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1 The differences between the mechanisms of muscarinic and nicotinic receptor-mediated cate-
cholamine secretion with respect to their dependence on voltage changes and extracellular Ca were
examined using perfused adrenal glands of the guinea-pig.

2 Acetylcholine (ACh, 10~ to 10~* M) caused a dose-dependent increase in catecholamine secretion.
The EDj, value for ACh was 7 x 107° M. In the presence of atropine (10~° M), the dose-response curve
for ACh was shifted to the right. Hexamethonium (5 x 10~* M) preferentially reduced the responses to
higher concentrations of ACh (>107>Mm). Pilocarpine (5 x 107*M) and nicotine (3 x 10~° M) also
stimulated catecholamine release.

3 During perfusion with isotonic KCl solution, ACh and pilocarpine, but not nicotine, evoked
catecholamine secretion. These responses were abolished by atropine (10~¢ M). Pilocarpine-stimulated
catecholamine secretion was enhanced during perfusion with isotonic KCl solution. Under these
conditions, hexamethonium (10~° M) significantly augmented ACh-evoked catecholamine release.

4 During perfusion with either Ca-free isotonic KCl or Ca-free Locke solution, ACh and pilocarpine
caused a partial increase in catecholamine secretion whereas nicotine and high K solution (56 mMm) did
not. The responses to ACh and pilocarpine were completely inhibited by atropine but not by
hexamethonium. )

5 When guinea-pig adrenal glands were perfused with isotonic KCl solution containing 2.2 mM Ca
which was subsequently removed and replaced with EGTA, ACh-induced catecholamine secretion was
similar in magnitude to that observed during perfusion with Locke solution.

6 We conclude that both nicotinic and muscarinic receptors are involved in ACh-induced
catecholamine secretion from guinea-pig adrenal chromaffin cells. Activation of muscarinic or
nicotinic receptors appears to stimulate catecholamine release through different mechanisms with

respect to both voltage-dependence and Ca requirements.

Introduction

Acetylcholine (ACh), the transmitter released from
greater splanchnic nerve terminals, causes cate-
cholamine secretion from the adrenal gland by
increasing Ca entry into adrenal chromaffin cells
(Douglas, 1968; Douglas & Poisner, 1961; 1962). Both
muscarinic and nicotinic receptors participate in ACh-
induced catecholamine secretion from adrenal glands
of various species (Douglas, 1975; Ungar & Phillips,
1983; Livett, 1984). It has been proposed that two
types of Ca channel participate in the ACh-induced Ca
influx into adrenal chromaffin cells; one is opened by
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depolarization of chromaffin cell membranes and the
other is closely related to the cholinoceptor which is
independent of voltage changes (Douglas et al., 1967,
Brandt et al., 1976; Kidokoro & Ritchie, 1980; Kidok-
oro et al., 1982). The activation of nicotinic receptors
stimulates catecholamine secretion by increasing Ca
entry through voltage-dependent Ca channels in both
perfused adrenal glands of the rat (Wakade & Wak-
ade, 1983) and bovine isolated adrenal chromaffin
cells (Kilpatrick et al., 1981; Knight & Kesteven,
1983). The mechanism of muscarinic receptor-linked
catecholamine secretion remains unclear.

Recently, we found that ACh and pilocarpine, but
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not nicotine, caused a partial increase in cate-
cholamine secretion during perfusion with Ca-free
Locke solution in cat adrenal glands (Nakazato et al.,
1984). Catecholamine release under these conditions
was inhibited by atropine, but not by hexamethonium.
We hypothesized that activation of muscarinic recep-
tors mobilizes intracellular Ca stores which stimulate
catecholamine secretion. It has not been determined
whether this mechanism is dependent on voltage
changes in the chromaffin cell membrane.

