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Mechanism of the Differential Effects of Halothane on Nicotinic-
and Muscarinic-Receptor-Mediated Responses of the Dog
Adrenal Medulla

Koji Sumikawa, M.D.,” Tomikichi Matsumoto, M.D.,Tt Nobuko Ishizaka, M.D.,t Hirotoshi Nagai, M.D.,T
Yasunori Amenomori, M.D.,1 Yoshikuni Amakata, M.D.t

The mechanism of the differential effects of halothane on the
cholinergic nicotinic and muscarinic responses of adrenal medul-
lary cells was studied using isolated dog adrenals perfused with
modified Locke’s solution. The concentrations of halothane exhib-
iting 50% inhibition of catecholamine release induced by nearly
equipotent agonists were 0.8% for nicotine, 1.9% for acetylcholine,
and 2.8% for muscarine, respectively. Per cent inhibition by halo-
thane (1.5%) of nicotine-induced catecholamine release was 98.5%,
and those of veratridine-, acetylcholine-, CaCl,-, Na*-deprivation-
and muscarine-induced catecholamine release were 89.7, 32.5, 21.4,
10.1, and 9.5%, respectively. Halothane showed an inhibitory effect
on the agonist-induced catecholamine release in Na*-free solution
to the same extent as in Na'-containing solution. Tetrodotoxin
abolished veratridine-induced catecholamine release completely
and decreased nicotine-induced release slightly, whereas it had no
effect on either muscarine- or acetylcholine-induced catecholamine
release, Verapamil inhibited acetylcholine-induced catecholamine
release by 65%, and nicotine- and muscarine-induced release by 79%
and 26%, respectively. The results suggest that halothane at clinical
concentrations selectively inhibits the nicotinic-receptor-mediated
responses of the dog adrenal medulla. The mechanism involved
might be the susceptibility to halothane of the Ca** channels that
are linked to the respective nicotinic and muscarinic receptors. An
inhibition of exocytosis might be also indicated as part of the effect
of halothane. (Key words: Anesthetics, volatile: halothane. Ion chan-
nels: sodium; calcium. Pharmacology: tetrodotoxin; verapamil. Re-
ceptors: nicotinic; muscarinic. Sympathetic nervous system: adrenal
medulla; catecholamines.)

GENERAL ANESTHETICS have many effects on synaptic
transmission and the physical state of the membranes.
They exert various actions at the synapses, affecting
both the amount of transmitter released'? and the sen-
sitivity of the postsynaptic membrane to the transmit-
ter.>* Moreover, it is conceivable that different synapses
may have varying degrees of stability and susceptibility
to anesthetics.?

There have been some studies on the interaction of
nicotinic and muscarinic acetylcholine receptors with
anesthetics in the peripheral organs and the central ner-
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vous system. Using cardiac sympathetic ganglia of dogs,
Alper et al.® have demonstrated that halothane alone
did not affect the response to injected acetylcholine and
that only after blockade of muscarinic receptors in the
ganglion, did halothane depress the response to ace-
tylcholine. They concluded that halothane specifically
inhibits the response of nicotinic ganglionic receptors
alone. Although they have suggested the postsynaptic
neuron as the site of action of the anesthetic, the mech-
anism of the different effects of halothane on these re-
ceptors has remained unknown until now. On the other
hand, Catchlove et al.” and Krnjevic® have suggested
that general anesthetics exert their action by blocking
muscarinic excitation of the cortical neurons. The
mechanism involved was thought to be a diminished
respiration of mitochondria followed by an accumula-
tion of internal Ca**. More recent studies by Smaje*
have failed to confirm these findings. On the contrary,
using the olfactory cortex maintained in witro, they
found that volatile anesthetics, such as halothane,
caused a dose-related augmentation of muscarinic ex-
citation. It is believed that further studies are necessary
to clarify the mechanism of action of anesthetics on
these acetylcholine-receptor-mediated responses of
postsynaptic cells.

