
ABBREVIATIONS: MAC, minimum alveolar concentration; EGTA, ethylene glycol bis(fl-aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; Gpp(NH)p, guanylylimidodiphosphate; GTP-yS, guanosine-5’-O-(3-thio)triphosphate; rG,,,,
recombinant G protein a subunits.
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SUMMARY
Halothane has been reported to sensitize the myocardium to-
wards the effects of exogenous catecholamines in patients and
laboratory animals. This study was aimed at investigating the
catecholamine-sensitizing effects of halothane as well as the
underlying subcellular mechanisms in human myocardium. Ha-
lothane augmented the positive inotropic effect of isoprenaline
but not of Ca2�. The increase of the effect of isoprenaline by
halothane was more pronounced in failing myocardium, with
increased G, than in nonfailing donor hearts. Halothane (1%)
increased basal as well as isoprenaline-, NaF-, cholera toxin-,
and guanylylimidodiphosphate [Gpp(NH)p]-stimulated adenylate
CyclaSe in human myocardial membranes (p < 0.05). Treatment
of membranes with pertussis toxin increased adenylate cyclase
by 40% and abolished the effect of halothane. Halothane had no

effect on forskolin-stimulated adenylate cyclase. The same re-
suIts, i.e., a pertussis toxin-sensitive increase of adenylate cy-
clase stimulation by halothane, were obtained in 549 cyc, wild-
type, or recombinant G�,-reconstituted cyc� cell membranes.
Carbachol-stimulated guanosine-5’-O-(3-[35S]thio)tnphosphate
binding was not influenced by halothane, but halothane atten-
uated the inhibition of adenylate cyclase by Gpp(NH)p in 549
cyc_ cells. These data show that halothane stimulates adenylate
cyclase and sensitizes adenylate cyclase after stimulation by (3-
adrenoceptor agonists and guanine nucleotides due to an im-
pairment of G� function. This mechanism may play a role in the
halothane sensitization of myocardial adenylate cyclase towards
catecholamines.

General anesthetics like halothane depress synaptic neuro-

transmission in various areas of the brain (1). The mechanism

of this anesthetic effect is understood incompletely and might

result from the interaction of inhalational anesthetics with

specific proteins (2) or from biophysical changes in the lipid

interface of the membrane (3), or both. Several reports indicate

that disruption of receptor-G protein coupling in the brain is a

general phenomenon of hydrocarbon anesthetics (4). Uncou-

pling of muscarinic receptors from G proteins in rat cerebral

cortex and brainstem (5), direct interactions with forebrain A,

adenosine receptors and hippocampal serotonin 5-hydroxy-

tryptamine type 1A receptors (6), and depression of a2-adre-

noceptor-mediated adenylate cyclase inhibition (7) have been

observed with halothane. However, data on the effects of hy-

drocarbon anesthetics like halothane on G protein-receptor
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interactions in other excitable tissues like the myocardium are

sparse. In the myocardium, halothane has been reported to

sensitize adenylate cyclase to the effects of catecholamines (8-

10). This catecholamine-sensitizing effect, which occurs even

at subanesthetic concentrations (11), has been suggested to be

involved in the arrhythmogenicity observed in patients (10).

The underlying mechanism of action has been hitherto un-
known. This study aimed at investigating whether halothane
is able to sensitize the adenylate cyclase in human heart and

at characterizing the underlying mechanism of action.

Materials and Methods

Human myocardial tissue. Left ventricular myocardium from

patients with terminal heart failure (n 19; 17 men and two women;

age, 47 ± 3 years) was obtained from patients after cardiectomy during

cardiac transplantation. The preoperative diagnosis for all patients was

dilated cardiomyopathy. All patients gave written informed consent
before the operation. Drugs used for general anesthesia were fentanyl,

pancuronium bromide with isoflurane, and either flunitrazepam or
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midazolam. Cardiac surgery was performed with cardiopulmonary by-

pass with hypothermia. Myocardial tissue from three nonfailing donors

(two men and one woman; age, 26 ± 4 years) was studied for compari-

son. The patients’ histories and two-dimensional echocardiography

studies revealed no evidence of heart disease. The hearts could not be

transplanted for technical reasons.

Isolated cardiac preparations and measurement of force of

contraction. Immediately after excision, the papillary muscle strips

and trabeculae were placed in ice-cold pre-aereated modified Tyrode

solution and were delivered to the laboratory within 10 mm. Each

native papillary muscle was split into thin strips with the muscle fibers

running approximately parallel to the length of the strips. The muscles

were suspended in an organ bath (75 ml) that was maintained at 37’

and contained a modified Tyrode solution of the following composition

(in mM): NaC1, 119.8; KC1, 5.4; MgC12, 1.05; CaC12, 1.8; NaHCO3, 22.6;

NaH,P04, 0.42; glucose, 5.0; ascorbic acid, 0.28; EDTA, 0.05. The

bathing solution was continuously aerated with 95% 02/5% CO2. The

muscles were stimulated by two platinum electrodes using field stimu-

lation from a Grass S88 stimulator (Grass, Quincy, MA) (frequency, 1

Hz; impulse duration, 5 msec; intensity, 10-20% greater than thresh-

old). The resting force was kept constant throughout the experiment.

The developed force was measured isometrically with an inductive force

transducer (W. Fleck, Mainz, Germany) attached to either a Hellige

Helco Scriptor (Hellige, Freiburg, Germany) or Gould recorder (Gould,

Cleveland, OH). Preparations were allowed to equilibrate for at least

90 mm, with the bathing solution bubbled with carbogen (95% 02/5%

C02) being changed once after about 45 mm. Concentration-response

curves for isoprenaline (0.001-1 �M) or Ca2� (1.8-15 mM) were deter-
mined by adding the drugs cumulatively to the organ bath after equil-

ibration of the previous effects (force of contraction stable for 5 mm).

