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"\ Halothane Attenuates Calcium Sensitization in Airway
' Smooth Muscle by Inbibiting G-proteins

Tetsuya Kai, M.D.,” Keith A. Jones, M.D.,t David O. Warner, M.D.+t

Background: Halothane directly relaxes airway smooth mus-
cle partly by decreasing the Ca*" sensitivity. In smooth muscle,
receptor stimulation is thought to increase Ca’** sensitivity via
a cascade of heterotrimeric and small monomeric guanine nu-
cleotide-binding proteins (G-proteins). Whether this model is
applicable in the airway and where halothane acts in this path-
way were investigated.

Methods: A f-escin—permeabilized canine tracheal smooth
muscle preparation was used. Exoenzyme C3 of Clostridium
botulinum, which inactivates Rho monomeric G-proteins, was
used to evaluate the involvement of this protein in the Ca**
sensitization pathway. The effects of halothane on different
stimulants acting at different levels of signal transduction were
compared: acetylcholine on the muscarinic receptor, aluminum
fluoride (AIF, ) on heterotrimeric G-proteins, and guanosine
5'-0-(3-thiotriphosphate) (GTP,S) on all G-proteins.

Results: Exoenzyme C3 equally attenuated acetylcholine- and
AlF, -induced Ca®" sensitization, suggesting that these path-
ways are both mediated by Rho. Halothane applied before stim-
ulation equally attenuated acetylcholine- and AlF, -induced
Ca’* sensitization. However, when added after Ca®* sensitiza-
tion was established, the effect of halothane was greater during
Ca’* sensitization induced by acetylcholine compared with
AlF, ", which, along with the previous result, suggests that halo-
thane may interfere with dissociation of heterotrimeric G-pro-
teins. Halothane applied during GTP_S-induced Ca®" sensitiza-
tion had no significant effect on force, suggesting that
halothane has no effect downstream from monomeric G-pro-
teins.

Conclusion: Halothane inhibits increases in Ca®* sensitivity
of canine tracheal smooth muscle primarily by interfering with
the activation of heterotrimeric G-proteins, probably by inhib-
iting their dissociation. (Key words: Bronchodilation; myosin
light chain phosphorylation; volatile anesthetics.)
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HALOTHANE directly relaxes airway smooth muscle by
decreasing the cytosolic Ca*" concentration ([Ca*’ ]i)l""
and by decreasing the amount of force produced for a
particular [Ca®"], (ie., Ca®" sensitivity) during mem-
brane receptor stimulation.'”* Regarding the latter ef-
fect, we have shown that halothane inhibits receptor-
linked pathways that increase Ca®" sensitivity in
response to contractile agonists such as acetylcholine.”
Studies of airway and other types of smooth muscle have
shown that receptor stimulation activates specific gua-
nine nucleotide-binding proteins (G-proteins), ultimately
increasing force. Active force in smooth muscle is regu-
lated by the phosphorylation of the regulatory myosin
light chain (rMLC). The phosphorylation state depends
on the balance between the activities of a kinase and a
phosphatase on the rMLC. Myosin light chain kinase
activity is increased by the binding of calcium-calmodu-
lin complexes when [Ca’'], increases in response to
receptor stimulation. This increased activity increases
rMLC phosphorylation. Regulatory MLC phosphoryla-
tion can also increase if myosin light chain phosphatase
activity is inhibited. This latter mechanism is thought to
be responsible for agonistinduced increases in Ca”"
sensitivity (for a review, see Somlyo and Somlyo®). Re-
cent work suggests that two families of G-proteins, het-
erotrimeric and small monomeric G-proteins, are in-
volved in the regulation of Ca®" sensitivity (for a review,
see Horowitz et al.”). It has been proposed that members
of these two families form a cascade,® with receptor
activation first producing dissociation of a receptor-cou-
pled heterotrimeric G-protein into active subunits. One
or more of these subunits then activates a monomeric
G-protein, which inhibits tMLC phosphatase, thus, in-
creasing tMLC phosphorylation and force.

Evidence from other tissues suggests that volatile an-
esthetics may affect the function of G-proteins.” If such
effects are also present in airway smooth muscle, there
are several potential targets in the putative second-mes-
senger cascade that regulates Ca’" sensitivity. Previ-
ously, we showed that halothane applied before stimu-
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lation does not affect Ca* " sensitization caused by direct
activation of all G-proteins with guanosine 5'-O-(3-thio-
triphosphate) ((}TPyS), a nonhydrolyzable form of
guanosine 5'-triphosphate (GTP)."° Interpreted in terms
of the proposed cascade of G-proteins just described,
this finding implies that the action of halothane is prox-
imal to the monomeric G-proteins. However, this inter-
pretation is limited because this model has not been
evaluated in airway smooth muscle.

