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The cardiodepressant effect of halothane
(1) and its antagonism of the inotropic effect
of catecholamines is well documented (2-4);
however, the mechanisms involved in the
action of anesthetics on myocardial contrac-
tility are not fully understood. It has been
suggested that the positive inotropic effect of
catecholamines is mediated by elevated
cAMP levels produced by activation of ade-
nylate cyclase (5). Since halothane has been
shown to affect the activity of adenylate cy-
clase in smooth muscle (bronchus (6), uterus
(7, 8), blood vessel (9)), liver (10), brain (11),
and platelets (12) the purpose of the present
study was to determine the effect of halothane
on the activity of myocardial adenylate cy-
clase and its interaction with the effect of
catecholamines and of compounds known to
alter adenylate cyclase activity by actions
exerted at other sites of the enzyme complex.

Methods and materials. Left ventricular
muscle was obtained from Sherman rats
(150-200 g) and cats (2.0-2.5 kg). The rats
were decapitated and the hearts were quickly
excised and placed in cold saline. The cat
hearts were excised under anesthesia with
pentobarbital, 30 mg/kg, ip. The left ventricle
was dissected free of all visible fibrous and
adipose tissue and thoroughly rinsed with
cold saline to remove blood. Immediately
before the assay of enzyme activity, approxi-
mately 150 mg of the muscle tissue was ho-
mogenized with 30 vol of 0.05 M Tris HCI
buffer (pH 7.5) at 4° in an all-glass, motor-
driven homogenizer. Adenylate cyclase activ-
ity was determined in the whole tissue ho-
mogenate by the method of Krishna (13)
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measuring the rate of formation of cAMP
derived from labeled ATP, modified by the
addition of an ATP regenerating system
(phosphoenolpyruvate coupled with pyruvate
kinase) to maintain a constant ATP concen-
tration and of an excess of unlabeled cAMP
to minimize the breakdown of labeled cAMP
by phosphodiesterase. In addition, the assay
mixture (final vol of 300 pl) contained 1 mM
ATP in the presence of 3 mM MgSO, and
3.5-5.0 pCi **P-ATP and, when appropriate,
the drug under study. The reaction was
started by the addition of 150 pl of tissue
homogenate (with a protein content of ap-
proximately 75-100 pg). The mixture was
incubated at 37° for 5 min and the reaction
was stopped by immersion of the test tubes
in boiling water for 5 min. Cyclic AMP was
isolated by column chromatography using an
ion-exchange resin (Dowex 50 W-X4, H*
form). Trace amounts of contaminating nu-
cleotides were removed by precipitation with
zinc sulfate and barium hydroxide. Radioac-
tivity of the cAMP-containing fraction was
measured in an Intertechnique liquid scintil-
lation spectrometer, using Bray’s mixture.
The recovery of cAMP from the column,
determined spectrophotometrically at 250 nm
in an aliquot of this fraction, was 80-90%.
Protein was determined by the method of
Lowry et al. (14). The activity of adenylate
cyclase, corrected for recovery, is expressed
in pmol cAMP formed per mg protein per
unit of time, calculated from the specific ac-
tivity of substrate ATP. With each set of
measurements, a reagent blank was carried
through the procedure with heat-denatured
enzyme to correct for any radioactivity not
related to enzyme activity. All determinations
were made in duplicate.

Halothane vapor was carried in 100% ox-
ygen to the reaction tubes for 20 min before
and during the incubation. The concentration
of halothane delivered to the liquid mixture
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F1G. 1. Adenylate cyclase activity in homogenates of
rat left ventricle. A. At increasing concentrations of ATP
(maintaining ATP:Mg*" ratio constant at 1:3) in the
absence (open circles) or presence (closed circles) of
halothane 2%, vol/vol. Values are means + SEM of four
experiments. B. At 1 mM concentration of ATP in the
absence (black columns) or presence (hatched columns)
of halothane 1-5%, vol/vol. Values are means + SEM of
four experiments. C. At | mM concentration of ATP in
the presence of 10 mM sodium fluoride alone (black
columns) or with halothane 1-5%, vol/vol (hatched col-
umns). Values are means + SEM of one to three exper-
iments.

was determined by gas chromatography and
a Narkotest-M Analyzer. 100% oxygen was
used for concurrent controls.

The data were analyzed by a two-way fixed
effects analysis of variance for randomized
blocks (15). The fixed effects were (a) the
presence or absence of halothane and (b) the
concentration of the other drug under consid-
eration. This analysis tests (F statistics) the
effect of halothane on adenylate cyclase ac-
tivity, on the response of the enzyme to cat-
echolamines and 5-guanylyl imidodiphos-
phate in the presence and absence of halo-
thane.