Each muscle was used for one concentration-response curve only.

Halothane was applied with a Vapor 19 (Drdger Co., L#{252}beck,Germany)

to the carbogen (95% 02/5% C02) for the organ baths. In previous

experiments to characterize the negative inotropic effects of halothane,

concentrations of 1% (94.05% 02/4.95% CO2), 2% (93.1% 02/4.9%

CO,), 3% (92.15% 02/4.85% C02), and 4% (91.2% 02/4.8% C02) (v/v),

giving 1.25 MAC, 2.5 MAC, 3.75 MAC, and 5 MAC of halothane,

respectively, were studied. Ca2� and isoprenaline effects were studied

in the presence of 2% halothane, giving a decline of force of contraction

of about 35%. Halothane plus carbogen was applied 20 mm before

isoprenaline or Ca’�. The negative inotropic effect of halothane was

rapidly reversible (3-4 mm) after withdrawal of the agent.

S49 lymphoma cells. S49 lymphoma cells (wild-type and cyci

were grown in suspension culture in RPMI 1640 medium supplemented

with 10% (v/v) fetal calf serum (culture volume, 100 ml) or 10% (v/v)

horse serum (culture volume, 100 ml), 44 mM NaHCO3, 5.5 mM glucose,

5 mM L-glutamine, nonessential amino acids, 1 mM sodium pyruvate,

50 units/ml penicillin, and 50 �&g/ml streptomycin, in a humidified

atmosphere of 90% air/10% C02, as described elsewhere for HL-60

cells (12). The cell density was maintained at approximately 1 x 106

cells/ml. Cells (1-2 x 1010 cells in 10-20 liters of medium) were

harvested by centrifugation in a Beckman type JA-lO rotor at 1000 x

g for 20 mm at 4’. The pellets were resuspended in 50 ml of 10 mM

triethanolamine HC1 (pH 7.4 at 20’). The final pellet was resuspended

in 100-150 ml of lysis buffer containing 0.25 M sucrose, 20 mM Tris.

HC1 (pH 7.5 at 20’), 1.5 mM MgC12, 1 mM ATP, 3 mM benzamidine, 1

�M leupeptin, 1 mM phenylmethylsulfonyl fluoride, and 2 �g/ml soy-

bean trypsin inhibitor. Cells were homogenized by nitrogen cavitation.

The cavitate was centrifuged in a JA-20 rotor at 1500 x g for 45 sec at

4’, to remove unbroken cells and nuclei, and was filtered through two

layers of cheesecloth. A crude membrane fraction was isolated from the

resulting supernatant by centrifugation in a JA-20 rotor at 5000 x g

for 20 mm at 4’. The membranes were washed three times with buffer

containing 20 mM Tris.HC1 (pH 7.5 at 20’), 1 mM EDTA, 1 mM

dithiothreitol, 3 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride,

10 MM leupeptin, and 2 �g/ml soybean trypsin inhibitor, resuspended

in this buffer to 10 mg of protein/ml, and stored at -80’. The yield of
membrane protein was approximately 100 mg/b’0 cells.

Preparation of rG,,,. Escherichia coli harboring the full length

DNA of rG� was provided by Drs. M. Linder and A. G. Gilman
(University of Texas, Dallas, TX). rG,,. were expressed in E. coli as

described by Graziano et al. (13). Partial purification was performed

according to the method of Lin and Cheng (14).

Reconstitution of S49 cyc� cell membranes with rG,,. Recon-

stitution assays were performed according to the method of Hiroshi

and Gilman (15). In brief, rG,,. were quantified by [35S]GTP-yS binding.

Proteins were incubated at 30’ for 90 mm with [�S]GTPyS in 50 mM

triethanolamine HC1, 5 mM MgC12, 1 mM EDTA, 1 mM dithiothreitol,

pH 7.4. Reconstitution was performed for 10 mm on ice, with gentle
vortexing.

Adenylate cyclase determinations. Particulate washed mem-

brane fractions (10,000 x g sediment) were prepared from homogenates

of human hearts. The activity of adenylate cyclase was determined in
a reaction mixture containing 50 �M [32P]ATP (approximately 0.3 MCi/

100 �zl), 50 mM triethanolamine HC1, 5 mM MgCl2, 100 �M EGTA, 1

mM 3-isobutyl-1-methylxanthine, 5 mM creatine phosphate, 0.4 mg/ml

creatine kinase, and 0.1 mM cAMP, pH 7.4, in a final volume of 100 �tl.

The mixture was preincubated for 5 mm at 37’. The reaction was

started with the membrane suspension (heart, 30 ,�g/10O �l; S49 mem-

branes, 20 �g/100 �l). The incubation time was 20 mm at the same

temperature. Reactions were stopped by the addition of 500 �tl of 120

mM zinc acetate. Next, the zinc acetate was neutralized with 600 �il of

Na2CO3 (144 mM). After centrifugation for 5 mm at 10,000 X g, 0.8 ml
ofthe supernatant was applied to neutral alumina columns equilibrated
with 0.1 M Tris.HC1, pH 7.5. The effluent was collected and the [32P]

cAMP was determined by measuring radioactivity in a liquid scintil-

lation counter. Halothane was applied with carbogen to the membrane
suspension for 5 mm and the mixture was incubated in a closed vial

for 20 mm for measurements of adenylate cyclase activity. Control
membranes were treated in parallel with carbogen only and were

handled identically. In all experiments 10 j.�M Gpp(NH)p was present.