The purpose of the present experiment was to
characterize the differences between the mechanisms
of muscarinic and nicotinic receptor-mediated cate-
cholamine secretion in perfused adrenal glands of the
guinea-pig, with attention to dependence on
depolarization and Ca availability. We examined the
effects of atropine and/or hexamethonium and of the
removal of extracellular Ca on the secretory responses
to ACh, pilocarpine, nicotine and high K solution,
during perfusion with Locke and isotonic KCl solu-
tions.

Methods
Preparations

Guinea-pigs of either sex, weighing 400 to 800 g, were
anaesthetized ~ with  sodium  pentobarbitone
(40mgkg™") intraperitoneally. Both adrenal glands
were perfused and isolated following the general
procedure described previously (Ito et al., 1979). The
glands were perfused at a flow rate of 0.5 to
0.6mlmin~' and maintained at room temperature
(approximately 25°C). The adrenal effluent was collec-
ted continuously in 5 min aliquots into glass tubes kept
on ice.

The standard perfusion medium was modified
Locke solution of the following composition (mM):
NaCl 154, KCl15.6, CaCl, 2.2, MgCl, 1.2, Na, HPO,-
NaH, PO, buffer (pH 7.0) 3 and glucose 10. For the
isotonic KCI solutions (159.6mM), all NaCl was
replaced by a corresponding concentration of KCl. In
the Ca-free solutions, CaCl, was omitted and
glycoletherdiaminetetraacetic acid (EGTA) (10™* or
10~3 M) was added. All solutions contained physostig-
mine (2 X 10-7M) to prevent hydrolysis of ACh and
were bubbled with pure O,. For the high K solution,
KCl was increased to 56 mM and NaCl was reduced
correspondingly.

Drugs were administered 30 to 40 min after isola-
tion of the adrenal glands. Secretagogues were admin-
istered for 2 min, except the high K* solution which
was perfused for 1 min, beginning 30 s before the 5 min
sampling period. Samples were acidified with 8 M
perchloric acid to a final concentration of 0.4 M and
stored on ice until assayed.

Catecholamine assays

Adrenaline, noradrenaline and dopamine were
separated by high performance liquid chromatogra-
phy (h.p.l.c, Jasco) and native fluorescence detected.
The treatment of samples for h.p.l.c. was carried out
according to the method described by Salzman &
Sellers (1982). Catecholamine values presented are the
sum of noradrenaline, adrenaline and dopamine.
Total catecholamines were also assayed by the
fluorometric method of Anton & Sayre (1962).

Materials

The following drugs were used: acetylcholine chloride
(Ovisort; Daiichi), atropine sulphate (K & K),
glycoletherdiaminetetraacetic acid (Wako Pure
Chem.), hexamethonium chloride dihydrate (Wako
Pure Chem.), nicotine bitartrate (Tokyo Kasei),
pilocarpine hydrochloride (Tokyo Kasei), and physos-
tigmine sulphate (Wako Pure Chem.). All compounds
were dissolved in Locke solution.

Statistics

The data are presented as arithmetic means +
s.e.mean. Significance tests were performed by
Student’s ¢ test. Significance was assumed when
P <0.05.

Results

ACHh, nicotine, pilocarpine and high K solution-induced
catecholamine secretion

The responsiveness of perfused adrenal glands was
tested by applying ACh (10~° M) for 2 min repeatedly
at 15 min intervals over the course of one hour in 14
preparations. Basal catecholamine secretion was
0.31 £ 0.09 nmol 5 min~'. Each bolus infusion of ACh
caused a large increase in catecholamine secretion.
There was no significant difference (P < 0.05) between
the amounts of catecholamines released by four
repeated ACh infusions; they were 5.69 * 0.75,
5.64 + 0.43, 5.48 + 0.53 and 5.06 + 0.48 nmol 5 min~'
respectively. A dose-response curve for ACh on
catecholamine secretion was constructed by applying
3 or 4 different concentrations of ACh, ranging from
10-"M to 107>M, at 15min intervals in increasing
concentrations to single preparations. A secretory
response to ACh was first evident at 5 x 107°M and
increased in magnitude as the concentration was
increased until it attained a maximum at 5 x 107 M.
The ED,, value for ACh was 7 x 10~*M (Figure 1).
Nicotine (3 x 10~°M), pilocarpine (5 x 10~*M) and
high K (56 mM) stimulated catecholamine secretion to
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8.19+1.13, 249%0.18 and 10.11%1.03nmol

5min~', respectively.

