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Choline Stimulates Nicotinic Receptors on Adrenal Medullary

Chromatftin Cells to Induce Catecholamine Secretion

Abstract. Choline stimulated secretion of catecholamines from primary dissociat-
ed cultures of bovine adrenal medullary chromaffin cells by interacting with nicotinic
receptors. Secretion was readily detected at a choline concentration of 1 millimole
per liter and was maximal at 3 to 10 millimoles per liter, it was completely calcium-
dependent. Further analysis suggested that choline acts as a partial nicotinic

agonist.

Reduced function of cholinergic
nerves in the central nervous system

. (CNS) is suspected of playing a role in a

variety of neurological disorders includ-
ing tardive dyskinesias (/), Alzheimer’s
disease (2), and memory loss in old age
(3). A potential approach to the treat-
ment of these diseases is to increase
cholinergic function. This can be accom-
plished by administering choline or leci-
thin (from which choline is derived) (4).
Acetylcholine is synthesized from cho-
line by the action of choline acetyltrans-
ferase in cholinergic nerves. Preliminary
trials involving this strategy have met
with some success (5), but the actual
mechanisms of action are poorly under-
stood. In addition to being a precursor
for acetylcholine, choline may have di-
rect effects on acetylcholine receptors.
Recently, Krnjevi¢ and Reinhardt (6) re-
ported that choline has a muscarinic ef-
fect on CNS neurons. We now report
that choline interacts directly with nico-
tinic receptors on chromaffin cells from
bovine adrenal medulla inducing cate-
cholamine secretion.

Chromaffin cells from bovine adrenal
medulla were dissociated and maintained
as monolayers in 16-mm-diameter plastic
wells (Costar, Cambridge, Massachu-
setts) for up to 21 days (7, 8). Cell
density was 450,000 cells per well and
catecholamine content was 9 to 30 nmole
per well, depending on the preparation.
Secretion experiments were performed
at 25°C in physiological salt solution
(PSS) containing 142 mM NaCl, 5.6 mM
KCl, 3.6 mM NaHCOQ;, 2.2 mM CaCl,,
15 mM N-2-hydroxyethylpiperazine-N'-
2'-ethanesulfonic acid (pH 7.4), 5.6 mM
glucose, and 0.57 mM ascorbic acid, as
described in the legend to Fig. 1.

Choline (3 mM) induced detectable
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secretion of catecholamine after 30 sec-
onds, and secretion continued for ap-
proximately 5 minutes (Fig. 1A). The
time course of choline-induced secretion
was virtually identical to that of carba-
chol-induced secretion (9). Secretion
was observed at 1 mM choline and was
maximal at 3 to 10 mM (Fig. 1B). At
higher concentrations, secretion de-
creased. Because ! mM and 3 mM cho-
line stimulated secretion in solutions in
which NaCl concentrations were main-
tained at 142 mM, the secretion induced
by choline was not caused by a reduction
in the NaCl concentration, as has been
suggested (10).

Secretion induced by choline was
completely Ca*'-dependent. The per-
centage of total catecholamine released
into the medium after a 15-minute incu-
bation in Ca**-free PSS containing 0.5
mM MgCl; was 2.2 = 0.6 and 2.6 = 0.2
percent in the presence and absence of 3
mM choline, respectively (three wells
per group). In contrast, the percentage of
total catecholamine in the medium after
a 15-minute incubation in PSS containing
2.2 mM Ca®** and 0.5 mM MgCl, was
9.7 = 0.8 and 3.0 = 0.2 percent in the
presence and absence of 3 mM choline
(three wells per group; P < .01, Stu-
dent’s ¢-test). Secretion induced by the
physiological agonist acetylcholine or by
carbachol or nicotine is also Ca**-depen-
dent and occurs by exocytosis (7, 9, 11).
The similar dependence of the effects of
choline on Ca®" suggests that choline
also causes exocytosis.

Catecholamine secretion by these cells
is induced by stimulation of nicotinic but
not muscarinic receptors. Secretion is
induced by the nicotinic agonists nico-
tine and 1,1-dimethyl-4-phenylpiperazin-
ium and the mixed (nicotinic and musca-
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rinic) agonists acetylcholine and carba-
chol, but not by the muscarinic agonists
methacholine, muscarine, or bethane-
chol (7, 9, 12). Furthermore, the nicotin-
ic antagonist mecamylamine is at least
100 times more potent than the musca-
rinic antagonists scopolamine and atro-
pine in blocking acetylcholine- or carba-
chol-induced secretion (9, 12, 13). To
determine the receptor type responsible
for choline-induced secretion, the effects
of mecamylamine and atropine on cho-
line-induced secretion were investigated.
Mecamylamine was over 100 times more
potent than atropine in blocking secre-
tion. Thus choline stimulates secretion
by interacting with nicotinic receptors.