In the forskolin experiments, guanine nucleotides were omitted from

the reaction to avoid interference of activated G proteins with the
catalyst.

[32P]ADP-ribosylation by pertussis toxin. [32PJADP-ribosyla-
tion of G1� by pertussis toxin was performed for 12 hr at 4’ in a volume

of 50 �l containing 100 mM Tris.HC1 (pH 8.0 at 20’), 25 mM dithio-

threitol, 2 mM ATP, 1 mM GTP, 50 nM [32P]NAD� (800 Ci/mmol),

and 10 �g/ml pertussis toxin that had been activated by incubation
with 50 mM dithiothreitol for 1 hr at 20’ before the labeling reaction.

Samples were subjected to SDS-PAGE (10%, w/v, acrylamide; 16-cm

total gel length). Gels were stained with Coomassie Blue and dried
before autoradiography was performed.

[32P]ADP-ribosylation by cholera toxin. G,, was labeled by

cholera toxin-catalyzed ADP-ribosylation with [32P]NAD as substrate.
The reaction mixture (50 �zl) contained 100 mM potassium phosphate,

pH 7.5, 1 mM ATP, 10 mM thymidine, 10 mM arginine, 2.5 mM MgC12,

5 )Lg of cholera toxin (preactivated by incubation with 20 mM dithio-

threitol at 30’ for 10 mm), 100 �tM GTP, 5-10 x 10� cpm of [32P]NAD,
and 20-160 � of membrane proteins. After incubation at 37’ for 1 hr,

samples were subjected to SDS-PAGE and autoradiography as de-

scribed above.
Pertussis toxin plus NAD treatment of membranes. Pertussis

toxin treatment was performed under the same incubation conditions

as used for [32P]ADP-ribosylation, except that [32P]NAD was replaced

by 3 mM NAD in the reaction. After two washings, membranes were

subjected to [32P]ADP-ribosylation or determination of adenylate cy-
clase activity. Control membranes were subjected to the same incuba-

tion conditions except that pertussis toxin was omitted from the

medium.
Agonist-stimulated GTP’YS binding. Binding assays were per-

formed in an incubation mixture of 100 zl containing 0.3 nM [�SJ

GTP-YS, 50 mM triethanolamine, 1 mM dithiothreitol, 1 mM EDTA, 5
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Fig. 1. Original recording ofthe effects of halothane(2%)and isoprenaline
(0.1 �M) on the force of contraction of isolated electrically driven ventnc-
ular preparations (1 Hz, 37#{176}, 1 .8 mt�i Ca2�) from human ventricular
myocardium. Halothane produced negative inotropic effects alone, but
its withdrawal from the carbogen mixture in the presence of isoprenaline
reduced the force of contraction (upper). Addition of halothane in the
presence of isoprenaline increased developed tension (lower).

mM MgCl2, and 100 mM NaCl, at pH 7.4. Reactions were started by

addition of the membrane suspension (30 �g) in the same buffer and

incubation was performed for 30 mm at 30’ . The incubation was

terminated by rapid vaccum filtration through nitrocellulose filters and

three washes with ice-cold buffer containing 50 mM Tris . HC1, pH 7.4,

1 mM EDTA, 100 mM NaCI, and 5 mM MgCl2. Nonspecific binding

was defined as [�S]GTPyS binding in the presence of 100 �zM

Gpp(NH)p and was usually <1% of the total [�S)GTPyS in the assay.

The standard deviation of the means was typically <5%. Halothane

was applied as in the experiments on adenylate cyclase activity.

Miscellaneous methods. Protein was determined according to the

method of Lowry et at. (16), using bovine serum albumin as the

standard. SDS-PAGE was performed as described by Laemmli (17).

Materials. Halothane was from Hoechst AG (Frankfurt/Main,

Germany). (±)-Isoprenaline HC1 was from Boehringer (Ingelheim,

Germany). Gpp(NH)p, GTP, ATP, and creatine kinase were from

Boehringer (Mannheim, Germany). Pertussis toxin was from Sigma

(Deisenhofen, Germany) or List Biological Laboratories (Campbell,

CA). Forskolin was donated by Dr. Metzger (Hoechst AG, Frankfurt,

Germany). All other compounds used were of analytical grade or the

best grade commercially available. Only deionized, twice-distilled water

was used throughout.

Statistical evaluation. The data shown are means ± standard

errors. Statistical significance was estimated with Student’s t test for

unpaired observations and analysis of variance. A p value of <0.05 was

considered significant. The drug concentration producing 50% of the

maximum effect (ECse) was graphically determined in each individual

,, 2 4 6 8 10 12

Concentration of Ca2�(mmolII)

Fig. 2. Concentration-response curves for the effects of isoprenaline
(0.001 -1 �zM, fl 1 6) (A) and of the increase of the extracellular Ca2�
concentration (1 .8-1 5 mM, n = 18) (B), alone and in the presence of
halothane, on the force of contraction in isolated, electrically driven,
ventricular preparations. Ordinates, increase in force of contraction.
Abscissae, concentrations of isoprenaline or Ca2�. Basal force of con-
traction was 4.2 ± 0.5 mN (n = 17) in control and 2.9 ± 0.4 mN (n = 17)
in halothane-exposed preparations.

