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Abstract-The role of Ca*+/phospholipid-dependent protein kinase (protein kinase C) in catecholamine 
secretion from bovine adrenal medullary chromaffin cells was examined using four protein kinase C 
inhibitors: polymyxin B, sphingosine, staurosporine, and 1-(S-isoquinolinesulfonyl)-2-methylpiperazine 
(H-7). For this purpose, digitonin-permeabilized chromaffin cells were used. Secretion of catecholamines 
from these cells was stimulated by the addition of micromolar amounts of exogenous free Ca*+. 12-0- 
Tetradecanoylphorbol-13-acetate (TPA) and arachidonic acid, activators of protein kinase C, enhanced 
the catecholamine secretion evoked by Ca*+. But phorbol-12,13-diacetate, a phorbol ester analog that 
does not activate protein kinase C, had no effect on Ca*+ -evoked secretion. Polymyxin B at a low 
concentration (1 MM) abolished the enhancement of secretion by TPA or arachidonic acid without 
affecting the secretion evoked by Ca *+. However, polymyxin B at higher concentrations (10-100 PM) 
greatly reduced Caz+-evoked catecholamine secretion. Sphingosine (10 PM-1 mM), staurosporine 
(100 nM-1 PM), and H-7 (100-500 ,uM) inhibited TPA- or arachidonic acid-enhanced secretion but not 
Ca*+-evoked secretion. In cells in which protein kinase C was down-regulated by TPA, specific binding 
of [3H]phorbol-12,13-dibutyrate to the cells almost disappeared and the enhancement of secretion by 
TPA was no longer observed, whereas Ca*+ -evoked secretion was maintained. These results strongly 
suggest that protein kinase C is not essential for the Ca *+-dependent catecholamine secretion from 
bovine adrenal chromaffin cells, but acts instead as a modulator. 

Ca2+ plays a very important role in hormone 
secretion and neurotransmitter release. In bovine 
adrenal medulla, stimulation of the nicotinic ace- 
tylcholine receptor in the cell membrane by a physio- 
logical secretagogue, acetylcholine, causes an influx 
of extracellular Ca2+ into the cells, increases the 
intracellular free Ca2+ concentration, and conse- 
quently induces catecholamine secretion by 
exocytosis [l-4]. However, the intracellular mech- 
anism by which Ca2+ triggers such exocytotic 
secretion is still largely unknown. 

Several studies have suggested that protein phos- 
phorylation in cells is involved in the secretory pro- 
cess in a number of systems, including adrenal 
medullary cells [5,6], neural tissues [7,8], platelets 
[9], and mast cells [lo]. It has been reported that 
Ca2+/phospholipid-dependent protein kinase 
(protein kinase C) participates in Ca2+-dependent 
cell functions in many systems [ 111. Protein kinase 
C is activated when it becomes membrane bound in 
the presence of Ca2+ and diacylglycerol or phorbol 
ester. In bovine adrenal chromaffin cells, it has been 
shown that Ca2+ influx into the cells causes diacyl- 
glycerol accumulation from phosphatidylinositol 
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t Abbreviations: TPA, 12-O-tetradecanoylphorbol-13- 
acetate; H-7, 1-(5-isoquinolinesulfonyl)-2_methylpiperaz- 
ine; HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesul- 
fonic acid; KRH, Krebs-Ringer-HEPES; and EGTA, 
ethylene glycol his@aminoethylether)~N,N,N’,N’-tetra- 
acetic acid. 

