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Abstract: The addition of either carbachol or muscarinic agonists to cultured 
bovine adrenal chromafh  cells results in a selective stimulation of phosphati- 
date (PhA) and phosphatidylinositol (PhI) labeling from 32P, and [3H]glycerol 
that can be inhibited by the inclusion of atropine, but not d-tubocurarine. In 
contrast, increased catecholamine secretion is observed on the addition of 
carbachol or nicotinic agonists and is inhibited by d-tubocurarine but not by 
atropine. Added calcium is essential for catecholamine secretion but not for 
stimulated phospholipid labeling. Chelation of endogenous Ca2+ with EGTA 
does, however, inhibit the stimulated phospholipid labeling. These results 
suggest that stimulated phospholipid labeling in the bovine chromaffin cell and 
catecholamine secretion are separate and distinct processes. Key Words: 
Cholinergic agonist-Muscarinic receptor-Bovine adrenal chromafin cell- 
Phosphatidate-Phosphatidylinositol. Fisher S. K. e t  al. Muscarinic receptors 
in chromaffin cell cultures mediate enhanced phospholipid labeling but not 
catecholamine secretion. J .  Neurochem. 37, 491 -497 (1981). 

In many tissues cholinergic agonists interact with 
their specific cell membrane receptors and selec- 
tively enhance the labeling of two quantitatively 
minor phospholipids, phosphatidate (PhA) and 
phosphatidylinositol (PhI) (Hokin and Hokin, 1953; 
Schacht and Agranoff, 1972; Michell, 1975; Haw- 
thorne and Pickard, 1979). There is a broad hetero- 
geneity in the details of the response, and while 
labeling patterns reflect primarily changes in turn- 
over, altered chemical amounts of these lipids 
have also been observed (Michell, 1975). In tissues 
such as the pancreas, parotid gland, anterior pitu- 
itary, guinea pig adrenal medulla, or avian salt 
gland, the activation of cholinergic muscarinic re- 
ceptors leads to both a characteristic secretory re- 
sponse and an increased labeling of PhA and/or PhI 
from added [32P]orthophosphate (Hokin et al., 1958; 
Hokin and Hokin, 1967; Hokin, 1968; Oron et al., 

1975; Young et al., 1979). Although a role for stim- 
ulated phospholipid labeling in the secretory re- 
sponse has been suggested on the basis of such 
studies, differences in time courses and in require- 
ments for extracellular calcium in various tissues 
are difficult to reconcile. Thus, despite extensive 
investigation, the physiological significance of the 
phospholipid labeling effect remains unknown. 

In earlier studies, Trifaro (1969u,b) concluded 
that acetylcholine-stimulated phospholipid labeling 
and catecholamine secretion in slices of bovine ad- 
renal medulla were unrelated events. In the adrenal 
of this species, however, cholinergic receptors 
coupled to catecholamine secretion appear to be 
entirely nicotinic (Douglas, 1975), whereas in all tis- 
sues examined to date,  cholinergic agonist- 
stimulated phospholipid labeling is mediated by 
muscarinic and not by nicotinic receptors (Michell, 
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1975). A recent study indicated the presence of a 
small number of muscarinic receptors in bovine ad- 
renal medulla (Kayaalp and Neff, 1979). This obser- 
vation raises two possibilities: either both stimu- 
lated phospholipid labeling and increased catechol- 
amine secretion are mediated through nicotinic 
cholinergic receptors in this tissue or, alternatively, 
bovine chromaffin cells possess both muscarink 
and nicotinic receptors, and the former mediate 
stimulated phospholipid labeling whereas the latter 
mediate secretion. To distinguish between these 
alternatives, we have utilized a preparation of 
bovine adrenal chromaffin cells maintained in 
monolayer culture. The cells retain their original 
physiological, biochemical, and pharmacological 
characteristics and upon stimulation release cate- 
cholamines by exocytosis (Kilpatrick et  al., 1980; 
Trifaro and Lee, 1980). Thus, they provide a useful 
experimental system in which these questions can be 
directly addressed with specific biochemical and 
pharmacological probes. 