The purpose of the current study was to determine (1)
the involvement of heterotrimeric and small monomeric
G-proteins in the regulation of Ca®" sensitivity in a -es-
cin-permeabilized canine airway smooth muscle prepa-
ration and (2) the sites in this cascade at which halo-
thane inhibits agonistinduced Ca®" sensitization. In the
B-escin-permeabilized preparation, pores in the sarco-
lemma permit the manipulation of the intracellular envi-
ronment by changing the composition of the fluid bath-
ing the smooth muscle, such that Ca®" sensitivity may be
directly studied. Pharmacologic probes used to study
G-protein function included aluminum fluoride (AIF; ),
which directly activates heterotrimeric G-proteins with-
out direct activation of the monomeric G-proteins'';
GTP,S, which directly activates both heterotrimeric and
monomeric G-proteins; and the exoenzyme C3 of Clos-
tridium botulinum, which ribosylates through adeno-
sine diphosphate (ADP) and inactivates the Rho family of
monomeric G-proteins.'>"?

Materials and Methods

Tissue Preparation

After approval by the Institutional Animal Care and Use
Committee, mongrel dogs (weight, 20 -25 kg) of either
gender were anesthetized using an intravenous injection
of pentobarbital (50 mg/kg) and killed by exsanguina-
tion. A 10- to 15-cm portion of extrathoracic trachea was
excised and immersed in chilled physiologic salt solution
composed of 110.5 mm NacCl, 25.7 mm NaHCO,, 5.6 mm
dextrose, 3.4 mm KCI, 2.4 mm CaCl,,1.2 mm KH,PO,, and
0.8 mm MgSO,. The adventitia and mucosa were re-
moved after cutting the visceral side of cartilage, then
connective tissues were carefully removed during micro-
scopic observation to make muscle strips of 0.1-0.2-mm
width, =~ 1-cm length, and 0.2-0.3-mg wet weight.

Isometric Force Measurements
Muscle strips were mounted in 0.1-ml glass cuvettes
and continuously superfused at 1.2 ml/min with physi-
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ologic salt solution (37°C) aerated with 94% oxygen and
6% carbon dioxide. One end of the muscle strips was
anchored with stainless steel microforceps to a station-
ary metal rod, and the other end was attached with
stainless steel microforceps to a calibrated force trans-
ducer (model KG4; Scientific Instruments, Heidelberg,
Germany). The initial gap between microforceps (i.e.,
the initial muscle length) was set at 5 mm. During a 3-h
equilibration period, the length of the muscle strips was
increased after repeated isometric contractions (lasting 1
to 2 min) induced by 1 um acetylcholine until maximal
isometric force (optimal length) was reached. Each mus-
cle strip was maintained at this optimal length for the
rest of the experiment. These tissues produced maximal
isometric forces of 1 to 3 mN when stimulated with 1 um
acetylcholine. After optimal length was set, subsequent
experimental protocols were performed at room tem-
perature (25°C) to minimize deterioration of the exper-
imental preparation.’

Permeabilization Procedure

The muscle strips were permeabilized with B-escin'*
using a method validated for canine tracheal smooth
muscle in our laboratory.” B-Escin creates pores in the
smooth muscle cell plasma membrane, thus allowing
substances of small molecular weight such as Ca’" to
freely diffuse across the cell membrane. Accordingly,
[Ca®"]; can be manipulated and controlled by changing
the concentration of Ca’" in the solution bathing the
smooth muscle strip. Larger cellular proteins necessary
for contraction are preserved. In addition, the mem-
brane receptor-coupled mechanisms that modulate
Ga sensitivity remain intact and can be activated.’

Muscle strips were superfused for 20 min with relax-
ing solution containing 100 um B-escin. The relaxing
solution was composed of 7.5 mm MgATP, 4 mwm ethylene
glycol-bis(f-aminoethyl ether)-N,N,N’ N'-tetraacetic acid,
20 mv imidazole, 1 mwm dithiothreitol, 1 mu free Mg® ", 1
num free Ca®", 10 mu creatine phosphate, and 0.1 mg/ml
creatine phosphokinase using the algorithm of Fabiato
and Fabiato."'” Tonic strength was kept constant at 200
mum by adjusting the concentration of potassium acetate.
The pH was adjusted to 7.0 at 25°C with KOH or HCL.
After the permeabilization procedure, strips were
washed with relaxing solution without B-escin for 10
min. The calcium ionophore A23187 (10 um) was added
to the relaxing solution and all subsequent experimental
solutions to deplete the sarcoplasmic reticulum Ca”"
stores and to maintain [Ca®” ], at a constant level.>'®
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Solutions of varying free-Ca® " concentrations used in the

subsequent experiment were also prepared using the
. . 15

Fabiato algorithm.

