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Background: Activation of adenosine triphosphate-sensitive
K* channels causes cerebral vasodilation. To assess their con-
tribution to volatile anesthetic-induced cerebral vasodilation,
the effects of glibenclamide, an adenosine triphosphate—sensi-
tive K* channel blocker, on the cerebral vasodilation induced
by isoflurane and sevoflurane were studied.

Methods: Pentobarbital-anesthetized dogs (n = 24) assigned
to one of two groups were prepared for measurement of pial
vessel diameter using a cranial window preparation. Each dog
received three minimum alveolar concentrations (MAC; 0.5, 1,
and 1.5 MAC) of either isoflurane or sevoflurane, and the pial
arteriolar diameters were measured in the presence or absence
of glibenclamide (10 ° m) infused continuously into the win-
dow. Mean arterial pressure was maintained with phenyleph-
rine. Furthermore, to assess the direct effect of isoflurane and
sevoflurane on cerebral vessels, artificial cerebrospinal fluid
was administered topically by being bubbled with isoflurane or
sevoflurane. The blocking effect of glibenclamide on the vaso-
active effects of these anesthetics also were evaluated.

Results: Isoflurane and sevoflurane both significantly dilated
large (= 100 pm) and small (< 100 pm) pial arterioles in a con-
centration-dependent manner (6% and 10%, 3% and 8% for 0.5
MAC; 10% and 19%, 7% and 14% for 1 MAC; 17% and 28%, 13%
and 25% for 1.5 MAC). Glibenclamide attenuated the arteriolar
dilation induced by these anesthetics (not significant in isoflu-
rane).
large and small arterioles both in a concentration-dependent man-
ner. Such vasodilation was inhibited completely by glibenclamide.

Topical application of isoflurane or sevoflurane dilated
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Conclusion: The vasodilation of cerebral pial vessels induced
by isoflurane and sevoflurane appears to be mediated, at least
in part, via activation of adenosine triphosphate-sensitive K"
channels. (Key words: Cerebral; glibenclamide; isoflurane; mi-
crocirculation; sevoflurane.)

VOLATILE anesthetics exert significant vasodilator ef-
fects on various vascular beds. However,
sevoflurane on cerebral vessels has not been established
satisfactorily. This agent has been reported to decrease
cerebral blood flow (CBF) in pigs,' not to affect CBF in
rabbits and dogs,”” and to increase CBF in rats."
Although volatile anesthetics are potent vasodilators,
the mechanism by which they relax vascular smooth
muscle Many studies have
shown that the membrane potential of the vascular

is not understood clearly.

smooth muscle cell is regulated mainly by the flow of

P » -t . : . 5-1
Ca’" and K' ions through specialized channels.” "

Adenosine triphosphate (ATP)-sensitive K'  channels
were first identified in cardiac muscle,"" and more re-
cently
smooth muscle

A'TP-sensitive K

also found in vascular

cells."” A recent report indicates that

channels play an important role in the
13

these channels were

coronary vasodilation induced by volatile anesthetics.
We previously reported that ATP-sensitive K channels
are present in cerebral vessels in the dog, and that
activation of these channels causes cerebral vasodila-
tion."”

This study evaluated the comparative cerebral vasodi-
lator effects of isoflurane and sevoflurane and assessed
the contribution of ATP-sensitive K
cerebral vasodilation. We performed 7n vivo experi-
ments using the cranial window technique during sys-
temic and topical application of isoflurane or sevoflu-

channels to such

ranc.

Materials and Methods

The experimental protocols were approved by our
Institutional Committee for Animal Care, and the exper-

the effection
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VOLATILE ANESTHETICS AND ATP-SENSITIVE K* CHANNEL

iments were performed in 24 anesthetized dogs that
weighed 6-10 kg. Anesthesia was induced with pento-
barbital sodium (20 mg/kg administered intravenously)
and maintained with a continuous infusion of pentobar-
bital sodium (2 mgkg "*h ™ !). After tracheal intubation,
cach dog was mechanically ventilated with oxygen-en-
riched room air and received pancuronium bromide
(0.08 mg/kg) for muscle paralysis. The tidal volume and
respiratory rate were adjusted to maintain an end-tidal
carbon dioxide level of 35- 40 mmHg. Polyvinyl chloride
catheters were placed in the femoral vein and artery to
administer drugs and fluids and to monitor blood pres-
sure and collect blood samples. Rectal temperature was
maintained between 36.5 and 37.5°C using a warming
blanket.

