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. Mechanisms of Isoflurane-increased Submaximum

\ Ca’t-activated Force in Rabbit Skinned Femoral
.\ Arterial Strips

1

Hiroshi Toda, M.D.,* and Judy Y. Su, Ph.D.t

Background: Isoflurane enhances contraction in isolated in-
tact arterial rings by a protein kinase C (PKC) activator and also
causes contracture in skinned arterial strips. This study inves-
tigated the mechanisms of this isoflurane activation of the con-
tractile proteins of skinned strips.

Methods: The skinned strips, mounted on photodiode force
transducers, were prepared from rabbit femoral arteries treated
with saponin. The strips were activated by 1 um Ca** (buffered
with 7 mm EGTA) with or without inhibitors for PKC and calm-
odulin-dependent protein kinase II (CaM kinase IT). When force
reached steady state, isoflurane was administered and changes
in force were observed. Another group of the strips was frozen
to assay myosin light chain phosphorylation (MLC-p) using
two-dimensional electrophoresis and immunoblotting. Analy-
sis of variance was used to compare the results from test and
control groups. Probability values <0.05 were significant.

Results: Isoflurane (1-5%) dose dependently increased (24—
81%) the Ca**-activated force. At 1% and 5% isoflurane, MLC-p did
not change either as the force increased or reached a new steady
state level. However, with 3% isoflurane, MLC-p transiently de-
creased (29.1% and 17.1% of total MLC for 0% and 3% isoflurane,
respectively). The 3% isoflurane-increased force was blocked by
10 pm bisindolymaleidmide, an inhibitor of PKC, but not by 10 um
G6-6976, an inhibitor of Ca**-dependent PKC, and was enhanced
50% by 0.1 mm KN-62, an inhibitor of CaM kinase II.

Conclusions: Isoflurane increased submaximum Ca®*-acti-
vated force in skinned femoral arterial strips by activating Ca**-
independent PKC, possibly & isoezyme. The isoflurane-de-
creased MLC-p may be caused by activation of CaM kinase II.
(Key words: Calmodulin-dependent protein kinase II; myosin
light chains; protein kinase C.)
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U NI)ER isoflurane anesthesia, vasodilation and hypoten-
sion' are in part attributed to the direct action of isoflu-
rane on vascular smooth muscle. Such vasodilation can
be sh()wn in isolated intact arteries activated by ago-
nists.”> The mechanisms of this isoflurane-induced re-
laxation u)uld be the result of inhibiting thc voltage-
gated Ca®" channel® and thus decreasing Ca’" influx via
the sarcolemma. In contrast, a direct Ca®>" release from
the sarcoplasmic reticulum (SR) by isoflurane has been
shown’® or implicated” ' without tension generation
in various arterial preparations. This small Ca’" release
may also contribute to the increase in the caffeine-in-
duced transient tension increase by isoflurane that has
been observed in skinned femoral arterial strips under
low EGTA conditions of the load-release cycle.® Isoflu-
rane (=3%; without caffeine in the release phase) also
directly induces a small transient tension increase fol-
lowed by sustained contracture.” This isoflurane-induced
transient tension increase corresponds with the small
Ca®" release from the SR,>° whereas the sustained
contracture suggests an increased sensitivity of the con-
tractile proteins to Ca®". However, there is no direct
evidence for isoflurane-increased sensitivity of the con-
tractile proteins to Ca®" and, if such action is present,
the underlying mechanisms.

Smooth muscle contraction is regulated by myosin
light chains (MLC) and may also be modulated by the
thin-filament-associated proteins calponin and caldes-
mon.'"'? The regulatory mechanism by MLC consists of

a’"-dependent activation of myosin light chain kinase,
and Ca’"-independent inhibition of MLC phosphatase'?
(thus increases in the ratio of MLC kinase to MLC phos-
phatase activity) or activation of Rho-associated protein
kinase.'? The increased activity of MLC kinase over MLC
phosphatase or increased activity of Rho-associated ki-
nase results in increased phosphorylation of MLC (MLC-
p)."*'* On the other hand, the contraction regulated by
calponin or caldesmon is less well established and may
be mediated by activation of protein kinase C or calm-
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odulin-dependent protein kinase IL.'*'* A direct Ca*"-
independent activation by the & isoenzyme of PKC
(PKC-¢) has been demonstrated in sarcolemma-permeal-
ized aortic cells.'”