Effects of atropine and hexamethonium on the dose-
dependent increase in ACh-induced catecholamine
secretion

In the presence of atropine (107°M), the secretory
response to ACh was first observed at a concentration
of 2x107°M and increased in magnitude as the
concentration of ACh was increased until cate-
cholamine secretion attained a maximum at
5 x 10~*M (Figure 1). The maximum value was 73%
of that obtained in the absence of atropine. It appeared
that atropine was much more effective in inhibiting the
response to lower concentrations of ACh than the
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Figure 1 Dose-response curves for acetylcholine (ACh)-
induced catecholamine secretion in the presence or
absence of atropine and/or hexamethonium. Three or
four different concentrations of ACh ranging from 107¢
to 107>M were sequentially applied for 2 min to single
preparations of adrenal glands during perfusion with
Locke solution in the absence (O) and presence (H) of
atropine (10~° M), hexamethonium (5 x 107*M) (A) and
both (@). Means, with s.e.mean indicated by vertical lines
if it exceeds the size of the symbol, are shown (4 to 21
experiments). The ordinate scale represents the amount of
catecholamines released and the abcissa scale the concen-
tration of ACh on a logarithmic scale. Catecholamines
were assayed by the fluorometric method of Anton &
Sayre (1962).

responses to higher concentrations of ACh. In con-
trast, hexamethonium (5x 107*M) preferentially
reduced the responses to higher concentrations of
ACh. Hexamethonium (5 x 10~*M) inhibited the res-
ponse to 10~*M ACh by 18% but blocked the response
to 5 x 107*M ACh by 43%. Combined application of
atropine and hexamethonium caused a marked inhibi-
tion of the dose-response curve; the maximum res-
ponse attained at 5x 107*M was only 18% of the
control. The ED,, values for ACh were 8 x 107°M and
6 x 107°M in the presence of atropine and hexameth-
onium, respectively.

Catecholamine secretion evoked by ACHh, pilocarpine
and nicotine during perfusion with isotonic KCl solution

When the perfusion medium was switched to isotonic
KCl solution, a significant increase in catecholamine
secretion occurred (Figure 2). This response quickly
attenuated to a level which was about 5 fold higher
than that observed during perfusion with Locke
solution. Under the new steady-state condition, ACh
(107°M) caused a secretory response similar to that
obtained during perfusion with Locke solution.
Nicotine (3 x 107°M) failed to stimulate secretion
during perfusion with the isotonic KCl solution. The
response to nicotine was partially restored after the
perfusion medium was switched back to Locke solu-
tion. The secretory response to pilocarpine
(5 x 10~*M) during exposure to isotonic KCl was 2.8
times larger than that seen during perfusion with
Locke solution (Figure 3).

Effects of atropine, hexamethonium and nicotine on
ACh and pilocarpine-stimulated catecholamine
secretion during exposure to isotonic KCl solution

