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Volatile Anestbetic Actions on Contractile
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Mesenteric Arteries
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Background: Volatile anesthetics have been shown to have
vasodilating or vasoconstricting actions in vitro that may
contribute to their cardiovascular effects in vivo. However,
the precise mechanisms of these actions in vitro have not been
fully elucidated. Moreover, there are no data regarding the
mechanisms of volatile anesthetic action on small resistance
arteries, which play a critical role in the regulation of blood
pressure and blood flow.

Metbods: With the use of isometric tension recording meth-
ods, volatile anesthetic actions were studied in intact and S-
escin-membrane-permeabilized smooth muscle strips from rat
small mesenteric arteries. In experiments with intact muscle,
the effects of halothane (0.25-5.0%), isoflurane (0.25-5.0%),
and enflurane (0.25-5.0%) were investigated on high K'-in-
duced contractions at 22°C and 35°C. All experiments were
performed on endothelium-denuded strips in the presence of
3 um guanethidine and 0.3 um tetrodotoxin to minimize the
influence of nerve terminal activities. In experiments with
membrane-permeabilized muscle, the effects of halothane
(0.5-4.0%), isoflurane (0.5-4.0%), and enflurane (0.5 4.0%) on
the half-maximal and maximal Ca*'-activated contractions
were examined at 22°C in the presence of 0.3 um ionomycin
to eliminate intracellular Ca®" stores.

Results: In the high K'-stimulated intact muscle, all three
anesthetics generated transient contractions, which were fol-
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lowed by sustained vasorelaxation. The ICso values for this 2
vasorelaxing action of halothane, isoflurane, and enﬂurane%
were 0.47 vol% (0.27 mm), 0.66 vol% (0.32 mm), and 0.53 vol%
(0.27 mm), respectively, at 22°C and were 3.36 vol% (0.99 mm), §
3.07 vol% (0.69 mm), and 3.19 vol% (0.95 mm), respectively, at
35°C. Ryanodine (10 um) eliminated the anesthetic- induced:
contractions but had no significant effect on the anesthetic- 3
induced vasorelaxation in the presence of high K*. In addition, 3
no significant differences were observed in the dose depen-
dence of the direct vasodilating action among these anesthetics 3
with or without ryanodine at either the low or the high tem-
perature. However, significant differences were observed ing
the vasoconstricting actions among the anesthetics, and the:x
order of potency was halothane > enflurane > isoflurane. Theg
Ca**-tension relation in the membrane-permeabilized muscle
yielded a half-maximal effective Ca*' concentration (ECso) of 8
2.02 pM. Halothane modestly but significantly inhibited 3 uMo
(approximately the ECs,) and 30 um (maximal) Ca’*-inducedw
contractions. Enflurane slightly but significantly inhibited 38
um but not 30 um Ca** contractions. Isoflurane did not signif-5
icantly inhibit either 3 um or 30 um Ca*' contractions. §

Conclusions: Halothane, isoflurane, and enflurane have bothyg
vasoconstricting and vasodilating actions on isolated smallco
splanchnic resistance arteries. The direct vasoconstricting ac-3
tion appears to result from Ca’’ release from the ryanodineo
sensitive intracellular Ca®>* store. The vasodilating action ofg
isoflurane in the presence of high K* appears to be attributablq3
mainly to a decrease in intracellular Ca** concentration, posg
sibly resulting from inhibition of voltage-gated Ca*" channels.<
In contrast, the vasodilating actions of halothane and enﬂnrﬂ
ane in the presence of high K* appears to involve inhlbitiorg
of Ca?* activation of contractile proteins as well as a decreasea
in intracellular Ca®*' concentration in smooth muscle. (Ke)g
words: Anesthetics, volatile: enflurane; halothane; isoﬁurane,u
Artery: resistance. Membrane, permeabilization: §-escin. Mus&g
cle, smooth: vascular.)
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VOLATILE anesthetics are known to affect cardiovas-
cular stability by causing changes in vascular reactivity,
cardiac function, and autonomic reflexes that detect
alterations and initiate adjustments in the cardiovas-
cular system.'” Their overall effect is a decrease in
mean arterial pressure caused by peripheral vasodila-
tion, myocardial depression, and decreased sympathetic
nervous system activity.'™ Vasodilating or vasocon-
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stricting actions of volatile anesthetics have been dem-
onstrated in isolated aorta and coronary arteries,*” '’
suggesting that direct vascular action may contribute
to the cardiovascular effects of volatile anesthetics in
vivo. In addition, recent studies have demonstrated that
volatile anesthetics have vasodilating or vasoconstrict-
ing actions on isolated small resistance arteries at clin-
ically relevant concentrations,''™'* more strongly sug-
gesting that direct actions on vascular tissue do signif-
icantly contribute to changes in peripheral vascular
resistance in vivo.

The precise mechanism(s) of the in vitro vasodilating
or vasoconstricting actions of volatile anesthetics have
not been fully clarified. The involvement of endothe-
lium in the vascular actions of volatile anesthetics
have been investigated in several vascular prepara-
tions,*#!111214-19 an( the endothelium dependence of
the vasodilating or vasoconstricting actions of halo-
thane, enflurane or isoflurane have been suggested in
some preparations including canine coronary and mes-
enteric arteries and rat aorta.**'* In addition, several
groups of investigators have demonstrated that halo-
thane, isoflurane, enflurane, and sevoflurane can inhibit
endothelium-mediated relaxations in a variety of vas-
cular preparations.'*'*"'® However, the lack of effects
of endothelial denudation or the endothelium-derived
relaxing factor pathway inhibitors on vasodilating ac-
tions of isoflurane or halothane has also been docu-
mented in some vascular preparations including rat
aorta, rabbit basilar and canine cerebral arteries.”'>"?
Thus, the role of endothelium in the vascular responses
to volatile anesthetics appears to be still controversial.