A closed cranial window was used to observe the pial
microcirculation. The animal was placed in the sphinx
position, with the head immobilized in a stereotaxic
frame. The scalp was retracted, the temporal muscle was
removed, and a hole 2 cm in diameter was made in the
parietal bone. After coagulation of the dural vessels with
a bipolar electrocoagulator, the dura and arachnoid
membrane were cut and retracted over the bone. A ring
fitted with a cover glass was placed over the hole and
secured with bone wax and dental acrylic. Four polyvi-
nyl chloride catheters were inserted into the ring. The
space under the window was filled with artificial cere-
brospinal fluid (aCSF) composed of 151 mEq/l Na*, 4
mEq/1 K, 3 mEq/1 Ca*", 110 mEq/l Cl , and 100 mg/dl
glucose; pH was adjusted to 7.48, and the solution was
bubbled with 5% carbon dioxide in air at 37°C. One
catheter was attached to a reservoir bottle containing
aCSF to maintain a constant intrawindow pressure of 5
mmHg. Two catheters were used to infuse and to drain
aCSF and experimental drug solutions, and third one was
used to continuously monitor intrawindow pressure.
The volume below the window was between 0.5 and
1 ml.

All experiments were performed in the following man-
ner. The animals were allowed to recover from the
surgical procedures for at least 30 min. We confirmed
the carbon dioxide reactivity of pial vessels prepared
with the cranial window before and after experiments
by comparing that information with our previous data'’
(in the hypercapnic condition [partial pressure of car-
bon dioxide in arterial blood, 55-60 mmHg]|, the diam-
cter of pial arterioles were increased more than 5%
compared with normocapnia; no animals were excluded
in the current study).
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Protocol 1

In the first set of experiments, aCSF was infused con-
tinuously at 1 ml/min into the cranial window in the
control group (n = 12). To establish baseline values, pial
arteriolar diameters, mean arterial pressure, heart rate,
rectal temperature, arterial blood gas tensions, pH, blood
glucose concentration, and serum electrolytes were
measured (STAT Profile-5; NOVA Biomedicals, Waltham,
MA) before the dogs received either isoflurane or
sevoflurane (n = 6 for each agent). Dogs were assigned
to receive three concentration of agents: 0.5, 1, and 1.5
minimum alveolar concentration (MAC) of either isoflu-
rane or sevoflurane (end-tidal; M1025B, Hewlett Pack-
ard, Gentofte, Denmark) in a randomized manner (1.39%
for 1 MAC and 2.36% for 1 MAC, respectively'®; Isotec3
and Sevotec3 models, Ohmeda, Stteton, United King-
dom). The pial arteriolar diameters and the hemody-
namic and physiologic variables, including rectal temper-
ature, arterial blood gas tensions, pH, blood glucose
concentration, and serum electrolytes, were measured
again after a 15-min equilibration period during each
dose of volatile anesthetic. We used a continuous infu-
sion of phenylephrine to maintain a constant mean arte-
rial pressure; this counteracted the decrease in mean
arterial pressure associated with the administration of
anesthetic agents. In the second set of experiments, we
evaluated the effect of topical glibenclamide, an ATP-
sensitive K channel antagonist, on the vasodilator ac-
tion of isoflurane or sevoflurane. Glibenclamide (10~ > m)
in aCSF was infused continuously at a rate of 1 ml/min
into the cranial window in this glibenclamide group
(n = 12). The glibenclamide was dissolved in 100%
dimethyl sulfoxide, and then diluted with aCSF. The final
concentration of dimethyl sulfoxide in the glibenclamide
solution actually used was 0.1%, which had no effect on
vessels in the same model.'" After baseline measure-
ments had been taken, the dogs received isoflurane or
sevoflurane in the same manner as the control group. All
measurements, including pial arteriolar diameters, and
hemodynamic and physiologic variables, were repeated,
as in the control group.

