscles.'! The mech-
anism by which halothane affects EDRF/NO remains
speculative. The possible site of action of halothane
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could be on endothelial cells (decreased EDRF/NO
production), on smooth muscle cells (decreased EDRF/
NO action), or on EDRE/NO itself (decreased half-life,
decreased affinity of EDRF/NO for the soluble guanylate
cyclase). All these cffects would reduce the endothe-
lium-dependent relaxation. Using a bioassay system, it
was possible to treat cither the endothelial cells or the
cffluent of these cells by halothane and to determine
the effect of halothane on EDRF/NO production or on
EDRE/NO itself (EDRF/NO stability, EDREF/NO action).

Material and Methods

This rescarch protocol was approved by the Research
and Animal Welfare committee of our institution; the
animals were treated according to guidelines sct by the
Canadian Protective Animal committec.

Experiments were performed in a bioassay system
where cultured bovine aortic endothelial cells (BAEC)
seeded on microcarrier beads were used as the donor
of EDRF, and a contracted rabbit aortic ring without
endothelium was used as the EDRF detector. Endothe-
lial cells and denuded rings were perfused continuously
with an oxygenated and carbonated (95% Oa, 5% CO.)
Krebs-Ringer solution of the following composition
(mm): NaCl 119, KCI 4.8, CaCl,+H,0 2.6, KH,PO,
1.2, MgSO,+ 7H,0 1.2, NaHCO; 25, and glucose 15,
maintained at 37° C and also containing indomethacin
(107 M) to block the synthesis of prostaglandins.'?

Endothelial Cell Preparation

Microcarrier beads and endothelial cells were pre-
pared in a sterilized environment, including labware
and solutions. All solutions, including the serum, were
kept at 37° C. The incubator was maintained at 37°C
with 5% CO,. The cells bathing solution was replaced
every two days with new DMEM (Dulbecco’s modified
Eagle medium) solution, which contained cither 10%
or 20% newborn calf serum.

Bovine endothelial aortic cells were obtained from
the Physiology Department of the University of Mon-
treal. The presence of factor VI-related antigen was
tested to confirm the endothelial nature of the cells.'?
The cells were subcultured in 75-cm? flask (no. 3024,
Falcon, Oxnard, CA) with 15 ml of Dulbecco’s modified
Eagle medium (no. 430-1600¢b, Gibco, Grand Island,
NY) supplemented with 3.7 g/1 NaHCO;, 100 U/ml
penicillin, 100 pg/ml streptomycin (no. 600-6010,
Gibco), and 10% of newborn calf scrum (no. 230-
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6010, Gibco). The pH was maintained at 7.2 in a 5%
CO, atmosphere. Once they were confluent, the cells
were removed from the flask with an Earle-like solution
containing 0.05% trypsin (no. 840-7250, Gibco) plus
0.02% EDTA (no. 890-1267, Gibco) washed and re-
suspended in the culture medium to obtain a fourfold
dilution. Cells were counted by hemocytometer before
being placed in contact with collagen-coated micro-
carrier beads (Cytodex 3, Pharmacia). Microcarrier
beads were placed in Dulbecco’s phosphate buffered
saline without Ca™* and Mg* ™. Saline medium was dis-
carded and beads washed three times with DMEM so-
lution before the cells in their culture medium were
added to the beads suspension. The suspension of cells
and beads initially was placed in a 100-ml spinner bot-
tle and stirred intermittently at 30 rpm for 2 min every
30 min for the first 7 h and then continuously to allow
optimal sceding of cells onto the beads. More culture
medium was added after 5 and 7 h. The cells confluence
on the beads (80 cells/ bead), which usually occurred
3—4 days after sceding, was verified by microscopy.
When the cells were ready for the study, they were
perfused in the bioassay system.