Experimental Protocols

A set of four B-escin-permeabilized strips was pre-
pared from the same dog for each experiment. All strips
first were maximally contracted with 10 pum Ca®": all
subsequent force measurements were normalized to
these contractions. Strips were superfused with relaxing
solution containing 5 mwm inorganic phosphate for 10
min and then superfused with relaxing solution for 10
min to remove inorganic phosphate. Inorganic phos-
phate reduces the time necessary for relaxation by ac-
celerating the rate of cross bridge detachment.'” There-
after, one of four individual experimental protocols was
performed.

Treatment with Exoenzyme C3 followed by Stim-
ulation with Acetylcholine or AIF, . The first proto-
col was conducted to evaluate the effect of treatment
with exoenzyme C3, which ribosylates through ADP and
inactivates the monomeric G-protein Rho,'*"? on acetyl-
choline- or AIF, -induced Ca®" sensitization. Each set of
four strips was divided into two pairs, one pair for
acetylcholine and the other pair for AIF; . One strip of
each pair was incubated with 1 pg/ml exoenzyme C3
and 10 um B-nicotinamide adenine dinucleotide in relax-
ing solution for 20 min.'® The concentration and dura-
tion of exoenzyme C3 exposure were chosen on the
basis of preliminary studies as those that produced a
maximal effect on acetylcholine-induced Ca*" sensitiza-
tion (data not shown). Another strip of each pair was not
exposed to exoenzyme C3 or nicotinamide adenine
dinucleotide and served as a control. After washout of
exoenzyme C3, all four strips were contracted with 0.3
um Ca*" for 10 min, and then one pair was stimulated
with 10 pum acetylcholine and 10 um GTP for 20 min. The
other pair was stimulated with 1 mv NaF and 10 um AICIy
(which in solution yield AIF; ) and 10 pum GTP for 20
min. The concentrations of NaF and AICI; were chosen
from preliminary studies as those that produced Ca®’
sensitization approximately equal to that produced by 10
um acetylcholine in the absence of C3 treatment (data
not shown).

Application of Halothane before Stimulation with
Acetylcholine or AIF, . The second protocol was con-
ducted to evaluate the effect of incubation with halo-
thane on acetylcholine- or AIF, -induced Ca®" sensitiza-
tion. Each set of four strips was divided into two pairs,
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one pair for acetylcholine and the other pair for AlF,
All four strips were contracted with 0.3 um Ca”" for 10
min, and then one pair was stimulated with 10 pm
acetylcholine and 10 pm GTP, and the other pair was
stimulated with 1 mm NaF, 10 pm AICL;, and 10 pum GTP
for 20 min. One strip of each pair was exposed to
halothane beginning 10 min before stimulation with 0.3
pm Ca”". The other strip was not exposed to halothane
and served as a control.

Application of Halothane during Stimulation
with Acetylcholine or AIF, . The third protocol was
conducted to evaluate the effect of the addition of
halothane to strips stimulated with acetylcholine or
AlF, . Each set of four strips was divided into two
pairs, one pair for acetylcholine and the other pair for
AIF, . All four strips were contracted with 0.3 um
Ca’" for 10 min, and then one pair was stimulated
with 10 um acetylcholine and 10 pum GTP, and the
other pair was stimulated with 1 mv NaF, 10 pum AICI;,
and 10 um GTP for 20 min. Thereafter, halothane was
applied to one strip of each pair for 15 min. The
remaining strip of each pair was not exposed to halo-
thane and served as a time control.

