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Abstract

Purpose  Angiotensin II (Ang II)-induced vasoconstriction
is mediated by changes in intracellular free Ca*" concen-
tration ([Ca®"];) and myofilament Ca®" sensitivity. Protein
kinase C- and Rho kinase-mediated signaling pathways are
proposed for the regulation of the Ca’" sensitization
mechanisms. We have demonstrated that sevoflurane
inhibits Rho kinase-mediated contraction of isolated rat
aortic smooth muscle. A recent study demonstrated that
Rho-kinase mediated Ca>" sensitization was involved in the
pathophysiology of hypertension. This study was designed
to investigate the effects of sevoflurane on Ang II-induced
Rho kinase-mediated vascular contraction in spontaneously
hypertensive rats (SHR).

Methods The effects of sevoflurane on vasoconstriction,
increase in [Ca®"];, and membrane translocation of Rho
kinase in response to Ang II were investigated in normo-
tensive Wistar—Kyoto rats (WKY) and SHR, using an
isometric force transducer, a fluorometer, and Western
blotting, respectively.

Results The inhibitory effects of sevoflurane on Ang II
(1077 M)-induced contraction were greater (P < 0.05) in
SHR than in WKY at the highest concentration of sevo-
flurane (5.1%). Y27632 (3 x 1077 M), a specific inhibitor
of Rho kinase, inhibited the Ang II-induced contraction in
SHR, but not in WKY. Sevoflurane did not affect the
increases in [Ca”"]; in response to Ang II in either strain.
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Ang II stimulated Rho kinase activity in SHR, which was
almost abolished by sevoflurane at a concentration of 5.1%
(P < 0.05).

Conclusions These findings suggest that the inhibition of
the Ang II-induced contraction by sevoflurane in SHR may
be, at least in part, due to the attenuation of the Rho kinase-
mediated signaling pathway.

Keywords Sevoflurane - Hypertension - Artery - Rho
kinase
Introduction

Vascular contraction induced by agonists is primarily
determined by the level of myosin light chain (MLC)
phosphorylation, which is regulated by the balance
between Ca®'/calmodulin-dependent myosin light chain
kinase (MLCK) and myosin light chain phosphatase
(MLCP). Inhibition of MLCP activity increases MLC
phosphorylation for a given intracellular Ca** concentra-
tion ([Ca®*);), and results in the promotion of myofilament
Ca’t sensitivity [1]. Rho, a small monomeric G-protein,
activates Rho kinase, which inhibits MLCP activity. Thus,
the Rho—Rho kinase signaling pathway plays an important
role in the Ca?" sensitization mechanism after receptor
stimulation [2-4].

Abnormal smooth muscle reactivity and increased vas-
cular resistance contribute to the pathogenesis of hyperten-
sion. Alteration of intracellular Ca** mobilization has been
demonstrated in hypertensive models [5-9]. Moreover,
increased activity of Rho and Rho kinase expression has
been reported in the spontaneously hypertensive rat (SHR)
[10, 11]. Inhibition of Rho kinase activity by a specific
inhibitor, Y27632, dramatically corrected hypertension in
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rat hypertensive models, but had little effect on the normo-
tensive rat [12]. These findings indicate that the Rho kinase-
mediated Ca®" sensitization mechanism is involved in the
pathophysiology of hypertension [10-13].

Volatile anesthetics decrease arterial blood pressure—at
least in part—by directly dilating the blood vessels [14].
We have demonstrated that sevoflurane inhibits angioten-
sin II (Ang II)-induced vasoconstriction mainly by sup-
pressing the Ca”" sensitization mechanism [15]. It was also
shown that sevoflurane inhibits the vascular contraction
induced by GTPyS, a specific activator of the Rho—Rho
kinase pathway [16]. These findings suggest that the sup-
pression of the Rho kinase-mediated Ca®" sensitization
mechanism may be responsible for the sevoflurane-induced
vasodilation and hypotension. Inhibition of the Rho kinase
pathway in hypertension might, in part, account for the
observation that hypertensive patients are more susceptible
to volatile anesthetics than normotensive patients during
clinical anesthesia [17]. Indeed, we have previously dem-
onstrated that the inhibitory effects of isoflurane and
sevoflurane on Ang Il-induced vasoconstriction is
enhanced in SHR compared with normotensive control rats
[18]. However, a comparison of the inhibitory effects of
sevoflurane on Rho kinase activity in SHR and normo-
tensive control rats has never been carried out.