The Perfusion System

Two 3-ml glass cylinders filled with either the mi-
crocarrier beads or the BAEC seeded on beads were
perfused continuously by 4 ml/min of an oxygenated
and carbonated (95% Oz, 5% CO,) Krebs-Ringer so-
jution containing 107> M indomethacin at 37° C (fig.
1). One denuded rabbit aortic ring was suspended be-
tween two L-shaped hooks, one of which was connected
to a metallic support and the other to an isometric force
transducer. The transducer was linked to a recorder to
measure the tension imposed or generated by the vas-
cular tissue. The isometric transducer and support were
fixed to the same metallic frame to allow the vascular
ring to be displaced. The ring was perfused by either
the effluent from the microcarrier beads alone or the
effluent of microcarrier beads covered by endothelial
cells.

Vascular Ring Preparation and Perfusion

Forty New Zealand white rabbits weighing between
1.5 and 2 kg were anesthetized with intraperitonceal
nembutal. The abdominal aorta was removed by lapa-
rotomy, cleancd of fat and fibrotic tissuc, and cut into
rings with a length of 5 mm. The endothelium was
removed by rolling cach ring on a wet paper towel
with the tip of small surgical forceps for 15 s. The ring
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Fig. 1. Bioassay system. The vascular denuded ring can be per-
fused or superfused directly by the effluent of the endothelial
cells by moving the holding tray. The perfusate is an oxygen-
ated and carbonated solution of Krebs-Ringer solution. Med-
ication can be added to the perfusate or to the perfusion line
at site 1 (upstream to the perfusion of the endothelial cells)
or at site 2 after the endothelial cells have been perfused.

was suspended between two L-shaped hooks and first
perfused by the effluent of the beads (direct line). The
ring was first perfused for 30 min to let it recover from
the surgical and ischemic stress; and then progressively
stretched by steps of 2—-10 g. The tension that gives the
maximal active response to 20 mm of KCI was consid-
cred to be the optimal passive tension for isolated rabbit
aortic rings. The optimal passive tension was kept at
this level for the duration of the experiment. The rings
were contracted with 3 X 1077 m phenylephrine to
induce a stable contraction. After the platcau was
reached, 1077 m bradykinin was added to the perfusate
to verify the removal of the endothelium from the vas-
cular ring. Any ring relaxing to bradykinin while being
directly perfused was discarded. Bradykinin was dis-
continued, and the holding tray was moved under the
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BAEC column. The relaxation induced by the basal re-
lease of EDRF/NO was recorded and measured; EDRE
production was stimulated by bradykinin added to the
perfusate upstream to the perfusion of the endothelial
cells (site 1, fig. 1), and the resulting relaxation was
recorded and measured.

Addition of Halothane to the Perfusate

We prepared a concentrated solution of halothane in
Krebs-Ringer solution equivalent to a solution equili-
brated with a gas containing 50% of halothane (based
on halothane solubility coefficient in saline solution of
0.825,"15 this solution contains 3,260 pg halothane/
ml, or 16.3 mm). Eighty-six microliters of halothane
in the liquid phase were added to the Krebs-Ringer
solution ina 50-ml glass gas-tight syringe. This amount
is the theoretical limit of the solubility of halothane in
saline solution.""'> Halothane was mixed with Krebs-
Ringer solution with a stirring magnet for 30 min. The
concentrated solution of halothane was perfused by an
automatic pump in the bioassay system at site 1 (up-
stream to the perfusion of the BAEC) or at site 2 (down-
stream to the perfusion of the endothelial cells and
upstream to the perfusion of the aortic ring). Halothanc

as added to the perfusate in the bioassay at a rate of
0.2 ml/min and yielded a final halothane concentration
of 2.5% in the bioassay (diluted 20 times). Compared
to the basal flow in the bioassay (0.2 ml/min vs. 4 ml),
this low flow coming from the automatic syringe had
no significant diluting effect on the phenylephrine or
EDRF/NO concentration; the small increase in flow
(0.2 ml/min) was insufficicnt to increase the shear
stress on the BAEC and to increase EDRF sccretion.
Halothane concentration in the bioassay system was
measured by gas chromatography.