Protocol 2

In additional experiments, to assess the direct effect of
isoflurane and sevoflurane on cerebral vessels and the
blocking effect of glibenclamide, we administered the
solution into the window, which was bubbled in aCSF
with the anesthetic (isoflurane or sevoflurane: 1.39% or
2.36% for 1 MAC solution, and 4.17% or 7.08% for 3 MAC
solution) to the gas mixture of 5% carbon dioxide in air
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Table 1. Hemodynamic and Physiologic Measurements

MAP Paco, Pag,
(mmHg) HR (bpm) pH (mmHg) (mmHag) Na (mEag/l) K (mEg/l) BS (mg/dl)
Isoflurane
Baseline Control 124 = 12 197 2= 918 7.43 + 0.04 36 = 4 200 = 34 149 = 3 44 +04 136 = 29
Glibenclamide 115 £ 14 1818y 22 /(9 7.41 = 0.05 &f) == 4 2i181=125 147 =3 43 £ 0:3 134 = 29
0.5 MAC Control 125 =10 17200 5= 9 7.42 = 0.04 35 x4 198 = 31 149 = 2 4.3 = 0.4 189220
Glibenclamide ke 2= )4t 1888} 22 /) 7.40 = 0.05 37 £4 204 = 29 147 = 3 41 =04 125 = 38
1.0 MAC Control 127 = 14 119 = 19 7.41 = 0.05 36 =3 191 = 36 148 = 3 42 = 0.3 &l == 919
Glibenclamide il == 4t 128 = 9 7-88E= 0105 &S = 5 192 = 37 146 £ 3 43 * 04 139 + 28
1.5 MAC Control 2 =912 120 = 19 7.38 = 0.06 €5 == & 182 = 41 148 £ 3 4.5/ 0.3 U7l 2= 25
Glibenclamide Tl = 92 134 = 15 13500106 39 + 4 165 = 33 1451 =23 4.4 + 0.3 149 + 47
Sevoflurane

Baseline Control 121 = 13 141 £ 25 AIREE0I05 BHED, 192 + 47 148 = 3 4.0 = 0.4 1Si=ERS
Glibenclamide 128 = 10 140 = 20 142520102 37E=8 198 = 21 149 = 3 4.3+ 0.4 il BE=EF23
0.5 MAC Control |22 22 12 128 22 2 7.41 = 0.05 &Y =2 188 + 44 148172 42102 12/75E182
Glibenclamide 128 = 10 180 == 1% 7.41 = 0.01 Bia==2 2025==43il 149 = 4 4.5 = 0.2 118 = 18
1.0 MAC Control 122 2= 117 IEISE=2S 7.39 £ 0.05 37 £4 180 = 39 147 £ 1 44+ 04 138 = 24
Glibenclamide (288812 127 == 18 738 %= 0203 40 = 3 197 = 32 148 = 3 149 == (012 1405=E=2i1
1.5 MAC Control 232 17l 22 91 7.38 £ 0.06 385 170 = 47 147 = 2 42 =04 149 + 27
Glibenclamide 1248} 2= 11 124 = 21 7.35 £ 0.04 40+ 3 (87280 148 = 3 4.3 = 0.2 165 = 40

BS = blood sugar.
Values are mean += SD (n = 6).

for 30 min at 37°C in each. Measurements were made, as
in protocol 1, before and after topical administration of
two concentrations of each solution into the window in
12 dogs (isoflurane, n = 6; sevoflurane, n = 6). To
establish the baseline diameter of vessels, the window
was continuously flushed with drug-free aCSF at 1 ml/
min for 30 min after each measurement. After 30 min
from the last administration of the study solution, the
pial vascular diameter returned to baseline level. Further-
more, the concentration-dependent ability of gliben-
clamide (107 m and 10> m) to block the vasodilation
induced by 3 MAC solution of isoflurane or sevoflurane
was evaluated in each of the same six dogs in a random-
ized manner.