Therefore, the goal of the current study was to elucidate
and compare the mechanisms responsible for the inhibitory
effect of sevoflurane on the vascular contraction in
hypertensive and normotensive rats, with an emphasis on
the Rho kinase-mediated Ca*" sensitization mechanism.

Materials and methods

All experimental protocols were approved by the Wakay-
ama Medical University Animal Care and Use Committee.

Animals

Wistar—Kyoto rats (WKY) and spontaneously hypertensive
rats (SHR) were supplied by the Shizuoka Laboratory
Animal Center (Shizuoka, Japan). Eleven-week-old male
WKY and SHR were used in the current study. Systolic
blood pressure (SBP) was recorded in conscious rats by the
tail-cuff method, using a model MK-2000 BP monitor for
mice and rats (Muromachi Kikai Co., Ltd., Tokyo, Japan),
a few days prior to the experiments.

Isometric tension measurement
The rats were anesthetized with halothane and killed by

decapitation. The descending thoracic aortas were carefully
dissected out, and adherent fat and connective tissues were

removed. The prepared aortas were cut into rings 3 mm in
length for the tension measurement experiment. The
endothelium was denuded by gentle rubbing of the luminal
surface with a stainless steel needle. Four to six rings were
typically harvested from each rat. The rings were incubated
under a resting tension of 3 g in organ chambers containing
Krebs bicarbonate solution (KBS) (in mmol/L, NaCl 118.2,
KCl 4.6, CaCl, 2.5, KH,PO4 1.2, MgSO,4 1.2, NaHCO;
24.8 and dextrose 10.0). KBS was aerated continuously
with a gas mixture of 95% O, and 5% CO, to keep the pH
value within the range 7.35-7.45, and it was maintained at
37°C. Isometric tension was measured as described previ-
ously [15, 16, 18].

After a 60-min equilibration period, all the aortic rings
were exposed to KBS containing KCI (30 mM) to assess
their overall contractile responsiveness, and the values
were considered to be the reference (100%). Removal of
endothelium was confirmed by the relaxation response to
acetylcholine (107¢ M) in rings precontracted with phen-
ylephrine (3 x 1077 M). Only the rings that developed at
least 1.0 g of contractile force in response to KCI (30 mM)
and exerted no relaxation response to acetylcholine were
used for the following experiments.

Initially, the rings of six different animals from each of
WKY and SHR (n = 6) were exposed to Ang II at con-
centrations of 10™° to 107® M to determine the concen-
tration-dependent contractile response. The results showed
that Ang II induced almost maximum response at a con-
centration of 10~7 M in rings from WKY and SHR. Thus,
the concentration of 107’ M was used for the subsequent
experiments. To examine the effect of sevoflurane on Ang
II-induced contraction, aortic rings from eight different
animals of each strain (n = 8) were randomly exposed to O,
1.7, 3.4 or 5.1% of sevoflurane 15 min prior to the addition
of Ang II. To assess the involvement of the Rho—Rho
kinase pathway in the Ang II-induced contraction, the rings
from each strain (n = 6) were incubated in the presence or
absence of the specific Rho kinase inhibitor, Y27632
(3 x 1077 M). Each ring was exposed to only one con-
centration of Ang II and treated with a single concentration
of sevoflurane or Y27632 to avoid the occurrence of
tachyphylaxis to Ang II. The change in isometric tension in
response to Ang II was expressed as the percentage relative
to that induced by KCI (30 mM).

Sevoflurane was introduced into the gas mixture
through a vaporizer (Penlon Limited, Abingdon, Oxon,
UK). The concentration of the resulting gas mixture was
monitored and adjusted using an anesthetic agent monitor
(Atom 303, Atom, Tokyo, Japan). Our previous data using
the experimental system showed that the concentrations of
sevoflurane in the KBS after a 15-min equilibration period,
as measured by gas chromatography (Shimadzu Corpora-
tion, Kyoto, Japan), were 0.17 & 0.05, 0.35 & 0.02 and
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0.50 £ 0.03 mM sevoflurane for gas concentrations of
1.7, 3.4, and 5.1%, respectively (n = 8-12) [18].