Atropine (107°M) completely inhibited, while hex-
amethonium (107°M) significantly enhanced, cate-
cholamine secretion evoked by ACh (107° to 1073 M)
during perfusion with isotonic KCl solution (Table 1).
These findings indicate that ACh causes an increase in
catecholamine secretion from completely depolarized
chromaffin cells through activation of muscarinic
receptors. They further suggest that nicotinic receptor
activation may have an inhibitory influence on mus-
carinic receptor-mediated catecholamine secretion
under depolarizing conditions when nicotinic stimula-
tion is not effective in releasing catecholamines.
Next, we determined whether nicotine influenced
the secretory response to pilocarpine during exposure
to isotonic KCl solution. When pilocarpine
(5 x 10~* M) was infused with nicotine (10~° M) during
exposure to isotonic KCIl, pilocarpine stimulated
catecholamine secretion by 1.2 fold (Figure 4a).
However, when hexamethonium (107> M) was added
with nicotine during exposure to isotonic KCl solu-
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Figure 2 Catecholamine secretion induced by nicotine (Nic) and acetylcholine (ACh) during perfusion with isotonic
KCl solution. Nicotine (3 x 10~°M) and ACh (10~* M) were sequentially applied for 2 min at 15 min intervals during
perfusion with Locke solution, 30 min after switching the perfusion medium to isotonic KCl (159.6 mM) solution and
15 min after switching back to Locke solution. Columns represent the mean (and vertical lines s.e.) of catecholamine
secretion evoked by nicotine (solid columns), ACh (hatched columns) and isotonic KCl (stippled columns) obtained
from 3 experiments. In this and the following figures, except for Figure 5, the catecholamines represent the sum of
adrenaline, noradrenaline and dopamine assayed by h.p.l.c.

tion, pilocarpine stimulated catecholamine secretion
by 3.2 fold (Figure 4b), which was comparable to the
% stimulation resulting from the application of pilocar-
. pine alone (Figure 3).

Effect of removal of extracellular Ca on secretagogue-
stimulated catecholamine secretion during exposure to
isotonic KCl solution

We have previously demonstrated that ACh and
pilocarpine, but not nicotine and high K, are partially
effective in increasing catecholamine secretion in the
absence of extracellular Ca in cat perfused adrenal

Catecholamine (nmol 5 min~")
w
T

Vi
1

Pilo 10 min Pilo Pilo

s 159.6 .
E [ glands (Nakazato et al., 1984). The present experiment
S 56 analysed the results of similar treatments in perfused
™4 A . o
) adrenal glands of the guinea-pig. Nicotine
Figure 3 Catecholamine secretion induced by Plloca.r- (3 x 10-°M), high K solution, ACh (10-*m) and
pine (Pilol before, during and aftel:‘exposure to isotonic pilocarpine (5 x 10~* M) were alternatively or indepen-
KCl solution. Pilocarpine (5 x 10~*M) was applied for dently applied before and during perfusion with Ca-

2 min before, 35 min after the start of exposure to isotonic
KCl (159.6 mM) solution and 15 min after switching back
to Locke solution. Columns represent the mean (and

free Locke solution containing EGTA. As shown in
Figure Sa, in the presence of Ca, all secretagogues

vertical lines s.e.) of catecholamine secretion evoked by caused increases in catecholamine secretion. Removal
pilocarpine (hatched columns) and isotonic KCl solution of extracellular Ca decreased basal catecholamine
(stippled columns) in nmol Smin~" obtained from 5 secretion to about one fifth of normal levels. In the

experiments. absence of Ca, nicotine and high K solution were
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Table 1 Catecholamine secretion from adrenal glands perfused with Locke and isotonic KCl (159.6 mm) solutions

A B
Locke Isotonic KCI solution Locke Ca-free isotonic KCl
Ca loading
Atropine C, C, C, C,
(107°m) (1073 m) (1073m) (1073 m) (1073 m)
No. of tests 4 4 1 4 5 5 5
Resting release 03+0.0 1.8+ 0.1 2.0 1.8+0.1 04+0.1 0.5+0.2 0.2+0.0
Acetylcholine (M)
10~% 3.1£06 51+£1.0 2.0 100£1.2 1.6+0.2 0.7+£0.2 1.7+£0.2
5%x10°° 104+ 1.1 6.1+09 2.0 — — — —
10* 14319t 75t 1.1¢ 2.0 13.5+1.8 49+0.6 0.8 +0.1 6.8+1.2
5x 107 20213 86t 1.1 — — — - —
1073 294+28 8.7+0.9 — 15.1-£20 7908 1.3+0.2 6.3+ 0.6