Experimental Design

The BAEC were stimulated only once with bradykinin,
and a series of three experiments was performed the
same day. A different ring from the same animal was
used in cach experiment, and the BAEC used in each
of these experiments came from the same culture cycle.
In one experiment, no anesthetic was used (control);
in the others, halothane was perfused either at site 1
or at site 2. The effect of halothane on the tension in-
duced by phenylephrine and on the relaxation induced
by the basal or bradykinin-stimulated release of EDRF
was measured. As halothane added to the perfusate in-
creased the tension of phenylephrine contracted rings
and to match the tension between control and halo-

202 YoIe 80 U0 3sanb Aq 4pdz2000-00020v661-27S0000/886179/L L /2/08/sPpd-ajonie/ABojoisayisaue/wioo lieydIaA|Is Zese//:dpy woly papeojumoq



420

BLAISE ET AL.

thane treated rings, in some experiments, phenyleph-
rine concentration was reduced in halothane-treated
rings. To verify whether the BAEC stimulated by bra-
dykinin produced EDRE/NO, cxperiments were per-
formed in the presence of hemoglobin (107° m) per-
fused at site 2 or L-monomethyl-L-arginine (1-NMMA)
(107 M) perfused at site 1. Hemoglobin binds nitric
oxide with high affinity,'® and 1-NMMA is an analog of
L-arginine, the substrate for nitric oxide synthase and
the precursor of EDRF/NO."”

Preparation of Oxyhemoglobin. A tenfold molar
excess of the reducing agent sodium dithionite
(NazS0,) was added toa 107* M solution of commercial
hemoglobin in distilled water. Sodium dithionite was
removed by dialysis in 15 1 of distilled water for 2 h
at room temperature, as described by Martin et al.'®

Organ Chamber Experiments
Rabbit aortic denuded rings were prepared as pre-

viously described. Each ring was suspended between

two metallic stirrups and introduced into organ cham-

bers filled with a carbonated and oxygenated (5% COz,

95% O,) Krebs-Ringer solution. The lower stirrup was

fixed at the bottom of the organ chamber, the upper
stirrup was connected to an isometric force transducer
(Harvard Isometric Force Transducer 52-9503, Ealing
Scientific, St. Laurent, Quebec, Canada), which in turn
was connected to an amplifier (Hewlett Packard 8802A,
Kirkland, Quebec, Canada) and a recorder (Gould
Brush 480, Cleveland, OH) to measure the tension im-
posed on or generated by the ring when stimulated by
different agonists. After being placed in organ cham-
bers, the rings were progressively stretched to their
optimum passive tension (10 g). This level of passive
tension was maintained throughout the experiments.
Each ring’s response to 40 mm KCl was measured; the
absence of endothelium was detected by the lack of
relaxation to 107® M acetylcholine in KCl-contracted
rings. Any ring showing relaxation to acetylcholine was
discarded. After this initial preparation, cach organ
chamber was washed several times with fresh Krebs-
Ringer solution, and the rings were allowed to relax
for 30 min.

Each organ chamber was treated with 3 X 1077 ™M
phenylephrine. At the plateau of a-adrenergic contrac-
tion, half of the organ chambers were treated with 2%
halothane added to the gas mixture bubbling the saline
solution. The halothane was delivered to the gas mix-
ture by a calibrated vaporizer. Its concentration in the
gas phase was measured by a gas analyzer (Siemens
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Servo Gas monitor 120, Pointe-Claire, Quebec, Can-
ada). Fiftcen minutes after halothane’s introduction,
the relaxation induced by increasing the sodium nitro-
prusside concentsation from 107 to 107° M was meca-
sured in control and halothane-treated organ chambers.

Drugs and Chemicals

The following drugs were used: phenylephrine, bra-
dykinin, L-NMMA, hemoglobin, indomethacin (Sigma,
Mississauga, Ontario, Canada), and halothane (Ayerst,
St.-Laurent, Montreal, Quebec).

The drugs were dissolved daily in fresh distilled wa-
ter, except indomethacin, which was dissolved in an
equimolar solution of Na,CO;.