hydrolysis, and an extremely rapid translocation of 
protein kinase C to the cell membranes [ 121. Several 
reports have demonstrated that phorbol ester 12-0- 
tetradecanoylphorbol-13-acetate (TPA)t, a protein 
kinase C activator, stimulates the secretion of cat- 
echolamines from cultured bovine chromaffin cells 
and potentiates the secretion induced by Ca2+ ion- 
ophore or high K+ medium in the presence of Ca2+ 
[13-161. TPA also enhances catecholamine secretion 
from digitonin-permeabilized or electrically per- 
meabilized chromaffin cells evoked by micromolar 
amounts of free Ca2+ [ 17,181. These findings indicate 
that the activation of protein kinase C may par- 
ticipate in Ca 2+-dependent catecholamine secretion 
from chromaffin cells. In previous experiments, we 
have reported that polymyxin B, a selective inhibitor 
of protein kinase C, completely inhibits catechol- 
amine secretion from cultured cells induced by ace- 
tylcholine, high K+ medium TPA or Ca2+- 
ionophore ionomycin [16]. Thesd results’further indi- 
cate that the activation of protein kinase C may 
be involved in exocytotic secretion. However, the 
inhibitory effect of polymyxin B on acetylcholine- or 
high K+-induced secretion of catecholamines has 
been considered to result from blockade of the influx 
of extracellular Ca2+ into the cells stimulated by 
these secretagogues, rather than an effect on the 
intracellular secretion mechanism. Furthermore, 
polymyxin B at high concentrations inhibits not only 
protein kinase C but also Ca2+/calmodulin-depen- 
dent protein kinase [ 191. Therefore, it is still unclear 
whether or not activation of protein kinase C is 
responsible for catecholamine secretion from bovine 
adrenal chromaffin cells stimulated by acetylcholine. 
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Recently, many potent or selective inhibitors of 
protein kinase C have been found. Therefore, to 
analyze the role of protein kinase C in catecholamine 
secretion from adrenal chromaffin cells, we chose 
four protein kinase C inhibitors which include a 
polyps ptide antibiotic, polymyxin B [19], a sphingoid 
long-chain base, sphingosine [20], a fungal alkaloid, 
staurosporine [21], and a synthetic isoquinoline sul- 
fonamide derivative, H-7 [22]. These agents have 
been shown to inhibit protein kinase C activity in 
vitro and to suppress cellular responses to protein 
kinase C activators or agonists in several tissues 
[20,23-251. 

Treatment of chromaffin cells with digitonin 
enables Ca*+ and relatively small molecules in the 
extracellular medium to enter the cell without affect- 
ing the function of the intracellular chromaffin gran- 
ules [26,27]. Exocytotic secretion from digitonin- 
permeabilized chromaffin cells is stimulated by the 
addition of micromolar amounts of free Ca*+ to the 
medium in the presence of Mg*+-ATP. Therefore, 
using the permeabilized cells, we have access to 
the intracellular action sites of Ca*+ in stimulus- 
secretion coupling and can observe the direct action 
of the inhibitors in the cell. 

In this experiment, we examined the effects of 
four protein kinase C inhibitors on catecholamine 
secretion from digitonin-permeabilized adrenal chro- 
maffin cells evoked by micromolar amounts of Ca*+. 

MATERIALS AND METHODS 

Tissue culture instruments were obtained from the 
Falcon Plastics Co. (Cockeysville, MD, U.S.A.). 
Eagle’s Minimum Essential Medium was from Nissui 
Seiyaku (Tokyo, Japan). Calf serum, digitonin, and 
arachidonic acid were obtained from Nakarai Chemi- 
cals Ltd. (Kyoto, Japan). Polymyxin B was pur- 
chased from the Taito Pfizer Co. Ltd. (Tokyo, 
Japan). TPA, phorbol-12,13-diacetate, phorbol- 
12,13-dibutyrate and sphingosine were from the 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Stau- 
rosporine was from the Calbiochem Co. (San Diego, 
CA, U.S.A.). H-7 was from Seikagaku Inc. (Tokyo, 
Japan . [20 (n)-3H]Phorbol-12,13-dibutyrate (lO- 
20 Ci 1 mmol) was from Amersham International Ltd. 
(Arlington Heights, IL, U.S.A.). All other chemicals 
were of the highest grade available from commercial 
sources. 

Primary cell culture and preparation of digitonin- 
permeabilized chromaffin cells. Bovine adrenal 
glands were provided by the Iwate Slaughterhouse. 
Adrenal chromaffin cells were isolated by digestion 
of collagenase using a method described previously 
[28]. The isolated cells were suspended immediately 
in Eagle’s Minimum Essential Medium containing 
10% calf serum, penicillin (100 units/ml), strep- 
tomycin (100 yg/mL), and amphotericin B (0.3 pg/ 
mL), and were plated on a 35mm dish at a density 
of 2 x lo6 cells per dish. The cells were maintained 
at 37” in a CO* incubator (95% air/S% CO*) and 
were used for experiments at 4 days of culturing. 
A total of 2 x lo6 cells contained 36.3 * 2.4 ,ug of 
catecholamines, as epinephrine and norepinephrine. 