Recently, Park and associates'> showed that isoflurane
enhances vasoconstriction by oleic acid (an activator of
PKC) in rat coronary arteries, which suggests that isoflu-
rane directly activates the contractile proteins. Whether
this direct effect of isoflurane depends on the released
Ca’" is not known. If the isoflurane-enhanced force is
independent of Ca” ", then the vasoconstriction could be
mediated either by activation of PKC-g, by inhibition of
MLC phosphatase, or by activation of Rho-associated
kinase. The last two possibilities would be associated
with increases in MLC-p.

Accordingly, this study was designed to determine
whether, under constant free Ca®’ concentrations,
isoflurane directly activates the contractile proteins in
saponin-skinned rabbit femoral arterial strips. We further
examined whether this increase in force caused by
isoflurane was associated with increased phosphoryla-
tion of MLCs or was blocked by inhibitors of PKC or
calmodulin-dependent protein kinase II.

Materials and Methods

This study was approved by the University of Wash-
ington Animal Care Committee. The preparation of and
experimental procedures for use of isolated arterial
skinned strips were the same as have been reported for
halothane'® and isoflurane® and are described briefly
here.

Male New Zealand white rabbits (2.2 to 2.5 kg) were
killed using a captive bolt pistol followed by exsangui-
nation. Femoral arteries were rapidly and carefully iso-
lated. Connective and fat tissues were trimmed free from
the surface of the arteries. Arterial strips approximately
I mm wide were placed in relaxing solution (containing

free Ca®>" <10 nv, 7 mm EGTA, 2 mm MgATP? , 0.1 mwm
free Mg®", 15 mu creatine phosphate, 35 mm Na ', 35
mv K’ and 300 mOsm ionic strength, with pH 7 at

23°C). Each strip was mounted on two pairs of forceps
with one end attached to a photodiode tension trans-
ducer. The strip was then stretched to a resting tension
of 50 mg. The tension was recorded on a Quadra 950
(Apple Computer, Cupertino, CA) using a customized
LabVIEW software program (National Instrument, Aus-
bl 1D9)

After mounting and stretching, the strips were im-
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Fig. 1. Tracings showing the experimental protocol to study the
effects of isoflurane on submaximum Ca**-activated force de-
velopment in skinned femoral arterial strips and to collect
strips to quantify myosin light chain isoforms. Tracings showed
that two skinned strips were initially activated by a buffer so-
lution containing 1 um Ca** until steady state force developed.
One strip (4; time control) was then tested in a fresh buffer
solution containing no isoflurane (+0%). A different strip (B;
test) was tested in a buffer containing 3% isoflurane (+3%
isoflurane). The peak force after administration of the second
buffer was compared with that of the control (before adminis-
tration of the second buffer). In another group of experiments,
the strips were frozen (open arrows) during force development
(within 1 min ) or at peak force (5 min) after administration of
the second buffer solution without or with isoflurane to quan-
tify myosin light chain isoforms.

mersed in a relaxing solution plus 0.3 mg/ml saponin for
5 min to permealize the sarcolemma (7.e., they were
“skinned”). The viability of the skinned strips was tested
with a solution with the same ionic composition as the
relaxing solution except that it contained 10 pum Ca®"
(produced about 70% of the maximum force).

Study of the Effect of Isoflurane on Submaximum

Ca”" Activation of the Contractile Protein

The skinned strips were allowed to equilibrate in re-
laxing solution and then activated submaximally with 1
pum Ca® " (produced about 30% of the maximum force)
until force development reached a steady state (10-15
min). Isoflurane (0%, 1%, 3%, 5%) was administered until
the force reached a new steady state (fig. 1). The effect
of isoflurane on this submaximum Ca* "-activated force
was measured up to 30 min after administration of isoflu-
rane.

To quantify MLC phosphorylation, after administration
of isoflurane, the skinned strips were quickly frozen in
freon (—130°C) cooled with liquid nitrogen, within 1
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Fig. 2. Gels showing the sequence of the
experimental procedure to quantify myo-
sin light chain (MLC) isoforms. (4) Iso-
forms of MLCs in the strips were separated
by two-dimensional electrophoresis. Ini-
tially MLC was separated on gels using iso-
electric focusing (IEF) electrophoresis (4,
upper panel; Coomassie blue staining) for
the first dimension, which was followed by
sodium dodecyl sulfate gel electrophoresis
for the second dimension (4, lower panel;
Coomassie blue staining; 20 kDa (arrows)
= protein standard of 20-kDa molecular
weight. (B) Western Blotting of MLC in the
sodium dodecyle sulfate gel. Proteins were
transferred to nitrocellulose membranes
using trans-blot electrophoresis, and MLC
isoforms were identified by a specific anti-
body using immunoblotting (Po = non-
phosphorylated MLC; P1 = one phosphor-
ylated MLC).