Numbers indicate the mean (ts.e.) of catecholamines (sum of noradrenaline, adrenaline and dopamine) released in
nmol Smin~' in the various conditions indicated. + No. of tests is 8. Abbreviation, C,: hexamethonium.

ineffective, but ACh still caused a partial increase in
catecholamine secretion (Figure 5b). The responses to
ACh attenuated on repeated application, but were
partially restored after the reintroduction of Ca for
25 min before re-exposure to Ca-free medium (Figure
Sc). Similar results were seen for pilocarpine (data not
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shown). Atropine (10~° M) completely inhibited these
responses while hexamethonium (1073 M) was ineffec-
tive.

The effect of the removal of extracellular Ca during
exposure to isotonic KCl solution was examined in the
presence of hexamethonium (1073M). After the res-

b 24.0+24
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Figure 4 Catecholamine secretion induced by pilocarpine (pilo) plus nicotine (Nic) during exposure to isotonic KCl
solution in the absence and presence of hexamethonium. Pilocarpine (5 x 10~*M) and pilocarpine (5 x 10~*Mm) plus
nicotine (10~ M) were applied for 2 min respectively before and during exposure to isotonic KCl (159.6 mM) solution in
the absence (a) and presence (b) of hexamethonium (10~ M). Columns represent the mean (and vertical lines s.e.) of
catecholamine secretion evoked by pilocarpine (hatched columns) and pilocarpine plus nicotine (hatched columns) and
isotonic KClI (stippled columns) obtained from 4 respective experiments.
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Figure 5 Effect of Ca deprivation on catecholamine secretion induced by nicotine (Nic), acetylcholine (ACh) and
excess K. Nicotine (3 x 10~° M) and ACh (10~° M) for 2 min, and high K solution (56 mMm) for 1 min were sequentially
applied at 15 min intervals: (a) during perfusion with Locke solution; (b) 15 min after the removal of Ca in the presence
of EGTA (10~*M) and (c) 15 min after the 25 min period of readdition of Ca. Columns represent the means (and vertical
lines s.e.) of catecholamine secretion evoked by nicotine (solid columns), high K (stippled columns) and ACh (hatched
columns) obtained from 4 experiments. In (d) and (¢), the responses appearing in (b) and (c) respectively are expressed
as a percentage of those in the presence of Ca. The calculations were made after the basal secretion was subtracted from
the evoked secretion. Catecholamines were assayed by the fluorometric method of Anton & Sayre (1962).

ponse to ACh was obtained during perfusion with
Locke solution, the perfusion medium was switched to
Ca-free Locke for 5min and then to Ca-free isotonic
KCI solution. No secretory response was evoked by
exposure to isotonic KCl solution in the absence of Ca

(Figure 6). Under these conditions, ACh caused a -

small increase in catecholamine secretion, but there
was no comparable dose-dependent increment of
ACh-induced secretory response compared to that
observed during perfusion with Locke solution (Table
1). The Ca-free isotonic KCl solution was subsequen-
tly changed to Locke solution for 25 min and then to
isotonic KCl solution, which caused a significant
increase in catecholamine secretion. After this res-
ponse attenuated and attained a new steady-state
level, extracellular Ca was removed and the glands

