Anesthesiology,
V 38, No 3, Mar 1973

Effects of Halothane on the Cyclic 3',5'-Adenosine
Monophosphate (Cyclic AMP) System in
Rat Uterine Muscle

J. C. Yang, M.D.* L. Triner, M.D., Ph.D.;7 Y. Vulliemoz, Ph.D. %
M. Verosky, B.A.f S. H. Ngai, M.D.§

The effects of halothane on the cyclic 3,5-
adenosine monophosphate (cyclic AMP) system
and on smooth muscle contractility were studied
in citro in rat uterus. Halothane increased the
activities of both adenyl cyclase and phospho-
diesterase in 2 dose-dependent fashion. Halo-
thane stimulated the adenyl cyclase activity to a
greater extent than that of phosphodiesterase.
Uterine tissue levels of endogenous cyclic AMP
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known.
ments in titro demonstrated that intact inner=
vation is not essential for this action of haloS
thane.r Ngai et al.» 3 showed that halothanes
does not affect the release, uptake and turn
over of norepinephrine in the heart and brainZ
thus making unlikely the possibility that cate,
cholamines would mediate the uterine or otherg—
smooth le relaxing action of halothane. A2

were also increased by Acety
induced contraction of the rat uterus was in-
hibited by haloth in ions similar to
that affecting the cyclic AMP system. These re-
sults suggest that the action of halothane in re-
laxing the uterine muscle is related to an in-
creased intracellular cyclic AMP owing to in-
creased activity of adenyl eyclase. In contrast to
epinephrine, these effects of halothane were not
ized by beta-ad ic blocki com-
pounds, propranolol and MJ 1999, indicating that
the action of haloth on uterine th muscle
is not mediated th h the beta.ad gic re-
ceptors as previously suggested. (Key words:
Halothane; Cyclic AMP; Adenyl cyclase; Phos-
phodiesterase; Uterine muscle relaxation.)

THE RELaxiNG EFFECT of halothane in the
uterus, blood vessels, and bronchus is well
documented clinically and experimentally.
However, the mechanism of this action is not
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direct action of halothane on the target organS,

therefore, has been considered as a possibled
mechanism of action. Klide et al.* suggested3
that halothane causes relaxation of isolatedy
rabbit uteri by stimulating beta-adrenergic re-g
ceptors.

It has been shown recently that the epi-5
nephrine-induced relaxation of the rat uterus
is accompanied by increased adenyl cyclaseds
activity and cyclic AMP level, suggesting thats
the action of epinephrine is mediated by cy—§
clic AMP.> The tissue levels of cyclic AMPQ
are regulated by adenyl cyclase and phospho-%
diesterase. The former catalyzes the forma-&
tion of cyclic AMP from ATP, and the latter®s
catalyzes the inactivation of cyclic AMP to§
5"-adenosine monophosphate. Further studies®
of the cyclic AMP system showed that the in-§
crease in intracellular cyclic AMP broughtQ
about by adenyl cyclase stimulation, phospho-g
diesterase inhibition, or addition of exogenous
cvelic AMP results in decreased tone and con-g
tractility of the smooth muscle. These find-§
ings led to the suggestion that the cyclic AMP%
system is part of the regulatory mechanism of 2
smooth muscle function.®

With this information, it seemed relevant to{:’t
explore the action of halothane on the cyclic
AMP system. We report the results of experi-
ments performed in the rat uterus in vitro,
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TabLe 1. Effects of Halothane on Phosphodiesterase
Activity of Rat Uterine Homogenates®

HALOTHANE EFFECTS ON CYCLIC AMP IN RAT UTERUS
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Tasce 2. Effects of Halothane on Adenyl Cyclase

cAMD Ter Cent
(pumoles/myr Increase P
Nz/min) of Activity
Countrot 1,862 = 25
Halothane (v/v)
2 per cent. 1,968 == 30| 5.7 &= 1.1 | <0.05
3 per cent 2,070 £ 39 12.0 % 1.5 | <0.001
10percent | 2,194 == 89| 19.0 % 3.0 | <0.001

* Expressed as amount of cyclic AMP consumed,
means == SE from seven experiments.

which was used as our first model for smooth
muscle.

Methods

Young Sherman female virgin rats, each
weighing 125-150 g, were pretreated for 1-2
days with diethylstilbestrol (60 ng/100 g)
given intraperitoneally. Vaginal smears were
examined microscopically. Only animals found
in mid-estrus, as evidenced by clustering of
epithelial cells, were used. They were de-
capitated and the uterus rapidly removed.