Alpha *P-ATP and *H-cAMP were ob-
tained from the New England Nuclear Corp.;
¢AMP from CalBioChem; ATP, pyruvate ki-
nase and phosphoenolpyruvate, from the
Boehringer-Mannheim Corp.; 5-guanylyl im-
idodiphosphate (Gpp(NH)p), from ICN
Pharmaceuticals, Inc.; dl-isoproterenol HCl
and /-norepinephrine bitartrate, from Win-
throp Laboratories.
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Results. Effect of halothane on basal (non-
stimulated), sodium fluoride- and Gpp(NH)p-
induced adenylate cyclase activity. The basal
activity of rat myocardial adenylate cyclase
and the sodium fluoride-induced activity
were not affected by halothane (0.5-5%,
vol/vol). The myocardial adenylate cyclase
activity was not different in the absence and
presence of halothane (2%, vol/vol) at all
points along the substrate concentration re-
sponse curve, including that at which the
activity was maximal (Fig. 1).

Gpp(NH)p activated adenylate cyclase in
rat myocardial homogenates in a dose-related
manner, reaching an increase of 68% above
the basal value at 0.2 mM concentration. The
effect of Gpp(NH)p was significantly reduced
by halothane; the effect of the highest dose of
Gpp(NH)p was lower, by 23% (P < 0.001),
in the presence of halothane (2%, vol/vol)
(Fig. 2).

Effect of halothane on catecholamine-in-
duced adenylate cyclase activity. Norepineph-
rine, as shown previously by others (5), had
a dose-dependent stimulatory effect on rat
myocardial adenylate cyclase activity, with a
maximum increase of 82.0 = 5.0 pmol/mg
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FiG. 2. Effect of Gpp(NH)p on adenylate cyclase
activity in homogenates of rat left ventricle. Open circles:
mean net increase = SEM above basal activity (140.0 +
7.0 pmol cAMP/mg protein/S min). Closed circles: mean
net increase = SEM in the presence of halothane 2%,
vol/vol (halothane alone: 140.0 = 3.0 pmol cAMP/mg
protein/S min). Net effects of Gpp(NH)p in the absence
and presence of halothane are significantly different at
all concentrations (P < 0.001). n = 5.



156

protein/5 min above the basal value (140.0
+ 1.0 pmol/mg protein/5 min) reached at 10
pM concentration. In the presence of halo-
thane, the adenylate cyclase-stimulatory ef-
fect of norepinephrine was significantly di-
minished at all concentrations of norepineph-
rine, including the maximum effect, which
was decreased by 24 and 56% in the presence
of halothane 2 and 3% (vol/vol), respectively
(P < 0.001). The EDs of norepinephrine,
estimated from the dose-response curve, did
not change markedly in the presence of hal-
othane (Fig. 3).

Isoproterenol, 0.75-5.0 uM, increased the
activity of adenylate cylase in the rat my-
ocardial homogenate in a dose-dependent
manner, with the maximum effect obtained
at 5 uM concentration; an increase of 136.0
+ 11.0 pmol/mg protein/5 min above the
basal value (184.0 + 12.0 pmol/mg protein/5
min). Halothane decreased the effect of iso-
proterenol on adenylate cyclase significantly
all along the dose-response curve. The maxi-
mum effect of isoproterenol was 99.0 + 13.0
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F1c. 3. Effect of norepinephrine on adenylate cyclase
activity in homogenates of rat left ventricle. Open circles:
mean net increase = SEM above basal activity (140.0 +
1.0 pmol cAMP/mg protein/5 min). Closed circles: mean
net increase £ SEM in the presence of halothane 2%,
vol/vol (halothane alone: 142.0 = 2.0 pmol cAMP/mg
protein/5 min). Semi-closed circles: mean net increase
+ SEM in the presence of halothane 3%, vol/vol (halo-
thane alone: 133.0 £ 6.0 pmol cAMP/mg protein/5 min).
Net effects of norepinephrine in the absence and pres-
ence of halothane are significantly different at all con-
centrations (P < 0.001). n = 4.
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F1G. 4. Effect of isoproterenol on adenylate cyclase
activity in homogenates of rat left ventricle. Open circles:
mean net increase = SEM above basal activity (184.0 =
12.0 pmol cAMP/mg protein/5 min). Closed circles:
mean net increase + SEM in the presence of halothane
1%, vol/vol (halothane alone: 196.0 + 10.0 pmol
cAMP/mg protein/5 min). Net effects of isoproterenol
in the absence and presence of halothane are significantly
different at all concentrations (P < 0.001). n = 5.