Vasodilating or vasoconstricting actions of vola-
tile anesthetics have also been documented in
several endothelium-denuded vascular prepara-
tions >~#10.14.15.19.20 geyeral previous studies that have
addressed the mechanisms of the direct vascular
smooth muscle actions of volatile anesthetics have
suggested that these agents may affect both activation
of contractile proteins and intracellular Ca** mobi-
lization.>'*?°-2* Su and Zhang demonstrated that
halothane slightly depressed maximal Ca**-activated
tension in membrane-permeabilized rabbit aortic tis-
sue,’ suggesting that inhibition of contractile pro-
teins may contribute to the vasodilating action of
halothane. Buljubasic and coworkers, using the
patch-clamp method, have demonstrated that halo-
thane (0.75% and 1.5%) and isoflurane (2.6%) in-
hibit long-lasting Ca** currents in canine coronary
and cerebral arteries, suggesting that volatile anes-
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thetics can decrease intracellular Ca** concentration
([Ca**),) by inhibiting voltage-gated Ca*" influx.?*?3
More recently, Tsuchida et al. have demonstrated that
halothane (=1%) and isoflurane (=2%) decreased
both agonist- and high K'-induced increases in
[Ca®']; in rat aortic tissues, and, by using simultaneous
measurements of tension and [Caz*]i , also implied
that higher concentrations of the anesthetics may in-
hibit Ca**-activation of contractile proteins.?®

Small splanchnic resistance arteries are known to play
a critical role in the regulation of systemic blood pres-
sure and splanchnic blood flow,?**® and may be an im-
portant site of volatile anesthetic action.?” In addition,
maintenance of splanchnic blood flow during the peri-
operative period may be important in preventing
splanchnic ischemia, which can significantly affect the
outcome of critically ill surgical patients by allowing
bacterial translocation across the gut wall.?®° Al-
though a few previous studies have investigated volatile
anesthetic action in isolated large mesenteric arter-
ies,"*?! little information is available regarding mech-
anisms of volatile anesthetic action in small splanchnic
resistance arteries. Previous studies in vivo and in vitro
have demonstrated significant differences in the vascular
actions of volatile anesthetics between large conductance
and smaller arteries,”*”**~** indicating the need to further
investigate volatile anesthetic action in the small
splanchnic resistance arteries.

In this study, we investigated the mechanisms of vol-
atile anesthetic action on small splanchnic resistance
arteries. Using isometric-tension recording methods,
we first investigated the vasoconstricting and vasodi-
lating actions of halothane, isoflurane, and enflurane
in endothelium-denuded tissues precontracted with
high K. We then investigated the mechanisms of these
effects in ryanodine-treated intact smooth muscle and
B-escin—-permeabilized smooth muscle. This report
represents the first description of volatile anesthetic
action on Ca’**-activated contractions in membrane-
permeabilized resistance arteries.

Materials and Methods

Tissue Preparation for Tension Measurement

After receiving institutional approval for this animal
study, Sprague-Dawley rats (200-250 g) were anes-
thetized with halothane in O, after preoxygenation with
100% O, for 3—5 min. After obtaining an optimal an-
esthetic level, the mesenteric tissue was removed and
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immediately placed in a dissecting chamber filled with
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid
(HEPES)-buffered physiologic salt solution. The mes-
enteric artery was then rapidly excised. The distal por-
tion of the third or fourth order branch (0.15-0.20
mm in diameter) of the mesenteric artery was used.
Under a binocular microscope, the surrounding con-
nective and fat tissues were removed, the vessel was
cut open lengthwise, and the endothelium was re-
moved by gently rubbing the intimal surface with the
round surface of a small pin as has previously been
described.*** From this ‘“‘vascular sheet,”” a transverse
strip (150-200 pm in width, 250-400 gm in length)
was prepared. Both ends of the strip were then tied
with two thin silk threads, and, for the isometric tension
measurement, the strip was fixed between one end of
a chamber (0.9 ml capacity) and a L-shaped stainless
rod connected to the strain-gauge transducer (UL-2,
Shinko, Tokyo) as previously reported.'**>*® After a
30-min equilibration, the strip was stretched to ap-
proximately 1.1 times its resting length (without ten-
sion) to obtain a maximal contractile response to high
K*. The functional removal of the endothelium was
confirmed by disappearance of endothelium-dependent
relaxation by acetylcholine (10 um). The solution was
changed by perfusing it rapidly from one end while
aspirating it simultaneously from the other end. Ex-
periments with intact muscle were conducted both at
room temperature (22°C) and at 35°C, whereas the
experiments with membrane-permeabilized muscle
were performed at room temperature (22°C) to pre-
vent deterioration of the permeabilized strips.