Application of Halothane during Stimulation
with GTP_S or Acetylcholine. The fourth protocol was
conducted to evaluate the effect of the application of
halothane during GTP,S-induced Ca’" sensitization.
GTP,S, a nonhydrolyzable form of GTP, directly activates
heterotrimeric and monomeric G-proteins both. Each set
of four strips was divided into two pairs, one pair for
GTP,S and the other for acetylcholine. The acetylcholine
pair was used as a control for the effect of halothane on
Ca®" sensitization, which allowed us to make paired
comparisons. All four strips were contracted with 0.3 uwm
Ca’" for 10 min, and then one pair was stimulated with
10 um GTP_S and the other pair with 10 pm acetylcholine
and 10 pvm GTP for 20 min. The concentrations of GTP_S
and acetylcholine were chosen based on the preliminary
studies as those that produced approximately equal Ca*"
sensitization (data not shown). Thereafter, halothane
was applied to one strip of each pair for 15 min. The
remaining strip of each pair was not exposed to halo-
thane and served as a time control.

Administration of Halothane

Halothane was delivered to solutions via a calibrated
vaporizer. Concentrations of halothane in solutions at
the cuvette were determined by gas chromatography
from anaerobically obtained samples at the end of the
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protocol using an electron capture detector (model
5880A: Hewlett-Packard, Waltham, MA) according to the
method of Van Dyke and Wood."”

Matericals

Halothane was purchased from Ayerst Laboratories
(New York, NY). Adenosine 5'-triphosphate disodium
salt was purchased from Research Organics (Cleveland,
OH). All other drugs and chemicals were purchased
from Sigma Chemical (St. Louis, MO). A23187 was dis-
solved in dimethyl sulfoxide (0.05% final concentration).
All other drugs and chemicals were prepared in distilled
filtered water.

Statistical Analysis

Data are expressed as the mean = SD; n represents the
number of dogs. Forces were expressed as percentages
of the maximal force induced by 10 um Ca®" determined
in each strip before the experimental protocol. When
halothane was applied during the contraction (the third
and fourth protocols), the decrease in force produced by
halothane was expressed as a percentage of relaxation
from the initial force (before exposure to halothane). In
these cases, the initial force was adjusted for the effect of
time using the change in force of the time-matched
control strip in each set according to the following
formula:

%relaxation = (1 — (Ay/A;) X (C,/C,)) X 100

where A, = the force of the anesthetic-exposed strip just
before exposure to anesthetic, A, = the force of the
anesthetic-exposed strip at the end of anesthetic expo-
sure, C; and C, = the forces of the control strip at the
matched times with A; and A,, respectively. Statistical
assessments were made using paired ¢ tests. P < 0.05
was considered significant.

Results

Treatment with Exoenzyme C3 followed by

Stimulation with Acetylcholine or AlF,

Figure 1A shows a representative recording from a
strip treated with exoenzyme C3 and then stimulated
first with 0.3 v Ca®" and then with 0.3 pm Ca”’
AlF
treated with exoenzyme C3. The control contractions
induced by acetylcholine or AIF,  at 0.3 um Ca”" did
not differ (fig. 1B). Exoenzyme C3 did not affect the

and
Also shown is a control strip that was not
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Fig. 1. The effect of treatment with exoenzyme C3 on Ca**
sensitization induced by acetylcholine or aluminum fluoride
(AlIF, ). (1) Representative recordings of the contractions
induced by 0.3 pum Ca®" and by additional AIF,” plus
guanosine triphosphate (GTP) in the strips without (control)
or with the preceding treatment with 1 pug/ml exoenzyme C3
and 10 pum B-nicotinamide adenine dinucleotide for 20 min.
Traces are overlapped so the forces induced by 10 um Ca**
conform with each other. (B) Forces induced by 0.3 um Ca**
alone, Ca’** plus 10 pm acetylcholine and 10 pm GTP, Ca’*
plus AIF,~ (1 mm NaF, 10 pum AICL,), and 10 um GTP without
(open column; control) or with (filled column) exoenzyme
C3 treatment are expressed as percentages of maximal force
induced by 10 pm Ca**, with SD shown by vertical bars (n =
5). Exoenzyme C3 did not affect the contractions induced by
0.3 pm Ca’' alone, whereas it attenuated subsequent in-
creases in force (Ca’" sensitization) induced by either acetyl-
choline or AIF,” (**P < 0.01). The control contractions in-
duced by either acetylcholine or AIF, ™ at 0.3 um Ca’" did not
differ, nor did the inhibition produced by exoenzyme C3 on
the force produced by either stimulation method.

contractions induced by 0.3 um Ca®" alone but atten-
uated subsequent increases in force induced by either
at 0.3 um Ca*’ (P < 0.01; figs.
1A, B). The amount of inhibition produced by exoen-

acetylcholine or AlF, :

g
=
=
o
[
Q
[
Q
g
3
=2
=
=
§
17
D
N
<5
<
@
=
o
=
[
."
Q
o
3
=
5]
>
[]
25
=
@
&
=X
o
«Q
<
O
=
(=)
(]
s
°
Q
=
[*3)
©
<
<)
=
n
A
@
o3
©
(<3
N
&
N
=
(=]
(=]
o
o
5
A
N
N
©
©
o
=
8]
(=]
o
@
o
o
o
@
b
°
o
=
o
<
«Q
c
[
o
o
S
=
w
=
Q
=
o
=
N
(=]
N
=




e

tl3

N HALOTHANE ATTENUATES CALCIUM SENSITIVITY VIA G-PROTEINS

zyme C3 did not differ between the two methods of

. stimulation.

