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Phosphatidic acid mimicks the muscarinic action of acetylcholine
in cultured bovine chromaffin cells
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In cultured bovine chromaffin cells, acetylcholine as well as muscarine stimulated the **P; incorporation
into phosphatidic acid, induced the efflux of **Ca®* from prelabelled cells, and, in parallel, elevated
intracellular cyclic GMP content. Phosphatidic acid added to the medium also stimulated the efflux of
45Ca’* and the synthesis of cyclic GMP in the cells in the same fashion as muscarinic agents, whereas it
did not induce the secretion of catecholamines indicating that the effect of phosphatidic acid is specific
to muscarinic action. The result supports the hypothesis that phosphatidic acid produced during
phosphatidylinositol turnover is linked to the regulation mechanism of Ca®* mobilization and cyclic GMP
synthesis by muscarinic stimulation.

Phosphatidic acid

I. INTRODUCTION

It has been demonstrated that acetylcholine in-
creases the intracellular cyclic GMP content [1,2]
and also stimulates the turnover of phosphatidyl-
inositol [3] by acting on a muscarinic receptor in a
variety of tissues. However, the relationship bet-
ween the synthesis of cyclic GMP and the turnover
of phosphatidylinositol has not been elucidated.
Recently we have shown that exogenous as well as
endogenous phosphatidic acid, an intermediate
produced during phosphatidylinositol turnover,
stimulated the uptake of **Ca’* and elevated the
intracellular cyclic GMP content in neuroblastoma
NIE 115 cells [4]. On the other hand, it has been
reported [5] that cholinergic agents stimulated the
efflux of **Ca’* and increased the intracellular
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cyclic GMP content in pancreatic acinar cells. It is
of essential importance to study which of the in-
flux or efflux of Ca®* is correlated with the in-
crease of cyclic GMP content, and whether or not
the effect of phosphatidic acid on Ca?* mobiliza-
tion and cyclic GMP synthesis is universal to a
number of cells including normal tissues. Bovine
chromaffin cells would offer a good model for the
study of this issue, because they respond to both
muscarinic and nicotinic  stimulation of
acetylcholine, by either the elevation of cyclic
GMP [6,7] or the secretion of catecholamines [8],
respectively. Here, we report that in cultured
bovine chromaffin cells, exogenous phosphatidic
acid stimulates the efflux of prelabelled “*Ca®* and
the synthesis of cylic GMP in the same fashion as
muscarinic agents.

2. MATERIALS AND METHODS

2.1. Culture of bovine chromaffin cells
Fresh bovine adrenal glands were obtained from
local slaughterhouse and chromaffin cells were
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isolated by treatment with 0.05% collagenase as in
[9]. The dispersed cells were suspended in DMEM
supplemented with 7% fetal bovine serum,
100 units/ml penicillin, 100 zg/ml streptomycin,
2.5 ug/ml fungizone, 20 xg/ml 5-fluorodeoxy-
uridine, and 50 x#g/ml uridine. The cells were in-
oculated into 35-mm Nunc plastic dish or Nunc 24
multiwell plate (18 mm) at a concentration of
5—10 x 10° cells/dish or 1-2 x 10°/well in 1.5 or
0.5 ml of culture medium, respectively. The cells
were cultured in a humidified atmosphere of 7%
CO; and 93% air at 37°C. Cells were used for ex-
periment after 3—9 days of culture.

2.2. Measurement of 3P, incorporation into
phosphatidic acid

Cells were washed with phosphate-free HEPES-
buffered Krebs—Ringer solution (pH 7.3) contain-
ing 2.2mM CaCl; and 0.2% bovine serum
albumin (HEPES buffer). After the cells were
preincubated with the phosphate-free HEPES buf-
fer containing 5 xCi of *2P; at 37°C for 1 h, acetyl-
choline was added to the medium at a final concen-
tration of 0.1 mM. After the incubation periods
indicated, the medium was removed by aspiration
and 1 ml of 10% trichloroacetic acid was added to
terminate the reaction, followed by centrifugation
at 1500 x g for 15 min. Phospholipids were ex-
tracted from the precipitate with 3 ml of
chloroform/methanol (2:1). The amounts of 3?P;
incorporated into phosphatidic acid was measured
on thin-layer chromatography in the upper phase
of ethyl acetate/iso-octane/acetic acid/water
(90:50:20:100) as in [4].