Results

Force of contraction. Fig. 1 shows original recordings

illustrating the effects of halothane on the isometric force of

contraction. Halothane at 2% produced negative inotropic ef-
fects alone, but its withdrawal from the gas mixture also re-

duced the force of contraction in the presence of isoprenaline

(Fig. 1, upper). Consistent with the latter observation, halo-

thane produced an increase in the force of contraction when
applied in the presence of isoprenaline (Fig. 1, lower). Thus,

halothane produced opposite effects on basal and isoprenaline-

stimulated force of contraction. In Fig. 2, the concentration-

response curves for the positive inotropic effects of isoprenaline

(Fig. 2A) and an increase of the extracellular Ca2� concentra-

tion (Fig. 2B) are shown. The experiments were performed in

the presence of 2% halothane, which produced a decline in

basal force of contraction of 25-35%. Halothane increased the
positive inotropic effect of isoprenaline. This held true when

increases were evaluated as percentages of basal force of con-

traction (data not shown) or in absolute values (Fig. 2). In

contrast, the positive intropic effects of Ca2� were similar under

control conditions and in the presence of halothane (Fig. 2B).

To study whether inactivation of G1,, could be involved, myo-
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Fig. 3. Concentration-response curves for the effects of isoprenaline
(0.001 -1 �zM) or isoprenaline in the presence of halothane on the force
of contraction in isolated, electrically driven, ventricular preparations for
nonfailing (NF)(A) or failing (NYHA IV)(B) human myocardium. Ordinates,
increase of force of contraction. Abscissae, concentrations of isoprena-
line. Basal force of contraction was 4.7 ± 0.9 mN (n = 4) in control and
2.9 ± 0.3 mN (n = 4) in halothane-exposed preparations (nonfailing) or
3.1 ± 0.3 mN (n = 9) in control and 2.5 ± 0.3 mN (n = 9) in halothane-
exposed preparations (failing).

500

0.01 0.1 1 10 100 � ��#{149}0O1�� � � - i_o0 -�
Concenlratmd of Gpp(NH)p �jmoU() Concentration of taiSkoim (umnlll

Fig. 4. Concentration-response curves for the effects of isoprenaline
(0.001-100 �LM)(A), Gpp(NH)p (0.01-100 MM)(B), NaF (0.1-100 mM)(C),
or forskolin (0.01 -1 00 �M) (D), alone and in the presence of halothane.
Ordinates, increase in adenylate cyclase activity. Abscissae, concentra-
tions of studied agents. Basal activities (n = 5-8) were as follows: A
(isoprenaline), 1009 ± 78 pmol of cAMP/mg of protein x 20 mm (plus
halothane, 131 8 ± 71 pmol of cAMP/mg of protein x 20 mm); B
[(Gpp(NH)p], 641 ± 53 pmol of cAMP/mg of protein x 20 mm (plus
halothane, 893 ± 126 pmol of cAMP/mg of protein x 20 mm); C (NaF),
1 1 03 ± 1 01 pmol of cAMP/mg of protein x 20 mm (plus halothane, 1678
± 1 73 pmol of cAMP/mg of protein x 20 mm); D (forskolin), 652 ± I 18
pmol of cAMP/mg of protein x 20 mm (plus halothane, 832 ± 83 pmol
of cAMP/mg of protein x 20 mm). Concentration-dependent effects of
Gpp(NH)p and forskolin were studied in the absence of Gpp(NH)p and
those of isoprenaline and NaF were studied in the presence of 10 �M

Gpp(NH)p.

40 kDa

PT plus NAD

cp

(0
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0
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cardia from failing and nonfailing hearts were compared (Fig.

3). Gja levels were different in the two groups (nonfailing, 1.6

± 0.3 ;zg of transducin equivalents/mg of protein, n = 3; failing,

3.1 ± 0.4 �sg of transducin equivalents/mg of protein, n = 5).

Similar data were reported in more detail in previous work (18).

The increase of the positive inotropic effect of isoprenaline was

more pronounced in failing myocardium, with higher G,, con-

tent (Fig. 3B), than in nonfailing myocardium (Fig. 3A).

Adenylate cyclase activity. To investigate whether the

sensitizing effects of halothane on f3-adrenoceptor-stimulated
force of contraction are due to direct effects on (3-adrenoceptor-
stimulated adenylate cyclase activity, we measured the enzyme
activity in cardiac membranes equilibrated with halothane plus

carbogen or carbogen alone (as control). Fig. 4A shows that

halothane increased isoprenaline-stimulated adenylate cyclase

activity. Similar results were obtained with the poorly hydro-
lyzable guanine nucleotide Gpp(NH)p (Fig. 4B) and NaF (Fig.

4C), which are able to stimulate G proteins directly. From these

data it is conceivable that the sensitizing effect of halothane in

human ventricular myocardium could be due to effects of the

compound either on the catalyst or on the G proteins regulating

adenylate cyclase activity. To test the former hypothesis, we

investigated the effects of halothane on forskolin-stimulated
adenylate cyclase activity in the absence of guanine nucleotides,

-

c� �
� �
0 �

0.
�
3

�0

(a
Fig. 5. [�P]ADP-ribosylation of G protein a subunits (40 kDa) in mem-
branes from human myocardium, S49 wild-type cells, and S49 cyc cells,
after treatment with pertussis toxin (PT) plus NAD (3 mM) and under the
respective control conditions. Membranes were treated with pertussis
toxin plus NAD as described in Materials and Methods. Samples (5 �g
of S49 cyc or S49 wild-type cells, 20 �g of human myocardium) were
[32P]ADP-ribosylated with pertussis toxin and [32PJNAD and were sepa-
rated by SDS-PAGE before autoradiography. G/G,, a subunits isolated
from bovine brain and [�P]ADP-ribosyIated with pertussis toxin and [�PI
NAD are shown as standards (rightmost and leftmost lanes).

which is a measure of the catalyst (19). As shown in Fig. 4D,

halothane had no effect on the stimulation of adenylate cyclase

by forskolin.