Solutions and Drugs

The millimolar ionic concentrations of the HEPES-
buffered physiologic salt solution (PSS) for the exper-
iments with intact muscle were as follows: NaCl 138,
KCl1 5.0, MgCl, 1.2, CaCl, 1.5, HEPES 10, glucose 10.
The pH was adjusted with NaOH to 7.35 at either 22°C
or 35°C. The high-K"* solutions were prepared by re-
placing NaCl with KCI isoosmotically.

The composition of the relaxing and activating so-
lutions used in the experiments with membrane-per-
meabilized muscle are listed in table 1, which also
shows calculated values of free ion concentrations and
total ionic strength in each solution. The pH was ad-
justed with KOH to 7.00 at 22°C. Free ion concentra-
tions and the ionic strengths of the relaxing and acti-
vating solutions were calculated by solving multiequi-
librium equations with a hydrogen ion activity
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coefficient 0.75 and association constants between ions
(Appendix) as previously used.?”*® Numerical solution
of a set of multiequilibrium equations was achieved by
a successive approximation method by computer
(Powerbook 170, Apple, Cupertino, CA).

Guanethidine, tetrodotoxin, HEPES, $-escin, and io-
nomycin were obtained from Sigma Chemical (St.
Louis, MO). Ethyleneglycol-bis-(S-aminoethyl ether)-g -8
N,N,N',N-tetraacetic acid (EGTA), piperazine-1,4- bns-
(2-ethanesulfonic acid) (PIPES-K,), and methanesul-a
fonic acid were obtained from Fluka Chemie AG°
(Buchs, Switzerland). Ryanodine was purchased from3
Agri Systems International (Wind Gap, PA). Isoﬂumncm
and enflurane were obtained from Abbott Iaboratorles%
(North Chicago, IL), and halothane was obtained from3
Ayerst Laboratories (Philadelphia, PA). All other reg
agents were of the highest grade commercially avail
able.

ig/ABojoisayisaue/uio

Experimental Design

Intact Muscle. The effects of halothane, isoflurane 5
and enflurane on maximum high K*—induced contrac S
tions were studied in endothelium-denuded strips aG
room temperature (22°C) and at 35°C. To suppressg
peripheral nerve activities, 3 um guanethidine and 0.38‘
uM tetrodotoxin were present in the solutions through-%
out the experiments. In the experiments at room tem-3
perature, the volatile anesthetics were cumulauvelyo
(0.25-5.0%) applied to the strip after contractile rcw
sponse to 143 mm K' had reached a plateau. Becauset%
the 40 mm K" -induced contractions were often not wello
maintained for a long period at 35°C, a single concen-§
tration (0.125-5.0%) of each anesthetic was appliecﬁ
to the strip after contractile response to 40 mm K
reached a plateau. The anesthetics were not cumulag
tively applied in these experiments (at 35°C).

Because the above experiments revealed that the vol3
atile anesthetics had a vasoconstricting action that re
sulted from Ca?* release from intracellular Ca** stores;
as previously demonstrated,"''"* we also examined the®
effects of volatile anesthetics on ryanodine-treated strips
at both temperatures. In these experiments, ryanodine
(10 um) was first applied to the strips with caffeine
(20 mm) for approximately 1 min to deplete the Ca**
stores, and the strips were then treated with ryanodine
(10 um)-containing PSS for 25 min. All the experiments
with ryanodine were started after 20 mm caffeine—in-
duced contractions were completely abolished.

Membrane-permeabilized Muscle. After measuring
steady contractions induced by high K*, the strips were

1senl
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Table 1. Composition of Solutions and Calculated Values of Free Ion Concentrations and Total Ionic Strength

Total Concentrations (mm) Calculated Values
Solutions EGTA CaMs), MgMs), KMs PIPESK, ATP CrP [Ca*](um) [Mg*](mm) [K*](mm) lonic Strength (m)

Relaxing solution 4 0 7 80 20 5 10 0.002 1.680 119.9 0.204
Activating solutions

pCa=7.0 4 0.45 7 80 20 5 10 0.101 1.694 119.9 0.204

pCa = 6.5 4 1.09 7 80 20 5 10 0.300 1.716 119.9 0.205

pCa = 6.0 4 2.20 7 80 20 5 10 1.005 1.755 120.0 0.207

pCa =55 < 3.09 [ 80 20 5 10 2.992 1.788 120.0 0.208

pCa = 5.0 - 3.62 7 80 20 9 10 10.180 1.810 120.0 0.208

pCa =45 4 3.83 7 80 20 5 10 30.872 1.824 120.0 0.208

pCa = 4.0 4 3.99 7 80 20 5 10 99.282 1.848 120.0 0.209

pCa = —log [Ca®*]; EGTA = ethyleneglycol-bis(s-aminoethyl ether)-N,N'tetraacetic acid; Ms = methanesulfonate; PIPES = piperazine-N-N'-bis-(2-ethanesulfonic
acid); ATP = adenosine 5-triphosphate; CrP = creatinine phosphate. The pH was adjusted with KOH at 7.0 (22°C).

permeabilized with 50 um B-escin for 22-24 min at room
temperature in relaxing solution.””~*' Low concentrations
of Ca** ionophores such as ionomycin or A23187 have
been used to achieve nonselective and functional deple-
tion of the intracellular Ca** store.*>**~** In fact, in this
artery, 0.3 um ionomycin was effective in abolishing caf-
feine (20 mm)- and phenylephrine (10 um)-induced con-
tractions in Ca’*-free (2 mm EGTA) solutions in intact
strips, and in abolishing the caffeine contractions in B-
escin—permeabilized strips. Therefore, all of the exper-
iments with membrane-permeabilized muscle were per-
formed in the presence of 0.3 um ionomycin to deplete
the intracellular Ca** stores.

