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Halothane and Isoflurane Inbibit Endothelium-
derived Relaxing Factor-dependent Cyclic
Guanosine Monophbosphate Accumulation in
Endotbelial Cell-Vascular Smooth Muscle Co-cultures
Independent of an Effect on Guanylyl

Cyclase Activation
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Background: Interaction of inhalational anesthetics with the
nitric oxide signaling pathway and the mechanism of such
effects are controversial. The aim of this study was to clarify
the sites and mechanism of inhalational anesthetic interaction
with the vascular nitric oxide and guanylyl cyclase signaling
pathway.

Methods: To specifically study the mechanism of anesthetic in-
teraction with the nitric oxide-guanylyl cyclase pathway, cultured
vascular smooth muscle and endothelial cell-vascular smooth
muscle (EC-VSM) co-culture models were chosen. Monolayer cul-
tures of VSM with or without cultured endothelial cells grown
on microcarrier beads were preequilibrated with anesthetic and
stimulated with agonists. The effect of inhalational anesthetics
on cyclic guanosine monophosphate (GMP) content of unstim-
ulated VSM and of VSM in which soluble guanylyl cyclase had
been activated by the endothelium-independent nitrovasodila-
tors, sodium nitroprusside, nitroglycerin, or nitric oxide was de-
termined. Experiments were also performed to assess the effect
of inhalational anesthetics on unstimulated endothelial cell-vas-

* Professor of Anesthesiology.

t Laboratory Specialist.

¥ Medical Student.

§ Resident in Anesthesiology.

| Postdoctoral Fellow in Anesthesiology.

# Research Assistant Professor of Anesthesiology.

Received from the Department of Anesthesiology, University of
Virginia Health Sciences Center, Charlottesville, Virginia Submitted
for publication December 12, 1994. Accepted for publication June
12, 1995. Supported by National Institutes of Health grants RO1-
HL39706, RO1-GM49111, and PO1-HL19242 (R.AJ.). Presented in
part at the meeting of the Society of Cardiovascular Anesthesiologists,
Montreal, Canada, April 1994.

Address reprint requests to Dr. Johns: Department of Anesthesiology,
University of Virginia Health Sciences Center, Box 238, Charlottes-
ville, Virginia 22908. Address raj2d@
virginia.edu.

clectronic  mail  to:

Ancmhcsi()logy. V 83, No 4, Oct 1995

cular smooth muscle co-cultures and on co-cultures in which
nitric oxide synthase and subsequent cyclic GMP production had
been activated by the receptor-mediated agonists bradykinin and
adenosine triphosphate and by the non-receptor-mediated cal-
cium ionophore A23187.

Results: Increasing concentrations of halothane and isoflu-
rane from 0.5 to 5% had no effect on basal cyclic GMP con-
centrations in cultured VSM alone or in endothelial cell-vas-
cular smooth muscle co-cultures, and had no effect on sodium
nitroprusside, nitroglycerin, or nitric oxide stimulated cyclic
GMP accumulation in cultured VSM. In agonist-stimulated co-
cultures, however, halothane and isoflurane significantly (P
< 0.05) inhibited increases in cyclic GMP concentration in re-
sponse to both receptor- and non-receptor-mediated nitric
oxide synthase activating agents.

Conclusions: Inhalational anesthetics do not stimulate or
inhibit basal cyclic GMP production in co-cultures or VSM,
suggesting that inhalational anesthetics do not activate soluble
or particulate guanylyl cyclase and do not activate nitric oxide
synthase. Inhalational anesthetics do not inhibit nitrovaso-
dilator-induced cyclic GMP formation, suggesting a lack of in-
terference with soluble guanylyl cyclase activation. Inhala-
tional anesthetics inhibit both agonist and calcium ionophore-
stimulated nitric oxide-dependent cyclic GMP accumulation
in endothelial cell-vascular smooth muscle co-cultures. Con-
sistent with previous vascular ring studies, anesthetics appear
to inhibit nitric oxide-guanylyl cyclase signaling distal to re-
ceptor activation in the endothelial cell and proximal to nitric
oxide activation of guanylyl cyclase. (Key words: Anesthetics,
inhalational. Co-culture. Endothelium. Endothelium-derived
relaxing factor. Nitric oxide. Nitric oxide synthase. Vascular
smooth muscle.)

NITRIC oxide plays a major role in modulating vascular
tone under both normal and puthophysi()logic condi-
tions. Several studies have examined the role of the
endothelium in mediating the vascular response of an-
esthetics or the effects of anesthetics on endothelium-

dependent responsces. Blaise et al. have demonstrated
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that isoflurane impairs the contractile response of ca-
nine coronary arteries induced by phenylephrine in an
endothelium-dependent manner and proposed that this
might be due to isoflurane-induced release of endo-
thelium-derived relaxing factor (EDRF).' Consistent
with this observation, in a report by Greenblatt et al.,
the microsphere technique was used to measure tissue-
specific blood flow, suggesting indirectly that isoflurane
may stimulate EDREF/nitric oxide production in certain
vascular beds.? Several laboratories, however, provide
strong direct evidence that anesthetics are not capable
of stimulating EDRF release.”* Rather, inhalational an-
esthetics appear to be potent inhibitors of EDRF-de-
pendent vascular relaxation at clinically relevant doses.
Muldoon et al. have demonstrated that halothane in-
hibits endothelium-dependent vasodilation in response
to the receptor-mediated agonists acetylcholine and
bradykinin.’ Stone and Johns reported that a small va-
soconstricting response observed with low concentra-
tions of isoflurane, enflurane, and halothane required
an intact endothelium and may be due to the inhibition
of EDRF production or action.® Uggeri et al. demon-
strated that these three volatile anesthetics can inhibit
both receptor and non-receptor-mediated EDRF/nitric
oxide dependent vasodilation.” Toda et al. have
presented similar results with halothane and iso-
flurane.®

The site of anesthetic inhibition of nitric oxide-de-
pendent vasodilation has been highly controversial. In
contrast to the early work by Muldoon® and studies by
Uggeri et al.” and Toda et al.,” recent studies”'” have
suggested that vasodilation induced by sodium nitro-
prusside, nitroglycerin, or nitric oxide is inhibited by
halothane, and that halothane causes this inhibition
through interference with guanylyl cyclase activation.
Blaise et al., however, suggest that halothane does not
interfere with endothelial cell release of EDRF/nitric
oxide or with the activation of guanylyl cyclase, but
rather halothane impairs either EDRF/nitric oxide half-
life or its activated redox form."'