IEF gel

min or at 5 min (near steady state force; fig. 1. open
arrows). The frozen tissues were transferred into a cen-
trifuge tube containing 10% trichloroacetic acid-acetone
mixture and kept at —70°C.

We further examined the mechanisms of isoflurane-
enhanced submaximum Ca’®"-activated force (fig. 1) us-
ing inhibitors of PKC or calmodulin-dependent protein
kinase II (CaM kinase II). In this study, 10 um G6-6976
(Go), which inhibits Ca**-dependent PKC (a, BI isoen-
zymes),"” or bisindolylmaleimide I-HCI (Bim),"'”'® which
inhibits Ca®"-dependent («, BI, BI, and vy isoen-
zymes)' "' and Ca®"-independent (8, &, and ¢ isoen-
zymes)'” PKC, or 0.1 mv KN-62,'° which inhibits CaM
kinase Il were present in all the solutions. The diluents of
the inhibitors were used as time controls.

Isoflurane was delivered through a Verni-Trol vapor-
izer (Ohio Medical Products, Madison, WI) with 100%
nitrogen. One set of solutions was saturated with a
mixture of isoflurane and nitrogen as test solutions, and
another set of solutions with 100% nitrogen as control
solutions (0% isoflurane). The vapor concentrations (ex-
pressed as a percentage of 1 atmosphere [atm]) of isoflu-
rane in the solutions were assayed by gas chromatogra-
phy.‘)“

Quantification of Myosin Light Chain Isoforms by

Two-dimensional Electrophoresis and

Immunoblotting

The method of extraction and separation of MLC iso-
forms from vascular smooth muscle was the same as that
described by Kitazawa et al*' using two-dimensional
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electrophoresis (fig. 2) for its high resolution and sensi-
tivity.** Briefly, MLC proteins were extracted from the
frozen strips by homogenization in glycerol-sodium do-
decyl sulfate solution followed by centrifugation. The
MLC isoforms in the supernatant of the homogenate
were first separated according to their charges (isoelec-
tric point at 4.5 to 5.4) using isoelectric focusing poly-
acrylamide gel electrophoresis. After this electrophore-
sis, the phosphorylated MLCs were nicely separated
from nonphosphorylated MLCs in the isoelectric focus-
ing polyacrylamide gel in the first dimension. An appro-
priate portion of the gel containing the MLC isoforms
was then laid horizontally onto the top of a sodium
dodecyl sulfate-polyacrylamide minislab gel to separate
the isoforms according to their mass (molecular weight
at 20 kDa) in the second dimension.

Finally, immunoblotting was performed as described
by Hathaway and Haeberle®® by transferring MLC iso-
forms in the sodium dodecyl sulfate gel onto nitrocellu-
lose membranes using trans-blot electrophoresis. The
immunoblotting procedure was performed to increase
the sensitivity and specificity of detecting MLC with
polyclonal antibodies (supplied by Dr. Susan Gunst, De-
partment of Physiology, Indiana University, Indianapolis,
IN) for MLC. This was followed by exposure to a second
antibody labeled with horseradish peroxidase (anti-rab-
bit IgG peroxidase conjugate, Sigma Chemical Co., St.
Louis, MO) to react with the immobilized protein anti-
gen (MLC). Finally, a DuPont western Blot Chemilumi-
nescence Reagent (DuPont NEN, Boston, MA) was ap-
plied to the membrane in which the enzyme horseradish
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peroxidase in the second antibody catalyzed light emis-
sion at a wavelength of 428 nm. This light was then
captured on DuPont Reflection Autoradiography Film.

Determination of the MLC immunoblots on the film
was done with a multiresolution scanning imaging den-
sitometer (model GS-700; Bio-Rad Laboratories, Her-
cules, CA) with the Molecular Analyst image analysis
software program.

Calcium Measurement with Fura-2 Fluorescent Dye

The measurement of Ca®" release by isoflurane was
performed to correlate the Ca®" with changes in force or
MLC-p. The method of fura-2 fluorescence measurement
for free Ca®" concentration was the same as described
previously in skinned pulmonary arterial strips.”* The
amount of 3% isoflurane-induced Ca”" release was mea-
sured under two different experimental conditions: (1)
low EGTA buffer (0.05 mm to buffer 0.1 pum Ca’") in
simple load-release cycling, and (2) high EGTA buffer (7
mm) in 1 pum Ca® " activation.