Calculation and Statistics

The contraction to phenylephrine is presented in
grams and expressed as mean + SEM. The relaxation is
expressed in percent of previous tension induced by
phenylephrine, which was considered to be 100%. In
experiments where halothane’s effect on endothelium-
dependent relaxation was measured, 100% tension was
the tension induced by phenylephrine either before or
after the introduction of halothane. Control rings ten-
sion was compared to the halothane treated rings ten-
sion. Data are expressed as mean =+ SEM; Student paired
t tests or a two-tailed analysis of variance was used when
appropriate to analyze the results, and P < 0.05 was
accepted as significant.

Results

We were able to dissolve 86 pl liquid halothane in
50 ml Krebs-Ringer solution. The anesthetic concen-
tration measured in Krebs-Ringer solution after the ad-
dition of halothane (2,937 £ 114 ug/mi or 16.3 mm)
was close to the calculated concentration based on
halothane coefficient solubility in saline (0.825). The
concentration of halothane was maintained throughout
the perfusion system; there was no halothane absorp-
tion by Teflon extension tubing (table 1). When halo-
thane was added to the perfusate at site 2, an approx-
imate concentration of 2% halothane was regularly ob-
tained. When halothane was added to the perfusate at
site 1, the concentration at the end of the bioassay sys-
tem was slightly less than expected (128 =5 vs. 96 +
5 ug/mi, P < 0.05). This could be due to a leak of
halothane, the absorption and/or the metabolism of
halothane by BAEC. Table 1 shows the concentrations
of halothane in Krebs-Ringer solution at several levels
of the perfusion system.
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Table 1. Halothane’s Concentrations in the Bioassay System

Mean = SEM
Site Annotation n (ng/ml) (mm)

Syringe A 48 2,937 £ 115 149+ 0.6
Syringe plus tip B 48 2,805+ 116 142+ 0.6
Site 2 infusion

Before ring c 48  128.6x58] 0.65+0.03]"

After ring D 48 113.6+4.8 0.58 + 0.02 )
Site 1 infusion

Before ring c’ 8 96.4+ 5.5 0.49 £ 0.03

After ring D’ 8 81.9+3.8 042+ 0.02
* P<0.05.

Phenylephrine (3 X 1077 M) induced a stable con-
traction in denuded rabbit aortic rings. The tensions
induced by phenylephrine were 11.72 + 3.22 g and
13.42 * 3.74 g for the control and the halothane-
treated groups (not statistically significant), respec-
tively (n = 24). The absence of endothelium was dem-
onstrated by the lack of relaxation to bradykinin when
the ring was not superfused by the effluent of the BAEC.
Halothane, when added to the perfusate at site 2 at the
platcau of phenylephrine contraction, induced an in-
crease of 7.1 & 1.89% (P < 0.05) in tension that was
stable until the next step of the experiment.

Moving the vascular ring from direct-line perfusion
to endothelial superfusion induced a partial reduction
in tension because of the basal release of EDRF. Bra-
dykinin (107 M) added to the perfusate upstream to
the endothelial cells induced further release of EDRE/
NO and further relaxation. Halothane perfused at site
2 decreased the relaxation induced by the basal release
of EDRF/NO (P < 0.05; fig. 2) and the relaxation in-
duced by bradykinin (fig. 3) (P < 0.05). The maximum
relaxation induced by the basal and bradykinin-stim-
ulated relcase of EDRF/NO was, respectively, 24.14 +
6.44% and 68.75 + 1.78% in control experiments, and
5.15%+3.02% and 44.72 + 2.10% in halothane-treated
rings. Discontinuation of halothane was followed by
further relaxation (fig. 3).