To specifically study the mechanisms of anesthetic
interaction with this pathway, we chose a cultured
endothelial cell-vascular smooth muscle (EC-VSM)
co-culture model that avoided complicating factors
in isolated vascular ring studies such as degree of
baseline resting tone, type of agonist used to achieve
active tone, and viability of the tissue as well as com-
plications in intact preparations owing to flow-de-
pendent dilation or central modulation of vascular
tone by anesthetics.
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Methods

Cell Culture
Bovine aorta was obtained from a slaughterhouse and

the aortic endothelial cells were prepared for culture
by lightly scraping the intimal surface of the aorta. The
cells adhering to the blade were rinsed into a 35-mm
tissue culture dish and grown in medium 199 supple-
mented with 20% fetal calf serum, penicillin (100 [/
ml), and streptomycin ( 100 pg/ml). A pure culture of
endothelial cells was obtained by fluorescent-activated
cell sorting using Dil-acyl-low density lipoprotein as
the fluorescent marker. Identity of the endothelial cells
was further confirmed by immunostaining for Factor
VIII antigen and for endothelial cell actin, by demon-
strating by Northern blot a single mRNA for actin in
endothelium (cultures of VSM express two actin
mRNAs) and by observation of a characteristic cobble-
stone appearance. The endothelial cells were subse-
quently placed into microcarrier culture by seeding 2
% 107 cells onto 0.6 g Cytodex 3 microcarrier beads
(Pharmacia, Uppsala, Sweden) (4600 cm” surface area/
g beads) in 200 ml medium 199 containing 20% fetal
calf serum and maintained in 2-L roller bottles. Endo-
thelial cells used in experiments were 2-6 days post-
confluent and in passages 8—15. Rat aortic smooth
muscle was isolated, cultured, and maintained as pre-
viously described.'? Vascular smooth muscle cells were
cultured on 24-well plates (2 cm” per well) in mono-
layer culture and studied between 5-8 days postcon-
fluency.

Co-culture Experiments

Endothelial cells on microcarrier beads were washed
with serum-free medium and placed in monolayer cul-
ture wells containing VSM that also had been washed
with serum-free medium. The number of each cell type
was calculated to provide a one-to-one ratio of endo-
thelial to smooth muscle cells in each co-culture. Co-
cultures were incubated at 37°C for 3—4 hr before €X°
perimentation, after which time the medium was re-
placed with phosphate-buffered saline (pH 7.4), which
in some experiments contained isobutylmethyl xat-
thine (2 X 10™* M) to inhibit phosphodiesteras¢ M
tabolism of cyclic guanosine monophosphate (GMP)-

Validation of Cell Culture Models

To characterize and confirm the validity of our VsM
and EC-VSM co-culture preparations as models for
studying the effect of inhalational anesthetics Of! the
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nitric oxide-guanylyl cyclase signaling pathway, we
studied the ability of agents that activate nitric oxide
synthase and/or soluble guanylyl cyclase to stimulate
increases in cyclic GMP production by our endothelial
and VSM cell lines alone and in co-culture. Preliminary
time course and concentration response studies for each
agent to be used in these experiments were performed
to determine conditions for optimal response. Agents
studied included the receptor-mediated activators of
nitric oxide synthase, bradykinin (1 X 107° M), and
adenosine triphosphate (1 X 107" M) as well as the
receptor-independent activator of nitric oxide synthase,
the calcium ionophore A23187 (1 X 10™° M). In ad-
dition, the direct activators of soluble guanylyl cyclase,
sodium nitroprusside (1077 to 107* M), nitroglycerin
(1073 to 107 7), and nitric oxide in phosphate-buffered
saline solution (107 '% to 10~® M) were evaluated.

To further confirm the selective expression of nitric
oxide synthase in endothelium but not VSM and of sol-
uble guanylyl cyclase in VSM but not endothelium, total
RNA was purified from bovine aortic endothelial cells
and rat VSM cells using TRIREAGENT (Molecular Re-
search Center Inc., Cincinnati, OH) and the method of
Chomczynski.'* Poly A+ mRNA was purified by oligo-
dT affinity chromatography (oligo-dT columns—5'
Prime-3' Prime Inc., Boulder, CO). Poly A+ mRNA was
quantitated by absorbance at 260 nm, and 3 ug per cell
type was analyzed using standard Northern blot and
hybridization techniques with cDNA probes."" cDNA
probes to the bovine endothelial nitric oxide synthase'’
and to the 70 kd subunit of rat soluble guanylyl
cyclase'® as well as probes to the constitutive ““house-
keeping”” genes (-actin and glyceraldehyde-3-phos-
phate dehydrogenase were labeled with 32P by random
primed labeling. High stringency washing conditions
were as elucidated in Sessa ef al.'’

Finally, to confirm the presence of functional partic-
ulate guanylyl cyclase in both endothelial and vascular
smooth muscle cell lines, studies were performed to
demonstrate the ability of these cell lines to produce
cyclic GMP in response to atrial natriuretic peptide.

Extraction and Measurement of Cyclic

Guanosine Monophosphate

Forty seconds after the addition of agonists (shown
in preliminary studies to be the optimal time for de-
tecting cyclic GMP changes under the current €xper-
imental conditions), the media in the culture well was
aspirated, and 0.5 ml of 0.1 N HCI was added to cach
well to extract cyclic GMP. Cyclic GMP concentrations
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were determined by radioimmunoassay of the acety-

lated HCI extract by the methods of Harper and
17 . s

Brooker," " using an automated radioimmunoassay. Val-

ues were expressed as picomoles per well of cultured
cells.