pmol/mg protein/5 min above the basal
value (196.0 = 10.0 pmol/mg protein/5 min)
in the presence of halothane 1% (vol/vol),
27% less than the effect of isoproterenol alone
(P < 0.001) (Fig. 4). Halothane 2% (vol/vol)
decreased the maximum effect of isoprotere-
nol on rat myocardial adenylate cyclase by
63% (P < 0.001); from 71.0 = 8.0 above the
basal value of 175.0 = 10.0 pmol/mg pro-
tein/5 min in the absence of halothane to
26.0 = 6.0 above the activity in the presence
of halothane 2% (vol/vol), 187.0 £ 6.0
pmol/mg protein/5 min (N = 4, isoproterenol
2.5 uM).

In the cat myocardium, the maximum net
effect of isoproterenol (255.0 + 6.0 above a
basal activity of 290.0 + 5.0 pmol/mg pro-
tein/5 min, an increase of 87%) was reached
at a concentration of 5 uM. This effect of
isoproterenol was decreased by 22% (P <
0.001) in the presence of halothane (2%,
vol/vol) (Fig. 5).

Discussion. The present results show that
halothane, an inhalation anesthetic with car-
diodepressant effect, inhibits the catechola-
mine-stimulated adenylate cyclase in the
heart without affecting the basal, non-stimu-
lated, or sodium fluoride-induced activity of
the enzyme. The action of halothane on ade-
nylate cyclase in this tissue is different from
that observed in other organs with the excep-
tion, perhaps, of toad bladder. Halothane has
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F1G. 5. Effect of isoproterenol on adenylate cyclase
activity in homogenates of cat left ventricle. Open circles:
mean net increase = SEM above basal activity (290.0 +
5.0 pmol/mg protein/5 min). Closed circles: mean net
increase = SEM in the presence of halothane 2%,
vol/vol (halothane alone: 313.0 + 6.0 pmol cAMP/mg
protein/5 min). Net effects of isoproterenol in the ab-
sence and presence of halothane are significantly differ-
ent at all concentrations (P < 0.001). n = 3.

been shown to increase basal adenylate cy-
clase activity in smooth muscle (6-9), liver
(10), brain (11), and platelets (12), and to
enhance the effect of isoproterenol and pros-
taglandin E,; on uterine adenylate cyclase (7).
On the other hand, the results of the study of
Levine et al. (16, 17) suggest that halothane
may have an effect on adenylate cyclase in
the toad bladder similar to that observed in
the myocardium. These investigators found
that methohexital, methoxyflurane, and hal-
othane selectively inhibited vasopressin-stim-
ulated water flow in the toad bladder and
that methohexital and methoxyflurane in-
hibited vasopressin-stimulated adenylate cy-
clase activity without affecting the basal and
sodium fluoride-induced activity of the en-
zyme.

It has been proposed that some of the
effects of halothane on the cAMP-generating
enzyme are related to the pharmacological
properties of this agent. It has been demon-
strated that the activating effect of halothane
on adenylate cyclase in bronchial (6) and
uterine (7, 8) smooth muscle results in a
higher rate of cAMP formation and is accom-
panied by a concentration-dependent relax-
ing effect of the isolated rat tracheal and
uterine strip. Sprague et al. (9) have shown
that halothane increases the rate of cAMP
formation and inhibits the phenylephrine-in-
duced contraction of the rat aortic strip and
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have postulated that the decrease in the con-
tractile response due to halothane may be
related to its effect on the cAMP system.
Presently available evidence suggests that the
positive inotropic effect of catecholamines is
mediated by cAMP (5). The importance of
an antagonism between halothane and nor-
epinephrine in the mechanism of the hemo-
dynamic changes during halothane anesthe-
sia is indicated by the following observations.
In the toad heart a decreased responsiveness
to norepinephrine was observed in the pres-
ence of halothane (2). In man, halothane
anesthesia was shown to be associated with
diminished pressor response to norepineph-
rine (3). Similarly, Miller and Morris (4)
found stronger circulatory depression in dogs
during halothane anesthesia. It is interesting
to note that the myocardial depressive effects
of halothane and of a barbiturate, thiamylal,
in isolated dog myocardium could be re-
versed by exogenous dibutyryl cAMP (18). It
is therefore possible to speculate that the
inhibition of the catecholamine-stimulated
adenylate cyclase by halothane and the di-
minished inotropic effect of catecholamines
observed in the presence of halothane are
related. However, the determination of the
cAMP content in intact preparations in vitro
together with the functional effects of cate-
cholamines as well as in vivo in the absence
and presence of halothane is necessary in
order to test further such a hypothesis. On
the other hand, the finding that halothane
had no effect on the basal activity of myocar-
dial adenylate cyclase would suggest that the
cardiodepressant effect of halothane alone is
probably not exerted through the cAMP sys-
tem.