. 2 .
Measurement of intracellular Ca®" concentration

Endothelium-denuded aortic strips, 5 mm long and 3.5 mm
wide, were prepared from the isolated rat descending aortas
of WKY and SHR. Two or three strips were harvested from
each rat. The strips were incubated in KBS containing
acetoxymethyl ester of fura-2 (107> M) (Fura2/AM) for
6 h at room temperature (19-23°C). A noncytotoxic
detergent, 0.1% cremophor, was added to the solution to
increase the solubility of acetoxymethyl ester. After the
loading period, the preparations were repeatedly washed
with KBS.

The strip was fixed in a temperature-controlled (37°C)
organ bath that was perfused continuously with Krebs
bicarbonate solution aerated with a mixture of 95% O, and
5% CO,. Fluorescence measurements were performed
using a dual-wavelength spectrofluorometer (CAF-110,
Japan Spectroscopic, Tokyo, Japan) at excitation wave-
lengths of 340 and 380 nm and an emission wavelength of
510 nm. The 340-380 nm fluorescence ratio was used as
an indicator of [Ca’*),.

The change in the 340/380 ratio in response to KCI
(30 mM) was measured first, and the values were used as a
reference standard (100%). Sevoflurane at concentrations
of 0, 1.7, 3.4 or 5.1% was introduced into the gas mixture
for 15 min, followed by the addition of Ang II (1077 M)
into the bathing solution. The change in the 340/380 ratio
was expressed as a percentage of the reference value.
Aortic strips from eight different animals of each strain
(n = 8) were used for the [Ca’>"];, measurement experi-
ment, and each strip was exposed to only one concentration
of sevoflurane.

Measurement of Rho kinase translocation

Endothelium-denuded rat aortic strips were bathed in aer-
ated KBS and equilibrated for 60 min before exposure to
the agents. One strip was obtained from each animal. Rock-
2 (one of the two Rho kinase subtypes) activation was
determined by its translocation from the cytosolic to the
membrane fraction.

Aortas from 28 different animals of each strain were
randomly assigned to four groups (rn = 7) and incubated
with sevoflurane at concentrations of 0, 1.7 or 5.1%, or
Y27632 (3 x 1077 M) for 15 min before the exposure to
Ang II. The strips were then exposed to Ang II for 4 min,
which was based upon our previous investigations [15, 19,
20], and then rapidly frozen on dry ice. Seven additional
aortas of each strain without Ang II and sevoflurane
treatment served as a baseline control. The frozen strips
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were cut into small pieces and homogenized in ice-cold
lysis buffer [21]. Homogenates were centrifuged at
13,000g for 5 min at 4°C, and the supernatant was col-
lected and centrifuged at 100,000g for 60 min at 4°C.
The supernatant (cytosolic fraction) was removed, and the
pellet (membrane fraction) was resuspended using the
same buffer. The protein concentrations of each fraction
were determined using the bicinchoninic acid method [22].

Equal amounts of total protein were used for every
sample in each experiment. Proteins were separated by
7.5% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and electroblotted onto nitrocellu-
lose membranes. The membranes were then incubated in
blocking buffer overnight at 4°C. The membranes were
treated with anti-Rock-2 antibody (1:1000) for 2 h, and
then incubated with horseradish peroxidase-conjugated
antibody (1:2000) for 1.5 h. Polyclonal antibody against
Rock-2 and the secondary antibody labeled with horse-
radish peroxidase were supplied by Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). The densities of the
immunoreactive bands were detected using the enhanced
chemiluminescence (ECL) system (Amersham Pharmarcia
Biotech, Piscataway, NJ, USA). The amount of Rock-2 on
the membrane fraction was expressed as a percentage of
the total fraction.

Statistical analysis

Statistical analyses were performed using the StatMate
software program (Atoms, Tokyo, Japan). Systolic blood
pressure measurements of SHR and WKY were expressed
as the mean £+ SD and compared using the unpaired Stu-
dent’s t test. Other data were presented as medians with the
25th and 75th percentiles and evaluated using the Kruskal—
Wallis followed by the Newman—Keuls test. The sample
size (n values) represents the number of rats from which
aortic rings (for tension measurements), aortic strips (for
[Ca®™] ; measurement), or aortas (for western blotting) were
harvested. P values of less than 0.05 were considered sta-
tistically significant.

Results

Systolic blood pressure was significantly higher (P <
0.001) in SHR (187 =+ 11 mmHg, n = 30) than in WKY
(113 £ 8 mmHg, n = 30).