Administration and Equilibration of

Inbalational Anestbetics with Cell Cultures

Individual culture wells of VSM alone or of endothe-
lium and VSM in co-culture were sealed with tightly
fitting methyl methacrylate polymer plugs. Each plug
had two holes, one for administration of the carrier gas
with or without anesthetic and the other serving as a
combination vent and passageway ior administration
of drugs, removal of media, and addition of HCI to stop
the reaction. Air, serving as a carrier gas, was delivered
through halothane and isoflurane vaporizers at 3 L/min,
and subsequently passed through a warmed (37°C)
humidification chamber. Gas entry into each cell cul-
ture well was valve regulated and maintained at 35 ml/
min. Studies of VSM alone or in co-culture with en-
dothelium were performed in the presence and absence
of varying concentrations of each anesthetic. Culture
wells containing 1 ml phosphate-buffered saline were
equilibrated with anesthetic for 5 min before experi-
mentation. Extensive preliminary studies determined
that equilibration occurred within 3 min of exposure
of the wells to the anesthetic. Plates were continuously
maintained at 37°C in a water bath, and no significant
evaporation of the culture well buffer occurred during
the course of the experiment due to humidification of
the gases. Factory calibration of vaporizers was con-
firmed using infrared spectroscopy (Ohmeda “Rascal,”
Liberty Corner, NJ) and the media in individual wells
was randomly sampled throughout the course of the
experiments to confirm concentrations by using stan-
dard gas chromatography methods.” Vapor concentra-
tion after equilibration of a buffer aliquot with a mea-
sured volume of air was compared to a standard curve
of known concentrations obtained by vaporizing mea-
sured volumes of liquid anesthetic in a measured vol-

ume of air.

Preparation of Nitric Oxide Solutions

Phosphate-buffered saline was deoxygenated by gass-
ing with N, for 2 hr; then it was anaerobically trans-
ferred to an in-line series of <.ml, rubber-stoppered
glass vacuum tubes previously flushed with N, for 30
min. Fifty milliliters of pure nitric oxide gas (Roberts

Oxygen Supply Co., Rockville, MD) was drawn through
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potassium hydroxide pellets and into a gastight syringe
and subsequently slowly bubbled through one of the
7-ml glass tubes containing 2 ml deoxygenated phos-
phatc—buﬁ“crcd saline (N, headspace) under continuous
positive pressure and vented with a 23-G needle to
yield a stock nitric oxide solution, the concentration
of which ranged from 1 to 1.5 mM (confirmed by
chemiluminesence measurement). A series of tenfold
dilutions was then prepared anaerobically using the
same 7-ml glass tubes with deoxygenated phosphate-
buffered saline. Each tube was used for withdrawal of
only a single specimen for experimental use, and 100
ul of the appropriate concentration of nitric oxide was
added to the experimental culture well.

Specific Experimental Protocols

Effect of Anesthetics on Guanylyl Cyclase Acti-
vation in Vascular Smooth Muscle Alone. The dose-
dependent effects of halothane and isoflurane (0, 0.5,
1, 2, 3, 4, and 5%) on both basal and sodium nitro-
prusside (10°¢ M) stimulated wells of VSM were de-
termined. In addition, the effect of preequilibration of
VSM cultures with 2% halothane and 2% isoflurane on
the dose-dependent increases in cyclic GMP stimulated
by sodium nitroprusside (1077 to 10~ M), nitroglyc-
erin (107* to 107" M), and nitric oxide in solution
(1072 to 10~® M) were determined. These studies were
performed in the presence and absence of isobutyl-
methyl xanthine 2 X 10™* M, a nonspecific phospho-
diesterase inhibitor to rule out the possibility of a
phosphodiesterase-stimulating effect of the anesthetic
masking an anesthetic depression of guanylyl cyclase
activity.

Effect of Anesthetics on Nitric-oxide-stimulated
Cyclic Guanosine Monophosphate in Endothelial
Cell-Vascular Smooth Muscle Co-cultures. The ef-
fect of halothane and isoflurane (0, 0.5, 1, 2, 3, 4, and
5%) on unstimulated EC-VSM co-cultures and on co-
cultures in which nitric oxide synthase (and subsequent
cyclic GMP production) had been activated by the re-
ceptor-mediated agonists bradykinin ( 107 M) and
adenosine triphosphate (107" M) and by the nonre-
ceptor-mediated calcium ionophore A23187 (107° M)
were determined.

In additional control experiments to demonstrate the
reversibility of anesthetic effects on cyclic GMP accu-
mulation in VSM and in EC-VSM co-cultures, anesthetic-
exposed cultures were gassed with air for 45 min before

administration of stimulants and extraction of cyclic
GMP.
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Data Analysis

Each data point represents a mean of 3—4 experiments
each performed in quadruplicate. Data were analyzed
by one-way analysis of variance with Neuman Key]'s
test when appropriate, unless otherwise noted. For the
dose-response studies to sodium nitroprusside, nitro-
glycerin, and nitric oxide, comparisons at each dose
in the presence and absence of anesthetic were made
by unpaired 7 tests. Values are reported as the mean +
standard error of the mean and P < 0.05 was accepted
as significant.

Materials and Chemicals

Bradykinin, adenosine triphosphate, A23187, sodium
nitroprusside, atrial natriuretic peptide (1-28), and
isobutylmethyl xanthine were obtained from Sigma
Chemical Co. (St. Louis, MO). These agents were pre-
pared and diluted in distilled and deionized water.
Calcium ionophore A23187 was also obtained from
Sigma, and was initially dissolved in dimethyl sulfoxide
and subsequently diluted in distilled and deionized
water. Preliminary studies demonstrated that the final
concentration of dimethyl sulfoxide had no effect on
our experimental preparations. Halothane was obtained
from Halocarbon Laboratories (Hackensack, NJ) and
isoflurane from Anaquest, BOC Healthcare (Madison,
WI). The following fragments were used for cDNA
probes: 4091bp Eco Rl eNOS cDNA fragment (donated
by Dr. W.C. Sessa); 2600bp Eco RI 70 kd subunit of
soluble guanylyl cyclase cDNA fragment (a gift from
Dr. M. Nakane); 550bp Eco Rl Hind 111 $-actin cDNA
fragment (American Type Culture Collection); and
780bp Xba 1 Pst glyceraldehyde-3-phosphate dehy-
drogenase cDNA fragment (American Type Culture
Collection).

Results

Cell Culture Model Validation

The endothelium-dependent, nitric oxide synthase
stimulating agents, bradykinin and adenosine triphos-
phate, had no effect on cyclic GMP content of endo-
thelial or VSM cells alone but markedly increased cyclic
GMP content in EC-VSM co-cultures (P < 0.01; fig. 1)
The direct-acting soluble guanylyl cyclase stimulating
agent sodium nitroprusside had no effect on endothelial
cell cyclic GMP content but markedly stimulated cycli¢
GMP production in VSM and in EC-VSM co-cultures (s
< 0.01; fig. 1). Thus, our endothelial cell line W
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functionally shown to express nitric oxide synthase but
not to express soluble guanylyl cyclase and our rat aor-
tic VSM cell line was shown to express soluble guanylyl
cyclase but not nitric oxide synthase.