In the first set of experiments with membrane-per-
meabilized muscle, we determined the pCa-tension
relation by applying various concentrations of Ca**
containing activating solutions in a cumulative manner.
In another set of the experiments, we examined the
effects of halothane, isoflurane, and enflurane at con-
centrations of 0.5-4.0% on the half-maximal and max-

Fig. 1. Measured concentrations of (4)
halothane, (B) isoflurane, and (C) en-
flurane dissolved in various solutions at
22°C or 35°C. The predicted values (dot-
ted lines) were calculated from the wa-
ter—gas partition coefficient at 25°C (1.20
for halothane) or from Krebs’ solution-
gas partition coefficients at 37°C (0.75,
0.55 and 0.74 for halothane, isoflurane,
and enflurane, respectively).* The wa-
ter—gas or Krebs’ solution-gas partition
coefficients at low temperature for iso-
flurane and enflurane were not avail-
able. The data were linearly fitted with
the least square fit methods. All values
are mean + SEM (n = 4).

Measured
concentration (mM)

—6—143mMK*, 22°C
—3--3pMCa?,22°C
—O—40mMK*,35°C
-- ----- Predicted, Water, 25 °C
«------- Predicted, Krebs, 37 °C
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imal Ca’*-activated contractions. The volatile anes-
thetics were applied to the strips in a cumulative man-
ner after the Ca’*-activated contractions reached a
plateau (5 min after application of Ca*"); each con-
centration of each anesthetic was applied for a period
of 2 min.

Volatile Anesthetics: Delivery and Analysis

The volatile anesthetics were delivered by agent-spe-
cific vaporizers in line with the air gas aerating the
solutions in experiments with intact and with mem-
brane-permeabilized muscle. Each solution was equil-
ibrated with the anesthetics for at least 10 min before
introduction to the chamber, which was covered with
thin glass to prevent the equilibration gas from escaping
into the atmosphere. The anesthetic concentrations in
the solutions were determined by gas chromatography
(fig. 1).

Although the actual concentrations of volatile anes-
thetics in the PSS were not measured in all experiments,

T | Aadad Maddd hiddd hbidd 1 i ahd bbb, il e 0 4.

01 (2:v3 4 §ni6 0 v 2\ 3NEEASg
[Halothane] (%) [Isoflurane] (%)
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the relation between actual concentrations of volatile
anesthetics in PSS and anesthetic concentrations (vol-
ume percentage) in the gas mixture should be theo-
retically linear. The anesthetic concentrations on the
x-axis are displayed as volume percentage for the vol-
atile anesthetic concentration—response relations.

Calculation and Statistical Analysis

All results were expressed as the means + standard
error of the mean (SEM). The n denotes the number of
preparations, and the number of animals is also noted.

The volatile anesthetic—induced relaxation in exper-
iments with intact muscle at both temperatures was
expressed as a percent change from the amplitude of
high K* —induced contraction before application of the
anesthetics, and the amplitude of volatile anesthetic—
induced vasoconstriction at 35°C was expressed rela-
tive to the amplitude of the 40 mm K'-induced phasic
contraction (100%). The concentration-dependence of
the volatile anesthetic-induced vasoconstriction in
experiments with intact muscle at 22°C was not as-
sessed, because the amount of Ca** in the intracellular
Ca?* store was probably not constant during “‘cumu-
lative’” application of volatile anesthetics in these ex-
periments.

In experiments with B-escin—permeabilized muscle,
the amplitude of the Ca**-activated contraction at var-
jous time points in the presence and absence of volatile
anesthetics was normalized to the amplitude of Cali
contraction 5 min after application of the activating
solution. The effects of volatile anesthetics were then
assessed by comparing the data in the presence of vol-
atile anesthetics with the time control data.

The concentration—response data for volatile anes-
thetic effects or Ca**-activated contractions were fitted
according to a four parameter logistic model described
by De Lean et al.** The ECs, (50% effective concentra-
tion) or ICs, (50% inhibitory concentration) values
were derived from the least-squares fit using the above
equation.

Statistical analysis was made by an analysis of variance
(one- or two-factor), Scheffé’s F test, and Student’s ¢
test (unpaired), where appropriate. A P level of <0.05
was considered significant.

Results

Experiments with Intact Muscle
In intact muscle not treated with ryanodine, both
halothane and enflurane generated transient contrac-
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tions superimposed on the high K*—induced contrac-
tions at 22°C and at 35°C (figs. 2 and 3). Isoflurane
generated similar transient contractions at 2270 Dyt
not at 35°C (figs. 2 and 3). The transient contractions
caused by volatile anesthetics at both temperatures
were followed by significant vasorelaxation (figs. 2 and
3). Ryanodine (10 um) abolished the volatile anes-
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Fig. 2. (4) Control 143 mm K'-induced contraction and effects
of cumulative application (0.25-5.0%, 22°C) of (B) halothane,
(C) isoflurane, and (D) enflurane on 143 mm K*-induced con-
tractions in the endothelium-denuded strips. All of the anes-
thetics evoked transient contractions, which were followed
by sustained relaxation. Similar observations were made in
several other strips (n = 7-11, six animals).
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Fig. 3. Effects of various concentrations
(0.125-5.0%) of (A4) halothane, (B) iso-
flurane, and (C) enflurane on 40 mm K'-

induced contractions in the endothe-
lium-denuded strips at 35°C. Halothane
and enflurane produced vasoconstric-
tion and vasodilation in a concentration-
dependent manner, whereas isoflurane