The fluorescence of fura-2 (F340 and F380) was mea-
sured continuously by exposing the skinned strip in 100
pl quartz tissue bath alternately, at 50 Hz, to 340 *= 10
and 380 £ 10 nm excitation wavelengths. The fluores-
cence emitted at the 500 £ 20 nm wavelength was
detected using a modified calcium analyzer (CAF-100,
Japan Spectroscopic, Tokyo, Japan). The fluorescence
emitted from excitation wavelengths of 340 and 380 nm
were recorded on a PowerMac 7100 (Apple Computers,
Cupertino, CA) at a sampling rate of 10 Hz using a
customized LabVIEW software program interfaced with
a multifunction I/O board with 16-bit resolution (NB-
MIO-16XL; National Instruments, Austin, TX).

The amount of free Ca’" released from the SR was
estimated from the difference in Ca®" between the base-
line and the peak based on the equation of Ca®’ (in
nanomoles) = Kd X (§f2/Sb2) X [(Ri — Rmin)/(Rmax —
Ri)],*> using an apparent dissociation constant for fura-
DNCHEY complex (Kd) = 421.8 nm = 40.5 (n = 16),
Sf2/Sb2 = 3.6 = 0.4 (n = 34), Rmin = 0.101 * 0.006
(n = 25), and Rmax = 0.708 = 0.15 (n = 23) estimated
in skinned femoral arteries. Where Sf2 is the fluores-
cence emitted at 380 nm excitation wavelength (F380)
at 0 Ca*" under which fura-2 was in free form, Sb2 is
F380 at 0.1 mum Ca®" under which fura-2 was in Ca®*
bound form, Ri is the ratio of fluorescence emitted at 340
nm excitation wavelength (F340) to F380 at various free
Ca®" concentrations, Rmin is the F340 to F380 ratio at O
Ca®", and Rmax is the F340:F380 ratio at 0.1 mu Ca2".
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Data Analysis

The height from baseline to submaximum Ca”'-acti-
vated force at peak or steady state was calculated. The
results were expressed as a percentage of those of the
controls (steady state force development before admin-
istration of isoflurane) for both the test and time-control
experiments. The amount of phosphorylated MLC was
expressed as a percentage of the total MLC. The results
are expressed in mean and SDs of the mean from at least
three arterial strips and three rabbits.

Using the StatVIEW software program (BrainPower
Inc., Calabasas, CA), the Student’s ¢ test was used to
compare the results from the test experiments and the
time-controls within each isoflurane concentration, and
two-factorial analysis of variance was used to compare
isoflurane concentrations. Probability values <0.05 were
considered significant.”®

Materials

Isoflurane was supplied by OHMEDA Inc. (Liberty Cor-
ner, NJ). Fura-2 was purchased from Molecular Probes,
Inc. (Eugene, OR). Antiserum for MLCs was supplied by
Dr. Susan Gunst, University of Indiana, Indianapolis, In-
diana. Inhibitors for PKC [G6-6976 = [2-(2-cyanoethyl)-
6,7,12,13-tetrahydro-13-methyl-5-ox0-5H-indolo[2, 3-
a(pyrrolo)3,4-c(carbazole)] and bisindolylmaleimide FHCI],
and for calmodulin-dependent protein kinase II {(KN-62 =
1-[N,O-bis(5-Isoquinolinessulfonyl}-N-methyl-L-tyrosyl]-4-phe-
nylpiperazine} were purchased from Calbiochem (Ia Jolla,
CA). Other chemicals were analytical or reagent grade. Stock
solutions of 1 mm for G6-6976 or 10 mm KN-62 were made in
100% dimethyl sulfoxide (DMSO). In time-control experi-
ments, the solutions contained the same concentrations of
DMSO present in the test solutions (containing the inhibitors).