Application of Halothane before Stimulation with

Acetylcholine or AlF

Figure 2A shows a representative recording from a
strip incubated with halothane, stimulated first with 0.3
um Ca®" and then with 0.3 um Ca® " and acetylcholine in
the presence of halothane. Also shown is a control strip
that was not exposed to halothane. The control contrac-
tions induced by acetylcholine or AIF,  at 0.3 um Ca”"
did not differ (fig. 2B). Halothane (0.80 = 0.03 mm) did
not affect the contractions induced by 0.3 um Ca®" alone
but attenuated subsequent increases in force induced by
either acetylcholine or AIF, (P < 0.05 for acetylcholine
and P < 0.01 for AIE; ; figs. 2A and 2B). The amount of
inhibition produced by halothane did not differ between
the two methods of stimulation. Thus, when added be-
fore stimulation, halothane had similar effects on acetyl-
choline- and AIF, -induced Ca®" sensitization.

Application of Halothane during Stimulation with

Acetylcholine or AlF,;

Figures 3A and 3B show representative recordings of
the application of halothane to contractions induced by
acetylcholine or AIF,  at 0.3 uw Ca®", respectively.
Stimulation with acetylcholine or AIF,  at 0.3 um Ca”’
produced contractions of 37.4 £ 5.8% and 38.5 * 7.4%
(n = 5) of the contraction induced by 10 pm Ca*",
respectively, which were not significantly different.
Halothane (0.65 = 0.04 mm) reduced force during stim-
ulation with either acetylcholine or AIF; (P < 0.01 for
acetylcholine and P < 0.05 for AIF; ; fig. 3C). However,
the effect of halothane during acetylcholine stimulation
was greater than its effect during AIF,  stimulation (P <
0.01). Thus, when added to strips stimulated at compa-
rable levels (as measured by isometric force), the effect
of halothane was greater on acetylcholine-induced Ca*’
sensitization than on AlF, -induced Ca*" sensitization.

Application of Halothane during Stimulation with

GTP.S or Acetylcholine

Figure 4 shows a representative recording of the ap-
plication of halothane on the contraction induced by
GTP.S at 0.3 pm Ca®". Stimulation with GTP,S or ace-
tylcholine at 0.3 pwm Ca®" produced contractions of
47.0 = 5.8% and 47.6 = 7.7% (n = 5) of the contraction
induced by 10 pm Ca’", respectively, which were not
significantly different. Halothane (0.69 *= 0.03 mwm) had
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" ACh + GTP (shown)
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AlF4 + GTP
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Fig. 2. The effect of halothane applied before stimulation with
acetylcholine or aluminum fluoride (AlF, ). (4) Representative
recordings from the strips stimulated first with 0.3 um Ca** and
with additional 10 pm acetylcholine plus 10 pm guanosine
triphosphate (GTP) in the absence (control) or presence of
halothane. Halothane was applied from 10 min before the stim-
ulation with 0.3 um Ca**. Traces are overlapped so the forces
induced by 10 pum Ca** conform with each other. (B) Forces
induced by 0.3 um Ca** alone, Ca** plus 10 pum acetylcholine
and 10 um GTP, Ca** plus AIF,~ (1 mm NaF, 10 um AICLy), and 10
pm GTP in the absence (open column; control) or presence
(hatched column) of halothane are expressed as percentages of
maximal force induced by 10 um Ca**, with SD shown by ver-
tical bars (n = 5). Halothane did not affect the contractions
induced by 0.3 pm Ca®" alone, but it attenuated subsequent
increases in force (Ca*" sensitization) induced by either acetyl-
choline (*P < 0.05) or AIF,” (**P < 0.01). The control contrac-
tions induced by acetylcholine or AIF,” at 0.3 um Ca*" did not
differ, nor did the inhibition produced by halothane on the
force produced by either stimuiation method.

no significant effect on GTP. S-induced contractions
(6.4 = 5.3% relaxation, corrected for time), whereas it
relaxed acetylcholine-induced contractions (26.2 =+
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Halothane

10pM Ca®* 0.3uM Ca?*

ACh + GTP

Halothane

10uM Ca®* 0.3uM Ca**

AlF4 + GTP

© ACh AlF4

30

% Relaxation

J_** 1

(SR .