Figure 4 shows the effect of halothane when added
to the perfusate at site 1 or 2 on the relaxation of the
phenylephrine precontracted aortic rings induced by
an increasing concentration of bradykinin. Halothane
was added to the perfusate 20 min before the first dose
of bradykinin. Switching halothane perfusion from site
2 tosite 1 had no effect on the tension. Halothane treat-
ment of both endothelial and vascular smooth muscle
cells had no more effect on the tension than treatment
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Fig. 2. Effect of halothane perfused at site 2 on tension induced
by phenylephrine and on relaxation induced by basal release
of endothelium-derived relaxing factor. Ten minutes after the
addition of halothane to the perfusate, the holding tray was
moved to superfuse the vascular ring by the effluent of the
endothelial cells. Halothane potentiated the phenylephrine-
induced contraction and attenuated the relaxation induced
by the basal release of endothelium-derived relaxing factor/
nitric oxide.

of vascular smooth muscle alone. Halothane discontin-
uation was followed by further relaxation. Because
halothane potentiates the tension induced by phenyl-
ephrine, the tension was matched between control and
halothane-treated preparations to induce relaxation
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Fig. 3. Time course (0-10 min) of the relaxation induced by
bradykinin (1077 M) in endothelium-superfused phenyleph-
rine-contracted denuded rings. For rings that have been
treated by halothane, the latter was added to the perfusate at
site 2 and bradykinin at site 1. Five minutes after the intro-
duction of bradykinin, halothane’s perfusion was stopped.
Halothane perfused downstream to the endothelial cells at-
tenuated the relaxation. This effect was reversible after halo-
thane discontinuation. Results are expressed as percent (mean
+ SEM) of tension recorded before the relaxation induced by
bradykinin.
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Fig. 4. Effect of halothane perfused at site 1 or 2 on the relax-
ation induced by an increasing concentration of bradykinin
in endothelial superfused denuded rings. Halothane perfusion
was started at site 2, 20 min before the first dose of bradykinin.
After the last concentration of bradykinin was added to the
perfusate, halothane perfusion was changed from site 2 to
site 1. Site change had no effect on tension. Discontinuation
of halothane was followed by further relaxation.

from the same level of tension. After the tension had
been matched, the effect of halothane administered at
site 2 had a greater influence on relaxation induced by
basal release of EDRF than halothane perfused at site
1 (fig. 5). Perfusion of halothane at site 1 or 2 had the
same inhibitory effect on vasodilation induced by a dose
response from 1071 to 3 X 107" M of bradykinin. Bra-
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Fig. 5. Effect of 2% halothane perfused at site 1 or 2 on relax-
ation induced by basal release of endothelium-derived relaxing
factor/nitric oxide. Denuded rings directly perfused were
contracted by phenylephrine, which induced a tension taken
as 100%. Halothane added to the perfusate at site 1 or 2 in-
creased the tension. To match the tension between halothane-
treated and control rings, phenylephrine concentration was
reduced in halothane-treated rings (). Five minutes later,

" rings were superfused by the effluent of the endothelial cells,
and tension was recorded for 5 min.
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Fig. 6. Effect of 2% halothane perfused at site 1 or 2 on relax-
ation induced by an increasing concentration of bradykinin
in denuded endothelinm-superfused vascular rings. Initial
tensions were matched between control and halothane-treated
rings.

dykinin added to the bioassay at site 1 induced a dosce-
dependent relaxation (ECsy = 3 X 10—9 M). The max-
imum relaxation induced by bradykinin was 79.62 =
7.79% in control rings, and 67.98 % 5.11% and 60.06
+ 4.97% in halothane treated rings at site 2 and site 1,
respectively (P < 0.05; fig. 6).

Oxygenated hemoglobin (107° M final concentration)
added to the perfusate at site 2 reversed the endothe-
lium-dependent relaxation (n = 2 data not shown). L-
NMMA (107" M final concentration in the perfusate)
added at site 1 decreased the endothelium-dependent
relaxation in control and halothane-treated rings (fig.
7). In organ chamber experiments, 2% halothane had
no effect on relaxation induced by an increasing con-
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Fig. 7. Effect of 1-monomethyl-L-arginine (107* M) on relaxation
to bradykinin of control and halothane-treated denuded rabbit
aortic rings superfused by the effluent of the endothelial cells
in the bioassay system.
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centration of sodium nitroprusside in phenylephrine
precontracted denuded rabbit aortic rings, as shown in
figure 8.