For the measurement of adenyl cyclase and
phosphodiesterase activity, the uterus was ho-
mogenized in an all-glass homogenizer with
20 vol of 0.05 M THAM (pH 7.5) per gram
of tissue at 4 C. Phosphodiesterase activity
was determined from the decrease of labelled
substrate, 3H-cyclic AMP. The reaction was
started by adding 0.15 ml homogenate to a
test tube containing 10 mM MgSO,, 10 mp
moles of cyclic AMP (final concentration 33
uM), and 2 pCi 3H-cyclic AMP (New England
Nuclear Corp., Boston, Mass.). After 8 min-
utes of incubation in a water bath at 37 C, the
reaction was stopped by boiling for 5 minutes.
Cyclic AMP was isolated on an ion-exchange
resin (Dowex 50\-X4, H* form, 35 mm X 20
mm?) column and precipitated twice with zine
sulfate and barium hydroxide according to the
method of Krishna.?

Adenyl cyclase activity was measured by
Krishna's method 7 with the following modifi-
cations: phosphoenolpyruvate coupled with
pyruvate kinase was used as a regenerating
system to maintain the ATP concentration
constant, and instead of inhibiting phospho-

Activity of Rat Uterine Homogenates* g

2

AMP s 2

(;;mu!cs ./ lI :r Cent P g

me Sy | of Acurity 5

Control 308 £ 15| 17.4 =58 | <0.02 >
Halothane, s
2 percent 463 £ 21 'm:'

w

Control 372 £ 21| 35.5 £ 53 | <0.002 R,
Halothane, @
5 per cent 500 = 26 s

a

Control 386 = 47 g
Halothane, 53.5 % 15.0] <0.002 2
10 per cent 590 = 59 g

o

* Expressed as cyclic AMP formed. Values are
means == SE from seven experiments in each pair of %

control and experimental preparations.

TaBLE 3. Eﬁ'g.cts of Beta—ndrenerglc Blockade ov
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Haloth in Cycic AMP 2
Formation (ppmol- Cyclic AMP/mg 2
+/10 min)* b

%

Haloth Beta- &

Control Halothane (v/v) | Hfiothene e g
N

358 =20 {2 per cent) 477 £ 34F R
462 £ 26 %

354 £ 31 (3, per cent) 463 == 20t =}
506 £ 41 S

120 = 44 (2 per cent) 9 =208 8
483 == 30 S

412 = 18 (5 per cent) 320 S
358 = 68 g

»

©

by

* Values are means & SE from four experiments.
Differences between control and halothane groups &3
are significant (P < 0.05); differences between halo- &
thane and halothane with beta-adrenergic blockers 5]
are not significant.

1 Propranolol, 10x1.

$ MJ 1999, 100 g

nb Aq 4pd'80000-000!

diesterase with theophylline, an excess of cy-g

clic AMP was added.® The substrate for the § 2
reaction was 1 mM ATP-NazH.O in the pres- 5

ence of 10 mM MgSO, and 3.5 to 5 pCiZ>
32P-ATP (International Chemical and Nuclear g
Corp., Irvine, Calif.). The reaction wasg
started by adding 0.15 ml of the homogenate;
the mixture was incubated at 37 C for 10 min-
utes and the reaction stopped by boiling for
5 minutes. Again, the same jon-exchange resin
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from Nagarse and Co., Ltd. (Osaka, Japan).
column was used to separate cyclic AMP. Ra-
dioactivity in the cyclic AMP-containing frac-
tion was counted in Bray’s solution ? using an
Intertechnique liquid scintillation spectrometer.
The activity of phosphodiesterase or adenyl
cyclase was expressed in gumoles of cyclic
AMP consumed or formed per mg of tissue
nitrogen, determined by Ferrari’s method.?®

For the determination of cyclic AMP forma-
tion in intact tissue, uterine segments were
incubated for 10 minutes in Krebs-Ringer bi-
carbonate (KRB) solution with or without 10
mM theophylline. Immediately after incuba-
tion, the tissue was frozen in liquid nitrogen
and homogenized in 5 per cent trichloroacetic
acid. The homogenate was centrifuged at
6,000 g for 10 minutes at 0 C. The super-
natant was extracted with ether, evaporated to
dryness, and taken up in an appropriate vol-
ume of water. Cyclic AMP level was then
determined with the protein kinase-binding
method of Gilman.1?

The effect of halothane on uterine contrac-
tility was studied in uterine horns suspended
under 1 g tension in a tissue bath of KRB me-
dium (pH 7.4) containing 10 mM glucose.
Contractions were produced by increasing con-
centrations of acetylcholine (0.25-64 pM),
measured isometrically by a force-displace-
ment transducer, and recorded on a Grass
polygraph.12

For the measurement of adenyl eyclase and
phosphodiesterase activity, halothane vapor
was carried in air to the reaction tubes for 15
minutes before and during the incubation.
For the endogenous cyclic AMP and func-
tional studies, a mixture of 95 per cent O,
and 5 per cent CO, was used as the carrier.
In the functional studies, the halothane mix-
ture was bubbled through the fluid for 30
minutes before and during the experiment.
The concentration of halothane was monitored
by an ultraviolet analyzer and the vapor pres-
sure in the reaction tube or tissue bath was
determined by gas chromatography. Equili-
bration of halothane vapor took approximately
4 minutes in the systems used for enzyme ac-
tivity and endogenous cyclic AMP assay, and
20 minutes for the functional studies. Air or
a corresponding gas mixture was used for con-
current control studies.
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Student’s ¢ test and # test for paired dataQ
were used to assess the differences betweens
control and experimental values.