Atrial natriuretic peptide, 107’M, which activates
particulate but not soluble guanylyl cyclase stimulated
cyclic GMP production in both endothelial and VSM
cells (figs. 2A and 2B), demonstrating the presence of
a functional particulate guanylyl cyclase in both cell
types.

Northern blotting of poly A+ selected mRNA from
endothelium and from VSM demonstrated that endo-
thelial cells express mRNA for nitric oxide synthase
but not for soluble guanylyl cyclase and that the VSM
cell line expresses mRNA for soluble guanylyl cyclase
but not for endothelial nitric oxide synthase (fig. 3).

Anesthetic Effects on Basal and Stimulated

Guanylyl Cyclase

Increasing concentrations of halothane from 0.5 to
5% had no significant effect on basal cyclic GMP content
of VSM and had no inhibitory or stimulatory effect on
the cyclic GMP content of VSM stimulated by a 10™°M
solution of nitroprusside (figs. 4A and 4B). Similarly,
isoflurane 0.5 to 5.0% had no significant effect on cyclic
GMP concentration in unstimulated VSM and had no
positive or negative effect on 10~ °M sodium nitro-
prusside-stimulated cyclic GMP production in VSM
(figs. 5A and 5B). To further evaluate the possibility
of subtle interactions of inhalational anesthetics with
soluble guanylyl cyclase activation, the effect of 2%
halothane and 2% isoflurane on dose-dependent in-
creases in cyclic GMP content in response to sodium
nitroprusside (table 1), nitroglycerin (Table 2), and
nitric oxide (figs. 6A and B) were determined. Neither
halothane nor isoflurane had a significant effect on so-
dium nitroprusside- (table 1) or nitroglycerin-stimu-
lated (table 2) increases in VSM cyclic GMP content
in the presence or absence of isobutylmethyl xanthine.
Because of the highly reactive and rapid acting effects
of nitric oxide, studies using nitric oxide were per-
formed in the presence of superoxide dismutase (10
units/ml) to prevent degradation of nitric oxide by its
interaction with superoxide radical and in the presence
of isobutylmethyl xanthine (2 X 107'M) to prevent
cyclic GMP degradation. There was no difference in
cyclic GMP content in response to nitric oxide at any
nitric oxide concentration in the presence or absence
of 2% halothane or 2% isoflurane (figs. 6A and B). In
recovery experiments in which anesthetic was washed

A“CSthcsi()logy‘ V 83, No 4, Oct 1995

cGMP [pmols/well]

-
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CTL BK ATP SNP || CTL BKATP SNP || CTL BK ATP SNP

ENDO + VSM
COCULTURE

Fig. 1. Validation of endothelial cell-vascular smooth muscle
co-culture model for assessment of agent actions on nitric ox-
ide synthase and/or soluble guanylyl cyclase. ATP = adenosine
triphosphate 10*M; BK = bradykinin 10"°M; CTL = control;
ENDO = endothelium; SNP = sodium nitroprusside 10°°M; VSM
= vascular smooth muscle. *Significantly different from control
(P <0.01).

ENDO ALONE VSM ALONE

out for 45 min before stimulation of VSM or co-cultures,
cyclic GMP responses were within 5% of initial control
responses and not significantly different.

Anesthetic Effects on Basal and Stimulated

Co-cultures

In agonist-stimulated co-cultures, both halothane and
isoflurane significantly inhibited increases in cyclic
GMP concentrations in response to the receptor-me-
diated nitric oxide synthase activating agents adenosine
triphosphate and bradykinin, as well as increases in
cyclic GMP concentration caused by the receptor-in-
dependent nitric oxide synthase activator, calcium
ionophore A23187, at the concentrations of anesthetic
indicated in figures 7A-7D and 8A—8D. Neither halo-
thane nor isoflurane exerted significant effects on cyclic
GMP content in co-cultures stimulated with control

buffer.
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Fig. 2. Activation of particulate guanylyl cyclase by atrial na-
triuretic factor. (4) Time course of atrial natriuretic factor
induced cyclic guanosine monophosphate accumulation in
endothelial cells. (B) Stimulation of cyclic guanosine mono-
phosphate in vascular smooth muscle by atrial natiuretic pep-
tide.

Discussion

It is generally accepted that inhalational anesthetics
inhibit nitric oxide-mediated, endothelium-dependent
vasodilation; however, the site at which this inhibition
takes place has been a subject of controversy. The cur-
rent study using cultured VSM and EC-VSM co-cultures
as models for assessing the nitric oxide synthase-soluble
guanylyl cyclase signaling system, investigated the sites

Anesthesiology, V 83, No 4, Oct 1995

at which halothane and isoflurane interact with this

pathway. In this model, inhalational anesthetics do nog

stimulate or inhibit basal cyclic GMP production ip

EC-VSM co-cultures or in VSM alone, suggesting that
inhalational anesthetics do not activate soluble or par.
ticulate guanylyl cyclase and do not activate nitric ox.
ide synthase. Inhalational anesthetics do not inhibit
cyclic GMP formation in VSM in response to the nitro.
vasodilators sodium nitroprusside and nitroglycerin or
in response to nitric oxide itself, strongly suggesting a
lack of interference with soluble guanylyl cyclase ac-
tivation. Conversely, inhalational anesthetics inhibit
both agonist and calcium ionophore stimulated nitric
oxide dependent cyclic GMP accumulation in endo-
thelial cell and EC-VSM co-cultures. Consistent with
previous vascular ring studies, anesthetics appear to
inhibit the nitric oxide-guanylyl cyclase signaling
pathway distal to receptor activation in the endothelial
cell and proximal to nitric oxide activation of guanylyl
cyclase. This of course does not rule out an effect on
receptor activation (inhalational anesthetics have been
shown to impair some agonist-stimulated calcium re-
sponses in endothelial cells'® and to impair muscarinic
receptor activation,'~*' however, it cannot be the only
site of action, because the calcium ionophore response
was also inhibited.