Isometric tension measurement

KCl (30 mM) induced a sustained contraction of aortic

rings from WKY and SHR, reaching peak values of 1.9 g
(1.7-2.3 g) and 1.9 g (1.6-2.3 g), respectively. There was



J Anesth (2011) 25:398-404

401

80
P < 0.05

5é¢| E$é
F

[=2]
o
T

Tension (%)
8

20 CIWKY
@ SHR =
0
0 1.7 3.4 5.1

Sevoflurane (%)

Fig. 1 Inhibitory effect of sevoflurane on Ang IT (10~ M)-induced
contraction of endothelium-denuded aortic rings from WKY and SHR.
Rings were incubated with 1.7, 3.4, or 5.1% sevoflurane for 15 min
before treatment with Ang II. Ang II-induced changes in tension were
expressed as the percentages relative to those induced by KCl
(30 mM). Horizontal bars represent medians, boxes represent 25th
and 75th percentile ranges, and vertical lines above and below the box
represent Sth and 95th percentile ranges. The inhibition of the
contraction by sevoflurane at 5.1% was greater (P < 0.05) in SHR
than in WKY. *P < 0.05, **P < 0.01 versus sevoflurane 0% (n = 8,
each)

no statistically significant difference in the KCl-induced
contractions of WKY and SHR. Ang II induced a rapid,
transient contraction which was followed by gradual
decline above the baseline level in aortic rings from both
WKY and SHR. The contractile response to Ang II was
concentration dependent, and the maximum contraction
was obtained at 107® M in both strains.

Sevoflurane inhibited the Ang II ( 1077 M)-induced
contraction in aortic rings from WKY and SHR. When
comparing WKY and SHR, the extent of the inhibitory
effects of sevoflurane on the contractile response to Ang II
was significantly greater (P < 0.05) in SHR than in WKY
at the highest concentration of 5.1% (Fig. 1). Y27632
(3 x 1077 M) inhibited the contractile response to Ang II
in SHR, but not in WKY (P < 0.05) (Fig. 2).

Ca®* measurement

The KCI (30 mM)-induced increase in [Ca®"]; was similar
in WKY and SHR. Ang II (1077 M) elicited a transient
elevation of [Ca”]i in aortic smooth muscle from both
strains, and there was no significant difference in the Ang
II-induced increase in [Ca2+]i between WKY and SHR.
Sevoflurane did not significantly affect the Ang II-induced
increases in [Ca2+] ; up to a concentration of 5.1% in either
strain (Fig. 3).

Measurement of Rho kinase translocation

Immunoreactive bands with molecular weights of 150 kDa,
which corresponded to Rock-2, were detected in the
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Fig. 2 Effects of Y27632 on the Ang Il (1077 M)-induced contrac-
tion of endothelium-denuded rat aortic rings from WKY and SHR.
The endothelium-denuded aortic rings from WKY and SHR were
incubated with Y27632 (3 x 10~7 M) for 15 min before the addition
of Ang Il. Horizontal bars represent medians, boxes represent 25th
and 75th percentile ranges, and vertical lines above and below the box
represent Sth and 95th percentile ranges. Ang Il-induced changes in
tension were expressed as the percentage relative to those induced by
KCl1 (30 mM). The inhibitory effect of Y27632 (3 x 1077 M) was
greater (P < 0.05) in SHR than in WKY. *P < 0.05 versus control
(n = 6, each)
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Fig. 3 Effects of sevoflurane on the Ang II (1077 M)-elicited
increase in [Ca®T); in rat aortic strips from WKY and SHR. The
endothelium-denuded rat aortic strips from WKY and SHR were
treated with the fura-2 solution and then exposed to 1.7, 3.4, or 5.1%
sevoflurane for 15 min. Horizontal bars represent medians, boxes
represent 25th and 75th percentile ranges, and vertical lines above
and below the box represent 5th and 95th percentile ranges. The
340-380 nm fluorescence ratio was used as an indicator of [Ca®'];
and expressed as the percentage relative to that induced by KCI
(30 mM) (n = 8, each)