40
[ # #
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Fig. 3. The effect of halothane applied during stimulation with
acetylcholine or aluminum fluoride (AIF, ) at a constant Ca>*
concentration. (4,B) Representative recordings of the applica-
tion of halothane on the contraction induced by 10 um acetyl-
choline plus 10 um guanosine triphosphate (GTP; A) or AlF,~ (1
mm NaF, 10 pum AICLy) plus 10 pm GTP (B) at 0.3 um Ca**. The
degree of precontraction before the addition of halothane was
not significantly different for the stimulants. (C) Halothane-
induced percentage relaxation corrected for time from the ini-
tial force induced by acetylcholine or AIF, ™ at 0.3 um Ca?*, with
SD shown by vertical bars (n = 5). Halothane relaxed both
contractions (*P < 0.05; **P < 0.01). However, the extent of
relaxation was different for the stimulants (##P < 0.01). The
effect on acetylcholine was approximately three times greater
than the effect on AIF, ™.
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Halothane

0.5 mN

10 min

10uM Ca?* 0.3uM Ca®*

GTPyS

Fig. 4. Representative recording of the application of halothane
on the contraction induced by 0.3 pum Ca’*', and 10 um
guanosine 5'-O-(3-thiotriphosphate)-induced Ca’* sensitiza-
tion.

10.2% relaxation, corrected for time; P < 0.01), which is
similar to the result of the third protocol.

Discussion

G-Protein Regulation of Ca”" Sensitivity in Airway

Smooth Muscle

G-proteins play a pivotal role in the transduction of
signals from membrane receptors to intracellular effec-
tors in various cell types. Examples of such mechanisms
in smooth muscle include activation of phospholipase C,
regulation of adenylate cyclase activity, and regulation of
the amount of force developed for a particular [Ca®” Il
e, Ca*" sensitivity). The role of G-proteins in Ca’’
sensitization has been firmly established in various per-
meabilized smooth muscle preparations by the demon-
stration that the agonistinduced Ca’" sensitization is
inhibited by guanosine 5'-O«f-thiodiphosphate) (GDP$)*’
and is mimicked by GTP or GTP_S.”>*' Such G-protein-
coupled Ca*" sensitization is associated with an increase
in tMLC phosphorylation.'® More recently it was shown
that GTP,S inhibits the activity of rMLC phosphatases by
activating Rho monomeric G-proteins without affecting
the activity of myosin light chain kinase.'® The subse-
quent increase in rMLC phosphorylation increases acto-
myosin adenosine 5'-triphosphatase activity, the cross
bridge cycling rate, and force.

G-protein- coupled receptors, such as the muscarinic
receptor, are associated with heterotrimeric G-proteins
composed of a-, B-, and y-subunits. The a-subunit con-
tains a binding site for guanine nucleotides and pos-
sesses GTPase activity. The - and y-subunits are tightly
associated and anchor the a-subunit to the cytoplasmic
surface of the cell membrane. In its resting state, the
G-protein exists as an inactive G,py trimer with GDP
occupying the binding site of the a-subunit. The binding
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Fig. 5. A model of signal transduction of
acetylcholine-induced Ca** sensitization
in permeabilized smooth muscle. mR =
muscarinic receptor; «, 3, and y subunits
of heterotrimeric G-protein; Rho = mo-
nomeric G-protein; CaM = calmodulin;
MLCK = myosin light chain kinase;
MLC = myosin light chain; MLC-P =
phosphorylated MLC; pore = transmem-
branous pore created by p-escin. The
breaks in the lines indicate actions of
guanosine 5'-O-(3-thiotriphosphate), alu-
minum fluoride, and exoenzyme C3.

of an agonist to the receptor produces the release of
GDP and the subsequent binding of GTP to the a-sub-
unit. This exchange of guanine nucleotides triggers dis-
sociation of the afy-complex from the receptor and
separation of the a-subunit from the By dimer. This
GTP-bound active G, monomer activates intracellular
effectors. The hydrolysis of bound GTP by the intrinsic
GTPase activity in the a-subunit permits reassociation of
the subunits to a heterotrimer and terminates the activa-
tion of the effector.”*