2.3. Measurement of ¥ Ca®* efflux

Cells were preincubated with 1 ml of DMEM
supplemented with 7% fetal bovine serum and
2 4Ci of **CaCl, overnight. After the cells were
rapidly washed 3-times with 2 ml of HEPES buf-
fer, 1 ml of HEPES buffer containing either
acetylcholine or phosphatidic acid was added to
the cells. After the incubation time indicated, the
medium was transferred into a test tube in ice and
centrifuged at 1500 X g for 15 min. The radioac-
tivity in the supernatant was determined by a liquid
scintillation counter.

2.4. Measurement of “*Ca** uptake
The uptake of 4°CaCl, by cultured chromaffin
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cells was measured as in [4]. In brief, after cells
were preincubated in 0.9 ml HEPES buffer at
37°C for 30 min, the reaction was started by the
addition of 0.1 ml HEPES buffer containing 2 4Ci
45CaCl; and the agents to be tested. One min later,
the medium was removed by aspiration and the
cells were rapidly washed 3-times with 2 ml of
HEPES buffer containing 0.1 mM LaCls. The
washed cells were suspended in 0.1% deoxycholate
and the radioactivity was determined.

2.5. Determination of catecholamine secretion

Secretion of catecholamines from cultured
chromaffin cells was determined by a slight
modification of the method in [10]. Cells cultured
in multiwell plate were preincubated with 1 ml of
HEPES buffer at 37°C for 30 min. After the
medium was removed, 1 ml of HEPES buffer con-
taining the agent to be tested was added to the well
and incubation was continued for 5 min at 37°C
when the medium was removed and chilled in ice.
The cells were detached from dish, homogenized
with 1 ml of 0.4 N perchloric acid and centrifuged
at 1500 x g for 10 min. The supernatant was
neutralized with 2 N KOH. Catecholamines
(norepinephrine and epinephrine) in the medium
and in the cells were assayed as in [11] by use of
Amberite CG-50 Na* column (0.4 x 2.5 ¢m). The
results are expressed as percent of total
catecholamines.

2.6. Determination of cyclic GMP content

Cyclic GMP content in the cells was determined
by the radioimmunoassay using Yamasa assay kit
as in [12]. Protein was determined as in [13].

3. RESULTS AND DISCUSSION

When cultured chromaffin cells were incubated
with 0.1 mM acetylcholine, the incorporation of
32p; into phosphatidic acid was rapidly increased
(at 15s, P 0.05) reaching a maximum level in
1 min (fig.1A). This reaction was faster than that
in [14]. In parallel with the labelling of
phosphatidic acid, *Ca®* efflux from prelabelled
cells and intracellular cyclic GMP content increas-
ed 2- and 7-fold, respectively (fig.1B,1C).
Muscarine also stimulated these reactions in the
same manner (not shown) indicating that the
labelling of phosphatidic acid, *Ca®* efflux and
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Fig.1. Effect of acetylcholine and phosphatidic acid on
the 32P; incorporation into phosphatidic acid (A), efflux
of *Ca** (B), and cyclic GMP content (C), in cultured
bovine chromaffin cells. Cells were incubated for the
time indicated in the absence (®), or in the presence of
0.1 mM acetylcholine (O) or 100 xg/ml of phosphatidic
acid (A). Points and bars indicate the means and S.E. of
4 or S samples.

cyclic GMP synthesis were induced by the stimula-
tion of muscarinic receptor. The increase of cyclic
GMP content by acetylcholine was abolished by
removing Ca>* from the medium, whereas the **P;
labelling of phosphatidic acid by acetylcholine was
observed in the absence as well as in the presence
of extracellular Ca** (not shown).

The addition of phosphatidic acid to the
medium stimulated the efflux of **Ca®* from
prelabelled chromaffin cells and increased the syn-
thesis of cyclic GMP in the cells in the same
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fashion as acetylcholine (fig.1B,1C). In the
absence of extracellular Ca?*, phosphatidic acid
failed to elevate the intracellular cyclic GMP con-
tent (not shown) indicating that the presence and
the mobilization of Ca®* are required for the syn-
thesis of cyclic GMP induced by phosphatidic acid
as well as by acetylcholine. On the other hand, the
addition of cyclic GMP or dibutyryl cyclic GMP to
the medium stimulated neither the 32P; incorpora-
tion into phosphatidic acid nor the efflux of *Ca**
from the cells (not shown), thus suggesting that the
elevation of intracellular cyclic GMP is not a
causal event to, but presumably a consequence of
phosphatidic acid turnover and Ca?* mobilization.