were again stimulated with ACh. ACh caused an
increase in catecholamine secretion which was similar
to that obtained during perfusion with Locke solution.
The dose-dependency of the ACh-induced response
was also restored (Table 1). However, repeated
application of ACh failed to induce the response
(Figure 6). Qualitatively, the same result was obtained
when pilocarpine (5 x 107*M) was used. When the
glands were exposed to isotonic KCl solution after
removal of extracellular Ca, pilocarpine caused only a
small increase in catecholamine secretion (Figure 7a).
When extracellular Ca was removed after the start of
exposure to isotonic KCl solution, pilocarpine caused
a substantial increase in catecholamine secretion
which was not present on repeated application (Figure
7b).
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Figure 6 Catecholamine secretion evoked by acetyl-
choline (ACh) during exposure to isotonic KCl solution
in the absence of extracellular Ca before and after Ca
loading. ACh (10~*M) was applied for 2min during
perfusion with Locke solution (0). Then, the perfusion
medium was switched to Ca-free Locke solution for
5min, followed by a Ca-free, isotonic KCl (159.6 mm)
solution for 20 min (no Ca loading) (M); 10 min after the
start of exposure to the KCl solution, the gland was
stimulated by ACh. Then the medium was switched back
to Locke solution for 25 min, followed by isotonic KCl
solution (Ca loading) (O). After another 25 min, Ca-free
isotonic KCl solution was substituted (l) and 15 min
later ACh was again applied. Columns represent the
mean (and vertical lines s.e.) of catecholamine secretion
evoked by isotonic KCl (stippled columns) and ACh
(hatched columns) from 5 experiments. Hexamethonium
(1073 M) was present throughout.

Discussion

Nicotinic receptors on adrenal chromaffin cells have
been shown to be associated with voltage-dependent
Cachannelsin the ox (Kilpatrick ez al., 1981; Knight &
Baker, 1983; Knight & Kesteven, 1983) and the rat
(Wakade & Wakade, 1983). This voltage-dependent
Ca channel is first activated and later inactivated by
high K (Baker & Rink, 1975; Knight & Kesteven,
1983). Consistent with previous results, we found in
the present experiments that nicotine failed to
stimulate catecholamine secretion from adrenal
chromaffin cells of the guinea-pig under the depolariz-
ing conditions of perfusion with isotonic KCIl. Under
these conditions, ACh stimulated catecholamine
secretion and this stimulated release was inhibited by

atropine and unexpectedly enhanced by hexamethon-
ium. In addition, pilocarpine was not only effective,
but more potent, in increasing catecholamine secretion
during exposure to isotonic KCl solution than during
perfusion with Locke solution. Nicotine inhibited the
potent effect of pilocarpine during exposure to
isotonic KClI solution and hexamethonium reversed
this action of nicotine. These results indicate that ACh
and pilocarpine are able to release catecholamines
through activation of muscarinic receptors without
any apparent changes in membrane potential. Furth-
ermore, activation of nicotinic receptors appears to
inhibit the enhanced muscarinic receptor-mediated
secretory action in depolarized chromaffin cells.

Similar to our findings in perfused cat adrenal
glands (Nakazato et al., 1984), ACh and pilocarpine,
but not nicotine, caused a partial increase in cate-
cholamine secretion from guinea-pig adrenal glands
perfused with Ca-free Locke solution. The responses
to ACh and pilocarpine in the absence of extracellular
Ca may be mediated by Ca mobilized from an
intracellular pool linked to muscarinic receptors. The
evidence supporting this is: (1) ACh and pilocarpine
stimulated catecholamine secretion in the absence of
extracellular Ca which was inhibited by atropine but
not by hexamethonium; (2) catecholamine secretion
was absent upon repetitive stimulation with ACh or
pilocarpine in the absence of extracellular Ca; (3) the
reduced secretory response upon repetitive applica-
tion of the agonist was restored by brief exposure to
extracellular Ca; and (4) if the entry of Ca is facilitated
by exposing the chromaffin cells to isotonic KCl
containing Ca, the intracellular Ca pool appears to be
able to store sufficient Ca to release an amount of
catecholamine equal to that released in the presence of
extracellular Ca.

Several groups have found that the activation of
muscarinic receptors increases cytoplasmic free Ca in
bovine isolated chromaffin cells, though there was no
associated catecholamine secretion (Misbahuddin ez
al., 1985; Cheek & Burgoyne; 1985, Kao & Schneider,
1985; 1986). Recently, it has been demonstrated that
muscarine-evoked catecholamine secretion from per-
fused adrenal glands of the rat can occur in the absence
of extracellular calcium (Harish et al., 1987). Our work
confirms and extends these findings. It appears that
neither voltage changes of chromaffin cell membranes
nor extracellular Ca are essential for muscarinic
agonist-stimulated catecholamine release from
guinea-pig adrenal glands as long as there is an
intracellular source of Ca.