Fluoroaluminate complexes (mainly as AlF; ) have
been used as a probe to selectively activate heterotri-
meric G-proteins.'' The structural similarity of AlF, to
phosphate (PO,* ") allows it to bind next to the 8 phos-
phate of GDP and mimic the terminal y phosphate of
GTP.** This eliminates the requirement for the GDP-
GTP exchange to cause conformational change and con-
sequent activation of G-protein. The bound AlF;  cannot
be hydrolyzed, therefore the G-protein complex is main-
tained in its active, dissociated state, interrupting its
normal cycling through the GDP- and GTP-bound states.
GTP,S, a nonhydrolyzable analog of GTP, produces a
stable GTP_S-G-protein complex and, thus, maintains
both the heterotrimeric and the monomeric G-proteins
in their active forms.

The role of heterotrimeric G-proteins in the regulation
of Ca*" sensitivity was anticipated, considering the na-
ture of the involved membrane receptors. However,
further studies in various types of smooth muscle found
that ADP-ribosylation of the Rho monomeric G-protein
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by exoenzyme C3 inhibited agonist-induced Ca*" sensi-
tization, thus implicating this family of G-proteins in the
regulation of Ca®’ sensitivity.****> These proteins,
which are important mediators of cell proliferation, also
exchange GTP for GDP to form active complexes with
effector sites, an action that is terminated by GTP hydro-
lysis. Surprisingly, ADP ribosylation of Rho small G-pro-
tein also inhibits AIF, -induced Ca®" sensitization in
various smooth muscles to various degrees.®*® This re-
sult, when taken together with the fact that kinases that
ultimately act to inhibit tMLC phosphatases are sub-
strates for Rho, has led to the model shown in figure 5.
Receptor binding produces dissociation of a heterotri-
meric G-protein, which in turn activates a monomeric
G-protein that subsequently inhibits tMLC phosphatase
and increases rMLC phosphorylation. This scheme is
further supported by recent findings in vascular smooth
muscle that Ca’" sensitization produced by receptor
agonists GTP.S and AlF; is associated with transloca-
tion of RhoA from the cytosol to plasma membrane,®’
and that ADP ribosylation of RhoA inhibits translocation
and Ca*" sensitization.*®

Our results are consistent with this model, which has
not been evaluated before in airway smooth muscle.
Using developed force as a criterion, we matched het-
erotrimeric G-protein stimulation provided by mem-
brane receptor stimulation with acetylcholine with that
produced by direct stimulation with AIF,; . Pretreatment
with exoenzyme C3 produced an equal inhibition of
acetylcholine- and AIF, -induced Ca*" sensitization (fig.
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1), suggesting action on a common downstream effec-
tor, in this case Rho monomeric G-protein. This result
further suggests that the activation of heterotrimeric
G-proteins by AlF;  produces G-protein activation simi-
lar to that produced by acetylcholine stimulation. The
finding that exoenzyme C3 did not completely abolish
Ca”" sensitization suggests that the ADP ribosylation of
Rho may be incomplete. Cytosolic Rho normally is asso-
ciated with a guanine nucleotide dissociation inhibitor
that may shield the ADP-ribosylation site (Asn 41) from
the exoenzyme,””*® and this may explain the variable
effects of exoenzyme C3 on Ca®" sensitization noted in
permeabilized preparations. However, when intact vas-
cular smooth muscle strips are treated for prolonged
periods with a cell-permeable exoenzyme C3, which
ribosylates nearly all of the cytosolic Rho, subsequent
inhibition of Ca®" sensitization is still incomplete.*® This
finding suggests that other pathways not involving Rho
may also be involved. For example, other monomeric
G-proteins, such as ras p21, may be involved in Ca>"
sensitization.”” We cannot distinguish between these
possibilities in the current study.

The identity of the G-proteins involved in this cascade
in the airways is unknown. Previously we showed in
intact canine tracheal smooth muscle that pretreatment
with pertussis toxin, which ADP ribosylates heterotri-
meric G-proteins in the G, family, does not affect re-
sponses to acetylcholine.’® In preliminary work in the
B-escin-permeabilized preparation, we also found that
pertussis toxin does not affect acetylcholine-induced
Ca”" sensitization (data not shown), suggesting that the
relevant heterotrimeric G-protein coupled to the musca-
rinic receptor in canine tracheal smooth muscle is a
subfamily other than G,.