Permeabilized cells were prepared by digitonin 
treatment of the cultured cells as described by Dunn 

and Holz [26] and Wilson and Kirshner [27]. Briefly, 
after 4 days in culture the cells were washed twice 
with pre-warmed Krebs-Ringer-HEPES (KRH) 
buffer (pH7.4) containing 125 mM NaCl, 4.8mM 
KCl, 2.6mM CaC12, 1.2 mM MgS04, 25 mM 
HEPES, and 5.6mM glucose. The cells were then 
preincubated for 10min at 37”, and incubated for 
5 min with 20 pg/mL digitonin in potassium glu- 
tamate-HEPES buffer (pH 7.4), consisting of 
150 mM potassium glutamate, 15 mM HEPES- 
KOH, 5 mM EGTA, and 5.6 mM glucose. The dig- 
itonin-treated cells were washed with potassium glu- 
tamate-HEPES buffer and incubated for 5 min, with 
or without the test agents in potassium glutamate 
HEPES buffer containing 2 mM ATP, 2 mM MgS04, 
and either 5 mM EGTA or 5 mM EGTA and various 
amounts of CaC12. The concentrations of free Ca*+ 
were adjusted by use of an EGTA-Ca*+ buffer and 
were calculated according to Portzehl et al. [29]. 

Secretion of catecholamines from digitonin-per- 
meabilized cells. After incubation, the reaction was 
terminated by transferring the incubation medium 
to tubes in an ice-cold bath. Catecholamines secreted 
into the medium were extracted with 0.4M per- 
chloric acid and adsorbed to aluminum hydroxide. 
Their amounts were estimated by the ethylene- 
diamine condensation method [30], using a fluor- 
escence spectrophotometer (Hitachi 650-10s) at an 
excitation wavelength of 420nm and an emission 
wavelength of 540 nm. At those wavelengths, epine- 
phrine and norepinephrine showed the same fluor- 
escence intensity. The amount of catecholamines 
secreted from the cells was expressed as percent of 
total cellular catecholamines. 

Down-regulation of protein kinase C and binding 
of [3Hlphorbol-12, 13-dibutyrate in the cells. For 
down-regulation of protein kinase C [31], the cul- 
tured cells were incubated with 1 PM TPA in the 
culture medium for 24 hr at 37” in a CO2 incubator, 
and were subjected to digitonin treatment. 

The binding of [3H]phorbol-12,13-dibutyrate on 
the cells down-regulated by TPA was determined by 
a method described elsewhere [31]. After pre- 
incubation of the cells with 1 PM TPA for 24 hr at 
37”, the cells were washed with KRH buffer and 
incubated for 30 min at 30” with 1 mL of KRH buffer 
containing 22 nM [3H]phorbol-12,13-dibutyrate 
(0.63 &i). The cells were washed in ice-cold KRH 
buffer and solubilized in 1 mL of 10% Triton X-100; 
then the solution was transferred to a counting vial. 
Radioactivity was determined by a liquid scintillation 
spectrometer (Aloka LSC-900). Nonspecific binding 
was defined in the presence of 2pM TPA. Specific 
binding was expressed as cpm bound/2 X lo6 cells. 

Statistics. Statistical calculations were made 
according to the methods of Snedecor and Cochran 
[32]. Differences were considered significant when 
P, calculated by Student’s t test, was < 0.05. 

RESULTS 

Effects of free Ca*+ and TPA on catecholamine 
secretion from digitonin-permeabilized bovine 
adrenal chromqfin cells. As shown in our previous 
report [16], polymyxin B (100 PM), an inhibitor of 
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Fig. 1. Effects of different concentrations of free Ca’+ Fig. 2. Effects of different concentrations of TPA and 
on catecholamine secretion from digitonin-permeabil~ed phorbol-12,13-~acetate on catecholamine secretion from 
cells. After preincubation of the cultured cells for 10 min 
at 37”, the cells were incubated for 5 min with 20 p/mL 

digitonjn-permeabilized ceils. The digitonin-~rmeabilized 
cells were incubated for 5min at 37” with different con- 

digitonin in potassium glutamate-HEPES buffer. Dig centrations of TPA in Ca**-free (with 5 mM EGTA, 0) or 
itonin-permeabilized cells were incubated for 5 min at 37’ 
with different concentrations of free Ca2+ in potassium 