cytosolic and membrane fractions. Ang IT (10~ M) did not
influence the Rock-2 expression in the membrane fraction
in WKY, while it significantly facilitated membrane
translocation of Rock-2 in SHR (P < 0.01) (Fig. 4).
Neither sevoflurane up to 5.1% nor Y27632
(3 x 1077 M) affected the translocation of Rock-2 in
WKY. By contrast, sevoflurane at 5.1% almost reversed
(P < 0.05) the Ang II-stimulated translocation of Rock-2
to the baseline control level in SHR. Y27632 also abolished
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Fig. 4 Inhibitory effect of sevoflurane on Ang IT (10~7 M)-stimu-
lated membrane translocation of Rock-2 in rat aortic smooth muscle
from WKY (a) and SHR (b). Endothelium-denuded rat aortas were
incubated with 1.7 or 5.1% sevoflurane or Y27632 (3 x 10~ M) for
15 min before exposure to Ang II, and were homogenized 4 min after
the addition of Ang II. The immunoreactive bands of Rock-2 were
detected with Western blotting. Horizontal bars represent medians,

the Ang Il-activated translocation of Rock-2 in SHR
(Fig. 4).

Discussion

Vascular smooth muscle contraction is regulated by both
Ca”"-dependent and Ca”*-independent (or calcium sensi-
tization) mechanisms. Receptor activation by Ang II
increases [Ca”],- through the release of Ca®t from the
intracellular stores and the influx of Ca*" from the extra-
cellular space, which eventually facilitates MLC phos-
phorylation. Ang II also stimulates protein kinase C (PKC)
and Rho kinase through G4 and G,,/;3 protein activation,
respectively [23]. Activation of these protein kinases can
inhibit the dephosphorylation of phosphorylated MLC and
thereby potentiate the contraction for a given [Ca’'];
[24, 25].

Alteration of Ca®" mobilization [5-9] and the promotion
of activity in the Rho-Rho kinase signaling pathway
[10-13] are reported to be involved in the pathogenesis and
development of hypertension. In the current study, the
increase in [Ca®"]; in response to Ang II in SHR did not
differ from that in WKY, while the inhibition of Ang
II-induced vasoconstriction by Y27632, a Rho kinase
inhibitor, was observed only in SHR. This finding is in
accord with that from a previous study in which the
relaxation response to Y27632 in mesenteric arteries pre-
constricted with norepinephrine was greater in SHR than in
WKY [26]. In an in vivo animal experiment, Y27632 also
decreased blood pressure in a hypertensive model, while it
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boxes represent 25th and 75th percentile ranges, and vertical lines
above and below the box represent 5th and 95th percentile ranges.
The amount of Rock-2 in the membrane fraction was expressed as a
percentage of the total Rock-2 in both the cytosolic and the membrane
fractions. C cytosolic fraction, M membrane fraction. *P < 0.05,
**P < 0.01 versus the value in the absence of Ang II (control),
#p < 0.05 versus Ang II alone (n = 7, each)

had little effect on the normotensive animal [12]. In addi-
tion, Western blotting analysis revealed that membrane
translocation of Rock-2 in response to Ang II occurred in
SHR, but not in WKY. These findings possibly account for
the greater contribution of the Rho kinase-mediated sig-
naling pathway to Ang II-induced vasoconstriction in SHR.

Similar to the present study, we previously demonstrated
that the inhibitory effect of sevoflurane on Ang-II induced
vasoconstriction is enhanced in SHR [18]. However, the
mechanism responsible for the greater inhibition of sevo-
flurane in SHR remained unclear. Vascular smooth muscle
contraction is primarily mediated by changes in [Ca’**],,
and some anesthetics are known to inhibit the increase in
[Ca’"); in response to Ang II. Samain et al. [27] demon-
strated that isoflurane inhibited the Ang Il-induced Ca**
mobilization in both WKY and SHR. We have also shown
in the normotensive rat that isoflurane attenuates an
increase in [Ca”],— in response to Ang II [20], while
sevoflurane does not have an inhibitory effect on [Ca”]i
[15]. In the current study, sevoflurane did not alter the Ang
II-induced increase in [Ca2+]i up to 5.1% in both strains,
suggesting that the enhanced inhibitory effect of sevoflu-
rane on Ang II-induced vasoconstriction seen in SHR may
not be mediated by the Ca”"-dependent pathway. Rather,
the Ca®" sensitization mechanism might be involved in the
different effect that sevoflurane had on SHR compared
with WKY. The lack of inhibition of the Ang II-induced
increase in [Ca”],— observed in the current study does not
mean that sevoflurane has no inhibitory effect on [Ca2+]l~
in response to various stimuli. Indeed, our recent study
[28] indicated that sevoflurane decreased the arginine
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vasopressin-stimulated increase in [Ca®**),. The inhibitory
effect of anesthetics on [Ca®*]; may depend on the agonists
and the mechanisms that mediate Ca®" mobilization.