Effects of Halothane

The addition of halothane did not affect Ca®" sensiti-
zation produced by (iTPyS, which directly activates het-
erotrimeric and monomeric G-proteins. This finding is
consistent with our previous work, in which halothane
did not affect GTP_S-induced Ca”" sensitization when it
was added before stimulation.'” It shows that halothane
does not affect sites downstream of the monomeric
G-proteins, such as rMLC phosphatase or actomyosin
adenosine 5'-triphosphatase. This conclusion is also sup-
ported by halothane’s lack of effect on contractions
produced by Ca®" alone.’

When added before stimulation, halothane attenuated
both acetylcholine- and AIF,; -induced Ca®" sensitization

Anesthesiology, V 89, No 6, Dec 1998

to a similar degree (fig. 2). Because AlF,  directly acti-
vates heterotrimeric G-proteins by binding to the a-sub-
unit, bypassing the normal interaction between the re-
ceptor and its associated G-protein, this finding implies
that halothane does not affect receptor binding or recep-
tor-G-protein interaction. It would also appear unlikely
that halothane affects GDP-GTP exchange or GTP hy-
drolysis at the a-subunit, because these processes do not
occur during stimulation with AIF, . Rather, this finding
suggests that halothane acts at a site common to both
stimulants, downstream from the binding of GTP or
AlF;  to heterotrimeric G-proteins.

Halothane had less of an effect on AIF, -induced Ca*"
sensitization compared with acetylcholine-induced sen-
sitization (approximately one third) when added after.
rather than before, stimulation (fig. 3). We propose the
following explanation for this finding. Recall that AlE,
bound to the a-subunit cannot be hydrolyzed, so the
G-protein complex is maintained in its active, dissociated
state. If halothane primarily inhibits dissociation of the
heterotrimeric G-protein subunits, it should have little
effect on established AIF, -induced Ca’" sensitization.
because it was applied after dissociation. Conversely,
during stimulation with acetylcholine, the normal cycle
of GDP-GTP exchange with subsequent hydrolysis oc-
curs, with an ongoing cycle of subunit dissociation sus-
ceptible to inhibition by halothane. Thus, the finding
that halothane had a greater effect when added before
rather than after exposure to AIF,  suggests that halo-
thane stabilizes the heterotrimeric G-protein, inhibiting
dissociation of its subunits. The finding that halothane
still has a small effect when added after AIF, exposure
(i.e., after subunit dissociation) suggests that it may also
inhibit the interaction between dissociated subunits,
such as the GTP-bound a-subunit, and their effectors,
such as monomeric G-proteins. However, based on this
interpretation of the results shown in figures 2 and 3, the
major action of halothane would be to attenuate disso-
ciation of the heterotrimeric G-proteins in response to
receptor activation.

Studies of other tissue types support the concept of
anesthetic effects on heterotrimeric G-proteins coupled
to muscarinic receptors. In a series of studies using the
binding properties of receptor ligands as an index of
receptor-G-protein interaction, Anthony ef al>' found
that halothane and other volatile anesthetics stabilized
the receptor-G-protein complex, interfering with the
activation of the G-protein in muscarinic signal transduc-
tion. This stabilization did not involve an inhibition of
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. GTP binding.** They proposed that anesthetics inhibited
- GDP release from the inactive G-protein, inhibited the
' dissociation of the receptor-G-protein complex, or both.
' The former possibility is unlikely in our tissue, because

A D e . .
' AIF, -induced Ca’" sensitization (which does not re-

quire the release of GDP) was attenuated by halothane

i applied before stimulation in our study. Halothane also

LY

' inhibits signaling mediated by muscarinic receptors ex-

: s
4 pressed in Xenopus oocytes™; similar results have been

3 et ~ :
shown for enflurane.”” Similar to our findings, these

studies found evidence for inhibition only at the level of
the receptor-G-protein complex, not at effector sites
downstream from these processes.

We conclude that halothane inhibits increases in Ca*"
sensitivity produced by muscarinic receptor stimulation
of canine tracheal smooth muscle primarily by interfer-
ing with activation of heterotrimeric G-proteins, proba-
bly by inhibiting the dissociation of G-protein subunits,
and, to a lessor extent, by inhibiting interactions be-
tween heterotrimeric and small monomeric G-proteins.
Because these proteins are ubiquitous second messen-
gers in various cells, these interactions deserve further
study as a site of anesthetic action in other types of
tissues.

The authors thank Darrell L. Loeffler for measuring anesthetic con-
centrations by gas chromatography and Janet Beckman for secretarial
assistance.
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