In each dog, the diameters of four pial arterioles (two
of each were = 100 um and two of each were < 100
pm) were measured using a videomicrometer (Olympus
Flovel videomicrometer, model VM-20; Flovel, Tokyo,
Japan) attached to a microscope (model SZH-10; Olym-
pus, Tokyo, Japan). The data from each pial view were
stored on videotape for later analysis.

Statistical Analysis

All data relating to the concentration-dependent ef-
fects of the experimental drugs were tested using one-
way analysis of variance for subsequent measurements
and a paired Student’s # test with a Bonferroni correction
for post hoc comparisons. The data obtained during
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glibenclamide were compared with control values (aCSE
infusion) with two-way analysis of variance followed by
an unpaired Student’s ¢ test. In the additional experi-
ments, two-way analysis of variance and an unpaired
Student’s ¢ test were applied to compare large and small
arterioles. The difference between the effects of isoflu-
rane and sevoflurane was tested by two-way analysis of
variance. Differences were considered significant at P <
0.05. All results are expressed as mean = SD.

Results

Systemic Administration of Isoflurane or

Sevoflurane (Protocol 1)

Mean blood pressure and heart rate did not vary sig-
nificantly throughout the experiments, regardless of the
concentration of isoflurane or sevoflurane or whether
glibenclamide was used. In addition, arterial blood gas
tensions and pH, serum electrolytes, and blood glucose
concentration were not changed at any stage of the
experiments (table 1).

Table 2 shows the baseline diameters of the pial ves-
sels evaluated in the current study. There were no sig-
nificant differences in baseline diameters of large or
small vessels among the group (table 2).

Isoflurane and sevoflurane significantly dilated both
large (= 100 um) and small (< 100 uwm) pial arterioles

—_ﬂ
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Table 2. Baseline Diameter of Pial Vessels

Large Arteriole Small Arteriole

(um) (em)
Isoflurane
Control 142.7 + 30.5 (0518==51018
Glibenclamide 130:9:= 227 76.4 = 10.1
Sevoflurane
Control 147.2 + 24.4 70814015
Glibenclamide 146.7 + 46.4 75.3 9.2

Values are mean + SD.

in a concentration-dependent manner (6% and 10%,
3% and 8% for 0.5 MAC; 10% and 19%, 7% and 14% for
1 MAC; 17% and 28%, 13% and 25% for 1.5 MAC,
respectively). There was no difference between isoflu-
rane and sevoflurane in terms of the dilation of pial
arterioles induced by any given concentration. For
cach agent, the dilation was more prominent in small
arterioles than in large ones (fig. 1). Glibenclamide
tended to attenuate such vasodilations in isoflurane
(not significant), and significantly attenuated them at
all concentrations in large and small arterioles in
sevoflurane, although the infusion of glibenclamide
into the cranial window did not itself affect pial vas-
cular diameters (1.7 £ 5.1% in large and 0.3 * 5.4% in
small arterioles; difference not significant).

Topical Administration of Isoflurane or

Sevoflurane (Protocol 2)

In a preliminary experiment, we measured the concen-
tration of isoflurane or sevoflurane in aCSF bubbled with
isoflurane and sevoflurane by gas chromatography
(0.28 = 0.03 mm for 1 MAC; 0.84 = 0.07 mm for 3 MAC
in isoflurane, and 0.23 =+ 0.03 mm for 1 MAC: 0.70 + 0.09
mum for 3 MAC in sevoflurane). Topical application of
isoflurane and sevoflurane bubbled in aCSF significantly
dilated large and small pial arterioles in a concentration-
dependent manner. There was no difference between
the degree of vasodilation in large and small arterioles
induced by isoflurane and sevoflurane. Both 107 m and
10 ° m glibenclamide completely blocked the dilation
induced by 3 MAC isoflurane or sevoflurane (fig. 2).