600 nM free Ca*+-containing medium (O), or of phorbol- 
12,13-diacetate in 600 nM free Ca*‘-containing medium 

glutamat~H~PES buffer. Catecholamines secreted from (A). Catecholamines secreted from the ceils were deter- 
the cells were determined as described in Materials and mined as described in Materials and Methods. Cat- 
Methods. Catecholamine secretion is shown as a percentage echolamine secretion is shown as a percentage of the total 
of the total cellular catecholamine content (34.3 + 2.4 pg). cellular catecholamine content (36.3 2 2.4 pg). Values are 
Values are means f SD from four experiments. Key: (*) means 2 SD from four experiments. Key: (*) significantly 

different from control (P < 0.02). significantly different from control (P < 0.001). 

protein kinase C, completely inhibited catechol- 
amine secretion from cultured bovine adrenal chro- 
maffin cells treated with acetylcholine in the presence 
of Ca*+. However, this inhibitory effect was due to 
blockade of the Ca2+ influx into the cells, as the rise 
in the cytosolic free calcium concentration induced 
by acetylcholine was abolished by polymyxin B 
(1OOpM). To examine the direct effects of protein 
kinase C inhibitors on Ca2+-dependent catechol- 
amine secretion, we used cultured bovine adrenal 
chromaffin cells treated with a low concentration 
of digitonin (20 ,ug/mL). Digitonin-permeabiiized 
cells are stimulated to secrete catecholamines by 
exocytosis by the addition of micromolar amounts of 
Ca*+ to the medium 126,271. Under our exper- 
imental conditions, the basal (spontaneous) 
secretion of catechofamines in the presence of 5 mM 
EGTA was 1.10 f 0.30% of total catecholamines 
(Fig. 1). A significant increase in catecholamine 
secretion (2.80% of total catecholamines) was 
observed with 43 nM free Ca*+, and the secretion at 
5.6 PM free Ca2+, the highest concentration tested, 
was 7.60% of total catecholamines. In this exper- 
iment, we used a concentration of 600 nM free Ca*+ 
(5.85% secretion of total catecholamines). 

TPA, a phorbol ester, is known to enhance cat- 
echol~ine secretion evoked by free Ca2+ in dig- 
itonin-permeabilized and electrically permeabilized 
chromaffin cells [17,18]. As shown in Fig. 2, we also 
obtained similar results. The increase in catechol- 
amine secretion evoked by 600nM free Ca2+ was 
potentiated by TPA in a concentration-de~ndent 
manner. TPA at lOOnM, which is a submaximal 
concentration (7.93% secretion of total catechol- 
amines), was used in the experiment below. TPA 

- log CPhorbol esters] (M) 

did not enhance catecholamine secretion in the 
absence of external Ca*+ (Fig. 2). Ca2+-evoked 
secretion was also potentiated by phorbol-12,13- 
dibutyrate, a phorbol ester analog that activates pro- 
tein kinase C (data not shown), but not by its “inac- 
tive” analog phorbol-12,13-diacetate (Fig. 2) [33]. 
The stimulatory concentrations of phorbol-12,13- 
dibutyrate were very similar to those of TPA. 

Effects of prutein kinase C inhibitors on Ca2+- 
and Ca2+ plus TPA-evoked catecholamine secretion. 
Figure 3 shows the effects of different concentrations 
of the four inhibitors, polymyxin B, sphingosine, 
staurosporine, and H-7, on catecholamine secretion 
from digitonin-pe~eabilized chromaftin ceils stimu- 
lated by addition of 6OOnM free Cat* or 6~n~ 
Ca*+ plus 100 nM TPA to the medium. As shown in 
Fig. 3A, polymyxin B decreased both Ca2+- and 
Ca*+ plus TPA-evoked catecholamine secretion in a 
concentration-dependent manner. Polymyxin B at 
low concentrations (100 nM and 1 FM) inhibited only 
the secretion stimulated by Ca2+ plus TPA; poly- 
myxin B at 100 nM greatly reduced TPA-enhanced 
secretion (79% inhibition), and at 1 PM completely 
abolished it without affecting Ca*+-evoked secretion. 
On the other hand, polymyxin B at higher con- 
centrations (10 and 100 @I) decreased Ca +-evoked 
secretion; polymyxin B at 10 PM reduced it (36% 
inhibition), and at 100 PM completely suppressed it. 
Polymyxin B itself had no effect on the basal 
secretion of catecholamines in non-stimulated cells. 
The other three protein kinase C inhibitor, sphin- 
gosine (10 hM-1 mM), staurosporine (100 nM- 
1 PM), and H-7 (100-500 ,uM), depressed only the 
secretion of catecholamines enhanced by 100 nM 
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Fig. 3. Effects of different concentrations of polymyxin B (PMB), sphingosine, staurosporine, and H- 
7 on catechofamine secretion evoked by 600 nM Ca*+ or 600 nM Ca2+ f 100 nM TPA. After pre- 
in~bation of the cultured cells for 10 min at 37”, the cells were incubated for 5 min with 20 pg/mL 
digitonin in potassium glutamate-HEPES buffer (first incubation). Digitonin-permeabiiized cells were 
incubated for 5 min at 37” with different concentrations of PMB (A), sphingosine (B), staurosporine 
(C), or H-7 (D) in Ca*+-free (with 5 mM EGTA, 0), 600 nM free Ca*+ (A)-, or 600 nM free Ca*+ + 
100 nM TPA-containing medium (0, second incubation). Catecholamines secreted from the cells were 
determined as described in Materials and Methods. Catecholamine secretion is shown as a percentage 
of the total cellular catecholamine content (36.3 zk 2.4 pg). Values are means + SD from four experi- 
ments. Key: (‘1 significantly different from control (P < 0.001); f**) significantly different from Ca2+- 
evoked secretion (P < 0.01); and (***I si~ificantiy different from Ca2+ + ‘TPA-evoked secretion 