Muscarinic agonists not only evoke catecholamine
release in adrenal chromaffin cells but appear to
potentiate  nicotinic  receptor-stimulated cata-
cholamine secretion (Forsberg et al., 1987; Nakazato
& Oleshansky, unpublished observations). Nicotinic
receptors appear to exert an inhibitory influence on
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Figure 7 Catecholamine secretion evoked by pilocarpine (Pilo) during exposure to isotonic KCl solution in the
absence of extracellular Ca before and after Ca loading. Pilocarpine (5 x 107*M) was applied for 2 min during
perfusion with Locke and isotonic KCl (159.6 mM) solutions in the absence of extracellular Ca. Different groups of
animals were used for the experiments in which Ca was not loaded (a) and was loaded (b) respectively. For further
details, see the legend for Figure 6. Columns represent the mean (and vertical lines s.e.) of catecholamine secretion
induced by pilocarpine (hatched columns) and isotonic KCl (stippled columns) from 4 experiments.

the muscarinic receptor-stimulated catecholamine
secretion in guinea-pig adrenal glands which have
been depolarized by perfusion with isotonic KCl
solution. The mechanisms and physiological roles of
these receptor interactions are currently under inves-
tigation.

This work was supported by grants from the Japanese
Ministry of Education, Science and Culture and the Founda-

References

ANTON, A.H. & SAYRE, D.F. (1962). A study of the factors
affecting the aluminum  oxide-trihydroxyindole
procedure for the analysis of catecholamines. J. Phar-
macol. Exp. Ther., 138, 360-375.

BAKER, P.F. & RINK, T.J. (1975). Catecholamine release from
bovine adrenal medulla in response to maintained
depolarization. J. Physiol., 253, 593-620.

BRANDT, B.L., HAGIWARA, S., KIDOKORO, Y. &
MIYAZAKI, S. (1976). Action potentials in the rat
chromaffin cell and effects of acetylcholine. J. Physiol.,
263, 417-439.

CHEEK, T.R. & BURGOYNE, R.D. (1985). Effect of activation

tion for the Promotion of Research on Medicinal Resources.

In conducting the research described in this paper, the
investigator(s) adhered to the ‘Guide for the Care and Use of
Laboratory Animals’ as promulgated by the Committee on
Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council.

The views of the author(s) do not purport to reflect the
position of the Department of the Army or the Department
of Defense (para 4-3, AR 360-5).

of muscarinic receptors on intracellular free calcium and
secretion in bovine adrenal chromaffin cells. Biochim.
Biophys. Acta., 846, 167—173.

DOUGLAS, W.W. (1968). Stimulus-secretion coupling: the
concept and clues from chromaffin and other cells. Br. J.
Pharmacol., 34, 451-474.

DOUGLAS, W.W. (1975). Secretomotor control of adrenal
medullary secretion: synaptic, membrane, and ionic
events in stimulus-secretion coupling. In Handbook of
Physiology, section 7: Endocrinology, Vol. VI, Adrenal
Gland, ed. Blaschko, H., Sayers, G. & Smith, A.D.
pp. 367—-388. Washington, D.C.: Am. Physiol. Soc.



MUSCARINIC RECEPTORS AND CATECHOLAMINE RELEASE 109

DOUGLAS, W.W. & POISNER, A.M. (1961). Stimulation of
uptake of calcium in the adrenal gland by acetyicholine.
Nature, 192, 1299.

DOUGLAS, W.W. & POISNER, A.M. (1962). On the mode of
action of acetylcholine in evoking adrenal medullary
secretion: increased uptake of calcium during the
secretory response. J. Physiol., 162, 385-392.

