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corder (SE Laboratories Eight-Four) at 19 cm1 
sec, along with whispered protocol on a separate 
channel. In other trials we recorded airborne 
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phone (B & K 4133) and preamplifier (B & K 
2619) provided the signal to the measuring am- 
plifier. Analysis and graphing of the signals 
involved use of a Mini-Ubiquitous FFT comput- 
ing spectrum analyzer (Nicolet Scientific Corp., 
model 446), an X-Y recorder (Hewlett-Packard 
7045A), and a pen recorder (Gould Brush 2200). 
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large abdomen also play a role in generating the 
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The mean vibration frequency was determined 
from the predominant peak in the power spec- 
tra. This value was corroborated by counting the 
number of wave peaks per unit time within each 
pulse on the pen recordings. 
Since the female's pheromone is probably spe- 
cies-specific, there may have been less selective 
pressure on her to evolve a vibratory signal that 
is as regular as the male's. 
The female's signal included waves at least four 
times greater in amplitude than those of a vigor- 
ously courting male, as recorded during the 
period just prior to copulation. (At that time, 
both spiders are on the female's leaf and roughly 
equidistant from the vibration pickup, the latter 
being on the leaf used for the male's introduc- 
tion.) This amplitude difference is evident in Fig. 
28,  in which an actively signaling male was 
recorded while still on the leaf used for introduc- 
tion and only 15 cm from the pickup, while the 
female was on another leaf and 76 cm from the 
pickup (measured through the plant). Even at 
that distance the waves of her signal caused 
acceleratory amplitudes greater than those of 
the male's signal waves. 
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between the first interval (0.34 i 0.025 second, 
N = 15) and the fourth (0.35 * 0.023 second, 
N = 15). 
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nals could be transmitted effectively. At the 
highest level of airborne noise (86 dB SPL), one 
female responded to a male court~ng 0.5 m away 
on another leaf but did not respond when the 
male was placed at a greater distance until the 
airborne noise was reduced back to 80 dB SPL. 
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Choline Stimulates Nicotinic Receptors on Adrenal Medullary 
Chromaffin Cells to Induce Catecholamine Secretion 

Abstract. Choline stimulated secretion of catecholamines from primary dissociat- 
ed cultures of bovine adrenal medullary chromafin cells by interacting with nicotinic 
receptors. Secretion was readily detected at a choline concentration of I 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 (I), Alzheimer's 
disease (Z), 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 (3, 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, Krnjevid 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 NaCI, 5.6 mM 
KCI, 3.6 mM NaHC03, 2.2 mM CaC12, 
15 mM N-2-hydroxyethylpiperazine-N1- 
2'-ethanesulfonic acid @H 7.4),  5.6 mM 
glucose, and 0.57 mM ascorbfc acid, as 
described in the legend to Fig. 1. 

Choline (3 mM) induced detectable 

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 1 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 Ca2+-dependent. The per- 
centage of total catecholamine released 
into the medium after a 15-minute incu- 
bation in Ca2+-free PSS containing 0.5 
mM MgC12 was 2.2 i 0.6 and 2.6 r 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 ca2' and 0.5 mM MgC12 was 
9.7 k 0.8 and 3.0 -C. 0.2 percent in the 
presence and absence of 3 mM choline 
(three wells per group; P < .01, Stu- 
dent's t-test). Secretion induced by the 
physiological agonist acetylcholine or by 
carbachol or nicotine is also Ca2'-depen- 
dent and occurs by exocytosis (7, 9, 11). 
The similar dependence of the effects of 
choline on Ca2+ 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,l-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 FM 
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 (17), and 
stimulation of the Renshaw cells (18) 
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 (19), 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 FM and rises to 20 to 30 FM 
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 kmole 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-mduced catecholamine secretion. (A) Time course. Monolayers of chromaffin 
cells were incubated in 0.5 ml of PSS in the presence or absence of chol~ne chloride (Eastman 
Kodak). Secretion was halted by transferrmg the incubat~on solution to a test tube contaming 
0.056 ml of 50 percent trichloroacetic acid (TCA). TCA solution (5 percent; 0.5 ml) was 
~mmediately added to the monolayers to liberate the remainmg 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 various concentrations of antagonist. The solut~on 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 mcubated 
for 15 mlnutes in various concentrations of choline in the presence or absence of 30 pM 
acetylcholine. All solutions contained the anticholinesterase physiostigmine sulfate (1 pM). The 
value indicated by a is significant at P < .O1 compared to the values obtained In the absence of 
agonist. Values indicated by b, c, 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 
chohne. Each data point in (A) and (B) is the mean value for three wells. 



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- 
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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 Multiple Opiate Receptors: Alcohol Selectively Inhibits 
agonist. Binding to Delta Receptors 

RONALD W.  HOLZ 
RUTH A. SENTER Abstract. The addition of ethanol or other aliphatic alcohols to rat brain 
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University of Michigan Medical School, inhibition ofopiate alkaloids is seen. Inhibition is reversible, and potency increases 
Ann Arbor 48109 ~ i t h  chain length of the alcohol. The results suggest that 6 receptors are considera- 

bly more sensitive to alcohols than I* receptors. This is the jrs t  demonstration of 
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secretion observed with choline. the presence or absence of 1 WM unlabeled was carried out at 37OC for 15 minutes in 
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secretion. Hence, acetylcholine synthesized in The represent the means 
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response to 30 U.M acetylcholine. ments. ously described (10). 
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