Next, we investigated the effect of sevoflurane on the
Rho kinase activity. We hypothesized that the inhibition of
the Ca®" sensitization mechanism by sevoflurane might be
a reason for the greater inhibition of the contraction in
SHR, since our previous study demonstrated that sevoflu-
rane attenuates GTPyS-stimulated Rho kinase activation,
which regulates myofilament Ca®" sensitivity [16]. As a
result, sevoflurane at high concentration inhibited the
membrane translocation of Rock-2 in SHR, but failed to do
so in WKY up to a concentration of 5.1%. This finding is
consistent with the results of the isometric force experi-
ment in which the greatest inhibition of the vasoconstric-
tion in SHR was observed at 5.1% sevoflurane, suggesting
that Rho kinase inhibition by sevoflurane is involved in the
enhanced inhibition of Ang II-induced vasoconstriction in
SHR, at least at high concentrations.

PKC also plays a role in the regulation of the enhanced
contraction in SHR [29, 30]. However, the contribution of
PKC to agonist-induced contractions in the aortas of SHR
has been reported to be equal to the equivalent contribution
in WKY [31]. Some investigations have suggested that
there is greater myogenic tone with increased calcium
sensitization in SHR, largely because of Rho kinase acti-
vation, with a minor or no contribution from PKC activa-
tion [32, 33]. Although we have previously demonstrated
that sevoflurane attenuates PKC phosphorylation in
response to Ang II in the normotensive rat [15], the effect
of sevoflurane on PKC activity in the hypertensive model
has never been determined. Further study may be needed to
clarify the issue.

The limitation of this in vitro study is that the present
findings were obtained from endothelium-denuded aortic
preparations. Removal of endothelium may alter the vas-
cular responsiveness to various stimuli. However, the pri-
mary goal of the present study was to elucidate the
mechanisms by which sevoflurane inhibits Ang II-induced
contraction of vascular smooth muscle in hypertension.
Because sevoflurane also has an inhibitory effect on endo-
thelium function [34] which may interfere with the present
findings, we used endothelium-denuded aortic preparation.
Vascular responsiveness in large conduit arteries, including
the aorta, may be different from that in small resistance
arteries that mainly regulate systemic vascular resistance.
However, it has been demonstrated that Rho kinase inhibi-
tion by Y27632 results in greater relaxation of nor-
epinephrine-contracted arterial preparation from SHR
compared with that from WKY, even in small mesenteric
arteries [26], suggesting the possibility of enhanced Rho
kinase activity in response to agonist stimuli in small
resistance arteries. Another limitation of the present study is

that the inhibition of muscle tension and Rho kinase activity
induced by sevoflurane was only significant at supra-clinical
concentrations. Because sevoflurane has very low water
solubility, it easily vaporizes from the surface area of the
bathing solution in the organ chamber in which the aortic
preparations were incubated. In our previous study, the
concentration of sevoflurane in KBS measured by gas
chromatography was 0.50 + 0.03 mM when 5.1% sevo-
flurane was added to the gas mixture [18]. An in vivo study
has demonstrated that the arterial blood sevoflurane con-
centration in rats inspiring 2.5% sevoflurane reaches
0.5 mM [35]. Thus, the actual concentrations of sevoflurane
used in the present study might be lower than those
expressed. However, the present findings obtained from an
in vitro study using a high concentration of sevoflurane
cannot be directly extrapolated to the clinical situation.

In conclusion, sevoflurane inhibits the Ang II-induced
contraction of aortic smooth muscle from SHR to a greater
extent than that from WKY. Sevoflurane did not alter the
[Ca®™]; in response to Ang II in both strains. Ang II
stimulates Rho kinase activity in SHR, which is signifi-
cantly inhibited by sevoflurane. These findings suggest that
the suppression of Rho kinase activity may be involved in
the greater inhibition of the vasoconstriction by sevoflurane
in SHR.

References

1. Hirano K. Current topics in the regulatory mechanism underlying
the Ca>" sensitization of the contractile apparatus in vascular
smooth muscle. J Pharmacol Sci. 2007;104:109-15.