Results

Effects of Isoflurane on Submaximum Ca”" -

activated Force Development and Its Relation to

Myosin Light Chain Phosphorylation

Skinned femoral arterial strips activated by 1 um Ca’"
produced an average force of 45.6 mg = 17.3 (n = 38)
at steady state (approximate 15 min after activation; fig.
1), which is about 30% of the maximum force (0.1 mm
Ca*"). Isoflurane dose dependently increased the sub-
maximum force (24%, 56%, and 81% increase from con-
trol for 1%, 3%, and 5% isoflurane, respectively; fig. 3A),
which reached plateau at approximately 5-10 min (fig.
1B). The isoflurane-induced increases in submaximum
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Fig. 3. Effects of various concentrations of isoflurane on sub-
maximum Ca’"-activated force at steady state (4, force) and
myosin light chain phosphorylation (B, MLC-p). Mean * SD
(n = 6-18); force development activated by 1 um Ca*>" at steady
state after isoflurane administration expressed as a percentage
of control force (before administration of isoflurane); MLC-p
expressed as a percentage of total MLC. *P < 0.05 compared
with that of time controls (0% isoflurane); isoflurane (1-5%)
dose dependently increased the submaximum Ca’*-activated
force without changes in MLC-p.

force were relatively sustained (observed up to 30 min)
with a slow decrease of approximate 1% per min of the
control force generated by 1 um Ca’".

The MLC phosphorylation (MLC-p) was examined at
the peak (5 min) of the isoflurane-increased submaxi-
mum Ca®"-activated force; isoflurane, however, did not
significantly change the degree of MLC-p (% of total MLC
at 31.8% * 13.4 [n = 20], 30.2% * 12.4 [n = 8], 31.3%
=015 8Hnf =W Fand 5231 % == 0NN =7 for. 021 '3 and
5% isoflurane, respectively; fig. 3B). Surprisingly, MLC-p
showed a trend toward a dose-dependent decrease dur-
ing force development (1 min) induced by 1% and 3%
isoflurane, which reached statistical significance at 3%
isoflurane (29.1% * 7.8 [n = 21], 23.3% = 14.1 [n = @il
and 17.1% = 7.6 [n = 6] of total MLC for 0%, 1%, and 3%
isoflurane, respectively; fig. 4). However, at 5% isoflu-
rane, MLC-p (26.8% = 10.2 [n = 8] of total MLC) was not
significantly decreased compared with that of 0% isoflu-
rane (fig. 4).

Influence of Calcium lonophore (A23187) on

Isoflurane-increased Submaximum Ca” " -activated

Force and Direct Isoflurane-induced Transient

Tension Increase

It is possible that increased force by isoflurane resulted
in part from Ca®" release from the SR by isoflurane. We
treated the skinned strips with a calcium ionophore,
A23187, to deplete SR Ca’" stores. The presence of

Anesthesiology, V 89, No 3, Sep 1998

ionophore did not change the force in response to 1 um
Ca*" but did decrease the force enhancement by 5%
isoflurane (198.7% * 9.2 [n = 6] and 152.2% =+ 3.4 [n=
6] of control in untreated and A23187-treated strips,
respectively; fig. 5).

Previously we observed that isoflurane induces a small
transient tension increase followed by contracture in
skinned strips in load-release cycling under the low
EGTA (0.05 mwm to buffer 0.316 pm Ca®") condition.” In
this study, we further confirmed that this small transient
tension development (fig. 6A) was associated with in-
creases in MLC-p (fig. 6B; % of total MLC) of 23.5% + 7.6
(n = 10) in control strips (0% isoflurane) to 37.8% =+
18.4 (n = 8) in strips treated with 3% isoflurane. respec-
tively.

We further examined whether the average 56% in-
crease in submaximum Ca”-activated (buffered with 7

MLC-p (1 min)

% of Total

751 e
[ISOFLURANE] (%)

Fig. 4. Effects of various concentrates of isoflurane on myosin
light chain phosphorylation (MLC-p) during isoflurane-induced
increases in force development. Means * SD (n = 6-21); MLC-p
expressed as a percentage of total MLC. *P < 0.05 compared
with that of time controls (0% isoflurane); isoflurane (1-3%)
dose dependently decreased MLC-p and was significant at 3%
isoflurane.
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A - Control

\

B - A23187

4

+5% lIsoflurane

'\
1 uM Ca?*

Fig. 5. Tracings showing that 5% isoflurane-increased submaxi-
mum Ca’*-activated force is decreased in a strip treated with
calcium ionophore (B; A23187) compared with another un-
treated strip (4; control). The tracings are representative of six
repetitions.

mm EGTA) force induced by 3% isoflurane (fig. 3A) was
associated with increased Ca”" release from the SR mea-
sured with fura-2 fluorescence. We found that 3% isoflu-
rane increased Ca” " at an average of 55.8 nm = 8.8 (n =
3). However, in the load-release cycling, the amount of
Ca®" release by 3% isoflurane was 43.3 nv + 16.6 (n =
3) with little or no force generation under the low EGTA
condition (0.1 um Ca*" buffered with 0.05 mv EGTA
plus 3% isoflurane). In contrast, caffeine (0.1 wm G
buffered with 0.05 mm EGTA plus 10 mm caffeine) re-
leased an average of 51.4 nv = 245 (n = 7) Ca’'
accompanied by tension transients of 54.7 mg * 28.8
(m = 7) at the peak.