The present study was performed in order to obtain
detailed information on the mechanism of action of hal-
othane on the cholinergic postsynaptic process. The dog
adrenal medulla was used as the experimental model of
cholinergic synapse because there has been evidence for
nicotinic and muscarinic receptors for acetylcholine in
this organ, and both of these are excitatory, having dif-
ferent functions in the selective secretion of norepi-
nephrine and epinephrine.®

Materials and Methods

Mongrel dogs of both sexes that weighed 12 to 16
kg were anesthetized with sodium pentobarbital (30
mg/kg iv or ip). Both adrenals were exposed through
a midline abdominal incision and isolated outside the
bodies together with the adrenolumbar vein. The ad-
renolumbar vein was cannulated as described by Ro-
binson,'® and all detectable side branches entering it
were tied. The glands were perfused retrogradely at a
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pressure of 60 cmH,O with a warmed (37° C) modified
Locke’s solution aerated with 95% O, and 5% CO.,
according to the method of Tsujimoto et al. The stan-
dard solution was composed as follows'' (in mM): NaCl
154, KCI 5.6, CaCl; 2.2, glucose 10 and Tris-HCl buffer
40; pH 7.4. In some experiments, Na*-free Locke’s so-
lution, which was of the same composition as described
above except that NaCl was replaced by osmotically
equivalent concentrations of sucrose, was used. Perfu-
sion was carried out at a constant rate in each experi-
ment, ranging from 0.8 to 1.8 ml/min. About 45 min
were allowed before any treatment in order to achieve
equilibrium. Drugs dissolved in Locke’s solution were
administered by continuous infusion by switching a
valve on the tubing leading to the glands. The adrenals
were stimulated two or three times with various stim-
ulants. The stimulation period was 1 min, followed by
20-min recovery intervals.

Secretagogues, such as acetylcholine, nicotine, mus-
carine, and veratridine, were added to the standard
perfusate. CaCly-induced catecholamine release was
achieved as follows. The adrenals were perfused with
a modified Locke’s solution containing 33 mMm of KClI
and no CaCl, and were stimulated with a solution con-
taining 33 mM of KCI and 2.2 mM of CaCl,. In both
solutions, the concentration of NaCl was reduced by a
corresponding amount. Na'-deprivation-induced cate-
cholamine release was achieved by perfusion of the
glands with Na*-free Locke’s solution contain-
ing no Ca*™ during the stimulation period. The glands
were perfused with the standard solution containing no
Ca** before and after stimulation.

In controls, the adrenals were stimulated in the ab-
sence of any inhibitory drug such as halothane, tetro-
dotoxin, and verapamil. In the experiments performed
to examine the effect of halothane, the adrenals were
perfused with the solution containing halothane during
a period starting 15 min prior to the second stimulation
and lasting until 3 min after the second stimulation. In
order to achieve equilibration of halothane in the so-
lution, halothane was added to the aeration mixture
through a calibrated vaporizer for 10 min prior to the
start of perfusion. The concentration of halothane in
the perfusate was measured by a gas chromatographic
method.'? The equilibration of halothane in the solu-
tion was achieved within 7 min, and the measured hal-
othane concentrations agreed with predicted values
when the solubility coefhicient for the solution was taken
as 0.75.'2 The third stimulation was done in the absence
of halothane in order to examine the reversibility of the
effect of halothane.

The inhibitory effects of tetrodotoxin and verapamil
on catecholamine release induced by various secreta-
gogues also were examined. These drugs were added
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to the perfusate during a period starting 10 min prior
to the second stimulation and lasting until 3 min after
the second stimulation. Other conditions were the same
as the controls.

The effluent from the adrenals was collected into
glass tubes kept on ice at 1-min intervals starting 1 min
prior to the stimulation and lasting for 4 min. Cate-
cholamine content was measured by the trihydroxyin-
dole method of Euler and Floding'® with modifications
using two filter sets'! without further purification on
alumina.' In most instances, a 0.2-ml aliquot with 1.0
ml of 1 M acetate buffer (final pH 6.3) was used for the
assay. Epinephrine and norepinephrine, 0.1 ug, exog-
enously added to the reaction mixture was measured as
0.098 + 0.003 pug (mean = SE, n = 3)and 0.100 = 0.001
ug (n = 3), respectively. In all cases, it was ascertained
that the drugs used did not interfere with the assay.
Stimulant-induced catecholamine release was calculated
as the difference between spontaneous catecholamine
release and release during stimulation, and catechol-
amine release was expressed by the second stimulation
value as per cent of the first stimulation value in order
to minimize the individual variations.