DOUGLAS, W.W,, KANNO, T. & SAMPSON, S.R. (1967).
Influence of the ionic environment on the membrane
potential of adrenal chromaffin cells and on the
depolarizing effect of acetylcholine. J. Physiol., 191, 107—
121.

FORSBERG, EJ., ROJAS E. & POLLARD, H.B. (1986).
Muscarinic receptor enhancement of nicotine-induced
catecholamine secretion may be mediated by phosphoin-
ositide metabolism in bovine adrenal chromaffin cells. J.
Biol. Chem., 261, 4915-4920.

HARISH, O.E., KAO, L.-S., RAFFANIELLO, R., WAKADE,
A.R. & SCHNEIDER, A S. (1987). Calcium dependence of
muscarinic receptor-mediated catecholamine secretion
from the perfused rat adrenal medulla. J. Neurochem., 48,
1730-1735.

ITO, S., NAKAZATO, Y. & OHGA, A. (1979). The effect of
veratridine on the release of catecholamines from the
perfused adrenal gland. Br. J. Pharmacol., 65, 319-330.

KAO, L.-S. & SCHNEIDER, AS. (1985). Muscarinic receptors
on bovine chromaffin cells mediate a rise in cytosolic
calcium that is independent of extracellular calcium. J.
Biol. Chem., 260, 2019-2022.

KAO, L.-S. & SCHNEIDER, A S. (1986). Calcium mobilization
and catecholamine secretion in adrenal chromaffin cells.
J. Biol. Chem., 261, 4881-4888.

KIDOKORO, Y. & RITCHIE, A K. (1980). Chromaffin cell
action potentials and their possible role in adrenaline
secretion from rat adrenal medulla. J. Physiol., 307, 199
216.

KIDOKORO, Y., MIYAZAKI, S. & OZAWA, S. (1982). Acetyl-
choline-induced membrane depolarization and potential
fluctuations in the rat adrenal chromaffin cell. J. Physiol.,
324, 203-220.

KILPATRICK, D.L., SLEPETIS, R. & KIRSHNER, N. (1981).
Ion channels and membrane potential in stimulus-secre-
tion coupling in adrenal medulla cells. J. Neurochem., 36,
1245-1255.

KNIGHT, D.E. & BAKER, P.F. (1983). Stimulus-secretion
coupling in isolated bovine adrenal medullary cells. Q. J.
Exp. Physiol., 68, 123-143. .

KNIGHT, D.E. & KESTEVEN, N.T. (1983). Evoked transient
intracellular free Ca changes and secretion in isolated
bovine adrenal medullary cells. Proc. R. Soc., Ser. B., 218,
177-199.

LIVETT, B.G. (1984). The secretory process in adrenal
medullary cells. In Cell Biology of the Secretory Process.
ed. Cantin. M., pp. 309-358. Basel:Karger.

MISBUHADDIN, M., ISOSAKI, M., HOUCHI, H. & OKA, M.
(1985). Muscarinic receptor-mediated increase in cyto-
plasmic free Ca in isolated bovine adrenal medullary cells.
FEBS Lett., 190, 25-28.

NAKAZATO, Y., YAMADA, Y., TOMITA, U. & OHGA, A.
(1984). Muscarinic agonists release adrenal cate-
cholamines by mobilizing intracellular Ca?*. Proc. Japn.
Acad., 60, 314-317.

SALZMAN, S.K. & SELLERS, M.S. (1982). Determination of
norepinephrine in brain perfusates using high-perfor-
mance liquid chromatography with electrochemical
detection. J. Chromatogr., 232, 29-37.

UNGAR, A. & PHILLIPS, J.H. (1983). Regulation of the
adrenal medulla. Physiol. Rev., 63, 787—-843.

WAKADE, A.R. & WAKADE, T.D. (1983). Contribution of
nicotinic and muscarinic receptors in the secretion of
catecholamines evoked by endogenous and exogenous
acetylcholine. Neuroscience, 10, 973-978.

(Received January 5, 1987.
Revised June 30, 1987.
Accepted August 20, 1987.)