Discussion

Halothane introduced into the bioassay increased the
tension of precontracted rings with phenylephrine by
7.1 £ 1.8% (P < 0.05). This increase in tension was
stable until the next step of the experimentation. We
previously showed that 2% halothane has a biphasic
time-dependent effect on the tension of isolated pre-
constricted rabbit aorta rings where an increase in ten-
sion was followed by a progressive reduction.'® Halo-
thane introduced into organ chambers before phenyl-
ephrine had no effect on basal tension and decreased
the tension evoked by the « agonist.'? The effect of
halothane on the tension depends on the order of drug
administration and the time elapsed after the introduc-
tion. The vascular smooth muscle contraction induced
by the a-agonist stimulation is biphasic, an initial fast
contraction due principally to intracellular Ca*™™ release
is followed by a sustained contraction, which is due to
extracellular Ca** entry.?*?' The mechanism by which
halothane increases the tension is not well understood.
It is possible that halothane increases intracellular free
Ca™" by potentiating Ca*™* release from intracellular
stores as it does in other cell types, such as heart,??
liver,?* skeletal muscle,? blood,?’ and brain.?® The re-
laxation induced by halothane is due to an inhibition
of Ca™ entry through receptors®” or voltage-operated
Ca™" channels®® and a reduction of the Ca** stores.

The endothelial cells can release several vasodilators
such as prostacyclin, EDRF/NO, and endothelium-de-
rived hyperpolarizing factor.?® Recently it was dem-
onstrated that endothelial cells can produce C-type na-
triuretic peptide.”® Our experimental setup involves
only the testing of EDRF/NO, because prostaglandin
synthesis was inhibited by indomethacin. The relaxa-
tion was blocked by L-NMMA, a blocker of nitric oxide
synthase,'” and by hemoglobin, a nitric oxide scavenger
that binds nitric oxide with a very high affinity.!® These
observations strongly suggest that nitric oxide was the
mediator involved. EDHF was not involved, because
the relaxation was blocked by L-NMMA and BAEC release
mainly EDRE/NO. It also was demonstrated previously
that halothane does not interfere with vasomotion in-
duced by substances such as EDHF acting on the K
channel.?!'*? C-type natriuretic peptide is a neuropep-
tide and its vascular effect is not well known.*?
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Fig. 8. Effect of halothane on relaxation induced by increasing
concentrations of sodium nitroprusside in isolated denuded
rabbit aortic rings contracted with phenylephrine (3 X 1077
M, experiments were performed in organ chambers).
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Our data are in agreement with several previous
publications®° that halothane attenuates the relaxation
induced by EDRF/NO. Halothane has a direct effect on
vascular smooth muscle tone of precontracted vessels
as shown by an initial potentiation of the tension fol-
lowed by a slow, continuous decrease in tension.'
Since the relaxation induced by the action of halothane
on smooth muscles is opposite its inhibition of endo-
thelium-dependent relaxation, the difference in en-
dothelium-dependent relaxation between the control
and halothane-treated rings is even larger than can be
measured by differences in tension in the bioassay
system.

Our data support the hypothesis that halothane in-
terferes with the EDRF/NO pathways even after EDRF/
NO has been secreted by the endothelial cells. The site
of halothane inhibition of endothelium-dependent re-
laxation is not on the EDRF/NO synthesis or release;
indeed, halothane added to the perfusate downstream
from the endothelial cells inhibits the endothelium-
dependent relaxation due to the basal release of EDRE/
NO even more than when it is added to the perfusate
upstream from the endothelial cells. We do not
have a definitive explanation for this difference. It may
be that, when halothane is added to the perfusate at
site 1, the small decrease in halothane concentration
at the end of the perfusion system may explain the
smaller cffect of halothane on relaxation. Halothane,
perfused at site 1 could increase EDRF/NO production
by the endothelial cells via an increase in ineracellular
free Ca™ " as it does in several other cells.?>~* The con-
stitutive nitric oxide synthase present in BAEC is Ca™ -
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and calmodulin-dependent, and its activity is regulated
by free intracellutar Ca**.