A  Halothane
3 min
precontrol 0.125% 0.75% 1.5% 3.0% 5.0%  postcontrol P
40mMK*
B Isoflurane
3 min
precontrol 0.125 % 075 % 5.0%  postcontrol -,_nu

ﬁhhhhmh

produced only vasodilation and not va-

soconstriction. Similar observations 40mMK*
were made in several other strips (n =
6, six animals). C ! ‘Enflirane
3 min
40 mg

precontrol

012596 075%

postcontrol

hﬁﬁf&f&ﬁkﬁ

40mMK"*

thetic-induced contractions in the presence of high

* at both temperatures (figs. 4-6). Significant differ-
ences were observed in the vasoconstricting effects at
35°C among the anesthetics, and the order of potency
was halothane > enflurane > isoflurane (fig. 6). Ry-
anodine treatment did not significantly affect the phasic
or tonic components of high K'—induced contractions
at either temperature (P > 0.05).

The concentration—response curves for volatile an-
esthetic—induced relaxation under various conditions
(in the absence or presence of ryanodine; at either low
or high temperature) are shown in figure 7. Two factor
(concentration [volume percentage|, anesthetic) anal-
ysis of variance revealed no significant difference in
the vasorelaxation among the three volatile anesthetics
under each condition. In addition, two-factor (concen-
tration and treatment [with or without ryanodine])
analysis of variance showed no significant difference in
the vasorelaxation produced by each anesthetic be-
tween the ryanodine-treated and untreated groups. The
ICs, values for the vasodilating action of halothane,
isoflurane, and enflurane at 22°C and 35°C in ryano-
dine-treated and untreated strips are summarized in ta-
ble 2

Experiments with B-Escin-Permeabilized Muscle

Application of various concentrations (0.1-100 um)
of Ca** to the B-escin—treated strips generated the dose-
dependent contraciions, and the ECs, value for the
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Ca’*—tension relation derived from the least-squares fit
with the logistic equation*® was 2.02 um (fig. 8). The
maximal Ca** activated contraction was 1.58 + 0.25
times that of 143 mm K'-induced maximal (phasic)
contractions before permeabilization (n = 4, four an-
imals), suggesting satisfactory membrane permeabili-
zation.

The effects of volatile anesthetics on 3 um (=ECs)
and 30 um (maximal) Ca**-activated contractions were
then examined. The 3 um Ca’?' contraction was well
maintained, whereas the 30 upm Ca®’ contraction
slightly decayed (time control data, fig. 9). Comparison
between the volatile anesthetic data and the time con-
trol data showed that halothane modestly, but signifi-
cantly inhibited both 3 um (=ECs,) and 30 um (max-
imum) Ca**-induced contractions (fig. 9). Enflurane
slightly but significantly inhibited 3 um, but not 30 um
Ca** contractions. Isoflurane did not significantly in-
hibit either 3 um or 30 um Ca’*-induced contractions
(fig. 9). All these anesthetics did not produce any sig-
nificant vasoconstriction in membrane-permeabilized
muscle strips that were pretreated with ionomycin to
eliminate the intracellular Ca** stores.

Discussion

The current study demonstrates that halothane, iso-
flurane, and enflurane all have a relaxing action on K-
constricted small splanchnic resistance arteries. This
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A Ryanodine (-)
Control 3 min
L 20mg
143 mMK "
B Ryanodine (+)
» Control 3 min
1 20 mg
143 mMK*
bl
Halothane (%)

3 min

’ZOmg

* 0.25

220 405,
0.5 el

143 mMK "
b2
Isoflurane (%) 3 min
©025 2.0 20 mg
05 40
143 mMK "
b3
Enflurane (%)
3 min

* 0.25 2.0

05 409%

20 mg
143 mMK*

Fig. 4. Effects of ryanodine (10 um) on volatile anesthetic ac-
tions in the 143 mum K*-treated endothelium-denuded strips at
22°C. (A and B-b0) The 143 mm K contractions (4) before and
(B) after treatment with ryanodine. (B-b1, B-b2, and B-b3) Ef-
fects of cumulative application (0.25-5.0%) of halothane, iso-
flurane, and enflurane on 143 mym K contraction in the pres-
ence of ryanodine. Ryanodine had little effect on the 143 mm
K* contraction or the anesthetic-induced vasodilation, but ry-
anodine eliminated the anesthetic-induced contractions that
were observed in the absence of ryanodine (fig. 1). Similar
observations were made in several other strips (n = 5, five
animals).

action observed at clinically relevant anesthetic con-
centrations appears to be independent of endothelial
or peripheral nerve activities, although this action may
be influenced by anesthetic effects on endothelium or
peripheral nerves in vivo. It is well established that
K*-induced constrictions are caused by activation of
voltage-gated Ca®>* channels and that these channels
play a significant role in maintaining vascular tone in
vivo. Thus, the effective concentrations of volatile an-
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esthetics that inhibited the high K*-induced constric-
tions at physiologic temperature in these resistance ar-
teries suggest that this “‘direct” vasodilating action of
volatile anesthetics contributes to the hypotensive ef-
fects of these agents in vivo. No significant differences
were observed in the direct vasodilating actions among
the three anesthetics under any condition (with or
without ryanodine; at either 22°Cor 35°C). Howeveg
because the minimum alveolar concentration of hal(§-
thane (=~0.90%) is known to be lower than that (§
isoflurane (1.38%) or enflurane (1.40%) in the rat, is@
flurane or enflurane would be a more potent vasodilatar
than halothane in the high K*-stimulated splanchni%
resistance artery at equivalent anesthetic concent i
tions.