Taken together, these data indicate that halothane aug-

mented the stimulatory effects of isoprenaline, the poorly hy-

drolyzable guanine nucleotide Gpp(NH)p, or NaF to stimulate
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Fig. 6. Increase in adenylate cyclase activity in control(left) and pertussis
toxin- plus NAD-treated (right) human ventricular membranes, without
(0) and with (0) halothane, by isoprenaline (A), Gpp(NH)p (B), and cholera
toxin (C) stimulation. Basal adenylate cyclase activity in native (or halo-
thane-treated) membranes was 71 2 ± 40 (1 270 ± 56) pmol of cAMP/
mg of protein x 20 mm in control and 1423 ± 98 (1370 ± 104) pmol of
cAMP/mg of protein x 20 mm after pertussis toxin plus NAD treatment.
*, p � 0.05, halothane-treated versus untreated membranes. Membranes
were treated as described in Materials and Methods. Pertussis toxin
significantly increased adenylate cyclase activity versus control mem-
branes in the absence of halothane (isoprenaline, p < 0.01 ; Gpp(NH)p, p
< 0.05; cholera toxin, p < 0.01). Numbers in the columns, numbers of
independent experiments performed with triplicate determinations.

adenylate cyclase. The activity of the catalyst was unaffected,

as shown by experiments using forskolin. Thus, the sensitiza-
tion of adenylate cyclase could be due to either an activation
of Gpa or a functional inhibition of Gja.

Interaction of halothane with G proteins. To examine

whether the inhibition of Gja function provides an explanation
for the effects of halothane, adenylate cyclase activity was

determined in control and in pertussis toxin- plus NAD-treated

membranes. Fig. 5 shows [32P]ADP-ribosylation by pertussis

toxin in control membranes and in membranes pretreated with

pertussis toxin plus NAD. Pertussis toxin plus NAD treatment
markedly attenuated [32P]ADP-ribosylation by pertussis toxin

of a 40-kDa protein, co-migrating with Gja/G,�,. standard pun-

fled from bovine brain, present in human myocardial mem-
branes and membranes from S49 wild-type and S49 cyc� cells.

Thus, in membranes pretreated with pertussis toxin plus NAD
a large portion of G� was covalently modified by the pretreat-

ment. Pentussis toxin plus NAD treatment of myocardial mem-
branes increased isoprenaline-, Gpp(NH)p-, and cholera toxin-

stimulated adenylate cyclase activity (Fig. 6). Halothane aug-

Fig. 7. Increase in adenylate cyclase activity in control (left) and pertussis
toxin-treated (right) S49 wild-type cell membranes, without (0) and with
(0) halothane, by isoprenaline (A), Gpp(NH)p (B), and forskolin (C) stim-
ulation. Basal adenylate cyclase activity in native (or halothane-treated)
membranes was 1 180 ± 83 (2039 ± 89) pmol of cAMP/mg of protein x
20 mm in control and 1798 ± 29 (1723 ± 92) pmol of cAMP/mg of
protein x 20 mm after pertussis toxin plus NAD treatment. �, p � 0.05,
halothane-treated versus untreated membranes. Membranes were
treated as described in Materials and Methods. Pertussis toxin signifi-
cantly increased adenylate cyclase activity versus control membranes in
the absence of halothane after stimulation with isoprenaline (p < 0.05).
Numbers in the columns, numbers of independent experiments per-
formed with triplicate determinations.

mented adenylate cyclase activity in control membranes but

had no additional effect in pertussis toxin- plus NAD-treated

membranes. These findings are compatible with pertussis

toxin-sensitive inhibition of G1,, function. However, additional

influences on G,,. could also exist. This appears to be relevant,
because the effect of cholera toxin, which activates G5� (20) by
ADP-nibosylation (21) of an arginine residue at the GTPase

site, was also enhanced (Fig. 6C). This finding could be com-
patible with an effect of halothane on cholera toxin action on

G,+,. In cholera toxin-treated membranes, hormonal Gia-me-

diated inhibition of adenylate cyclase is unchanged, as shown

by the unchanged inhibitory effects of a2-adrenergic receptor

stimulation in platelet membranes (22) or somatostatin recep-

tor stimulation in GH3 cells (23). Therefore, the stimulatory

effects of halothane could also be due to an impairment of Gia�

mediated adenylate cyclase inhibition. The lack of halothane

effects in pertussis toxin- plus NAD-treated membranes is in

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


A 348 LympFioma Cells

24kDa

E

x 200

C
.� 0

E

0.01 0.1 1 10 100
Concentration of isoprsnahne (pmoVl)

400

200

to

� -200

�Z5

�i.cx�

C 500

to

C

_If1� � � �

1A Wild-type

. cyc__

1/ o.oi 0.1 i io ioo
Concentration of forakoNn (pmoVt)

Inactivation of G,, by Halothane 385

M9Y%� �ymph�m� c�u�

52kDa

45kDa

Fig. 8. [32P]ADP-ribosylation by cholera toxin of Ge,. (45 and 52 kDa) in
S49 wild-type and S49 cyc cell membranes. Membranes were treated
with cholera toxin plus NAD and were separated by SOS-PAGE as
described in Materials and Methods. In cyc cell membranes the 45-kOa
and 52-kDa cholera toxin substrates were lacking.