2. Kawano Y, Yoshimura T, Kaibuchi K. Smooth muscle contrac-
tion by small GTPase Rho. Nagoya J Med Sci. 2002;65:1-8.

3. Somlyo AP, Somlyo AV. Signal transduction by G-proteins, rho-
kinase and protein phosphatase to smooth muscle and non-muscle
myosin II. J Physiol. 2000;522:177-85.

4. Amano M, Fukata Y, Kaibuchi K. Regulation and functions of
Rho-associated kinase. Exp Cell Res. 2000;261:44-51.

5. Cortes SF, Lemos VS, Stoclet JC. Alterations in calcium stores in
aortic myocytes from spontaneously hypertensive rats. Hyper-
tension. 1997;29:1322-8.

6. Monteith GR, Kable EP, Roufogalis BD. Intracellular free Cca’t
and basal Mn?" influx in cultured aortic smooth muscle cells
from spontaneously hypertensive and normotensive Wistar—
Kyoto rats. Clin Exp Hypertens. 1997;19:431-43.

7. Martens JR, Gelband CH. Ion channels in vascular smooth
muscle: alterations in essential hypertension. Proc Soc Exp Biol
Med. 1998;218:192-203.

8. Touyz RM, Schiffrin EL. Role of calcium influx and intracellular
calcium stores in angiotensin II-mediated calcium hyper-
responsiveness in smooth muscle from spontaneously hyperten-
sive rats. J Hypertens. 1997;15:1431-9.

9. Akata T, Nakashima M, Izumi K. Comparison of volatile anes-
thetic actions on intracellular calcium stores of vascular smooth
muscle: investigation in isolated systemic resistance arteries.
Anesthesiology. 2001;94:840-50.

@ Springer



404

J Anesth (2011) 25:398-404

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Moriki N, Ito M, Seko T, Kureishi Y, Okamoto R, Nakakuki T,
Kongo M, Isaka N, Kaibuchi K, Nakano T. RhoA activation in
vascular smooth muscle cells from stroke-prone spontaneously
hypertensive rats. Hypertens Res. 2004;27:263-70.

Seko T, Ito M, Kureishi Y, Okamoto R, Moriki N, Onishi K,
Isaka N, Hartshorne DJ, Nakano T. Activation of RhoA and
inhibition of myosin phosphatase as important components in
hypertension in vascular smooth muscle. Circ Res. 2003;92:
411-8.

. Uehata M, Ishizaki T, Satoh H, Ono T, Kawahara T, Morishita T,

Tamakawa H, Yamagami K, Inui J, Maeckawa M, Narumiya S.
Calcium sensitization of smooth muscle mediated by a Rho-
associated protein kinase in hypertension. Nature. 1997;389:
990-4.

Lee DL, Webb RC, Jin L. Hypertension and RhoA/Rho-kinase
signaling in the vasculature: highlights from the recent literature.
Hypertension. 2004;44:796-9.

Nakamura K, Toda H, Hatano Y, Mori K. Comparison of the
direct effects of sevoflurane, isoflurane and halothane on isolated
canine coronary arteries. Can J Anaesth. 1993;40:257-61.

Yu J, Tokinaga Y, Ogawa K, Iwahashi S, Hatano Y. Sevoflurane
inhibits angiotensin II-induced, protein kinase C-mediated but not
Ca*"elicited contraction of rat aortic smooth muscle. Anesthe-
siology. 2004;100:879-84.

Yu J, Ogawa K, Tokinaga Y, Hatano Y. Sevoflurane inhibits
guanosine 5'-[gamma-thio] triphosphate-stimulated, Rho/Rho-
kinase-mediated contraction of isolated rat aortic smooth muscle.
Anesthesiology. 2003;99:646-51.

Nathan N, Vial G, Benrhaiem M, Peyclit A, Feiss P. Induction
with propofol target-concentration infusion vs. 8% sevoflurane
inhalation and alfentanil in hypertensive patients. Anaesthesia.
2001;56:251-7.

YuJ, Ogawa K, Tokinaga Y, Iwahashi S, Hatano Y. The vascular
relaxing effects of sevoflurane and isoflurane are more important
in hypertensive than in normotensive rats. Can J Anaesth.
2004;51:979-85.