Halothane and enflurane slightly but significantly i 5
hibited the Ca**-activated contractions in B-escin—peé-
meabilized muscle, suggesting that the observed relax-
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Fig. 6. Vasoconstricting action of volatile anesthetics in high
K* (40 mm)-preconstricted strips before (4) and after (B)
treatment with ryanodine (10 um) at 35°C. The measured am-
plitude (Y) of volatile anesthetic-induced vasoconstrictions
(arrow) was normalized to the 40 mm K*-induced phasic con-
traction (100%). Vasoconstriction disappears after ryanodine
treatment. All values are mean + SEM (n = 4-6, four to six
animals). *P < 0.05 versus isoflurane group at each concentra-
tion. #P < 0.05 versus enflurane group at each concentration.

ing actions of halothane and enflurane in the presence
of high K* are attributable in part to inhibition of Ca**
activation of contractile proteins. However, this effect
was small relative to the amount of vasodilation ob-
served in the high K'—constricted intact vessels, sug-
gesting that the vasodilation is caused in large part by
depression of increases in [Ca®'];. At most, only 20%
of the relaxing effect of halothane could be attributed
to a direct inhibition of Ca** action on the contractile
protein cascade; the rest of the effect is thus presumably
caused by decreases in the rise of [Ca®*];. The complete
lack of effect of isoflurane on the Ca®'-activated con-
tractions implies that its relaxing action is attributable
almost completely to depression of the rise in [Ca*];.
The small amount of inhibition of Ca**-activated con-
tractions by halothane in these small mesenteric arteries
is consistent with the slight inhibition of maximal Ca*"
activated tension in membrane-permeabilized rabbit
aortic tissue.’ The proposal that volatile anesthetics af-
fect vascular tone by decreasing [Ca®"], is consistent
with recent investigations using fura-2—loaded vascular
tissue in which halothane and isoflurane were shown
to decrease both agonist- and high K'-induced in-
creases in [Ca**];.?" Previous studies have also dem-
onstrated that halothane and isoflurane directly inhibit
depolarization-activated long-lasting Ca** currents in
vascular smooth muscle cells,?*?* suggesting that the
[Ca**]i-reducing effects of volatile anesthetics result at
least in part from inhibition of voltage-gated Ca®" in-

Anesthesiology, V 82, No 3, Mar 1995

flux. Finally, although still controversial, the increases
in vascular smooth muscle cyclic guanosine mono-
phosphate or cyclic adenosine monophosphate con-
centrations by anesthetics reported in some prepara-
tions,?'** may play a role in altering Ca** sensitivity
or affecting Ca>* mobilization by stimulating Ca** ex-
trusion, Ca®* uptake into the store or inhibiting voltage-
gated Ca*" influx.

Although we did not directly compare the data for
the vasodilating actions of volatile anesthetics between
22°C and 35°C because of the differences in experi-
mental protocols (cumulative vs. single-dose appli-
cation and 143 vs. 40 mm K"), the ICs, values (volume
percentage) for the volatile anesthetic—induced inhi-
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Fig. 7. Vasodilating action of volatile anesthetics in high K-
treated endothelium-denuded strips in the presence (right) or
absence (leff) of ryanodine (10 um) at (4) 22°C and (B) 35°C.
No significant differences were observed in vasodilating action
among three volatile anesthetics under each condition. The
ICs, values for the vasodilating actions of volatile anesthetics
under each condition are shown in table 2. All values are dis-
played as mean + SEM (n = 7-11, six animals).
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bitions of high K'—induced contraction were approx-
imately three to six times greater at 35°C than at 22°C.
Assuming that the binding of an anesthetic to its active
sites is determined by solution concentration (and not
partial pressure),*® then some of this difference can be
explained by the approximately 1.5- to 2-fold increase
in the solubility of these anesthetics at 22°C compared
with 35°C (fig. 1). However, with or without this cor-
rection, some of the differences in potency must be
related to other temperature-sensitive factors such as
the voltage-gated Ca*" channels or enzyme activities
involved in smooth muscle contraction.