(P < 0.01). 

TPA without affecting the secretion evoked by 
6OOnM free Ca2+ (Fig. 3, B-D). These inhibitors 
had no effect on the basaf secretion. The inhibition 
of TPA-induced secretion by sphingosine was 48% 
at 10 PM and 76 and 81% at 1OOpM and 1 mM 
respectively. The inhibition by staurosporine was 
15% at 100 nM, and at 500nM the inhibition was 
almost complete. The inhibition by H-7 was 35% at 
1OOpM and 300 and 500pM concentrations pro- 
duced 82 and 100% inhibition respectively. On the 
other hand, ~“(2-guanidinoethyl)-5-iso~uinoline- 
sulfonamide (HA1004) at 100 and 3OOpM had no 
effect on TPA-enhanced and Car+-evoked secretion, 
and at 500 PM slightly depressed only TPA-enhanced 
secretion (data not shown). The inhibition of protein 
kinase C by HA1004 (I& = 40) is less potent than 

that by H-7 (Kr = 6.0) [22]. These results suggest 
that the secretion of catecholamines from digitonin- 
permeabilized chromaffin cells induced by TPA in 
the presence of free Ca2+ is mediated via activation 
of protein kinase C. 

Effects of protein kinase C inhibitors on Ca2+ plus 
arachidonic acid-evoked catecholamine secretion. To 
further confirm a relationship between catechol- 
amine secretion and protein kinase C activation, 
we examined the influence of the protein kinase C 
inhibitors on the secretion from digitonin-treated 
chromaffin cells evoked by another activator of pro- 
tein kinase C, arachidonic acid. Unsaturated fatty 
acids are known to activate protein kinase C in vitro 
[34]. In digitonin-permeabilized chromaffin cells, 
arachidonic acid enhanced the secretion from the 
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Fig. 4. Effects of different concentrations of arachidonic 
acid on catecholamine secretion. The permeabilized cells 
were incubated for 5 min at 37” with different con- 
centrations of arachidonic acid in Ca*+-free (with 5 mM 
EGTA, 0) or 600 nM free Ca*+-containing medium (0). 
Catecholamines secreted from the cells were determined 
as described in Materials and Methods. Catecholamine 
secretion is shown as a percentage of the total cellular 
catecholamine content (36.3 + 2.4 pg). Values are means 2 
SD from four experiments. Key: (*) significantly different 
from control (P < 0.001); and (**) significantly different 

from Ca*+-evoked secretion (P < 0.01). 

cells evoked by 600 nM Ca*+ in a concentration- 
dependent manner, but it had little effect on the 
basal secretion in the absence of external free Ca*+ 
(Fig. 4). A significant enhancement of secretion was 
observed with 10 PM arachidonic acid. The enhanced 
catecholamine secretion was maximal at 100 PM 
arachidonic acid (Fig. 4). A submaximal concen- 
tration, 50pM arachidonic acid, which resulted in 
about 1.5fold enhanced increase in secretion, was 
used in the experiment below. 