Because the maximal amount of cate-
cholamine secretion induced by choline
(6 to 10 percent of the total catechol-
amine) was less than that induced by
acetylcholine, carbachol, or nicotine (15
to 25 percent), it seemed possible that
choline was a partial nicotinic agonist
with the capacity to inhibit a full agonist
such as acetylcholine. Indeed, at con-
centrations greater than 1 mM, choline
inhibited secretion induced by 30 pM
acetylcholine (Fig. 2B). The data support
the conclusion that choline interacted
with the same receptor as acetylcholine
and demonstrate that a concentration of
choline 30 to 100 times greater than that
of acetylcholine was required to directly
cause secretion or to inhibit acetylcho-
line-induced secretion.

It is conceivable that choline was not
acting directly but was transformed in
the culture by choline acetyltransferase
to acetylcholine. This is unlikely, how-
ever, because (i) no choline acetyltrans-
ferase activity was detected in the cul-
tures (14), (ii) the time course of choline-
induced secretion did not display a lag (a
delay in secretion after exposure to cho-
line would be expected if acetylcholine
were being synthesized), and (iii) the
presence of choline inhibited secretion
induced by acetylcholine (acetylcholine
synthesized from choline should not in-
hibit secretion stimulated by exogenous
acetylcholine) (15).

Nicotinic stimulation in the CNS may
induce a variety of effects including al-
teration of behavior (16), activation of
the brainstem reticular system (/7), and
stimulation of the Renshaw cells (I8)
which, in turn, could inhibit spinal motor
neurons. Nicotinic receptors are also
present in sympathetic ganglia and on
skeletal muscle. There are important dif-
ferences in the pharmacology of nicotin-
ic activation at the various peripheral
and central sites (/9), and the possible
nicotinic actions of choline at the sites
have yet to be extensively investigated.
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The concentration of choline in human
serum is 10 wM and rises to 20 to 30 pM
following oral administration of choline
or its precursor, lecithin (20). The con-
centration of choline can increase in re-
sponse to other situations. In mouse
brain, choline levels increase to greater
than 100 pumole per kilogram of tissue
during hypoglycemic stupor (21). In the
present study, about 1 mM choline was
required to induce detectable nicotinic
effects in cultured bovine chromaffin
cells. If nicotinic receptors in humans

have a similar sensitivity to choline, then
the increase in the concentration of cho-
line that follows lecithin or choline ad-
ministration may have subtle effects on
systems involving such receptors. For
example, neuronal circuits with multiple
nicotinic synapses may be especially
sensitive to the effects of choline.
These findings may also have implica-
tions for the function of a normal cholin-
ergic synapse. The release of one quan-
tum of acetylcholine at the neuromuscu-
lar junction results in a local synaptic
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Fig. 1. Choline-induced catecholamine secretion. (A) Time course. Monolayers of chromaffin
cells were incubated in 0.5 ml of PSS in the presence or absence of choline chloride (Eastman
Kodak). Secretion was halted by transferring the incubation solution to a test tube containing
0.056 ml of 50 percent trichloroacetic acid (TCA). TCA solution (5 percent; 0.5 ml) was
immediately added to the monolayers to liberate the remaining catecholamines. Total catechol-
amine (norepinephrine and epinephrine) in the TCA-containing solutions was measured (23) and
the fraction of the total catecholamine in the medium was calculated. Each data point is the
mean value for three wells. (B) Choline dose-response curve. Cells were incubated for 15
minutes in PSS containing various concentrations of choline chloride. In solutions containing
choline at concentrations greater than 3 mM, NaCl was reduced to maintain isotonicity.
Catecholamines in the medium without added choline (0.020 percent of the total catecholamine)
were subtracted from the values shown in (B).
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Fig. 2. (A) Effect of cholinergic antagonists on choline-induced secretion. Cells were incubated
for 15 minutes in PSS with varipus concentrations of antagonist. The solution was then
aspirated and replaced with solution containing the same concentration of antagonist and 3 mM
choline. The fraction of the total catecholamine secreted during a 15-minute incubation was
then determined. (B) Effect of choline on acetylcholine-induced secretion. Cells were incubated
for 15 minutes in various concentrations of choline in the presence or absence of 30 uM
acetylcholine. All solutions contained the anticholinesterase physiostigmire sulfate (1 uM). The
value indicated by « is significant at P < .01 compared to the values obtained in the absence of
agonist. Values indicated by b, ¢, and d are significant at P < .05, .01, and .001, respectively,
compared to the values obtained in the presence of 30 pM acetylcholine and the absence of
choline. Each data point in (A) and (B) is the mean value for three wells.
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acetylcholine concentration of approxi-
mately 0.3 mM (22). Simultaneous or
successive release of multiple quanta is
likely to result in even larger concentra-
tions of the hydrolyzed product choline,
although neuronal choline uptake and
diffusion away from the neuromuscular
junction cause uncertainty as to the max-
imum choline concentrations actually at-
tained. Similar local concentrations of
choline may occur at other nicotinic cho-
linergic synapses. Thus, choline concen-
trations comparable to those used in the
present experiments may occur physio-
logically and exert effects because of
choline’s activity as a partial nicotinic
agonist.