favor of the latter suggestion. Furthermore, we set out to

determine the effects of halothane on Gja and G50 separately,

by using S49 wild-type and G50-deficient 549 cyc cells. Fig. 7

shows the effects on 549 wild-type cell membranes. The in-

crease by halothane of isoprenaline- and Gpp(NH)p-stimulated

adenylate cyclase was observed only in control membranes and

not in pertussis toxin- plus NAD-treated membranes. As in

myocardial membranes (Fig. 4D), halothane did not augment
adenylate cyclase stimulation by forskolin in 549 wild-type cell

membranes, whether they had been treated with pertussis toxin

plus NAD or not. Again, this finding is compatible with inhi-

bition of G1� function by halothane. If increased activity of G,.

plays a role in the effects of halothane, one would expect that

the effects of halothane and pertussis toxin plus NAD treat-
ment would be different in cyc cell membranes, which geneti-

cally lack G8� but clearly exhibit G��-mediated inhibition of
adenylate cyclase by hormones (24, 25) or guanine nucleotides
(26, 27). Fig. 8 shows an autoradiogram of cholera toxin-
catalyzed [32P]ADP-ribosylation of S49 cyc and wild-type cells,
which were used in the following experiments. The 45-kDa and

52-kDa cholera toxin substrates, presumably G�,,, could be

identified in S49 wild-type membranes, whereas they were
lacking in cyc� cells. As a consequence, isoprenaline and

Gpp(NH)p did not stimulate adenylate cyclase activity in S49

cyc_ cells (Fig. 9). The effect of forskolin was slightly less in

S49 cyc� than in wild-type cell membranes. Fig. 10 summarizes

the effects of halothane on basal adenylate cyclase activity

from control and pertussis toxin- plus NAD-treated membranes

prepared from human myocardium (Fig. bA), S49 wild-type

cells (Fig. lOB), S49 cyc� cells (Fig. bC), and S49 cyc� cells

reconstituted with � from E. coli (Fig. 1OD). rG,,�. were

reconstituted in a final concentration of 0.5 �g/�tl of E. coli

lysates. Halothane increased basal adenylate cyclase activity to

a similar extent (i.e., 30-50%) under all conditions studied.

Under all conditions, the stimulatory effects of halothane did
not occur when the activity was already increased by pretreat-

ment of the membranes with pertussis toxin plus NAD. Thus,

Fig. 9. Concentration-response curves for the effects of isoprenaline
(0.01-100 �zM)(A), Gpp(NH)p (0.01-100 MM)(B), and forskolin (0.01-100
zM)(C) in S49 wild-type and S49 cyc cell membranes. Ordinates, change

in adenylate cyclase activity. Abscissae, concentrations of studied
agents.

even in G��,-deficient S49 cyc� cells, halothane produced a

pertussis toxin-sensitive stimulation of adenylate cyclase activ-

ity. Reconstitution of Gsa-deficient 549 CyC cells with rG50

concentration-dependently restored the effect of isoprenaline

on adenylate cyclase (data not shown). Halothane in these
reconstituted membranes enhanced the restored isoprenaline-

and Gpp(NH)p-stimulated cyclase in a pertussis toxin-sensitive
way (data not shown), similar to that in 549 wild-type or

myocardial membranes. These experiments show that the per-

tussis toxin-sensitive halothane effects are not influenced by

the presence of native or reconstituted rG,,,,. A more direct
approach used to study impairment of G1,, function by halo-

thane was measurement of the GTP- or Gpp(NH)p-induced
inhibition of adenylate cyclase in 549 cyc membranes. Fig.

hA summarizes the effect of halothane on adenylate cyclase

in the presence of forskolin. GTP at 100 �M inhibited forskolin-

stimulated adenylate cyclase activity by 32% in control mem-
branes and by 15% in halothane-treated membranes. Inhibition

by GTP was significantly different in control and halothane-

treated membranes. Addition of somatostatin further inhibited

adenylate cyclase by 10% in control and halothane-treated

membranes. The effects of somatostatin were similar under
both conditions. Similar results were obtained when the effect
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Fig. 10. Basal adenylate cyclase activity in
control (left) and pertussis toxin- plus NAO-
treated (right) membranes from human
ventricular heart muscle (A), S49 wild-type
cell membranes (B), S49 cyc cell mem-
branes (C), and S49 cyc cell membranes
reconstituted with rG50 (0), in the absence
(0) and presence (D) of halothane. Pertus-
sis toxin significantly increased adenylate
cyclase activity versus control membranes
in the absence of halothane. Numbers in
the columns, numbers of independent ex-
periments performed with triplicate deter-
minations. Ordinates, basal adenylate cy-
clase. Abscissae, studied conditions. Mem-
branes were treated as described in
Materials and Methods.

of Gpp(NH)p was investigated. Fig. 11B shows concentration-

response curves for the effects of halothane on Gpp(NH)p- and

Gpp(NH)p- plus somatostatin-inhibited adenylate cyclase. Ha-

lothane attenuated Gpp(NH)p- and Gpp(NH)p- plus so-

matostatin-induced inhibition of adenylate cyclase. However,

the additional effect of somatostatin was maintained in control

and halothane-treated membranes.

Taken together, these data indicate that halothane similarly
increased basal adenylate cyclase activity in human myocardial,

S49 cyc�, and S49 wild-type cell membranes, as well as in 549

cyc_ cell membranes reconstituted with rGsa. In addition, stim-

ulation by isoprenaline and Gpp(NH)p, but not by forskolin,

was enhanced by halothane. The effects were similar in all

membranes studied and were completely sensitive to pertussis

toxin plus NAD treatment. Thus, the findings presented point

to inactivation of G1� function as the mechanism for the stim-

ulatory effects of halothane on adenylate cyclase activity in
human myocardial membranes and 549 mouse lymphoma cells.