MATERIALS A N D  METHODS 

32P1 (carrier-free) and 2j3H]glycerol (0.5 Cilmol) were 
obtained from Amersham, Chicago, Illinois. "CaCI, (37.4 
Ci/g atom) was obtained from New England Nuclear, 
Boston, Massachusetts. Eagle's minimum essential 
medium (MEM) and fetal calf serum were obtained from 
GIBCO, Grand Island, New York. 5-Fluorodeoxyuridine, 
atropine, d-tubocurarine, bethanechol, muscarine, 
methacholine, nicotine, and l,l-dimethyl-4-phenyl 
piperazinium iodide (DMPP) were obtained from Sigma 
Chemical Co., St. Louis, Missouri. Fungizone was ob- 
tained from Squibb, Princeton, New Jersey. Gentamycin 
was purchased from Microbiological Associates, 
Bethesda, Maryland. 

Chromaffin cells, disaggregated from bovine adrenal 
medulla, were added to 16-mm diameter uncoated culture 
wells (approximately 450,000 celldwell) containing 1 ml 
of MEM medium supplemented with 10% heat- 
inactivated fetal calf serum, 10 p~~5-fluorodeoxyuridine 
(to inhibit cell division and fibroblast proliferation), 50 
p d m l  gentamycin, and 2.5 p g m l  Fungizone (Fenwick et 
al., 1978; Livett et al., 1979). After 2-28 days at 34°C in 
5% co2-95% air, chromafEn cells formed monolayers that 
contained 6- 15 nmol catecholamine/well. In some prepa- 
rations, a Percoll gradient was employed to purify further 
the chromaffin cells (Kilpatrick et al., 1980), but since 
there was no apparent effect on experimental results, this 
step was discontinued. Secretion and phospholipid label- 
ing experiments were performed at 25°C in a physiological 
salt solution (PSS) containing 142 mM-NaC1,5.6 mM-KCI, 
3.6 mM-NaHCO,, 2.2 mM-CaCl,, 5.6 mM-giucose, 0.1 
mg/ml sodium ascorbate, and 15 mM-HEPES buffer 
(pH 7.4). In secretion experiments, after incubation 
in test solutions, the contents of the well were added 
to a test tube containing 56 pI of 50% trichloroacetic acid 
(TCA). One milliliter of 5% TCA was added to the well 
and the floor of the well scraped to liberate catecholamine 
remaining in the cells. Catecholamines (norepinephrine + 
epinephrine) released into the medium and in the extract 

of cells was measured by the method of Euler and Floding 
(1955). Data are expressed as the percent of the total 
catecholamine released into the medium at the end of the 
15-min incubation. 

45Caz+ influx was measured by incubating the cells in 
PSS containing 45CaCIz (0.5 pCi/assay). After 5 min incu- 
bation, the radioactive medium was aspirated and cells 
washed twice with 1 ml of unlabeled PSS. Triton X-100, 
1% (0.5 ml), was then added to each well, cells scraped, 
and radioactivity counted after the addition of 10 ml of 
ACS scintillation counting solution (Amersham, Chicago, 
Illinois). 

In phospholipid labeling experiments, the chromaffin 
cells were allowed to preincubate for 30 min in PSS con- 
taining 15-50 pCi 32Pi and 15-25 pCi [3H]glycerol. After 
preincubation, either 0.5 ml of 5% TCA was added to 
terminate the labeling (zero-time point, CJ, or, alterna- 
tively, the radioactive medium in the wells as aspirated 
and replaced with either fresh radioactive medium (C,) or 
fresh radioactive medium containing drug(s) (E). Unless 
otherwise indicated the C1 and E incubations continued at 
25°C for an additional 15 min, after which reactions were 
terminated by aspiration of the test solution followed by 
rapid addition of 0.5 ml of 5% TCA. Cells were scraped 
off the bottom of the well and transferred to test tubes 
with an additional 1 ml of 5% TCA. Carrier tissue (ap- 
proximately 10 mg wet wt. of adrenal medulla homoge- 
nates) was then added to each tube and allowed to pre- 
cipitate for 1 h. The precipitated pellets were obtained 
after low-speed centrifugation, washed with 2 ml of cold 
distilled water, and the centrifugation step repeated. After 
aspiration of the supernatant medium, 0.5 ml of water was 
added to each pellet. Lipids were extracted from the pel- 
lets with acidified chloroform-methanol, separated by 
TLC, and quantitated as previously described (Fisher and 
Agranoff, 1980). In some experiments the phospholipids 
were also separated by two-dimensional TLC (Marggraf, 
1976; Yavin and Zutra, 1977). Three to five wells were 
analyzed separately for each experimental group. The re- 
sults are expressed as percent stimulation of labeling rel- 
ative to controls, calculated from the formula, E - CJ 
C, - Co x 100%. Data are expressed as mean c S.E.M. 
Statistical significance was determined by a two-tailed 
Student's t-test. 