In addition to the well-known Ca**-dependent ex-
citation—contraction coupling pathway, recent studies
also indicate the existence of either a Ca**-independent
excitation—contraction coupling pathway or some
mechanism(s) that increases Ca’" sensitivity of con-
tractile proteins in smooth muscle, particularly in re-
sponse to receptor agonists.*”*? Although we did not
demonstrate any substantial effect of volatile anesthetics
on Ca** activation of contractile proteins, the effect(s)
of the volatile anesthetics on the Ca*’-independent
pathway can not be ruled out by the current study.
Protein kinase C activation has been proposed to be
involved in the Ca**-independent excitation—contrac-
tion coupling or agonist-induced increase in Ca** sen-
sitivity,***247-* and recent studies have suggested that
volatile anesthetics may inhibit the protein kinase C-
mediated Ca**-independent pathway in canine tracheal
smooth muscle.’® However, Ozhan et al. have recently
reported that halothane and isoflurane lack effects on
phorbol ester—induced protein kinase C-dependent
contractions in isolated coronary arterial tissue.'’ Be-
cause vascular tone in vivo is largely dependent on
release of norepinephrine,”® an agonist well known to
increase protein kinase C activity by «,-adrenergic re-
ceptor activation, the effects of volatile anesthetics on
the Ca**-independent contraction mechanisms should
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Fig. 8. Ca*'-tension relation in f-escin-permeabilized strips.
(A) A 143 mm K'-induced contraction in an intact strip followed
by Ca*'-activated contraction in the same strip after §-escin
permeabilization. (B) The Ca*'-tension relation in f-escin-
permeabilized strips. The ECs, value derived from the least-
squares fit by the logistic equation*® was 2.02 um. The magni-
tude of Ca**-activated contractions was normalized to maxi-
mum (100 um) Ca**-activated contraction, and all values rep-
resent mean + SEM (n = 5, five animals).
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100

be further investigated to clarify the volatile anesthetic
vascular action in vivo.

All three anesthetics also have a significant transient
vasoconstricting action that does not require the pres-
ence of endothelium or peripheral nerve activity and
also occurs at clinically relevant (7.e., anesthetic) con-

Table 2. ICs, Values (vol % [mm]) for Volatile Anesthetics-induced Inhibition of High K® Contractions

22°C (%) 35°C (%)
Anesthetic Ryanodine (—) Ryanodine (+) Ryanodine (—) Ryanodine (+)
Halothane 0.47 + 0.05 (0.27 mm) 0.68 + 0.10 (0.39 mm) 3.36 + 0.47 (0.99 mm) 2.55 + 0.23 (0.76 mm)
Isoflurane 0.66 + 0.09 (0.32 mm) 0.91 + 0.14 (0.44 mm) 3.07 + 0.33 (0.69 mm) 2.98 + 0.28 (0.67 mm)
Enflurane 0.53 + 0.05 (0.27 mm) 0.87 + 0.14 (0.44 mm) 3.19 + 0.41 (0.95 mm) 2.91 + 0.38 (0.87 mm)

The gas concentrations (%) are expressed as mean + SEM (n = 4-11, 6 animals). The values in parentheses represent the mean concentrations in high K* containing
physiologic salt solution expressed in mm. These values were calculated from the data shown in figure 1.
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Fig. 9. Effects of cumulative application (0.5-4.0%) of halo-
thane, isoflurane, and enflurane on (4) 3 um (=~ECs,) and (B)
30 um (maximal) Ca**-activated contractions in S-escin-per-
meabilized strips. Each anesthetic was cumulatively applied
to the strips for a period of 2 min at each concentration after
the Ca**-activated contraction reached a plateau (5 min). All
values are mean + SEM (n = 6-10, six to eight animals). *P <
0.05 versus time control (open circles) at each time point.

centrations. The vasoconstricting action was indepen-
dent of the vasodilating action as evidenced by the
finding that the relative potency of the anesthetics as
vasoconstrictors was unrelated to their vasodilatory
potency and the finding that ryanodine abolished the
vasoconstricting action with little effect on volatile an-
esthetic-induced vasodilation. In the high K'-con-
stricted vessels, the observed vasoconstricting action
was only transient, however, and was immediately fol-
lowed by vasodilation as we have previously reported
for halothane in the same vessels'* and for enflurane
in rabbit small mesenteric arteries precontracted with
adrenergic agonists.'' Thus, although vasoconstriction
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did occur with clinically relevant concentrations of
halothane and enflurane, the importance of this effect
in altering splanchnic blood flow during anesthesia is
uncertain. Of note, the vasoconstricting effect of iso-
flurane, which has not previously been reported, was
observed only at 22°C and not at 35°C, probably be-
cause isoflurane is considerably less potent at produc-
ing vasoconstriction. Because the solubility of isoflu-
rane (as well as the other anesthetics) was lower at
35°C than at 22°C, the apparent threshold for the va-
soconstricting action of isoflurane observed at 22°C
(2% =~ 1 mm) was reached only with the maximum
concentration studied at 35°C (7.e., 5% isoflurane; fig.
1). Therefore, the apparent inability of isoflurane to
produce vasoconstriction at 35°C may have resulted
from the different concentrations achieved in the buffer
at 22°C compared with those at 35°C. In addition,
because the vasoconstricting action appears to involve
Ca*' release from intracellular stores (see below), the
sequential-addition protocol that was used at 22°C did
not permit an accurate analysis of the concentration—
response relation at that temperature (22°C). In con-
clusion, our data suggest that the vasoconstricting ac-
tion might be a common characteristic of halogenated
volatile anesthetics.