U,

Results
ErrFecTs oF HALOTHANE oN PHOSPHODI-
ESTERASE, ADENYL CYCLASE AND
Enpocexous Cycric AMP

seu:duq woJj papeo|

Basal phosphodiesterase activity in the$
broken-cell preparation was stable for mcrew
than 90 minutes after homogenization, the<
time needed for each experiment. Table 1§
shows the effects of halothane on phosphodi-2.
esterase activity. The increases in enzymicQ
activity in the presence of halothane were rela-3
tively small, but were significant, consxstent,
and dose-dependent.

Adenyl cyclase activity in the homogenate
decreased gradually. Therefore, it was necm-:
sary to measure control activity SImu]tameous]y(8
with each assay. The effects of mcreasmgm
concentrations of halothane on adenyl cyclaseo
are shown in table 2; 2 per cent halothane in-
creased the activity of adenyl cyclase by 67 %
ppmoles/mg Nao/10 min; 5 per cent halothane &
by 128 pumoles/mg N,/10 min; 10 per cent\
halothane by 204 ppmoles/mg Na./10 min.

When the effects of halothane are expressed &
as per cent change from control phosphodx-
esterase and adenyl cyclase actvities, halo-©
thane increased the activity of adenyl cyc]nse =1
more than that of phosphodiesterase (fig. 1).
In intact uterine Hssue halothane increased
the tissue level of cyclic AMP. In the pres- g
ence of 10 mM theophylline, 5 per cent halo-
thane in eight experiments increased the intra-
cellular cyclic AMP by 32 per cent (from a 8
control of 2.07 % 0.17 to 2.74 := 0.25 ppmoles/ g
mg tissue/10 min, P < 0.02). In four experi-
ments without theophylline in the medium, 5.2
per cent halothane also changed the level of &
eyclic AMP from a control of 1.08 =0.16 to <
1.70 £ 0.76 ppmoles/mg tissue/10 min, but S
this was not statistically significant.
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EFFecTs OF HALOTHANE AND DIBUTYRYL
Cycric AMP ox THE CONTRACTILE
RespoxsE oF Rat UTERUS

Z Iudy 61 U0 3sa

The uterine horn, suspended in KRB under 3
1 g tension, was challenged with increasing ©
concentrations of acetylcholine until the maxi-
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mum contractile response was reached. After
the preparation in the tissue bath was equili-
Dbrated with 2 per cent halothane vapor, the
contractile response to acetylcholine was di-
minished. The dose of acetylcholine needed
to produce the same degree of contraction as
in the control situation increased approxi-
mately fourfold. The maximum contraction
induced by acetylcholine was decreased by 25
per cent. A higher concentration of halothane
(3 per cent) further decreased the contractile
response of the uterus to acetylcholine. The
maximum contraction produced by 64 pM
acetylcholine decreased by more than 50 per
cent (fig. 2). After halothane was discon-
tinued, the contractile response to acetylcho-
line returned to control values within 60
minutes.

An increase in intracellular cyclic AMP
brought about by the addition of exogenous
cyclic AMP also decreased uterine contrac-
tility (fig. 3). Dibutyryl cyclic AMP, an
analog, was shown to mimic the effect of cy-
clic AMP.:3 The acetylcholine-induced con-
tractile response of the uterus was diminished
in the presence of 1 mM dibutyryl cyclic
AMP.

BETA-ADRENERGIC BrockiNc Coapouxps
AND THE EFFECTs OF HALOTHANE ON
ADENYL CycLase AND CONTRAC-
TILITY OF THE Rat UTERUS

The stimulatory effect of halothane on ade-
nyl cyclase was not inhibited by the beta-
adrenergic blocking compounds propranolol
(10 xM) and MJ 1999 (100 pM) (table 3).
Correspondingly, propranolol and MJ 1999
failed to counteract the halothane-induced re-
laxation of the rat uterus (figs. 4 and 5). Both
these compounds were used in concentrations
which inhibited the stimulatory effect of epi-
nephrine on adenyl cyclase. Propranolol has
been reported previously to block epinephrine-
induced stimulation of adenyl cyclase, as well
as its relaxing effect in rat uterus.*

Discussion

The purpose of the present study was to de-
termine whether the smooth muscle-relaxing
action of halothane is related to changes of
evclic AMP in the cell.