-« endothelial NO synthase (4.4 Kb)
=< guanylyl cyclase (3.4 Kb)

# - B-actin (2.0 Kb)

~< GAPDH (1.4 Kb)

Fig. 3. Northern blot of poly A+ mRNA extracted from bovine
aortic endothelial cells (E) and rat vascular smooth muscle
(V) hybridized with the complete cDNA's for bovine endothfl'
lial nitric oxide synthase and for the 70 kd subunit of ratso”
uble guanylyl cyclase.
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Fig. 4. Effect of increasing concentrations of halothane on un-
stimulated vascular smooth muscle (4) and sodium nitro-
prusside 10 °M stimulated vascular smooth muscle (B).

0.0 0.5

In initial studies by Muldoon et al.,” Uggeri et al.,
and Toda et al.,® demonstrating inhalational anesthetic
inhibition of EDRF-dependent vasodilation, it was
strongly suggested that this inhibition was caused b}i
an effect on the production, release, or transport of
EDRF and independent of an effect on guanylyl cyclase
activation in the VSM. The evidence for this was that
vasodilation induced by nitroglycerin and sodium ni-
troprusside, which is mediated by a direct activation
of VSM soluble guanylyl cyclase, was not affected by
any of the anesthetics. A recent article, also generated
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at the Muldoon laboratory, showed, however, that va-
sodilation induced by low concentrations of nitroglyc-
erin is inhibited by halothane, and that halothane par-
tially inhibits vasodilation and cyclic GMP accumula-
tion in response to nitric oxide.” It was suggested that
halothane might act to inhibit nitric oxide-dependent
stimulation through the inhibition of soluble guanylyl
cyclase. In a similar manner, Nakamura and col-
leagues'® demonstrated that halothane, isoflurane, and
sevoflurane inhibit acetylcholine-induced relaxation

A VASCULAR SMOOTH MUSCLE

30 UNSTIMULATED
25
Sl
3
a 15
5
o
2 10t
5
i
|\ DDA D
00 05 1.0 2.0 3.0 40 5.0
% ISOFLURANE
B VASCULAR SMOOTH MUSCLE
39 SODIUM NITROPRUSSIDE STIMULATED
25
E 20
o 15| % / / % 7 ?
=
L
5 7
(&)
ST / / / / /
1inia

T

1.0 2.0 3.0 40 50

)
o
o
o

% ISOFLURANE

Fig. 5. Effect of increasing concentrations of isoflurane on
cyclic GMP content of unstimulated vascular smooth mus;le
(A) and sodium nitroprusside, 10" °M stimulated vascular

smooth muscle (B).
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Table 1. Effect of Anes
in Cultured Vascular Smooth Muscle (pmol/well)

thetics on Sodium Nitroprusside-stimulated Cyclic GMP Production

Sodium Nitroprusside Concentration (M)

1x107 1x10°® 1% 105 110 1%10°

SNP 210 + 0.24 4.02 + 0.08 9.80 + 0.26 24.78 + 1.26 88.77 + 575
SNP + isoflurane, 2% 2.45 + 0.05 3.92 + 0.03 8.03 + 0.51 23.15 + 2.55 7913+ 597
SNP (IBMX) 5.47 + 0.07 8.30 = 0.45 17.05 + 0.91 32.65 + 1.82 99.80 + 7.84
SNP (IBMX) + isoflurane, 2% 6.72 + 0.07 8.95 + 0.33 20.90 + 0.40 43.47 +1.92 95.50 + 981
SNP 1.40 + 0.33 6.00 + 0.72 27.85 + 1.97 82.20 + 2.90 80.95 + 6.62
SNP + Halothane, 2% 2.05+0.17 8.75 + 0.85 37.08 + 2.78 81.35 + 3.80 84.78 + 118
SNP (IBMX) 485+ 0.19 10.48 = 0.67 66.50 + 1.84 99.77 + 6.55 14150 + 6.4
SNP (IBMX) + halothane, 2% 5.88 + 0.19 16.45 + 0.94 64.07 + 6.85 127.20 + 9.0 159.15 + 18.

SNP = sodium nitroprusside; (IBMX)
monophosphate.

and cyclic GMP accumulation in the rat aorta and that
halothane and sevoflurane inhibit nitric oxide-stimu-
lated cyclic GMP. Whereas in the initial study by Toda
et al. B isoflurane and halothane had no effect on sodium
nitroprusside-induced relaxation, these authors sub-
sequently demonstrated a small inhibitory effect of
halothane on sodium nitroprusside-induced relaxation
ata single (10~®M) concentration but no effect at higher
or lower concentrations.'? Isoflurane and sevoflurane
had no effect on the sodium nitroprusside responses.
Further complicating the situation, early work from
the same laboratory showed a halothane-induced in-
crease in cyclic GMP in unstimulated rat aorta.**

The current data are clearly at odds with those in
these latter reports. The reason for this discrepancy is
not entirely clear; however, it could be due to technical
concerns related to the methods inherent in the vas-
cular ring studies where the direct VSM dilating or con-

= experiment performed in the presence of the phosphodiesterase inhibitor, isobutylmethylxanthine; GMP = guanosine

stricting effects of the inhalational anesthetics may need
to be counteracted by changing the appropriate con-
tractile agonist concentration to achieve 50% contrac-
tile response for each ring condition or by increasing
the concentration of constrictor agent to achieve the
same final level of tone, events that potentially could
alter vessel responsiveness to the subsequently added
nitric oxide or nitrovasodilator. Also, it must be rec-
ognized that inhibition of nitroglycerin and sodium ni-
troprusside-induced relaxation by halothane was shown
only at limited dose ranges of these nitrovasodilators
and was ineffective at higher and sometimes lower
concentrations. In addition, it is our experience that
nitric oxide-induced vascular responses under the con-
ditions of vascular ring tissue bath experiments are very
transient, highly variable, and difficult to assess. Other
investigators®'' have also been unable to demonstrate
an effect of inhalational anesthetic on nitrovasodilator-

Table 2. Effect of Anesthetics on Nitroglycerine-stimulated Cyclic GMP Production

in Cultured Vascular Smooth Muscle (pmol/well)

Nitroglycerin Concentration (m)