Mean arterial pressure and heart rate did not change
significantly before and after topical application of any
tested solution. In addition, arterial blood gas tensions
and pH, serum electrolytes, and blood glucose concen-
tration were not changed at any stage of the experi-
ments.

Anesthesiology, V 89, No 4, Oct 1998

Discussion

The primary findings of this study were that (1) inha-
lation of either isoflurane or sevoflurane induces vasodi-
lation of cerebral pial arterioles in a similar concentra-
tion-dependent manner, and glibenclamide attenuates
the arteriolar dilation induced by these anesthetics (not
significant in isoflurane), and (2) topical application of
cither isoflurane and sevoflurane induces a vasodilation
of cerebral pial arterioles in a concentration-dependent
manner, and glibenclamide blocked the arteriolar dila-
tion induced by these anesthetics completely. Therefore,
the cerebral vasodilation appears to be, at least in part,
caused by activation of ATP-sensitive K channels.

We previously reported that ATP-sensitive K chan-
nels are located in cerebral vessels in the dog, that their
activation causes cerebral vasodilation, and that topical
administration of glibenclamide inhibits this vasodila-
tion."* Other reports also suggest that ATP-sensitive K
channels can contribute to the regulation of the cerebral
circulation in various situations.'”'® In the current
study, topical infusion of glibenclamide attenuated the
cerebral vasodilation induced by inhaled isoflurane and
sevoflurane, and it blocked completely the cerebral va-
sodilation induced by topical administration of isoflurane
and sevoflurane. However, the current data do not per-
mit us to identify the mechanisms by which ATP-sensi-
tive K channels were activated by the volatile anesthet-
ics used. It may involve a direct action, or be secondary
to a reduction in ATP in cerebral smooth muscle, pros-
tacyclin release,'” adenosine receptor activation,'? or
interaction with phosphorylation enzymes.?’ Whatever
the underlying mechanism, our results suggest that an
activation of ATP-sensitive K" channels by isoflurane
and sevoflurane is at least partly responsible for the
cerebral vasodilation induced by these agents. Because
there were differences in vascular responses between
systemic (attenuated response) and topical (completely
blocked response) administration of these anesthetics,
vasodilation induced by inhaled isoflurane or sevoflurane
may be mediated, in part, with mechanisms other than
ATP-sensitive K channel activation.

The mechanism underlying the cerebral vasodilation
induced by volatile anesthetics is not well understood.
Several mechanisms involving modulation of intracellu-
lar communication have been proposed, including direct
effects on ion channels*'"*° and indirect effects via
nitric oxide?*™*® and prostanoids.”” The membrane po-
tential of vascular smooth muscle is regulated mainly by
the flow of Ca*" and K" ions through specialized chan-
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Fig. 1. The concentration-related effects of inhaled isoflurane and sevoflurane on the diameters of pial arterioles (large arteriole [=
100 pum]; small arteriole [< 100 um]) in 24 dogs. Data are expressed as percentage changes in diameter. Isoflurane and sevoflurane
significantly dilated both large and small pial arterioles in a concentration-dependent manner. Glibenclamide attenuated such
vasodilations (difference not significant in isoflurane). Values are expressed as mean = SD (n = 12 for each column). *P < 0.05 for
comparisons between indicated values. NS = not significant. TP < 0.05 compared with the corresponding 0.5 minimum alveolar
concentration value. P < 0.05 compared with the corresponding 1 minimum alveolar concentration value.

nels. In general, the contractile mechanisms in cerebral
vessels seem to be more dependent on the influx of
extracellular Ca*" than on the movement of Ca®" out of
the intracellular store.'? Activation of K" channels in the
cerebral circulation could cause a membrane hyperpo-
larization that would reduce the influx of Ca®" through
voltage-dependent Ca®" channels and induce vascular
relaxation.’” However, Marijic et al.>* found that block-
ade of Ca®"-activated K~ channels with tetraethylammo-
nium chloride actually potentiates the vasorelaxing ef-
fects of volatile anesthetics. Furthermore, several reports
indicated that volatile anesthetics inhibit Ca*"-activated
K" channels in various cells.”' ** In addition, Eskinder et
al** showed that the cerebral vasodilation induced by
volatile anesthetics is not mediated through modulation
of Ca®"-activated K" channels in cerebral vessels be-
cause no significant effect was produced by tetraethyl-
ammonium chloride. From the results of these studies, it
would appear that activation of Ca*-activated K chan-
nels is unlikely to be the main mechanism responsible
for the cerebral vasodilation induced by isoflurane and
sevoflurane.