Yu J, Mizumoto K, Tokinaga Y, Ogawa K, Hatano Y. The
inhibitory effects of sevoflurane on angiotensin II-induced, p44/
42 mitogen-activated protein kinase-mediated contraction of rat
aortic smooth muscle. Anesth Analg. 2005;101:315-21.
Ishikawa A, Ogawa K, Tokinaga Y, Uematsu N, Mizumoto K,
Hatano Y. The mechanism behind the inhibitory effect of iso-
flurane on angiotensin II-induced vascular contraction is different
from that of sevoflurane. Anesth Analg. 2007;105:97-102.
Molloy CJ, Taylor DS, Weber H. Angiotensin II stimulation of
rapid protein tyrosine phosphorylation and protein kinase acti-
vation in rat aortic smooth muscle cells. J Biol Chem.
1993;268:7338-45.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH,
Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC.
Measurement of protein using bicinchoninic acid. Anal Biochem.
1985;150:76-85.

@ Springer

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Touyz RM, Schiffrin EL. Signal transduction mechanisms
mediating the physiological and pathophysiological actions of
angiotensin II in vascular smooth muscle cells. Pharmacol Rev.
2000;52:639-72.

Walsh MP, Horowitz A, Clement-Chomienne O, Andrea JE,
Allen BG, Morgan KG. Protein kinase C mediation of Ca(2+)-
independent contractions of vascular smooth muscle. Biochem
Cell Biol. 1996;74:485-502.

Fukata Y, Amano M, Kaibuchi K. Rho—Rho-kinase pathway in
smooth muscle contraction and cytoskeletal reorganization of
non-muscle cells. Trends Pharmacol Sci. 2001;22:32-9.

Asano M, Nomura Y. Comparison of inhibitory effects of
Y-27632, a Rho kinase inhibitor, in strips of small and large
mesenteric arteries from spontaneously hypertensive and nor-
motensive Wistar—Kyoto rats. Hypertens Res. 2003;26:97-106.
Samain E, Bouillier H, Rucker-Martin C, Mazoit JX, Marty J,
Renaud JF, Dagher G. Isoflurane alters angiotensin II-induced
Ca”* mobilization in aortic smooth muscle cells from hyperten-
sive rats: implication of cytoskeleton. Anesthesiology. 2002;
97:642-51.

Shimogai M, Ogawa K, Tokinaga Y, Yamazaki A, Hatano Y. The
cellular mechanisms underlying the inhibitory effects of isoflu-
rane and sevoflurane on arginine vasopressin-induced vasocon-
striction. J Anesth. 2010;24:893-900.

Bazan E, Campbell AK, Rapoport RM. Protein kinase C activity
in blood vessels from normotensive and spontaneously hyper-
tensive rats. Eur J Pharmacol. 1992;227:343-8.

Silver PJ, Cumiskey WR, Harris AL. Vascular protein kinase C in
Wistar—Kyoto and spontaneously hypertensive rats. Eur J Phar-
macol. 1992;212:143-9.

Shimamoto H, Shimamoto Y, Daniel EE, Kwan CY. Relationship
between intracellular Ca>* store and protein kinase C in agonist-
induced contraction of hypertensive rat aortae. J Smooth Muscle
Res. 1999;35:87-98.

Chrissobolis S, Sobey CG. Evidence that Rho-kinase activity
contributes to cerebral vascular tone in vivo and is enhanced
during chronic hypertension: comparison with protein kinase C.
Circ Res. 2001;88:774-9.

Jarajapu YP, Knot HJ. Relative contribution of Rho kinase and
protein kinase C to myogenic tone in rat cerebral arteries in
hypertension. Am J Physiol Heart Circ Physiol. 2005;289:
H1917-22.

Nakamura K, Terasako K, Toda H, Miyawaki I, Kakuyama M,
Nishiwada M, Hatano Y, Mori K. Mechanisms of inhibition of
endothelium-dependent relaxation by halothane, isoflurane, and
sevoflurane. Can J Anaesth. 1994;41:340-6.

Malan TP Jr, Sameshima T, Mata H, Frink EJ Jr. Relationship of
inspired anesthetic concentration to plasma concentration and
urinary excretion of sevoflurane metabolites in rats. Anesth
Analg. 1995;81:576-80.



	Sevoflurane inhibits angiotensin II-induced Rho kinase-mediated contraction of vascular smooth muscle from spontaneously hypertensive rat
	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animals
	Isometric tension measurement
	Measurement of intracellular Ca2+ concentration
	Measurement of Rho kinase translocation
	Statistical analysis

	Results
	Isometric tension measurement
	Ca2+ measurement
	Measurement of Rho kinase translocation

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