1x107 1x107® 1x10°8 1% 104 1x10°
NTG 1.60 + 0.13 2.82 + 0.09 8.33 + 0.62 17.15 + 1.50 36.77 + 241
NTG + isofiurane, 2% 192 +0.10 347 + 027 7.35+0.22 15.13 + 0.22 39.57 = 149
NTG (IBMX) 450 +0.15 6.88 + 0.24 17.92 + 0.17 36.45 = 1.12 85.70 + 2.28
NTG (IBMX) + isoflurane, 2% 5.30 + 0.18 8.00 + 0.48 21.05 + 1.03 38.13 + 0.50 83.10 + 326
NTG 0.40 = 0.04 133 + 0.17 3.08  0.30 7.93 + 0.62 23.95 + 4.02
NTG + halothane, 2% 1.10 + 0.07 210 +0.28 3.47 +0.29 8.38 + 0.55 20.03 + 123
NTG (BMX) 2.40 +0.08 473+ 017 1165 + 0.88 20.85 + 1.83 4450 + 3.89
NTG (IMBX) + halothane, 2% 2.72 + 052 5.02 + 0.09 12.05 + 0.55 25.18 + 2.97 36.67 + 237

NTG = nitroglycerin; (BMX) = experiment performed in the presence of the phosphodiesterase inhibitor, isobutylmethylxanthine; GMP = guanosine monophosphate,
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mediated relaxation of vascular rings. In addition, Es-
kinder et al.,”* studied the effect of halothane on iso-
lated soluble and particulate guanylyl cyclase and
found that halothane at 1 mM concentration (the only
concentration studied) had no effect on soluble guan-
ylyl cyclase activation.

Eskinder et al.?* did demonstrate a stimulation of an
isolated enzyme preparation of particulate guanylate
cyclase by a high (3.3%) halothane concentration. Fur-
ther supporting such an action, Nakamura et al.,****
demonstrated a halothane-induced increase (2.25%)
in the cyclic GMP content of the endothelium denuded
rat aorta. Because both our endothelial and VSM cell
lines have been shown to have an active particulate
guanylyl cyclase as demonstrated by increases in cyclic
GMP content in response to atrial natriuretic peptide,
it is surprising that wide-ranging concentrations (0-
5%) of halothane and isoflurane had no stimulatory ef-
fect on basal cyclic GMP levels in our VSM cultures or
EC-VSM co-cultures. The reason for this discrepancy is
not apparent, although isolated enzyme studies are
highly dependent on the chemical environment chosen
to perform the studies.

The work by Greenblatt et al.” which suggested that
isoflurane may stimulate the nitric oxide-guanylyl cy-
clase pathway in an in vivo rat model, may be explained
by a recent article by Crystal et al.*> which demon-
strates an indirect release of nitric oxide by isoflurane
in an in vivo study of coronary vascular tone in the
dog. In this model, the direct dilation of the coronary
vascular smooth muscle by isoflurane caused an in-
crease in flow, indirectly increasing EDRF/nitric oxide
release through the resulting increased shear stress on
the endothelium. (Shear is a potent activator of en-
dothelial nitric oxide synthase.”®) Consistent with the
current data, an in vivo study by Wang et al.*” provided
evidence suggesting inhibition of the nitric oxide-
guanylyl cyclase pathway in the vasculature of the intact
animal implying an important role for inhibition of this
pathway in the hemodynamic responsc to halothane.
In their study, halothane prevented the pressor re-
sponse to L-NAME and to LNMMA (inhibitors of nitric
oxide synthase) but not to the nitric oxide-independent
vasoconstrictors angiotensin I or norepinephrine. This
could be interpreted as prior inhibition of nitric oxide
synthase (NOS) by halothane preventing further inhi-
bition by the NOS inhibitor L-NAME.

In the current study, inhalational anesthetics inhib-
ited agonist- and A23187-stimulated co-cultures but
had no apparent effect on basal nitric oxide production.
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Fig. 6. Effect of 2% halothane (4) and 2% isoflurane (B) on the
cyclic guanosine monophosphate content of the vascular
smooth muscle cells stimulated with increasing concentrations
of nitric oxide in the presence of superoxide dismutase (10
units/ml) and isobutylmethylxanthine (2 X 107'M).

This suggests the possibility that anesthetics exert their
inhibitory effect only on the activated nitric oxide syn-
thase or that they work somehow to limit its activation.
Indeed, all of the vascular ring studies demonstrating
inhibition of EDRF/nitric oxide dependent vasodilation
have studied agonist- or calcium-ionophore-activated
nitric oxide synthase and not basal nitric oxide release
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of halothane on cyclic guanosine mono-
phosphate content of endothelial cell-vas-
cular smooth muscle co-cultures stimulated
with control buffer (4), bradykinin 10™°M
(B), adenosine triphosphate 10™*M (C), or
the calcium ionophore A23187 10 °M (D).
*P < 0.05.
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from unstimulated vessels. At a minimum, some degree
of NOS activation was provided in such studies by con-
tractile agonists such as phenylephrine or norepineph-
rine, which also release EDRF/nitric oxide in addition
to their direct contractile effects. Interference with re-
ceptor-activated increases in calcium are reported for
anesthetics in multiple cell types but cannot com-
pletely account for their ability to inhibit NOS, as the
EDRF/nitric oxide dilation in response to the receptor-
independent calcium ionophore A23187 was also in-
hibited. A direct effect on NOS activity is a possible
mechanism and has been suggested,*® although we?’
and others®” have been unable to demonstrate such an
effect in homogenate or purified isolated brain or en-
dothelial NOS activity assays. Anesthetic interference
with co-factor availability, however, cannot be ruled
out in isolated enzyme studies where cofactors are
added in large quantities. A recent report by Blaise et
al.'' suggests that anesthetics inactivate nitric oxide
after its production, but if this were the case one might
have expected anesthetics to have interfered with the

Anesthesiology, V 83, No 4, Oct 1995

0.00.51.02.03.04.05.0
% HALOTHANE

exogenous nitric oxide or nitric oxide donors used in
the current study.

Possible sites at which inhalational anesthetics may
interfere with EDRF/nitric oxide-dependent vasodila-
tion have recently been reviewed.*' These include in-
terference with receptor activation, a decrease in avail-
ability of calcium for activation of NOS, inhibition of
calmodulin or other cofactors required for NOS acti-
vation, direct interaction with nitric oxide, generation
of superoxide or other free radicals that interact with
nitric oxide, or inhibition of the activation of soluble
guanylyl cyclase. It is possible that anesthetics will have
multiple sites of interaction with the nitric oxide-
guanylyl cyclase signaling pathway, not necessarily the
same for each anesthetic or for different tissue types of
isoforms of NOS and not necessarily at the same con-
centration of anesthetic at each site/tissue.