RESULTS 

Chromaffin cells preincubated with 32P, and 
[3H]glycerol incorporated both labeled precursors 
into several phospholipids, including PhA, PhI, 
phosphatidylethanolamine, phosphatidylcholine, 
and  the  polyphosphoinosit ides (phosphatidyl- 
inositol phosphate and -diphosphate). The relative 
amounts of radioactivity in each phospholipid 
varied somewhat with the chromaffh cell prepara- 
tion and the age of culture. Irrespective of the 
basal (unstimulated) labeling pattern,  the addi- 
tion of carbachol consistently induced a selective 
stimulation of incorporation of both 32Pi and 
[3H]glycerol into PhA and PhI, which was evident at 
2-5 min of incubation (Fig. 1). In five separate ex- 
periments, the mean increase in PhA labeling in re- 

J .  Neurochem., Vol. 37, No. 2, 1981 



PHOSPHOLIPID METABOLISM AND SECRETION 493 

Phosphatidic acid 

- 
O L 0  5 15 30 

Phosphatidylinositol 

' 0 5  15 30 

0L- 
0 5 15 30 
- 

OL0 5 15 30 

Time (min) 
FIG. 1. Time course of incorporation of 3zP, (A) and 
[3H]glycerol (B) into PhA and Phl, and the effect of carbachol 
addition. Chromaffin cells were preincubated for 30 min at 
25°C in PSS containing 18.7 pCi 32P, and 22.8 pCi [3H]glycerol. 
After preincubation, the radioactive medium of identical 
composition with or without carbachol (final concentration 3 
x M) was added to the wells. Reactions were terminated 
at 2, 5, 15, and 30 min. Five wells were used for each time 
point and results are expressed as either 32P4 or [3H]glycerol 
incorporated into lipid (c.p.m., mean t s.E.M.). The basal 
labeling of PhA and Phl together accounted for 15-25% of 
total 32Pc incorporated into l ipids and 20-40% of total 
[3H]glycerol incorporation. 0. Control incubations, 0 
carbachol-treated. Different from control incubations, aP < 
0.005, bP < 0.02. 

sponse to carbachol addition was 266 2 31% for 
32P,, and 170 L 12% for [3H]glycerol incorporation. 
The corresponding values for PhI stimulation were 
220 ? 34% and 197% 24%. On no occasion did the 
addition of carbachol to the cultures induce a statis- 
tically significant increase in the incorporation of 
either s2Pi or [3H ]glycerol into phosphatidylethanol- 
amine, lysophosphatidylethanolamink, or the poly- 
phosphoinositides, although occasionally phospha- 
tidylcholine labeling was also stimulated, especially 
in prolonged incubations. Lyso PhA was detected in 

some preparations and its identity verified by two- 
dimensional TLC. When present, its labeling was 
stimulated to the same extent as PhA by addition 
of carbachol. There was no detectable labeling of 
lysophosphatidylcholine in either control or 
carbachol-treated cultures. To determine whether 
the catecholamines liberated from the cells by the 
addition of carbachol were responsible for the 
stimulation of labeling, a mixture of 20 p ~ -  
epinephrine and 20 pM-norepinephrine (5- 10 times 
the concentration of catecholamine usually liber- 
ated into the medium) was added to the cells. No 
stimulation of either 32Pi or [3H]glycerol incorpora- 
tion into phospholipids occurred (93-96% of con- 
trol), indicating that the released neurohumors were 
not directly responsible for the stimulation of phos- 
pholipid labeling. 