Ronarp W. HoLz

RuTH A. SENTER

Department of Pharmacology,
University of Michigan Medical School,
Ann Arbor 48109
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Multiple Opiate Receptors: Alcohol Selectively Inhibits

Binding to Delta Receptors

Abstract.

The addition of ethanol or other aliphatic alcohols to rat brain

membranes strongly inhibits binding of enkephalins at concentrations at which little
inhibition of opiate alkaloids is seen. Inhibition is reversible, and potency increases
with chain length of the alcohol. The results suggest that 8 receptors are considera-
bly more sensitive to alcohols than w receptors. This is the first demonstration of
selective inhibition of one of the postulated classes of opiate receptors by a reagent

that is not a ligand for the receptor.

In recent years numerous studies have
suggested the existence of several class-
es of opiate receptors. Martin and co-
workers (/), on the basis of pharmaco-
logical studies on spinal dogs, concluded
that there are three such classes (p, «,
and o). Lord er al. (2) discovered a
difference between the receptors that
predominate in guinea pig ileum and
those in mouse vas deferens. They called
them ., or morphine-preferring, and §,
or enkephalin-preferring, respectively.
Receptor binding studies (2—) produced

7 Dihydromorphine
\

Naltrexone

Receptor binding (% of control)

0.1 0.5 1.0 5.0
Concentration of ethanol (% by volume)

Fig. 1. Effects of ethanol on the binding of *H-
labeled opioids to opiate receptors in rat brain
membrane preparations. Duplicate 2-ml sam-
ples (0.9 to 1.1 mg of protein per milliliter) in
0.05M tris HCI (pH 7.4) containing 1 mM
dipotassium EDTA were incubated with 1 nM
[*H]dihydromorphine (specific activity, 73.2
Ci/mmole), [*Hlnaltrexone (8.5 Ci/mmole),
and [*H]DADL (31.0 Ci/mmole). To assess
specific binding, samples were incubated in
the presence or absence of 1 pM unlabeled
ligand. Incubations were followed by cooling
in an ice water bath for 10 minutes before
filtration. The values represent the means
+ standard errors for at least three experi-
ments.
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evidence for the same two types of re-
ceptors.

The existence of separate classes of
receptors would be supported by evi-
dence for the selective inhibition or inac-
tivation of one of the receptor types.
Attempts to inactivate or inhibit . or §
opiate receptors by reagents other than
receptor ligands and their derivatives
have been unsuccessful. Irreversible in-
hibitors such as N-ethylmaleimide (5, 6)
and phenoxybenzamine (7) and enzymes
such as phospholipase A (8) and trypsin
(9) were found to produce equal inactiva-
tion of enkephalin and opiate binding.
This has necessitated the use of indirect
approaches, such as studies of the pro-
tection of enkephalin and opiate binding
against inhibitors by various receptor
ligands (6, 7). We now report that etha-
nol and other aliphatic alcohols selec-
tively inhibit the binding of enkephalin
and its stable analogs at concentrations
that have little or no effect on the binding
of opiate alkaloids. Our results indicate
that 8 receptors are selectively inhibited.

Membrane preparations were made
from rat brain, toad brain, and neuro-
blastoma cells (N4TG1) (/0). Binding
studies were carried out with [*H]nal-
trexone, [*H]dihydromorphine, and triti-
ated D-Ala’-Dp-Leu’-enkephalin (DADL).
The alcohol was added just before addi-
tion of the labeled ligand and incubation
was carried out at 37°C for 15 minutes in
the presence or absence of a 1000-fold
excess of unlabeled ligand. Filtration and
scintillation counting were done as previ-
ously described (10).
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