There has been a great deal of interest in the inter-
actions of inhalational anesthetics with protein Kinase
Cactivity. Whereas some studies have shown a decrease
in protein kinase C activity by these anesthetics,’” ther¢
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is an increasing consensus that protein kinase C is ac-
tivated by inhalational anesthetics.”*™*> As activation of
protein kinase C in the endothelium has been shown
to lead to phosphorylation of endothelial nitric oxide
synthase, resulting in removal of the enzyme from its
membrane association and a decrease in activity,**?’
this is another site to consider for anesthetic inhibition
of nitric oxide-mediated, endothelium-dependent va-
sodilation.

The current studies in cultured cells have avoided
many of the potentially complicating factors asso-
ciated with vascular ring studies and with in vivo
pharmacologic assessment. The variable alteration of
vascular tone by different anesthetic agents, which
is due to effects not involving the nitric oxide-guan-
ylyl cyclase pathway, are avoided in this model. Thus,
there is no need to use a different EC50 that could
alter subsequent vascular responses or to add addi-
tional vasoconstrictor to bring anesthetic-exposed
vessels back to the desired degree of isometric tonc.

’\“Cﬁlhcsi()l()gy. V 83, No 4, Oct 1995
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At the same time, the cellular milieu of the compo-
nents of the nitric oxide-guanylyl cyclase pathway is
maintained, unlike the more artificial situation of
isolated enzyme preparations.

Using VSM and EC-VSM co-cultures, we have shown
that inhalational anesthetics do not stimulate or inhibit
basal cyclic GMP production, suggesting that they do
not activate either soluble or particulate guanylyl cy-
clase and do not activate nitric oxide synthase. Inha-
lational anesthetics do not inhibit nitrovasodilator-in-
duced cyclic GMP formation, suggesting a lack of in-
terference with soluble guanylyl cyclase activation.
Inhalational anesthetics do, however, inhibit both ag-
onist- and calcium-ionophore-stimulated nitric oxide-
dependent cyclic GMP accumulation in EC-VSM co-
cultures. Consistent with previous vascular ring studies,
inhalational anesthetics appear to inhibit nitric oxide-
guanylyl cyclase signaling distal to receptor activation
in the endothelial cell and proximal to nitric oxide

activation of guanylyl cyclasc.




834

JOHNS ET AL.

References

1. Blaise G. Sill JC, Nugent M, Van Dyke RA, Vanhoutte PM: Iso-
flurane causes endothelium-dependent inhibition of contractile re-
sponscs of canine coronary arteries. ANESTHESIOLOGY 67:513-517,
1987

2. Greenblatt EP, Loeb AL, Longnecker DE: Endothelium-depen-
dent circulatory control—A mechanism for the differing peripheral
vascular effects of isoflurane versus halothane. ANESTHESIOLOGY 77:
1178-1185, 1992

3. Brendel JK, Johns RA: Isoflurane does not vasodilate rat thoracic
aortic rings by endothelium-derived relaxing factor or other cyclic
GMP-mediated mechanisms. ANESTHESIOLOGY 77:1 26-131, 1992

4. Flynn NM, Buljubasic N, Bosnjak ZJ, Kampine JP: Isoflurane
produces endothelium-independent relaxation in canine middle ce-
rebral arteries. ANESTHESIOLOGY 76:461-467, 1992

5 Muldoon SM, Hart JL, Bowen KA, Freas W: Attenuation of en-
dothelium-mediated vasodilation by halothane. ANESTHESIOLOGY 68:
31-37, 1988

6. Stone DJ, Johns RA: Endothelium-dependent effects of halothane,
enflurane, and isoflurane on isolated rat aortic vascular rings. ANES-
THESIOLOGY 71:126-132, 1989

7. Uggeri M], Proctor GJ, Johns RA: Halothane, enflurane, and iso-
flurane attenuate both receptor- and non-receptor-mediated EDRF
production in rat thoracic aorta. ANESTHESIOLOGY 76:1012-1017,
1992

8. Toda H, Nakamura K, Hatano Y, Nishiwada M, Kakuyama M,
Mori K: Halothane and isoflurane inhibit endothelium-dependent
relaxation elicited by acetylcholine. Anesth Analg 75:198-203,
1992

9. Hart JL, Jing M, Bina S, Freas W, Van Dyke RA, Muldoon SM:
Effects of halothane on EDRF/cGMP-mediated vascular smooth muscle
relaxations. ANESTHESIOLOGY 79:323-331, 1993

10. Nakamura K, Terasako K, Toda H, Miyawaki I, Kakuyama M,
Nishiwada M, Hatano Y, Mori K: Mechanisms of inhibition of endo-
thelium-dependent relaxation by halothane, isoflurane, and sevo-
flurane. Can ] Anaesth 41:340-346, 1994

11. Blaise G, To Q, Parent M, Lagarde B, Asenjo F, Sauve R: Does
halothane interfere with the release, action, or stability of endothe-
lium-derived relaxing factor/nitric oxide? ANESTHESIOLOGY 80:417—
426, 1994

12. Loeb AL, Owens GK, Peach MJ: Evidence for endothelium-
derived relaxing factor in cultured cells. Hypertension 7:804-807,

1985

13. Chomczynski P: A reagent for the single-step simultaneous
isolation of RNA, DNA, and proteins from cell and tissue samples.
Biotechniques 15:532-537, 1993

14. Sambrook J: Molecular Cloning—A Laboratory Manual. Cold
Spring Harbor, Cold Spring Harbor Laboratory Press, 1989

15. Sessa WC, Harrison JK, Barber CM, Zeng D, Durieux ME, D’An-
gelo DD, Lynch KR, Peach MJ: Molecular cloning and expression of
a cDNA encoding endothelial cell nitric oxide synthase. ] Biol Chem

267:15274-15276, 1992
16. Nakane M, Arai K, Saheki S, Kuno T, Buechler W, Murad F:
Molecular cloning and expression of ¢cDNAs coding for soluble
guanylate cyclase from rat lung. J Biol Chem 265:16841-16845,
1990
17. Harper JF, Brooker G: Femtomole radioimmunoassay for cyclic
GMP after 2’0 acetylation by acetic anhydride. J Cyclic Nuclc(nidc
Res 1:207-218, 1975