The results showing the interaction of hal-
othane with compounds known to, or as-
sumed to, act at different sites on the adenyl-
ate cyclase enzyme complex suggest possible
sites of halothane action. Adenylate cyclase
is thought to consist of three subunits: the
regulatory unit, facing the outside of the cell,
which carries specific receptors; the catalytic
unit, oriented towards the inside of the cell,
which converts ATP to cAMP; and the third
component, a coupling unit, which links, at
least functionally, the regulatory and the cat-
alytic units (19). The fact that halothane has
no effect on myocardial adenylate cyclase
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activity at increasing ATP concentrations in-
dicates that the catalytic unit is not the site of
halothane action. This is also supported by
the observation that halothane does not alter
the response of adenylate cyclase to sodium
fluoride, a compound thought to act on the
catalytic unit (20). The stimulatory effect of
norepinephrine and isoproterenol on myocar-
dial adenylate cyclase, exerted at specific re-
ceptor sites, was significantly decreased by
halothane. The maximum response to each
agonist tested was diminished while the affin-
ity of catecholamines for the enzyme did not
seem to be altered in the presence of halo-
thane as there was no marked change in
EDs5o. That halothane does not act through
B-adrenergic receptors is also suggested by
observations of others. Flacke and Alper re-
ported that norepinephrine can overcome the
cardiodepressant effect of halothane only at
lower concentrations of the anesthetic and
suggested a physiologic type of antagonism
and proposed that the two drugs do not in-
teract at the same receptors (21). Yang et al.
(8) and Triner et al. (7) concluded from their
recent studies that the activation of adenylate
cyclase by halothane in smooth muscle is not
due to a B-adrenergic-like action since $-ad-
renergic blocking compounds did not alter
the halothane-induced activation of adenyl-
ate cyclase nor its relaxing effects. Although
it appears that halothane does not act directly
on the B-adrenergic receptors, alteration in
the transfer of the hormonal signal by halo-
thane in the myocardium, due to a change in
the properties of the regulatory unit such as
decrease in available binding sites cannot be
excluded. Another site of halothane action—
the link between the regulatory and the cat-
alytic unit—is suggested by the halothane-
induced decrease of the Gpp(NH)p effect,
since this compound increases the activity of
adenylate cyclase and its response to hor-
mones by an action probably exerted at a site
coupling the regulatory and catalytic unit
(19). Consequently, the diminished adenylate
cyclase response to agonists in the presence
of halothane could result from an impairment
of the transmission of the signal from the
regulatory to the catalytic unit.

Further work is needed to clarify the exact
mechanism of action of halothane on my-
ocardial adenylate cyclase, to see whether
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other anesthetics depressing myocardial con-
tractility have similar effects and to establish
whether there is indeed a cause-effect rela-
tionship between the action of halothane on
adenylate cyclase and changes in myocardial
contractility.

Summary. The effect of halothane on my-
ocardial adenylate cyclase was studied since
cAMP is thought to participate in the regu-
lation of myocardial contractility and since
halothane has been shown to alter the activity
of the cAMP-generating enzyme in other or-
gans. Halothane significantly decreased the
stimulatory effect of catecholamines on my-
ocardial adenylate cyclase without altering
the basal or the sodium fluoride-induced ade-
nylate cyclase activity. In the presence of
halothane (2%, vol/vol) the effect of 5 uM
norepinephrine on adenylate cyclase in rat
myocardium, 74.0 = 3.0, was reduced to 53.0
+ 3.0 pmol/mg protein/5 min (P < 0.001)
(control adenylate cyclase activity, 140.0 +
1.0 pmol/mg protein/5 min). The activation
of adenylate cyclase by isoproterenol was also
significantly decreased by halothane in rat
and cat myocardium. The maximum stimu-
latory effect of isoproterenol (2.5 uM) on
adenylate cyclase in rat myocardium, 71.0 +
8.0, was decreased to 26.0 = 6.0 pmol/mg
protein/5 min (P < 0.001) in the presence of
halothane (2%, vol/vol). Furthermore, halo-
thane diminished the effects of 5-guanylyl
imidodiphosphate, which is thought to act at
a site linking the regulatory and catalytic
units of adenylate cyclase. The results suggest
possible sites of halothane action on myocar-
dial adenylate cyclase and raise the possibility
that this inhibitory action of halothane and
the decreased positive inotropic action of cat-
echolamines in the presence of halothane
may be related.
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