HALOTHANE EFFECTS ON CYCLIC AMP IN RAT UTERUS
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Fic. 1. Effects of 2, 5, and 10 per cent halo-rs
thane in air on phosphodiesterase (solid bars) andR
adenyl cyclase (open bars) activities of uterinecs
muscle homogenates as compared with controls.S
Each value represents the mean = SE of seven ex-
periments.
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Our results confirmed that halothane re-Q
Jaxed the rat uterine hom directly and cord
roborated the findings of Munson et al.! in huo
man uterine muscle. Ve also found that ha!o-g
thane increased the activities of both adenyls
cyclase and phosphodiesterase in a dose-de-S
pendent manner. In the broken-cell prepara-3
tion, halothane increased adenyl cyclase ac-S
tivity more than phosphodiesterase activitys,
These results suggested that, with halothane%
the rate of cyclic AMP formation would bes
higher than the rate of its inactivation; there-5
fore, the net result would be an increase in%
tissue cyclic AMP level. In order to substan-3
tiate such an assumption, the effect of halo-o
thane on cyclic AMP level in intact tissue wasy
measured. We found that halothane indeed=
increased the cyclic AMP level in intact ratg
uterus. The increase in cyclic AMP caused™
by halothane in the presence of theophylline
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Fic. 2. Effects of halo-
thane (2 and 5 per cent)
on acetylcholine-indu
contractions of rat uterine
hom in vitro. Mean = SE
of seven experiments.
Open circles, control;
half-solid circles, 2 per
cent halothane; solid cir-
cles, 5 per cent halothane.

1004 % OF MAXIMUM CONTRACTION
80
60
40
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0
v v
0.25 1 4 16
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100 T OF MAXIMUM CONTRACTION

604

204

0.25 1 4 16 s4x10~° m
ACETYLCHOLINE

64 x 1078m

Fic. 3. Effects of 1 mM di-
butyryl cyclic AMP on acetylcho-
line-induced contractions of rat
uterine horn. Mean = SE of four
experiments. Open circles, control;
solid cireles, 1 mM dibutyryl cy-
clic AMP.
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80

Fic. 4. Effects of pro-
pranolol and halothane
on acetylcholine-induced
uterine contractions. g0
Mean = SE of four ex-
periments. _Open circles,
control; solid right side,
2 per cent halothane;
solid left side, & per cent
halothane + 10 pM pro- 40
pranolol; solid bottom

5 per cent halo-
thane; solid top half, 3
per cent+10 xM pro-

lol.
pranolol 2

IOD" %OF MAXIMUM CONTRACTION

HALOTHANE EFFECTS ON CYCLIC AMP IN RAT UTERUS
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Fic. 5. Effects of MJ 1999 and
halothane o acetylcholine-induced
uterine contractions. _Mean = SE
of four experiments. Open circles,
control; solid right side, 2 per cent
halothane; solid left side, 2 per
cent halothane + 100 M MJ 1999;
solid bottom half, 5 per cent halo-
thane; solid top , 3 per cent
halothane -+ 100 M MJ 1999.
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reflects mainly the stimulatory effect on adenyl
cyclase. In the absence of theophylline, the
change was not significant. Since the activities
of both enzymes regulating the cyclic AMP
level were increased by halothane, it is pos-
sible that the tunover of cyclic AMP was en-
hanced without significant alteration of its
level. Further investigations are needed to
clarify this point.

The contractility of the rat uterine horn was
decreased by halothane in a dose-dependent
fashion in concentrations similar to those found
to act on the cyclic AMP system. The relax-
ing effect of halothane was mimicked by ex-
ogenous dibutyryl cvelic AMP. These data
support the hypothesis that cyclic AMP is in-
volved in the relaxing effect of halothane, but
offer no conclusive direct evidence.

Since Klide et al.# reported that MJ 1999
decreased the relaxing effect of halothane on
rabbit uterine muscle, two beta-adrenergic
blocking compounds, propranolol and MJ
1999, were tested. In contrast to their an-
tagonistic eflects on epinephrine, these com-
pounds altered neither the stimulatory effect
of halothane on adenyl cyclase nor its relaxing
action. The discrepancy of our results with
those reported by Klide may be explained by
the findings of Zauder et al.,** who presented

evidence that MJ 1999 alone increased the
tone and motility of rabbit uterus. Therefore,
the relaxing effect of halothane might have
been counteracted by the oxytocic activity of
MJ 1999 and not necessarily by its beta-adre-
nergic blocking effect. Our biochemical and
functional data with both beta-adrenergic
blocking agents showed that these agents do
not influence the actions of halothane. At
least by this criterion, halothane cannot be
characterized as a beta-adrenergic agonist.

The skillful assistance of Mrs. Linda Samaniego
is gratefully acknowledged.
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