Influence of Inhibitors of Protein Kinase C on

Isoflurane-increased Force Development

The sustained increases in force by isoflurane in the
A23187-treated strips suggest that the isoflurane-in-
creased submaximum Ca’-activated force is at least in
part independent of Ca” ", possibly by activation of PKC.
We further examined the Ca®"-independent activation
of isoflurane by using two inhibitors of PKC: one was
G0-6976, an inhibitor of Ca*"-dependent PKC (a, and Bl
isoenzymes),"” and the other was bisindolylmaleimide,
an inhibitor of both Ca®"-dependent (a, BI, BII, and Y
isoenzymes)'® and Ca’"-independent (8, &, and ¢ isoen-
zymes)'’ PKC.

Anesthesiology, V 89, No 3, Sep 1998

We found that the 3% isoflurane-induced increases in
force were not significantly changed in the presence of
10 um GO-6976 (186.1% = 33.1 [n = 7] of control, Go;
fig. 7) compared with those of time-controls (containing
1% DMSO; 174.1% = 17.7 [n = 7] of control, TC; fig. 7).
In contrast, the effect of 3% isoflurane was significantly
decreased in the presence of 10 um Bim (158.4% * 21.6
[n = 9] and 120.6% = 14.5 [n = 3] of controls in
untreated and Bim-treated strips, respectively; fig. 7). As
the concentration of Bim was further increased to 30 uwm,
the isoflurane increased force was completely abolished
(93% of control in one Bim-treated strip compared with
140% of control in one untreated strip).

A - A load-release cycle #

o ka3 4

10 mg
I | | 2 min

4

3% lIsoflurane

B- MLC-p
[Is0]

o

Fig. 6. Tracing showing that 3% isoflurane causes a transient
tension increase in a load-release cycle (4), which is associ-
ated with increased myosin light chain phosphorylation (B,
MLC-p) and the isoflurane-induced transient tension increase
was followed by a sustained force development. (4) A load-
release cycle'®: 1 to 4 are solution artifacts. The skinned strip
was immersed in four different solutions to load Ca*' into
and release Ca’" from the SR; (1) Solution 1 contained 7 mM
EGTA with no added Ca*" to relax the strip; (2) solution 2
contained 0.316 pum Ca*" buffered with 7 mm EGTA to load
Ca’" into the SR; (3) solution 3 contained 0.316 pum Ca>" in
0.05 mm EGTA to reduce EGTA concentration, and (4) solution
4 contained 0.316 um Ca** buffered with 0.05 mm EGTA, and
3% isoflurane to release Ca’" from the SR resulting in a
transient tension increase. (B) MLC-p: The skinned strips
were frozen within 1 min during isoflurane-induced tran-
sient tension increase (arrow, A—A load-release cycle) and
MLC-p was quantified using two-dimensional electrophoresis
and western blotting. [Iso] = isoflurane concentration; 0% =
0% isoflurane; 3% = 3% isoflurane; Po = nonphosphorylated
MLC; P1 = one phosphorylated MLC. The tracings are repre-
sentative of 8—-10 repetitions.
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Fig. 7. The effect of inhibitors of protein kinase C on 3% isoflu-
rane-induced increases in submaximum Ca’*-activated force
development. Means * SD (n = 7-10); force development acti-
vated by 1 pum Ca®" at steady state after isoflurane administra-
tion expressed as a percentage of control force (before admin-
istration of isoflurane); TC = time control; Go = G6-6976 (10
M), an inhibitor of Ca**-dependent protein kinase C; Bim =
bisindolylmaleimide I-HCI (10 pm), an inhibitor of Ca’"-depen-
dent and Ca**-independent protein kinase C. *P < 0.05 com-
pared with that of time control. The isoflurane-induced in-
creases (TC) in force were blocked by Bim but not by Go.

Influence of Calmodulin-dependent Protein Kinase

Il Inbibitor on Isoflurane-increased Force

We further tested the hypothesis that isoflurane may
activate calmodulin-dependent protein kinase II (CaM
kinase II),"* which resulted in the observed decrease in
MLC-p (fig. 4). If the hypothesis is correct, by blocking
CaM kinase II activity, we would expect a further in-
crease in force development by isoflurane. In this study,
KN-62,'” a CaM kinase II inhibitor, was used at 0.1 mw in
15% DMSO. The mechanism of action of KN-62 is direct
binding to the calmodulin-binding site of the enzyme.'?