We previously reported that topical application of
10 ° wm glibenclamide inhibited the dilation of arterioles
induced by cromakalim and nicorandil, ATP-sensitive K *
channels openers, but not by nitroglycerin in the same

Anesthesiology, V 89, No 4, Oct 1998

model.'* Although we tried to assess the concentration-
dependent effect of topical glibenclamide in protocol 2,
we could not observe any difference in the inhibiting
effect between 10~ mand 10~ m glibenclamide. There-
fore, it is suggested that the concentration of gliben-
clamide used in the current study appears to be optimal
Because the basal anesthetic state with pentobarbital
might affect the cerebrovascular tone in arterioles and
because there are no data about how pentobarbital,
although least effective on cerebrovascular tone in iso-
lated dog experiments,®' affects the vascular effect via
ATP-sensitive K channels, we cannot exclude the pos-
sibility that the effects we observed on pial vessel tone
during isoflurane and sevoflurane anesthesia could be
mediated, at least in part, by the presence of pentobar-
bital. In addition, the interaction of phenylephrine used
to maintain blood pressure during inhalation of isoflu-
rane or sevoflurane in the current study might influence
the effect of volatile anesthetics on cerebral vasodilation
via potassium channel activation. This might be respon-
sible for the difference in the antagonistic effect of glib-
enclamide between isoflurane and sevoflurane inhala-
tion (difference not significant in isoflurane).

Published data regarding the effects of sevoflurane on
cerebral circulation are inconclusive. Sevoflurane, in
contrast to isoflurane, has been reported to decrease

—
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Fig. 2. The concentration-related effects of the topical application in isoflurane and sevoflurane on the diameter of pial arterioles
(large arterioles [= 100 pm]; small arterioles [< 100 pum]) in 12 dogs. Data are expressed as percentage changes in diameter.
Isoflurane and sevoflurane dilated both large and small pial arterioles. Both 1077 M and 10 ° m glibenclamide blocked the
vasodilation induced by topical 3 minimum alveolar concentration sevoflurane and isoflurane completely. Values are expressed as
mean * SD (n = 12 for each column). *P < 0.05 for comparison between indicated values. NS = not significant. P < 0.05 compared

with the corresponding 3 minimum alveolar concentration value.

CBF in pigs', not to affect CBF in rabbits and dogs,*? and
to increase CBF in the same manner as isoflurane in rats.*
In the current study, we found that isoflurane and
sevoflurane both significantly dilated large and small pial
arterioles in a concentration-dependent manner, with
the extent of the effects about the same for sevoflurane
and isoflurane at any particular concentration. Although
a species difference is also apparent among the various
studies,'”*?#*? vasodilation in arterioles is likely to be
induced to a similar degree by sevoflurane and isoflurane
anesthesia as a result of systemic topical application of
these anesthetics, as in the current study.

In conclusion, the vasodilation of cerebral pial vessels
induced by isoflurane and sevoflurane appears to be
mediated, at least in part, by activation of ATP-sensitive
K" channels. The effects of sevoflurane on cerebral
arterioles are similar to those of isoflurane, an agent that
is accepted widely as an anesthetic for neurosurgical
procedures.