To determine whether the activation of mus- 
carinic or of nicotinic receptors was responsible for 
the observed changes in phospholipid labeling, a 
series of experiments was performed using specific 
agonists and antagonists. Only muscarinic agonists 
such as muscarine and methacholine (3 x 1 0 - 4 ~ )  
were as effective as carbachol (see above) in the 
stimulation of PhA and PhI labeling (Table 1). As in 
the case of carbachol, the addition of muscarinic 
agonists resulted in an enhanced incorporation of 
both 32Pi and [3H]glycerol, indicating an increased 
de novo synthesis of these lipids. Of the nicotinic 
agonists tested, the addition of nicotine or DMPP at 
concentrations optimal for catecholamine secretion 
(lo-5 M) had little or no effect on phospholipid 
labeling. The addition of higher concentrations of 
nicotine or DMPP (3 x M) also failed to alter lipid 
labeling. In contrast, the secretion of catecholamines 
from chromafin cells occurred to the same mag- 
nitude in the presence of nicotinic agonists ( 10-s M) 
or carbachol (3  x M), whereas muscarinic 
agonists such as muscarine, methacholine, and 
bethanechol (3 x M) had no effect (Table 1). 
Further evidence for a different pharmacological 
specificity of stimulated phospholipid labeling and 
catecholamine secretion was obtained from experi- 
ments with muscarinic and nicotinic antagonists. 
Carbachol-stimulated labeling of both PhA and PhI 
was fully reversed by inclusion of M-atropine, 
whereas the addition of a 40-fold higher concentra- 
tion of d-tubocurarine (4 x 10-5 M) had no statisti- 
cally significant effect on stimulated labeling. In 
contrast, the secretion of catecholamines was un- 
affected by M-atropine, but was inhibited by 
more than 65% by the addition of 4 x lo-' ~ - d -  
tubocurarine (Table 1). 

Both carbachol-stimulated phospholipid labeling 
and catecholamine secretion were dependent on the 
availability of calcium, but in different ways. The 
omission of calcium from PSS resulted in an in- 
crease in the basal (unstimulated) labeling of PhI, 
and in a variable increase in that of PhA. The car- 
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TABLE 1. Cholinergic aspects of phospholipid labeling, catecholamine 
secretion, and calcium influx 

Incorporation of 32Pi (c.p.m.) 

A. Phospholipid labeling PhA PhI 

Experiment 1: 
Control 
Muscarine 
Methacholine 
Nicotine 
DMPP 

Experiment 2: 
Control 
Carbachol 
Carbachol + atropine 
Carbachol t 
tubocurarine 

3886 t 902 
8470 c 186" (218) 
8208 f 1037b (211) 
4819 t 503 (124) 
4391 +. 434 (113) 

2874 t 227 
6960 ? 540" (242) 

5728 c 256 (199) 

2602k 195" (91) 

1757 t 121 
3875 f 258" (221) 
4053 k 687b (231) 
2144 t 237 (122) 
2126 t 435 (121) 

2507 t 285 
4011 lr 277' (160) 
2243 rfr 142d (89) 

3553 ? 241 (142) 

B. Catecholamine secretion Percent of total catecholamine released 

Experiment 1: 
Control 
Carbac hol 
Nicotine 
DMPP 
Muscarine 
Methac holine 
Bethanechol 

Experiment 2: 
Control 
Carbachol 
Carbachol + atropine 
Carbachol + tubocurarine 

3.9 t 0.3 
23.7 rfr 0.6" 
23.1 rfr 0.9" 
26.9 k 0.3" 
4.1 k 0.6 
5.4 t 0.6 
3.8 rfr 0.7 

3.4 rfr 0.2 
21.0 t 0.4" 
19.5 rfr 0.5 
9.0 2 0.2" 