In the presence of 15% DMSO, we found that the 1
Ca*"-activated force was significantly reduced with (fig.
8B) or without (fig. 8A) 0.1 mm KN-62. However, there
was no significant difference between the control (con-
taining 15% DMSO; 9.6 mg *= 7.1 [n = 7]) and 0.1 mwm
KN-62-treated strips (10.4 mg * 3.2 [n = 7].

The isoflurane-increased submaximum Ca’"-activated
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force was significantly enhanced in the presence of 0.1
mm KN-62 (tracing shown in fig. 8B: 266.9% + 97.9 [n=
71) compared with that of the control (213% =+ 69.3 [n =
7]; in the presence of 15% DMSO: tracing shown in fig.
8A). The potentiation of the force induced by 3% isoflu-
rane in the presence of KN-62 was associated with the
blockade of the observed decreases in MLC-p. In other
words, the effect of 3% isoflurane on MLC-p was no
difference between strips treated with KN-62 (35.8% +
13.4 [n = 4]) and those with 15% DMSO (diluent for
KNGS 50 =12, St — 4l

Discussion

The main findings of this study in skinned femoral
arterial strips are that isoflurane, in a dose-dependent
manner, directly increases the Ca” " -activated force at
submaximum levels of Ca®". This activation of the
contractile proteins by isoflurane is not associated
with increased phosphorylation of MLCs. The isoflu-
rane-increased force can be blocked by an inhibitor
for both Ca®"-dependent and Ca’"-independent PKC
but not by an inhibitor specifically for Ca®"-dependent

A - Control

5min
A +3% Isoflurane
1uM Ca™

Fig. 8. Tracings showing that 3% isoflurane-induced increases
in submaximum Ca**-activated force was enhanced by an in-
hibitor of calmodulin-dependent protein kinase II (KN-62). The
tracings are representative of eight preparations. The strips
were activated by 1 um Ca®* containing either 15% DMSO (4,
control) or 0.1 mm KN-62 (B, KN-62) followed by solutions with
the same compositions except saturated with 3% isoflurane.
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PKC. During 3% isoflurane-induced force develop-
ment, MLC-p initially decreased, whereas in the pres-
ence of an inhibitor of calmodulin-dependent protein
kinase II (CaM kinase II), the isoflurane-increased
force was enhanced and the reduced MLC-p was re-
turned to that of time controls.

In this study, under the Ca®"-clamped condition (1 um
Ca®" in 7 mm EGTA), isoflurane increased force in a
sustained manner. This observation is consistent with
the isoflurane-induced contracture observed in the pres-
ence of low EGTA (0.05 mwm).” This isoflurane-increased
force also corresponds with that observed in isolated
intact rings treated with the Ca®" channel blocker, ve-
rapamil.’ Direct activation of the contractile proteins by
halothane and enflurane has also been shown in isolated
intact canine mesenteric arterial rings.')— This contrac-
tion is sustained independent of Ca*".*” However, an
inhibition of the contractile proteins by halothane and
enflurane is also reported in membrane-permealized
small rat mesenteric arteries.”® Whether this discrepancy
is due to differences in experimental conditions, the
origin of vasculature (femoral artery vs. mesenteric ar-
tery), or animal species (rabbit, canine, or rat) remains to
be shown.

At the steady state, the isoflurane-increased force with-
out associated increases in MLC-p indicates that the reg-
ulatory role of MLC, either dependent or independent of
Ca®", in the isoflurane-dependent force development
can be ruled out. Under the experimental procedure
necessary for fura-2 fluorescence measurement, it is in-
teresting to observe that there is little or no transient
tension increase by 3% isoflurane, in contrast to a large
transient tension increase by 10 mwm caffeine despite a
similar magnitude of Ca*" increase. However, this Ca>"
increase by isoflurane without tension generation is con-
sistent with those findings previously reported in various
arterial preparations.” '? Therefore, under high (7 mwm)
EGTA concentrations, the increased force by isoflurane
could not be the result of Ca®" release from the SR, nor
could it involve MLC-p. Thus the increased sensitivity of
the contractile proteins to Ca®" by isoflurane must be
regulated by both Ca’’-dependent and -independent
mechanisms. '