References

I. Manohar M, Parks CM: Porcine systemic and regional organ blood
flow during 1.0 and 1.5 minimum alveolar concentrations of sevoflu-

Anesthesiology, V 89, No 4, Oct 1998

rane anesthesia without and with 50% nitrous oxide. ] Pharmacol Exp
Ther 1984; 231:640-8

2. Scheller MS, Tateishi A, Drummond JC, Zornow MH: The effects
of sevoflurane on cerebral blood flow, cerebral metabolic rate for
oxygen, intracranial pressure, and the electroencephalogram are sim-
ilar to those of isoflurane in the rabbit. ANESTHESIOLOGY 1988: 68:
548 -51

3. Scheller MS, Nakakimura K, Fleischer JE, Zornow MH: Cerebral
effects of sevoflurane in the dog: Comparison with isoflurane and
enflurane. Br J Anaesth 1990; 65:388-92

t. Crawford MW, Lerman J, Saldivia V, Carmichael FJ: Hemody-
namic and organ blood flow responses to halothane and sevoflurane
anesthesia during spontaneous ventilation. Anesth Analg 1992: 75:
1000 -6

5. Beech DJ, Bolton TB: Two components of potassium current
activated by depolarization of single smooth muscle cells from the
rabbit portal vein. J Physiol 1989; 418:293-309

6. Stuenkel EL: Single potassium channels recorded from vascular
smooth muscle cells. Am J Physiol 1989; 257:H760 -9

7. Nelson MT, Patlak JB, Worley JF, Standen NB: Calcium channels,
potassium channels, and voltage dependence of arterial smooth muscle
tone. Am J Physiol 1990; 259:C3-18

8. Langton PD, Nelson MT, Huang Y, Standen NB: Block of calcium-
activated potassium channels in mammalian arterial myocytes by tet-
racthylammonium ions. Am J Physiol 1991; 260:H927-34

9. Buljubasic N, Rusch NJ, Marijic J, Kampine JP, Bosnjak ZJ: Effects
of halothane and isoflurane on calcium and potassium channel currents
in canine coronary arterial cells. ANESTHESIOLOGY 1992: 76:990 - 8

202 YoIep €1 uo 3senb Aq jpd-02000-000018661-27S0000/L 7L ¥6E/7S6/1/68/4Pd-8lo1E/ABOjOISBUISBUE/ULID JIBYDIBAIS ZESE//:dRY WO papeojumoq




960

IIDA ET AL.

10. Wilde DW: Isoflurane reduces Ca” " channel current and accel-
erates current decay in guinea pig portal vein smooth muscle cells.
J Pharmacol Exp Ther 1994; 271:1159 - 66

11. Noma A, Shibasaki T:
triphosphate-regulated potassium channels in guinea-pig ventricular
cells. J Physiol 1985; 363:463-80

12. Nelson MT, Quayle JM
potassium channels in arterial smooth muscle. Am J Physiol 1995;
268:C799 - 822

13. Crystal GJ, Gurevicius J, Salem MR, Zhou X: Role of adenosine
triphosphate-sensitive potassium channels in coronary vasodilation by

Membrane current through adenosine-

Physiological roles and properties of

halothane, isoflurane, and enflurane. ANESTHESIOLOGY 1997; 86:448 -58

14. Ishiyama T, Dohi S, Iida H, Akamatsu S, Ohta S, Shimonaka H:
Mechanisms of vasodilation of cerebral vessels induced by the potas-
sium channel opener nicorandil in canine in vivo experiments. Stroke
1994; 25:1644-50

15. lida H, Watanabe Y, Ishiyama T, Iida M, Dohi S: The differences
of the cerebral and spinal vessels in sensitivity to PaCO2 and vasocon-
strictors. Jpn J Anesthesiol (Masui) 1997; 46:2-9

16. Kazama T, Ikeda K: Comparison of MAC and the rate of rise of
alveolar concentration of sevoflurane with halothane and isoflurane in
the dog. ANESTHESIOLOGY 1988; 68:435-7

17. Faraci FM, Breese KR, Heistad DD: Cerebral vasodilation during
hypercapnia. Role of glibenclamide-sensitive potassium channels and
nitric oxide. Stroke 1994; 25:1679 - 83

18. Nishimura M, Takahashi H, Nanbu A, Sakamoto M, Nakanishi T
Yoshimura M: Cerebral ATP-sensitive potassium channels during acute
reduction of carotid blood flow. Hypertension 1995; 25:1069 -74