Student’s ¢ test was used for statistical evaluation of
the data. P values less than 0.05 were considered sig-
nificant. The drugs used were nicotine (Tokyo Kasei),
acetylcholine chloride (Wako Pure Chemical), musca-
rine chloride (Sigma), veratridine sulfate (Nakarai
Chemical), tetrodotoxin (Sankyo), and verapamil (Eiasi).

Results

Spontaneous release of catecholamines during the 1-
min period prior to stimulation amounted to 0.9 + 0.6
pg/min (mean = SE, n = 8). In controls, acetylcholine-
induced catecholamine release during the 3-min collec-
tion period on the first stimulation was 20.8 + 2.3 ug
(n = 8); the amounts released on the second and third
stimulations were 88.1 £ 2.2% and 79.2 £ 2.9%, re-
spectively, of that released during the initial stimulation.
Figurc 1 shows the time course of the experiment and
the effects of 2% halothane on acetylcholine-induced
catecholamine release. Acetylcholine-induced catechol-
amine release was inhibited by halothane reversibly,
since the release on the third stimulation without hal-
othane was restored to the control level.

Figure 2 shows the dose-response curves of the in-
hibitory effects of halothane on catecholamine release
induced by the agonists. Nicotine, 5 uM, and muscarine,
20 pMm, were almost comparable to acetylcholine, 20
uM, in terms of total catecholamine release, because the
initial release by nicotine and muscarine was 22.8 + 3.3
pg (n=4),and 18.4 + 2.8 ug (n = 7), respectively. The
concentrations of halothane exhibiting 50% inhibition
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were 0.8% for nicotine, 1.9% for acetylcholine, and
2.8% for muscarine, respectively.

Table 1 shows the release of epinephrine and nor-
epinephrine induced by the agonists. It is characteristic
that catecholamine release induced by nicotine or ace-
tylcholine consists of a high proportion of norepineph-
rine in comparison with that induced by muscarine.’
Furthermore, the norepinephrine /epinephrine ratio of
catecholamines released by nicotine or muscarine rve-
mained unchanged when total catecholamine release
was decreased to about 50% of control by halothane.
On the contrary, the norepinephrine /epinephrine ratio
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F1G. 1. Time course of the experiments to
examine the effect of halothane on acetylcho-
line-induced catecholamine release from the
adrenal medulla. The ordinate represents the
rate of catecholamine release during a 1-min
period (n = 4, mean * SE for total catechol-
amines). Isolated dog adrenals were perfused
retrogradely with a modified Locke's solution
at 37° C and stimulated three times with ace-
tylcholine. The stimulation period was 1 min,

/,

%7%

followed by 20-min recovery intervals. Hal-
othane was added to perfusate during the pe-
riod from 15 min prior to the second stimu-
lation and lasting until 3 min after the second
stimulation.

of catecholamines released by acetylcholine was reduced
significantly by the anesthetic.

Table 2 shows per cent inhibition by halothane (1.5%)
of nicotine-, veratridine-, acetylcholine-, CaCl,-,
Na*-deprivation-, and muscarine-induced catechol-
amine release from the adrenals. The concentration of
the stimulants were nearly cquipotent regarding cate-
cholamine release, except for Na *-deprivation. Cate-
cholamine release induced by each stimulant was inhib-
ited by halothane in a markedly different degree.

Catecholamine releases from adrenals perfused with
Na'-free solution and stimulated by acetylcholine, nic-

TasLE 1. Effects of Halothane on the Norepinephrine (NE)/Epinephrine (E) Ratio of Catecholamines
Released by Acetylcholine, Nicotine, and Muscarine

Catecholamine Release on the Second Samalation tug min, Mean 2 SEj*
HE

Control

Halothanet

Sumulans E NE NE/E I NF NE/E
Acetylcholine 20 uM 4.6 + 04 1+ 02 0.32 +0.02 (n =8) 22+ 0.2 0.5 £ 0.0 0.23 2 0.0l (n = 4)
Nicotine 5 uM 4.9+ 0.7 1.9+ 0.3 0.89 + 0.03 (n = 4) 29+ 0.3 0.7 0.1 0.34+ 003 (n=4)
Muscarine 20 uM 4.5+ 0.5 0.8 0.1 0.18 £ 0.01 (n=7) 2.0 £ 0.2 0.4 % 0.1 0.20 £ 0.01 (n=4)