The decreased MLC-p during the rising phase of
force development by isoflurane (3%) would cause a
decrease in force. This speculation is consistent with
the observation that when the decreased MLC-p by 3%
isoflurane is blocked by an inhibitor of CaM kinase II,
a further increased in isoflurane-induced force is ob-
served. An increase in MLC-p by KN-62 would not be
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expected because it is speculated that CaM kinase II is
activated by the isoflurane-induced Ca®" release from
the SR, which would be readily chelated by high EGTA
in the bathing solution. Thus isoflurane may also acti-
vate CaM kinase II, which precedes the increased
submaximum force. It has been shown in smooth
muscle that the phosphorylation of MLC kinase by
CaM kinase II results in decreased sensitivity of the
MLC kinase to Ca”" *? which would result in de-
creased MLC-p at the same Ca®" level. It is possible
that a small amount of Ca’>" " released by isoflurane
activates CaM kinase II,*° which phosphorylates MLC
kinase. Thus the sensitivity of MLC kinase to Ca*"
decreases as well as MLC-p,*” which is consistent with
transiently decreased MLC-p during the rising phase of
force development. The similar amount of Ca*" re-
leased from the SR by 3% isoflurane under low or high
EGTA buffer conditions, with little tension generation
at low EGTA, in contrast to the results with caffeine,
suggests that isoflurane releases Ca®" from stores dif-
ferent than those of caffeine. This Ca®" release by
isoflurane, although it does not generate tension, may
contribute to the activation of CaM kinase.IL.*" It is
possible that before chelation by 7 mm EGTA, the
small amount of Ca®" released from the SR by isoflu-
rane® activates CaM kinase II localized on the SR
membrane, which has been shown in striated mus-
cles.*' On the other hand, a larger amount of Ca®"
release by 5% isoflurane could activate both CaM ki-
nase II and MLC kinase, resulting in no change in
MLC-p. These speculations are confirmed by the re-
duction of isoflurane-increased force not only in strips
treated with A23187 but also by increasing EGTA
concentrations to 10 mwm in the buffer tested with
three isoflurane concentrations (from 124% to 116.3%,
156% to 132.7%, and 181% to 153.3%, for 1%, 3%, and
5% isoflurane for 7 mm and for 10 mm EGTA buffers,
respectively). A direct isoflurane activation of CaM
kinase II and its localization in the vascular smooth
muscle remain to be examined.

The inhibition of isoflurane-increased submaximum
force by the PKC inhibitor of both Ca*"-dependent (a,
B-D and Ca*'-independent (8, €, and & isoenzymes
(Bim)'” is consistent with the observation made by
Park et al.'” that isoflurane enhances vasoconstriction
induced by oleic acid (PKC activator) in rat coronary
arteries. In addition to our observations of the absence
of inhibition by the inhibitor of Ca®"-dependent isoen-
zymes (a and B-I) of PKC (G6-6976),"” we could spec-
ulate that isoflurane activates Ca**-independent isoen-

—
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zymes (0, € and & of PKC. Isoflurane could
specifically activate € isoenzyme because a direct ac-
tivation of € isoenzyme of PKC results in increased
force development, as shown in skinned single vascu-
lar smooth muscle cells.** The inhibitors used in this
study are relatively specific; however, it is possible
that the observed effects result, in part, from nonspe-
cific effects of the inhibitors at high concentrations. A
direct activation of € isoenzyme by isoflurane, how-
ever, remains to be shown. The mechanisms of acti-
vation of PKC resulting in increases in force develop-
ment of vascular smooth muscle can be postulated as
follows: (1) by phosphorylating calponin or caldes-
mon,’*** removing the inhibitory effect of these thin-
filament associated regulatory proteins, or (2) by phos-
phorylating mitogen-activated protein kinase, which
results in caldesmon phosphorylation, as shown in
porcine carotid arteries in vitro.>>

In conclusion, isoflurane increases submaximum Ca”*-
activated force development of the contractile proteins
in skinned rabbit femoral arterial strips. This isoflurane-
induced increase in force is blocked by inhibition of
Ca’"-independent PKC and is enhanced by inhibition of
CaM kinase II. The isoflurane-increased submaximum
Ca’®"-activated force is a net result of the combined
transient activation of CaM kinase II, which decreases
force, and PKC, which increases force.

The authors thank Dr. Alec Rooke for discussions, Barbara Pearson
for editorial assistance, Luo-Jia Tang for technical assistance in assaying
Ca*"/fura-2 fluorescence, and OHMEDA Inc. (Murray Hill, NJ) for
supplying isoflurane.
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