Effects of halothane on M-cholinoceptor-G1 interac-

tion. To address the question of whether the influence of

halothane interferes with M-cholinoceptor coupling in the myo-

cardium, the effects of the hydrocarbon anesthetic on car-

bachol-stimulated [35SJGTP’yS binding were studied. This ex-
perimental approach was necessary, because we were not able

to measure a reliable inhibition of adenylate cyclase (<25%) in

human myocardial membranes. Carbachol-stimulated [355]

GTP’yS binding was critically dependent on the presence of

GDP in the assay medium. In the presence of 0.3 �M GDP,

carbachol stimulated [35S]GTP’yS binding by about 50%. Ha-

lothane had no influence on carbachol-activated [35S]GTP’yS
binding to myocardial membranes (Fig. 12).

Discussion

Halothane produces negative inotropic effects on isolated

cardiac preparations in vitro and in patients in vivo (28). In

addition, sensitization of the myocardium towards exogenous

catecholamines has been described (8-10). In patients anesthe-
tized with hydrocarbon anesthetics, the ability of catechol-

amines to induce cardiac arrhythmias was observed to be facil-

itated, with halothane being the most potent agent (10). This
catecholamine-sensitizing effect was observed in dogs treated

with halothane even at subanesthetic concentrations (11). Al-

though this phenomenon is often described in textbooks, the

underlying mechanisms are not known. In this study, the

positive inotropic effect of isoprenaline on isolated cardiac

preparations in the absence and presence of halothane was

investigated as a model to study the catecholamine-sensitizing

effect of halothane in human myocardium. The positive mo-

tropic effect of isoprenaline was increased by halothane,

whereas the positive inotropic effect of an increase of the

extracellular Ca2� concentration was unchanged. The potentia-

tion of the isoprenaline effect by halothane was more pro-

nounced in failing, compared with nonfailing, myocardium.

Because isoprenaline is not subject to uptake into presynaptic

vesicles as a mechanism of inactivation (29), the underlying

mechanism should be located at the G protein-regulated aden-

ylate cyclase of the myocardial cell. Therefore, we next set out

to characterize the subcellular mechanism of the catechol-

amine-sensitizing effects on adenylate cyclase activity.

On the cellular level, cardiac adenylate cyclase is dually
regulated by stimulatory and inhibitory receptors (30). The

formation of cAMP from ATP by the catalyst is stimulated by

cardiac �3,- and f32-adrenoceptors via a heterotrimeric stimula-
tory G protein (a,fry). The catalyst is under the inhibitory

control of inhibitory G proteins (a�fry), which couple A, aden-

osine receptors (31) and M2 cholinoceptors (32). The a subunits

of this family of G proteins are subject to covalent modification

by the ADP-ribosyltransferase activity ofpertussis toxin, which

modifies a cysteine residue at the fourth position from the

carboxyl terminus (30). This covalent modification of the a

subunits leads to functional inactivation of G1�, resulting in lost

inhibition of basal and receptor-modulated adenylate cyclase

activity (33). Although adenylate cyclase desensitization in the

failing human heart due to down-regulation of �3-adrenoceptors

(34) and an increase of Gja (35) is well characterized, nothing

is known about the mechanisms of sensitization, e.g., after

application of halothane. From the complex regulation of car-

diac adenylate cyclase activity, it is evident that mechanisms
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adenylate cyclase catalyst (18). The unchanged effect of forsko-

lin in the presence of halothane points to unchanged activity

of the catalyst. To study whether halothane exerts effects on

the inhibitory G protein in the heart, the effects of the anes-

thetic on isoprenaline-, Gpp(NH)p-, and cholera toxin-stimu-

lated adenylate cyclase were studied in native and pertussis

toxin- plus NAD-treated membranes. In human failing heart

muscle the expression of G1,, is increased, and G1� has been

suggested to be involved in the reduced adenylate cyclase activ-

ity observed with this condition (34, 35). Treatment of cardiac

membranes of nonfailing and failing myocardium with pertussis

toxin restored adenylate cyclase activity (35). The authors of

the latter study suggested that G1� was completely inactivated

by pertussis toxin treatment (35) and that studies on pertussis

toxin-treated membranes provide a model to study the function

of G1�. The same technique was used herein to inactivate Gia.

In pertussis toxin-treated myocardial membranes, adenylate

cyclase activity was enhanced but the stimulatory effect of

halothane was abolished. These observations strongly favor the

conclusion that halothane inhibits G1,. function. Because halo-

thane and pertussis toxin increased adenylate cyclase activity
to similar extents, it is possible that halothane acts by with-

drawing tonic inhibitory effects of G1,, on the enzyme. This

suggestion is further supported by the functional data. Halo-

thane increased the positive inotropic effect of isoprenaline

more in failing myocardium with increased G1�, than in non-
failing myocardium.

Although the experiments with pertussis toxin provide cvi-

dence for an impaired Gja function produced by halothane,

additional effects on Gsa cannot be ruled out with certainty.

Therefore, the same experiments were performed in 549 cyc

and wild-type cell membranes. In cyc and wild-type cell mem-

branes, halothane increased basal adenylate cyclase activity

similarly as in myocardial membranes. Because cyc cells ge-

netically lack G�. and the stimulatory actions of halothane were

again abolished by pertussis toxin plus NAD treatment, these

experiments provide additional evidence that inactivation of

G1� rather than increased activity of G,,+, is the underlying

mechanism of action. In agreement with this notion is the

finding that the sensitizing effects of halothane on stimulated

adenylate cyclase activity were similar in human myocardial,

549 wild-type, and cyc cell membranes reconstituted with

exogenous rG8�,.