The ability of ryanodine to abolish the vasoconstrict-
ing action of volatile anesthetics in intact muscle, and
the inability of volatile anesthetics to produce any sig-
nificant contractions in ionomycin-treated [(-escin—
permeabilized muscle strongly suggest that the volatile
anesthetics cause vasoconstriction by releasing Ca**
from ryanodine-sensitive intracellular Ca** stores, and
not by inducing Ca** influx or affecting Ca** sensitivity.
This is consistent with our previous reports in which
the halothane- or enflurane-induced vasoconstricting
effects were independent of extracellular Ca** concen-
tration and were blocked by ryanodine.'*'? Similar ry-
anodine-sensitive vasoconstricting effects of halothane
and enflurane were recently reported in canine mes-
enteric artery. However, the authors suggested that, in
addition to Ca** release from intracellular stores in
smooth muscle, vasoconstriction in those vessels may
also involve a change in Ca’*" sensitivity or an endo-
thelium effect.’* Although our data indicate that an in-
crease in Ca*" sensitivity is not involved, we did not
examine their endothelium dependence. A ryanodine-
sensitive intracellular Ca®* store has recently been
documented in endothelial cells,*'*? which may play
an important role in the regulation of endothelial func-
tion.>*>* Therefore, it might be possible that volatile
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anesthetics affect endothelial function by causing a
change in the integrity of the endothelial ryanodine-
sensitive Ca’" store, and this endothelial action may
modify the volatile anesthetic action on vascular
smooth muscle.

The observed order of potency for the Ca** releasing
effects of volatile anesthetics from the ryanodine-sen-
sitive store (halothane > enflurane > isoflurane) is
consistent with previous studies in which halothane
and enflurane, but not isoflurane, open Ca*' release
channels of cardiac sarcoplasmic reticulum®>>® and
stimulate [*H] ryanodine binding to cardiac sarco-
plasmic reticulum.’” However, only isoflurane, and not
halothane or enflurane, stimulated [*H] ryanodine
binding to skeletal ryanodine receptor.’” The cardiac
ryanodine receptor gene (RYR2) or skeletal ryanodine
receptor gene (RYRI) is known to be different from
vascular smooth muscle ryanodine receptor gene
(RYR3), which is also expressed in brain or lung epi-
thelial cells.’® Therefore, the RYR3 presumed present
in our tissue appears to resemble RYR2 more than it
does RYRI.

In conclusion, halothane, isoflurane, and enflurane
have direct vasoconstricting and vasodilating actions
that are independent of endothelial or nerve terminal
activities in rat small mesenteric arteries. Although the
clinical relevance of the transient vasoconstricting ac-
tion is uncertain, the vasodilating action at clinically
relevant concentrations suggests that it may contribute
significantly to the vascular effects of volatile anes-
thetics in vivo. Compared with their vasodilating ac-
tions in high K*—constricted vessels, the relatively small
effects of these anesthetics on Ca**-induced contrac-
tions in B-escin—-permeabilized muscle suggest that
these anesthetics have little or no effect on Ca** acti-
vation of contractile proteins. Thus, the direct vaso-
dilation in high K'-treated vascular smooth muscle
must be largely explained by effects on intracellular
Ca®* mobilization. The “direct’’ vasoconstricting action
of volatile anesthetics depends on the Ca** release from
the ryanodine-sensitive Ca** store and does not appear
related to Ca®* influx or any change in the Ca** sen-
sitivity of contractile proteins. This is the first investi-
gation to demonstrate volatile anesthetic action on Ca**
activation of contractile proteins in the resistance ar-
teries that are important in the regulation of systemic
blood pressure and splanchnic blood flow.
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Appendix

The binding constants used to calculate the compo-
sitions of the solutions for the experiments with mem-
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brane-permeabilized muscle are as follows, where ATP
= adenosine triphosphate and CrP = creatinine phos-
phate; other abbreviations are defined in main text.
[HEGTA®> J/[H')[EGTA* ] = 2.88 X 10°, [H,EGTA* |/
[H*][HEGTA?>] = 7.08 X 10% [H;EGTA|/
[H*)[H.EGTA* "] = 4.79 X 10?, [H4EGTA]/[H'|[H;EGTA ]
= 1.00 X 10% [HATP*"]/[H'JATP*] = 8.91 X 10°%
[HLATP? J/[HYJ[HATP> ] = 1.12 X 10% [H;ATP |2
[H'[H,ATP?] = 1.00 X 10", [H,ATP]/[H'|[H;ATP | =
1.00 X 10'; [CaEGTA*"]/[Ca**][EGTA*"] = 5.01 X 10’
[CaHEGTA ]/[Ca**][HEGTA®> | = 2.14 X 10°; [CaATP*"
[Ca®*JJATP*"] = 9.55 X 10, [CaHATP]/[Ca][HATP*"] £
6.31 X 10'; [CaCrP]/[Ca®*][CrP*] = 1.41 X 10'§
[MGEGTA*"]/[Mg*'[EGTA*] = 1.62 X 10°, [Mgg
HEGTA |/[Mg**|[HEGTA®"| = 2.34 X 10% [MgATP*"]§
[Mg**JJATP* ] = 2.11 X 10%, [MgHATP |/[Mg**|[HATP*§
= 5.50 X 10% [MgCrP]/[Mg**][CrP*] = 2.0 X 105
[HCeP]/[H'][CrP? 7] = 3.80 X 10*, [H,CrP)/[H'][CrP* §
=5.01 X 10% [KATP?> |/[K'JJATP* ] = 7.94, [K,ATP* ]2
[K*J[KATP*"] = 0.6, [KHATP?> |/[K*J[HATP>] = 0.68
[NaATP*>"]/[Na*)JATP* ] = 8.8, [Na,ATP]/[Na*][NaATP*> }
= 8.5, [NaHATP? |/[Na*][HATP*> | = 5.0; [H PIPES ]2
[H)[PIPES* ] = 6.31 X 10°. 8

nTwoy pop
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