C. Calcium influx T a 2 +  Accumulated (c.p.m.) 

Control 
Carbachol 
Nicotine 
Muscarine 
Methacholine 

693 t 106 
1275 +. 44b 
983 ? 33" 
654 c 45 
723 t 62 

For phospholipid labeling, chromafin cell cultures were preincubated for 30 min at 25°C 
in PSS containing 25-45 pCi 32P,. After preincubation, the radioactive medium was aspirated 
and replaced with fresh radioactive medium with or without drugs. Results are expressed 
as 32P, incorporated into PhA and PhI during the 15-min incubation period (3-5 wells/group) 
and the percentage stimulation of labeling relative to control is indicated in parentheses. 
Neither d-tubocurarine nor atropine had any significant effect on phospholipid labeling when 
added alone. Results from two separate experiments are shown. Three additional experi- 
ments gave essentially similar results. Catecholamine release was measured over a 15-rnin 
period in the presence or absence of drugs as indicated (3 wells/group). Calcium influx was 
measured over a 5-min period (3 welldgroup). Final concentrations of agonists and antago- 
nists were as follows (M): carbachol (3 x lo-'); muscarine (3 x lo-'): methacholine (3 x 
lo-'): bethanechol(3 x lo-'): nicotine DMPP atropine d-tubocurarine 

Different from control, " P < 0.005; P < 0.02; P < 0.01: different from carbachol- 
(4 x 10-5). 

treated, P < 0.02. 

bachol stimulation of phospholipid labeling was 
only minimally reduced by the omission of calcium, 
but was severely inhibited by the presence of EGTA 
(Fig. 2). In contrast, catecholamine secretion 
showed an absolute dependence on the presence of 
calcium in the medium, and could not be detected 
either in the absence of added calcium or in the 
presence of EGTA (Fig. 2). Whereas the addition of 

carbachol or nicotine resulted in a 40-80% stimula- 
tion of 45Ca2+ influx into chromaffin cells, mus- 
carinic agonists had no measurable effect (Table 1). 

Further evidence to dissociate the phospholipid 
labeling effect from secretion was obtained in ex- 
periments in which elevation of extracellular K+ 
concentrations by substitution of the standard incu- 
bation medium containing 5.6 mM-K+ and 142 
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FIG. 2. Effect of calcium omission and calcium chelators on 
carbachol-stimulated phospholipid labeling and catechol- 
amine release. For phospholipid labeling studies, the cells 
were preincubated for 30 min at 25°C in PSS containing 40.9 
pCi 32P,. After preincubation, the wells were rapidly washed 
with 0.5 mi of nonradioactive PSS solution containing (A) 0.5 
mM-EGTA, 0 mM-calcium; (B) 0 mM-EGTA. 0 mM-CalCiUm; or 
(C) 2.2 mhn-calcium. Fresh radioactive medium containing 
the above compositions of calcium and/or chelator, with car- 
bachol (3 x lo-" M )  or without (control) was then added and 
incubations allowed to proceed for 15 min. There were 4-5 
welldgroup. Results are from one of three experiments that 
gave similar results. Carbachol-induced catecholamine re- 
lease from chromaffin cells was measured over a 15-min in- 
cubation period, in the presence of calcium and EGTA as 
indicated. There were 3 wellslgroup. Numbers in parentheses 
refer to percent stimulation of labeling or catecholamine re- 
lease relative to control, where the increases were statisti- 
cally significant. Different from appropriate control, "f i 
0.005; bf < 0.02. 'Different from basal labeling of Phl in the 
presence of 2.2 mhn-calcium,f < 0.05. 

mM-Na+ with one containing 56 mM-K+ and 92 
mM-Na+ resulted in an induction of catecholamine 
release (14 c 1% of total cell catecholamine con- 
tent, P < 0.001), but had no significant effect on the 
incorporation of either 32Pi or [3H]glycerol into PhA 
or PhI (93-114% of control). 

DISCUSSION 

The present study indicates a pharmacological 
distinction between the secretory response of 
bovine chromaffin cell preparations, which is me- 
diated only through nicotinic cholinergic recep- 
tors, and stimulated phospholipid labeling, which, 
as in other tissues, is linked to muscarinic choliner- 
gic receptors (Michell, 1975; Hawthorne and Pick- 
ard, 1979; Fisher and Agranoff, 1980). Thus in this 
experimental preparation, stimulated phospholipid 
labeling appears to be neither a prerequisite for nor 
a consequence of secretion. 