* The second stimulations were performed in the presence or ab-
sence of halothane.
T The concentrations of halothane were chosen to cause about 50%

inhibition of catecholamine release induced by each of the agonists,
ie., 2.0% for acetylcholine, 0.8% for nicotine, and 3.0% for muscarine.
T Statistically significant change (P < 0.05) from the control value.
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otine, or muscarine were 17.2 = 3.1 ug (mean % SE,
n=3), 159+28 pug (n=3), and 17.6 £ 2.3 ug
(n = 5), respectively. As shown in figure 3, in the Na*-
free solution also, halothane inhibited nicotine-induced
catecholamine release completely, and acetylcholine-
and muscarine-induced catecholamine release by 37%
and 14%, respectively.

In order to clarify the role of ion channels in the
nicotinic and muscarinic responses, the effects of tetro-
dotoxin and verapamil on the catecholamine release
were examined. As shown in figure 4, 0.6 uM of tetro-
dotoxin abolished veratridine-induced catecholamine
release almost completely, and decreased nicotine-in-
duced catecholamine release slightly, whereas it had no
effect on either muscarine- or acetylcholine-induced cat-
echolamine release. On the other hand, 10 uM of ver-
apamil showed an inhibitory effect on the catecholamine
release induced by these agonists, i.¢., the response to
acetylcholine was inhibited by 65%, that to nicotine
by 79%, and that to muscarine by 26%, respectively

(fig. 5).

Discussion

The results have shown that halothane at clinical con-
centrations selectively inhibits catecholamine release in-
duced by stimulation of the nicotinic receptors of the
dog adrenal medulla, whereas muscarinic-receptor-me-
diated catecholamine release is inhibited by halothane
only at high concentrations. In the dog adrenal medulla,
the end results of stimulation of the medullary cells via
both the nicotinic and muscarinic receptors are func-
tionally the same, i.rc., evoking catecholamine release.
However, catecholamine release via the muscarinic re-
sponse lasts longer than that via the nicotinic response.’
This phenomenon is in accordance with the proposition
by Purves'® that the physiologically important differ-
ence between the two types of receptors is their speed
of response.

HALOTHANE ON NICOTINIC AND MUSCARINIC RESPONSES
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FIG. 2. The dose-response curves with respect to the inhibitory
effects of halothane on the agonist-induced catecholamine release from
the adrenal medulla. The second stimulations were performed in the
presence or absence of halothane and per cent inhibition by halothane
was calculated by comparison with the control condition. Each point
represents the value determined by at least three experiments.

The mechanisms involved in the inhibitory effect of
halothane on the catecholamine release and in the dif-
ferential effects of halothane on the nicotinic and mus-
carinic receptors might be advanced as follows.

1) Halothane might inhibit the intracellular process
of exocytosis. This mechanism is probably involved at

TaBLE 2. Effects of Halothane 1.5% on Catecholamine Release from the Adrenal Medula Induced by Various Stimulants

Catecholamine Release
Second Stimulation
(Per Cent of First Sumulation Value, Mean + SE) Inhibition
First Stimulation by Halothane*

Stimulants (eg/min, Meun * SE) Control Halothane 1.5% {Per Cent)
Muscarine 20 uM 6.1 09 (n=17) 863+ 21 (n=17) 78.1 £ 2.2% (n = 5) 9.5
Na”-deprivation 3.2+ 0.5(n=5) 78.5 + 3.0 (n = 5) 67.9 £ 2.7t (n = 5) 10.1
CaCl, 2.9 mM 6.3+ 1.0(n=6) 83.7+ 4.0 (n = 3) 65.8 = 3.3F (n = 3) 21.4
Acetylcholine 20 uM 6.9 = 0.7 (n = 8) 88.1 £+ 2.2 (n = 8) 59.5 + 2,41 (n = 4) 32.5
Veratridine 100 uM 58 + 0.8 (n = 6) 729+ 65 (n =3) 7.5+ 15t (n=13) 89.7
Nicotine 5 uM 76+ 1.1 (n = 4) 89.6 + 8.5 (n = 4) 1.4+ 061 (n = 3) 98.5

* The second stimulation was performed in the presence or absence
of halothane, and per cent inhibition by halothane was calculated in
comparison with the controi condition.