Anesthesiology, V 83, No 4, Oct 1995

18. Loeb AL, Longnecker DE, Williamson JR: Alteration of calcium
mobilization in endothelial cells by volatile anesthetics. Biochem
Pharmacol 45:1137-1142, 1993

19. Brett RS, Dilger JP, Yland KF: Isoflurane causes flickering of
the acetylcholine receptor channel: Observations using patch clamp
ANESTHESIOLOGY 69:157-160, 1988

20. Dennison RL, Anthony BL, Narayanan TK, Aronstam RS: Effects
of halothane on high affinity agonist binding and guanine nucleotide
sensitivity of muscarinic acetylcholine receptors from brainstem of
rat. Neuropharmacology 26:1201-1205, 1987

21. Aronstam RS, Anthony BL, Dennison RL: Halothane effects on
muscarinic acetylcholine receptor complexes in rat brain. Biochem
Pharmacol 35:667-672, 1986

22. Nakamura K, Toda H, Hatano Y: Halothane and the guanylate
cyclase system. ANESTHESIOLOGY 78:617, 1993 ¥

23. Eskinder H, Hillard CJ, Flynn N, Bosnjak ZJ, Kampine JP: Role
of guanylate cyclase-cGMP systems in halothane-induced vasodilation
in canine cerebral arteries. ANESTHESIOLOGY 77:482-487, 1992

24, Nakamura K, Hatano Y, Toda H, Nishiwada M, Baek W, Mori
K: Halothane-induced relaxation of vascular smooth muscle: A pos-
sible contribution of increased cyclic GMP formation. Jpn J Pharmacol
55:165-168, 1991

25. Crystal GJ, Kim S-J, Salem MR, Khoury E, Gurevicius J: Nitric
oxide does not mediate coronary vasodilation by isoflurane. ANEs-
THESIOLOGY 81:209-220, 1994

26. Busse R, Miilsch A, Fleming I, Hecker M: Mechanisms of nitric
oxide release from the vascular endothelium. Circulation 87 (suppl
5):V18-V25, 1993

27. Wang Y-X, Abdelrahman A, Pang CCY: Selective inhibition of
pressor and haemodynamic effects of NC-nitro-L-arginine by halothane.
J Cardiovasc Pharmacol 22:571-578, 1993

28. Tobin JR, Martin LD, Breslow M]J, Traystman RJ: Selective an-
esthetic inhibition of brain nitric oxide synthase. ANESTHESIOLOGY 81:
1264-1269, 1994

29. Rengasamy A, Ravichandran LV, Reikersdorfer CG, Johns RA:
Inhalational anesthetics do not alter nitric oxide synthase activity. ]
Pharmacol Exp Ther 273:599-604, 1995

30. Tagliente TM: Halothane effects on rat brain nitric oxide syn-
thase enzyme kinetics (abstract). ANESTHESIOLOGY 81:A800, 1994

31. Johns RA: Endothelium, anesthetics, and vascular control.
ANESTHESIOLOGY 79:1381-1391, 1993

32. Slater §J, Cox KJA, Lombardi JV, Ho C, Kelly MB, Rubin E,
Stubbs CD: Inhibition of protein kinase C by alcohols and anaesthetics.
Nature 364:82-84, 1993 '

33. Hemmings HC Jr, Adamo AIB: Effects of halothane and propofol
on purified brain protein kinase C activation. ANESTHESIOLOGY 81:

147-155, 1994

34. Messing RO, Peterson PJ, Henrich CJ: Chronic ethanol ex-
posure increases levels of protein kinase C and protein kinase C-
mediated phosphorylation in cultured neuronal cells. J Biol Chem
266:23428-23432, 1991

35. Tsuchiya M, Okimasu E, Ueda W, Hirakawa M, Utsumi K:
Halothane, an inhalation anesthetic, activates protein kinase C and
superoxide generation by neutrophils. FEBS Lett 242:101-105, 1988

36. Busconi L, Michel T: Endothelial nitric oxide synthase. N-
terminal myristoylation determines subcellular localization. J Biol
Chem 268:8410-8413, 1993

37. Michel T, Li GK, Busconi L: Phosphorylation and subcellular
translocation of endothelial nitric oxide synthase. Proc Natl Acad Sci
U S A 90:6252-6256, 1993 f

ology
W»m:‘li‘n* 1995y of Anesthes!
9 s mericd® 2 hers
W::au- gven PUbLisH”
(i

uid 0 Warnef; m.D.,1 Mich

moq

S of
und: The patgm 0
Backgro! ced anesihesm

e
ﬁ;ﬁ?ﬁg quietly. I hman:
ity in rib cage %ﬂd a
whereas activity in the par
polshed. In contrast; ga.loth
auscleactivity during gun-et b
quscle activity is maing_tamec
(0, rebreathing We£e rflea
josto determine if séeaes.
eathing persist ova%,r a wi
drive. B
Wethods: Chronic éectro
planted in three expirgtory

| {unsversus abdominis, and
' e inspiratory agoriists (t]
wstal and crural dia; firagn
| month recovery period, the
jine position with hafbthan
| etermined by Read‘s@nethl
| lad 2 minimum alvolar
| thane. CO, concentrations v
| bagusing an infrare(ganaly
| sred by fast three-dithensic
| ting g
Resuts: Halothane c@ncen
theslope of the relatiﬁnshi]
indPey (0.34 + 0,04 [ + SE
uring 1 and 2 mininﬁum al
| "Spectively). Howevipr, 2 |
' ;'fl?‘;hesia didsignifi€antly
" mmHg (from 7§ + 1.
tightward shift inShe 1
N

S

Asistant profe

|

| i & oline
{

|

T .
AS0ciate Professor of Ane

§
Frofessor of Physiolog' an
RC(Cived fro

W Biophys; "™ the Departm
1

o4 =
s » Mayo Clinic 5
lmion]une
» 1995, g
o lh,?nt GM-409094 l:)I;P‘
ng | i :
ki 'g NVestigator
Oundatjyy for Ancsthél::
Tess 1
‘Iolomv G arc:prmt Tequests ¢
) linic, R
» Rochest

»\nmh 4
GSiology
g)‘Vgg‘ N()4’ C

=