Because relaxation depends on the initial tension,
adjustment in tension between control and halothane-
treated rings in some experiments was mandated to
exclude any eftect of difterent levels of initial tension
on evoked relaxation. In experiments with and without
matched tension, halothane attenuated the relaxation.

The inability to find any effect of halothane on sodium

nitroprusside-induced relaxation in phenylephrine-
contracted rabbit denuded aortic rings is in agreement
with several previous public:xti()ns."“" Therefore, it can
be inferred that halothane does not interfere with the
activation of soluble guanylate cyclase, the production
of cyclic GMP, the activation of cyclic GMP-dependent
kinase, and the resulting relaxation. It also has been
shown that, in canine cerebral arteries, halothane in-
duces a vascular relaxation by activation of the partic-
ulate form of the guanylate cyclase that causes an in-
crease in cyclic GMP. These data also confirm that
halothane doces not interfere with the relaxation in-
duced by cyclic GMP. However, we previously showed
that halothane reduces the relaxation of preconstricted
rabbit aortic rings to EDRF/NO.'" It has been shown
that nitric oxide half-life in a bioassay system is very
short and can vary from a few scconds to as long as 50
5.% The half-life can be increased by superoxide dis-
mutase, which catalyzes the metabolism of superoxide
anion (O3 ") to hydrogen peroxide. The EDRF/NO half-
life is reduced in vitro by pyrrogalol, which enhances
03~ production.’” Xanthine and xanthine oxydase
combined in organ chambers produce superoxide an-
ions and other oxygen-derived radicals, which inhibit
endothelium-dependent relaxation.*® Oxygen-derived
compounds can then react with EDRF/NO. Indeed,
Beckmann et al. have suggested that nitric oxide
reacts with O3;7 to produce peroxynitrite OONO™,
which decays to hydroxyl radical OH- and nitrite
radical NO; ™%

Halothane interferes with EDRF/NO - stability, but
what is the mechanism? Can halothane produce free
radicals that interfere with EDRF/NO? Power and
McCay have shown that halothane’s metabolism in the
liver produces two types of radicals by abstraction of
one chloride or one bromide.™ It is not known whether
the halothane-derived free radicals decrease nitric 0x-
ide half-life. Moreover, halothane’s effect on endothe-
lium-dependent relaxation does not require endothelial
cell treatment with halothane. If halothane-derived
radicals inhibit relaxation in the bioassay system, they
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are produced cither spontancously or by halothanc’s
metabolism in smooth muscles. These halothane-de-
rived radicals would have a direct effect on EDRF/NO
without interaction with the mechanism of relaxation,
because nitroprusside’s relaxation is not attenuated by
halothane. Nitroglycerin and sodium nitroprusside
stimulate soluble guanylate cyclase via the release of
EDRF/NOQ intracellularly. How can EDREF/NO produced
from the metabolism of nitroglycerin or sodium nitro-
prusside be protected from halothane action? We do
not know the answer to this question. It has been shown
that sevoflurane, an ether-volatile anesthetic very close
to isoflurane, attenuates endothelium-dependent re-
laxation. Its effect on EDRF/NO pathways is suppressed
by superoxide dismutase, which suggests that Oz is
involved in sevoflurane attenuation of endothelium-
dependent relaxation. The source of the free radical is
not established.”!

EDREF/NO has a major function in cardiovascular
physiology and pharmacology.’* EDRF/NO is also a
central and peripheral neurotransmiteer.”**" Is halo-
thane’s interaction with the nitric oxide pathway one
of the mechanisms of anesthesia? A recent paper dem-
onstrated that 1-NMMA decreases the minimum alveolar
concentration of halothane in rats, suggesting that
EDRE/NO in the brain plays a role in maintaining
wakefulness.'® Halothane has been shown to have a
marked inhibitory effect on cyclic GMP concentrations
in specific rat brain regions.’ The decreased EDRF/
NO stability by halothane could be one of the mecha-
nisms of anesthesia induced by this anesthetic.

The authors thank Dr. N. Scarle, Montreal Heart Institute, for re-
viewing this manuscript, and F. Lowry and D. De Ladurantaye for
editing and preparing it.
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