TP <0.05.
1P <0.01, compared with control.
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F1G. 3. Effects of halothane on catecholamine release induced by
acetylcholine (ACh), nicotine (Nic), and muscarine (Mus) in the Na*-
free perfusate (mean * SE). NaCl in the perfusate was replaced by
osmotically equivalent concentrations of sucrose. The ordinate rep-
resents the second stimulation value compared with the first stimu-
lation value. The number of experiments is indicated by the figure in
parentheses. *P < 0.05; **P < 0.01, compared with control.

least in part because Na'-deprivation-induced cate-
cholamine release is inhibited slightly by halothane. Tt
has been demonstrated that catecholamines could be
released by exocytosis during Na' deprivadon in spite
of the absence of extracellular Ga''.'” The result would
indicate that the exocytosis might be inhibited about
10% in the presence of 1.5% halothane. As exocytosis
is considered to be a common process of catecholamine
release, the following interpretation scems possible. At
the concentration of 1.5%., halothane shows 33%. inhi-
bition of acetylcholine-induced catecholamine release;
the inhibition of the exocytosis seems to contribute
about 10%. It appears likely that the inhibition of the
exocytosis might be partly due to the inhibition of the
catecholamine storage mechanism of the chromafhin
granules, followed by a decrease in the catecholamine
content of the granules.'®"

Anesthesiology
V 57, No 6. Dec 1982

Concerning the inhibition of exocytosis, Muldoon et
al.?® and Roizen et al.?! stimulated postganglionic sym-
pathetic neurons electrically and found that 1% halo-
thane inhibited the catecholamine release by 27 and
57%, respectively. The difference in the per cent in-
hibition of exocytosis between our results and their re-
sults might be attributed to the differences of species
and organs, or to the possibility that the electrically stim-
ulated release of catecholamines might involve the ac-
tivation of ionic channels in addition to the intracellular
process of exocytosis.

2) Halothane might block Na® channels, resulting
in abolishing acetylcholine-induced depolarization of
chromaffin cells. It has been shown that acetylcholine
produces a membrane depolarization of chromafhn
cells?*# and that this depolarization was due to inward
currents of Na® and Ca'', with Na' contributing
more.?? Although it was suggested that halothane might
block Na* channels,?* this mechanism is unlikely in the

(] Control
Tetrodotoxin o0.6.M

—~ 10
0 .

4
<t

Catecholamine release (% of first

Mus
20,M

Ver
100.M

ACh
20.M

Nic
5.M

F1G. 4. Effects of tetrodotoxin on catecholamine release from the
adrenal medulla induced by acetylcholine (ACh), nicotine (Nic), mus-
carine (Mus), and veratridine (Ver) (mean + SE). The second stimu-
lations were performed in the presence or absence of tetrodotoxin.
The ordinate represents the second stimulation value compared with
the first stimulation value. The number of experiments is indicated
by the figure in parentheses. *P < 0.05; **P < 0.01, compared with
control.
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chromatffin cells for the following reasons. Although te-
trodotoxin abolished veratridine-induced catechol-
amine release completely, it decreased nicotine-induced
catecholamine release only slightly, whereas it had no
effect on either muscarine- or acetylcholine-induced cat-
ccholamine release. Furthermore, release of catechol-
amines by acetylcholine was obtained in Na‘*-free media,
and was inhibited by halothane to the same extent as
in Na*-containing media. These results suggest that ve-
ratridine and at least the nicotinic receptors seem to
activate fast Na* channels in chromaffin cells compa-
rable to those of neuronal axons. However, they do not
appear to play an essential role in acetylcholine-induced
catecholamine release. This finding is in agreement with
Kirpekar and Prat®” and Ritchie.?® Accordingly, the site
of action of halothane seems not to be the Na* channels
of chromafhin cells.