To study whether phosphatidic acid also
mimicks the nicotinic action of acetylcholine on
chromaffin cells, the uptake of **Ca®* and the
secretion of catecholamines from the cells were
measured (fig.2). Acetylcholine (0.1 mM) and
nicotine (0.01 mM) stimulated the uptake of
45Ca®* and the secretion of catecholamines 10- and
12-fold over the unstimulated cells, respectively. In
contrast, muscarine (0.1 mM) induced neither
45Ca®* uptake nor catecholamine secretion from
the cells. Phosphatidic acid exogenously added to
the medium failed to stimulate catecholamine
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Fig.2. Effect of transmitters and phosphatidic acid on
the wuptake of #Ca®?* and the secretion of
catecholamines. Cells were incubated with either
acetylcholine (0.1 mM), nicotine (0.01 mM), muscarine
(0.1 mM) or phosphatidic acid (100 xg/ml). Incubation
was carried out for 1 and 5 min for the uptake of **Ca®*
and catecholamine secretion, respectively. Values
represent the means of 4—6 samples and vertical bars
indicate S.E.
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secretion, although an apparent uptake of **Ca**
into chromaffin cells was markedly enhanced.

This study shows that acetylcholine and
muscarine stimulate the **P; incorporation into
phosphatidic acid, the efflux of **Ca’*, and the
synthesis of cyclic GMP in cultured bovine
chromaffin cells. Our observation is consistent
with other reports [3,14—17] that acetylcholine
stimulated the turnover of phosphatidylinositol in
a variety of tissues via muscarinic receptor, and the
reports [5,15,16] that muscarinic agents stimulated
the efflux of “*Ca’?* and increased cyclic GMP
levels in pancreatic acinar cells, pituitary glands
and chromaffin cells. We further demonstrate that
phosphatidic acid exogenously added to cultured
chromaffin cells mimicks the effect of acetyl-
choline in that it induces the efflux of 4*Ca** from
prelabelled cells and elevates the intracellular cyclic
GMP content, thus extending our recent finding
on cloned neuroblastoma NI1E 115 cells [4]. We
have recently observed that the efflux of preloaded
“Ca?* from the neuroblastoma cells was
stimulated by exogenous phosphatidic acid, acetyl-
choline, histamine and prostaglandin E; that
elevate the intracellular cyclic GMP content in the
cells, although an apparent uptake of **CaCl, was
not stimulated by the transmitters (Ohsako and
Deguchi, unpublished). Taking these observations
together, it is indicated that the efflux, rather than
the influx of **Ca®* is intimately correlated with
the increased synthesis of cyclic GMP in tissues. In
this and in previous reports, we observed that ex-
ogenous phosphatidic acid stimulated the apparent
influx of “°Ca®* into neuroblastoma cells [4] and
chromaffin cells. It could be that
Ca?*-phosphatidic acid is simply adsorbed on cell
surface or that Ca®’* uptake induced by
phosphatidic acid is mediated by the process which
is not linked to catecholamine secretion.

It has been shown in many tissues that the eleva-
tion of intracellular cyclic GMP in response to
neurotransmitters or hormones was dependent on
extracellular Ca®* [1,2], although the role of Ca®*
in the activation of guanylate cyclase has remained
obscure. The omission of extracellular Ca?* might
deplete the intracellular Ca** pool needed for the
cyclic GMP synthesis. Alternatively, Ca2* attached
to cell surface is partly taken up by the cells and in
part liberated from the cells by stimulation of
muscarinic receptor, thus resulting in an apparent
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efflux of prelabelled *Ca®*. Further evidence is re-
quired to elucidate the mechanism of Ca®*
mobilization and its involvement in cyclic GMP
synthesis in response to muscarinic stimulation.

Recently much attention has been devoted to the
involvement of membrane phospholipids in Ca**
mobilization. These include phosphatidic acid
[18—-24], lysophosphatidic acid [24,25] and
methylation of phosphatidylethanolamine [26].
Phosphatidic acid has been shown to mediate the
translocation of Ca®* across an artificial mem-
brane [27,28] and to induce contraction of smooth
muscle [18] and other biological responses
[19—-23]. This study together with our recent report
[4], indicates that the action of muscarinic agents
could be mediated by phosphatidic acid in mem-
brane which induces Ca** mobilization, reflected
on the efflux of preloaded **Ca®*, and as a conse-
quence, enhances the synthesis of cyclic GMP in
tissues.
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