When G((. is inactivated by halothane, one would expect that

receptor coupling to G1�. would be also impaired. However,

halothane had no effect on carbachol-stimulated [:(SS]GTpyS
binding. This observation is in accordance with a previously

published study that showed that the direct negative inotropic

effect in human atrial myocardium and the antiadrenergic

effect in human ventricular myocardium of carbachol is not

influenced by halothane (37). Therefore, halothane appears to

inhibit Gd effects on adenylate cyclase independently of recep-

tor coupling. In agreement, halothane attenuated GTP- and

Gpp(NH)p-mediated inhibition ofadenylate cyclase in 549 cyc

cell membranes, whereas the inhibitory effect of somatostatin

was unchanged. In this respect, it is interesting that in failing

human heart the effects of M-cholinoceptor and A1 adenosine

receptor agonists are unchanged (38, 39), although G1,, is in-

creased (35, 38, 39). The discrepancy regarding the unchanged

coupling of inhibitory receptors in the presence of an altered
G� content or function could be explained by the receptor-G

p f/’ i a i a

of) 1 10 30 100

Concentration of Gpp(NH)p (pmol/l)

Fig. 11. Effect of halothane on adenylate cyclase in forskolin-, forskolin-
plus GTP-, and forskolin- plus GTP- plus somatostatin-treated cells (A)
and on concentration-dependent inhibition of forskolin-stimulated aden-
ylate cyclase activity by Gpp(NH)p (1 -1 00 NM), alone and in the presence
of somatostatin (B). Ordinates, increase (A) or decrease (B) of adenylate
cyclase activity in S49 cyc membranes. Abscissae, studied conditions
(A) or concentrations of Gpp(NH)p (B). Basal adenylate cyclase activities
were 405 ± 25 pmol of cAMP/mg of protein x 20 mm (n = 20) (plus
halothane, 492 ± 41 pmol of cAMP/mg of protein x 20 mm, n = 20).
Forskolin stimulated adenylate cyclase activity by 1090 ± 98 pmol of
cAMP/mg of protein x 20 mm (n = 20) (pIus halothane, 1074 ± 10 pmol
of cAMP/m9 of protein x 20 mm, n = 20). Numbers in the columns,
numbers of independent experiments performed with triplicate determi-
nations.

of sensitization could involve the catalyst, G proteins like Gsa

or Gja, and receptors.

In experiments on isolated membranes, not only the effects

of isoprenaline but also those of the poorly hydrolyzable gua-

nine nucleotide Gpp(NH)p and NaF were enhanced by halo-

thane. In uterine membranes, halothane augmented guanine
nucleotide-stimulated adenylate cyclase activity (36). From

these observations it is evident that halothane is able to sen-

sitize adenylate cyclase independently of fl-adrenoceptors,
either by an increase of the catalyst or G3,. activity or by

impairment of G� function. Effects of halothane on /3-adreno-

ceptor-G��, coupling cannot be completely ruled out by these

experiments. However, halothane inhibited high affinity ago-

nist binding to �3-adrenoceptors (37). This finding suggests an

uncoupling rather than a facilitated coupling of f3-adrenocep-
tors to adenylate cyclase and does not explain the enhanced

isoprenaline-stimulated adenylate cyclase activity.
The diterpene derivate forskolin is known to stimulate the

Inactivation of G1. by Halothane 387
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Fig. 12. Basal and carbachol-stimulated [35S]GTP-yS bind-
ing, alone and in the presence of halothane, in human
ventricular membranes. The experiments were performed
in the presence of 0.3 �zM GOP. Absolute values for [20S]
GTP’YS binding sites were 30 pmol/mg of protein, as
judged from Scatchard analysis of GTP-YS competition
experiments without GOP (data not shown). Ordinate,
[�S]GTP-yS binding as a percentage of the value for the
control condition in the absence of carbogen or halothane
treatment. Abscissa, studied conditions. The values rep-
resent the mean of four independent experiments per-
formed with triplicate determinations.
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protein stoichiometry. Gja proteins are present in an excess of
about 1000, compared with the receptor number, in human

heart. Thus, inactivation of a major part, but not all, of the Gja

proteins by halothane could still leave some Gja proteins func-
tionally unchanged, allowing maximal coupling of inhibitory

M-cholinoceptors in myocardium or somatostatin receptors in
549 cyc cell membranes. In this investigation, we have studied
similar failing human hearts with increased G1�. levels. The

insensitivity of receptor-G protein coupling to variations in the

function or amount of G proteins in human heart is an impor-

tant difference, compared with other tissues such as brain,

where an interruption of receptor-G protein coupling was ob-

served previously (1, 3-7).

The results of this study highlight conceptual issues regard-

ing the possibility of pharmacologically influencing G protein

activity and add a new class of agents, i.e., hydrocarbon anes-

thetics, as potential G protein antagonists. The described ef-

fects of these compounds could play a crucial role in their

narcotic effects. In addition, antagonism of Gig. function might

explain the sensitization of the myocardium towards exogenous

catecholamines by halothane. The data presented herein dem-

onstrate for the first time that inactivation of G�.. leads to an

increase ofpositive inotropic responses in human heart. Finally,

the present results indicate that pharmacological inhibition of

Gja function without effects on G50 is feasible. This latter

observation sets the stage for the development of experimental

therapeutic agents to inactivate Gin, e.g., in failing human heart,

to reverse heterologous adenylate cyclase desensitization, and

to restore cAMP formation and inotropic responsiveness in

this condition.
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