3) Halothane might block Ca®™ channels in the
membranes of chromafhn cells. It has been well-estab-
lished that acetylcholine-induced catecholamine release
is dependent on extracellular Ca**, and that the entry
of Ga™ into the cell triggers exocytotic secretion of
catecholamines. Recently, it has been demonstrated that
there are two pathways for Ca*™ entry during stimulus-
secretion coupling, i.¢., a voltage-dependent Ca** chan-
nel and the acetylcholine-receptor-linked channel,2%%7
The results show that the voltage-dependent Ca®* chan-
nel is resistant to the action of halothane becausc CaCl,-
induced catecholamine release in high KCI solution®’
was not inhibited markedly by the anesthetic. On the
other hand, the agonist-induced catecholamine releases
in the Na*-free media were inhibited by the anesthetic
to almost the same extent as those in the Na*-containing
media. In Na*-free media, nicotine and muscarine prob-
ably stimulate catecholamine release by Ca™ influx
through the receptor-linked channel.?” Therefore, it is
believed probable that there are two types of acetyl-
choline-receptor-linked Ca** channels, and that halo-
thane blocks the nicotinic-receptor-linked Ca** channel,
but has no effect on the muscarinic-receptor-linked
Ca™ channel. The hypothesis that there are two types
of acetylcholine-receptor-linked Ca** channels is sup-
ported by the fact that there is a difference in the sen-
sitivity to the Ca™ channel blocker,?® verapamil, be-
tween nicotine- and muscarine-induced catecholamine
release.

4) Agonist-receptor interaction might be influenced
by halothane, i.e., acetylcholine-nicotinic receptor bind-
ing is blocked by halothane, whereas acetylcholine-mus-
carinic receptor binding is unaffected. Gothert et al.*
suggested that this might be the mechanism involved
in the inhibitory effect of halothane on catecholamine
release from the bovine adrenal medulla. However, this
mechanism is unlikely because of the following reasons.
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F1G. 5. Effects of verapamil on catecholamine release from the ad-
renal medulla induced by acetylcholine (ACh), nicotine (Nic), and
muscarine (Mus) (mean + SE). The second stimulation was performed
in the presence or absence of verapamil. The ordinate represents the
second stimulation value compared with the first stimulation value.
The number of experiments is indicated by the figure in parentheses.
**p < 0.05; *P < 0.01, compared with control.

1) The inhibitory effects of halothane are not a receptor
protein-specific phenomenon. Catecholamine release in-
duced by veratridine, which is known as Na*t
ionophore,* is also blocked markedly. 2) There is no
evidence for the inhibition by halothane of ligand-nic-
otinic receptor binding; on the contrary, general an-
esthetics do not affect the binding of d-tubocurarine to
the functional and nondesensitized receptors at the iso-
lated guinea pig lumbrical muscle.** More recently,
Young et al.*' have demonstrated that volatile anes-
thetics facilitate a structural transition of membrane-
bound acetylcholine receptor protein induced by the
agonist carbamoylcholine, but do not inhibit the binding
of the ligand to the nicotinic receptor. 3) Recent studies
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have confirmed the entirely nicotinic nature of the ace-
tylcholine receptors in the bovine adrenal medulla.'*?
Therefore, bovine adrenals are not considered a suit-
able model for examining the cellular responses me-
diated by nicotinic and muscarinic receptors.

In the present experiment, equivalence of various
stimulants were not determined by taking detailed dose-
response curves. Therefore, it is considered possible
that the dose vs. release curves might not be exactly
parallel among the stimulants, and accordingly, further
investigations might be necessary to get the final an-
SWers.

In conclusion, halothane at clinical concentrations
selectively inhibits catecholamine release induced by
stimulation of the nicotinic receptors of the dog adrenal
medulla, whereas muscarinic-receptor-mediated cate-
cholamine release is inhibited by halothane only at high
concentrations. The mechanism involved in the differ-
ential effects of halothane on the responses mediated
by these receptors in the adrenal medulla might be the
susceptibility to halothane of the Ca** channels that are
linked to each receptor. An inhibition of exocytosis
might be also indicated as part of the effect of the an-
esthetic.

The authors thank Misses K. Sannomiya, N. Yagi and F. Fujii for
their excellent technical assistance and Mrs. S. L. Scully for revision
of this manuscript.
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