In addition to differences in pharmacological spe- 
cificity, separate roles for calcium in catecholamine 
secretion and phospholipid labeling also distinguish 
the two processes. The addition of EGTA to a 
calcium-free medium was required to reduce stim- 
ulated phospholipid labeling 75 -85%, whereas a 
calcium-free medium alone caused little inhibition. 
In contrast, catecholamine secretion was com- 
pletely inhibited in the Ca2+-free medium in the ab- 
sence of EGTA. The effect of EGTA on stimulated 
phospholipid labeling may result from removal of 
tightly bound Ca2+ from the cell surface or by ac- 
celeration of loss of intracellular Ca*+. The finding 
that conditions for muscarinic stimulation of phos- 
pholipid labeling did not result in a measurable stim- 
ulation of 45Ca2+ influx into the cells whereas nico- 
tinic agents did supports the view that medium cal- 
cium enters the cell during nicotinic stimulation to 
induce exocytosis and further supports the premise 
that the muscarinic receptor is not coupled to the 
enhancement of catecholamine secretion. 

The conclusion that catecholamine secretion and 
stimulated phospholipid labeling are not correlated 
is in agreement with an earlier study by Trifaro 
(1969a,b), who used bovine adrenal medulla slices. 
Although no pharmacological differentiation was 
made in that study, a distinction between the two 
processes was inferred on the basis of their respec- 
tive time courses and the effects of calcium omis- 
sion. The results obtained with the chromaffin cell 
culture in the present study differ, however, from 
those obtained with slices in several aspects. First, 
the stimulation of PhA and PhI labeling in chromaf- 
fin cells is considerably more rapid than that ob- 
served in slices, presumably as a result of rapid ex- 
posure of receptors on cultured cells to the ligand. 
Thus, stimulated PhA and PhI labeling was detected 
as early as 1 min after carbachol addition to the 
chromaffin cell preparation, compared with 10-20 
min in the adrenal medulla slices. Since catechol- 
amine secretion from the chromaffin cells also be- 
gins within 1 min of the addition of carbachol 
(Holz, unpublished observations), a temporal dis- 
tinction between the onset of stimulated phospho- 
lipid labeling and the onset of catecholamine secre- 
tion cannot be made. Second, the carbachol-me- 
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diated increase in 32Pi incorporation into PhA and 
PhI in chromaffin cells is at least partly the result of 
increased de novo phospholipid synthesis, since in- 
corporation of [3H]glycerol is increased. In the slice 
experiments, only 32P labeling was stimulated (Tri- 
faro, 1969~) .  Third, while we confirm a calcium 
requirement for catecholamine secretion, the pres- 
ent results indicate, in contrast to the conclusions 
of Trifaro, that calcium may also play an important 
role in stimulated phospholipid labeling of chromaf- 
fin cells, as has been shown previously for the 
muscarinic stimulation of phospholipid labeling in 
synaptosomes (Fisher and Agranoff, 1980) and iris 
smooth muscle (Akhtar and Abdel-Latif, 1978). 

The question arises as to whether the muscarinic 
phospholipid labeling effect could not result from 
contaminating adrenal cortical cells that are inevit- 
ably present in chromaffin cell preparations (Kilpat- 
rick et al., 1980). Adrenal cortical cell preparations 
support a phospholipid labeling effect in the pres- 
ence of carbachol (data not shown) and there is 
some evidence for the presence of intrinsic mus- 
carinic receptors (N. H. Neff, personal communi- 
cation). However, significantly greater amounts of 
receptors are found in the adrenal medulla (Kayaalp 
and Neff, 1979). Further indications for the pres- 
ence of intrinsic muscarinic receptors in chromaffin 
cells derive from studies on the elevation by mus- 
carinic agents of cellular cGMP levels in chromaffin 
cells (Schneider et al., 1979; Lemaire et al., 1980). 
Kilpatrick et al. (1980) have provided histological 
evidence that young primary cultures of chromaffin 
cells were approximately 10% contaminated with 
adrenal cortical cells. This value increases with the 
age of the culture, since the latter cells have supe- 
rior survival properties. In the present study, how- 
ever, there was no indication of an increase in the 
phospholipid labeling effect as either a function of 
culture age or following cell purification on a Percoll 
gradient, findings that further argue against the pos- 
sibility that the observed stimulation of labeling is 
mediated by adrenal cortical rather than by 
chromaffin cells. 

The present findings then confirm in cultured 
chromaffin cells the muscarinic nature of the 
cholinergic phospholipid labeling effect and distin- 
guish it from the nicotinic receptor-mediated 
exocytotic release of catecholamines. 
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