19. Jackson WEF, Konig A, Dambacher T, Busse R: Prostacyclin-
induced vasodilation in rabbit heart is mediated by ATP-sensitive po-
tassium channels. Am J Physiol 1993; 264:H238-43

20. Bonev AD, Nelson MT: Muscarinic inhibition of ATP-sensitive
K+ channels by protein kinase C in urinary bladder smooth muscle.
Am J Physiol 1993; 265:C1723-8

21. Scharff O, Foder B: Halothane inhibits hyperpolarization and
potassium channels in human red blood cells. Eur ] Pharmacol 1989;
159:165-73

22. Beeler T, Gable K: Effect of the general anesthetic halothane on
the activity of the transverse tubule Ca(2+ )-activated K" channel. FEBS
Lett 1993; 331:207-10

Anesthesiology, V 89, No 4, Oct 1998

23. Antkowiak B, Kirschfeld K: Enflurane is a potent inhibitor of

high conductance Ca(2+ )-activated K* channels of Chara australis.
FEBS Lett 1992; 313:281-4

24. Marijic J, Buljubasic N, Coughlan MG, Kampine JP, Bosnjak ZJ:
Effect of K" channel blockade with tetraethylammonium on anes-
thetic-induced relaxation in canine cerebral and coronary arteries.
ANESTHESIOLOGY 1992; 77:948 -55

25. Eskinder H, Gebremedhin D, Lee JG, Rusch NJ, Supan FD,
Kampine JP, Bosnjak ZJ: Halothane and isoflurane decrease the open
state probability of K channels in dog cerebral arterial muscle cells.
ANESTHESIOLOGY 1995; 82:479 -90

26. Koenig HM, Pelligrino DA, Wang Q, Albrecht RE: Role of nitric
oxide and endothelium in rat pial vessel dilation response to isoflurane.
Anesth Analg 1994; 79:886-91

27. McPherson RW, Kirsch JR, Moore LE, Traystman RJ: N omega-
nitro-L-arginine methyl ester prevents cerebral hyperemia by inhaled
anesthetics in dogs. Anesth Analg 1993; 77:891-7

28. McPherson RW, Kirsch JR, Tobin JR, Ghaly RF, Traystman R]:
Cerebral blood flow in primates is increased by isoflurane over time
and is decreased by nitric oxide synthase inhibition. ANESTHESIOLOGY
1994; 80:1320-7

29. Moore LE, Kirsch JR, Helfaecr MA, Tobin JR, McPherson RW,
Traystman RJ: Nitric oxide and prostanoids contribute to isoflurane-
induced cerebral pigs. 19945
80:1328-37

30. Okabe K, Kitamura K, Kuriyama H: Features of 4-aminopyridine
sensitive outward current observed in single smooth muscle cells from
the rabbit pulmonary artery. Pflugers Arch—Eur J Physiol 1987; 409:
561-8

31. Hatano Y, Nakamura K, Moriyama S, Mori K, Toda N: The
contractile responses of isolated dog cerebral and extracerebra! arter-

hyperemia in ANESTHESIOLOGY

ies to oxybarbiturates and thiobarbiturates. ANESTHESIOLOGY 1989; 71:
80-6

32. Todd MM, Drummond JC: A comparison of the cerebrovascular
and metabolic effects of halothane and isoflurane in the cat. ANESTHE-
SIOLOGY 1984; 60:276 - 82

550 IeiaunEt (€
133Xenon for measurement of regional cerebral blood flow (rCBF)
during halothane, enflurane, and isoflurane anesthesia in humans.
ANESTHESIOLOGY 1985; 63:391- 4

Leszniewski W, Carlsson C: Local application of

202 YoIe €} uo 3sanb Aq 4pd02000-000018661-27S0000/ L ¥ L ¥6€/7S6/7/68/4Pd-ajonie/ABojoIsauisaUR/WOD IIBYIIBA|IS ZESE//:dRY WO} papeojuMoq