Figure 5 shows the effects of polymyxin B, sphin- 
gosine, staurosporine, and H-7 on catecholamine 
secretion from the permeabilized cells evoked by 
600 nM Ca*+ plus 50 PM arachidonic acid. Polymyxin 
B at low concentrations (100 nM and 1 PM) depres- 
sed only the secretion enhanced by arachidonic acid 
(Fig. SA). The other inhibitors, sphingosine (10 PM- 
1 mM), staurosporine (100 nM-1 PM), and H-7 
(100-500 PM), also inhibited only the secretion 
enhanced by arachidonic acid (Fig. 5, B-D). The 
inhibitory concentrations of these substances in 
arachidonic acid-enhanced secretion of catechol- 
amines were very similar to those in TPA-enhanced 
secretion. 

Effect of down-regulated of protein kinase C on 
catecholamine secretion. When the cells were treated 
with 1 ,uM TPA for 24 hr at 37”, specific binding of 
[3H]phorbol-12,13-dibutyrate to the cells was greatly 
reduced to 19% of total specific binding (Fig. 6A). 
This suggests that protein kinase C in the cells is 
almost entirely down-regulated by long-term 
exposure of the cells to phorbol ester. 

As shown in Fig. 6B, treatment of the cells with 
1 PM TPA for 24 hr abolished the enhancement of 
catecholamine secretion from digitonin-permeab- 

ilized cells evoked by TPA, whereas this treatment 
had no effect on the secretion evoked by 600 nM free 
Ca*+. 

DISCUSSION 

Although many protein kinase C inhibitors have 
been found, they are not highly specific for protein 
kinase C. Therefore, inhibition of cell function by 
one kinase C inhibitor cannot be attributed directly 
to the inhibition of protein kinase C. To solve this 
problem, the effects of two or more inhibitors on the 
same cell function should be compared. We chose 
four protein kinase inhibitors, polymyxin B, sphin- 
gosine, staurosporine, and H-7. Protein kinase C 
possesses the catalytic site and the regulatory site to 
which the negative phospholipid, phosphatidylser- 
ine, binds. Therefore, the inhibitors can be grouped 
roughly into two types. It has been reported that 
polymyxin B and sphingosine act on the regulatory 
site, but at a low concentration of phosphatidylserine 
sphingosine also interacts at the catalytic site of the 
enzyme [19,35,36]. On the other hand, stau- 
rosporine and H-7 act on the catalytic site 
[21,22,36]. 

Our results have demonstrated that all four protein 
kinase C inhibitors, polymyxin B at low con- 
centrations (100 nM and 1 PM), sphingosine (10 ,nM- 
1 mM), staurosporine (100 nM-1 PM), and H-7 
(100-500 PM), almost completely inhibited only the 
enhancement of Ca2+-evoked secretion by TPA (Fig. 
3, A-D). These results indicate that the stimulatory 
effect of TPA on the secretion is attributable to 
activation of protein kinase C. Therefore, the phos- 
phorylation of some proteins by activated protein 
kinase C probably induces catecholamine secretion 
in adrenal chromaffin cells. This is confirmed by 
the finding that the secretion enhanced by another 
protein kinase C activator, arachidonic acid, also 
was almost completely abolished by the four kinase 
inhibitors (Fig. 5, A-D). On the other hand, neither 
polymyxin B at low concentrations nor sphingosine, 
staurosporine, and H-7 inhibited catecholamine 
secretion from digitonin-treated cells evoked by 
micromolar amounts of free Ca2+ (Fig. 3, A-D). 
Furthermore, the effect of Ca*+ on the secretion 
persisted in cells in which protein kinase C had been 
greatly reduced by down-regulation following long- 
term treatment with TPA, although that of TPA was 
abolished (Fig. 6). These results strongly suggest that 
the activation of protein kinase C is not involved in 
the process of Ca *+-dependent catecholamine 
secretion in bovine adrenal chromaffin cells. There- 
fore, protein kinase C probably modulates but is not 
essential for Ca2+-dependent secretion. This view is 
also supported by the finding of Holz and Senter 
[37] that trypsin at low concentrations (3-10 pg/mL) 
specifically inhibits catecholamine secretion 
enhanced by TPA but not evoked by Ca*+, and that 
trypsin at higher concentrations (30-50 pg/mL) is 
required for inhibition of Ca*+-evoked secretion in 
digitonin-permeabilized cells. However, protein 
kinase C has at least seven isoenzymes, which show 
different affinities for Ca*+, phospholipids, or 
unsaturated fatty acids and are present in tissues in 
different distributions [38-40]. It is possible that each 
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Fig. 5. Effects of different concentrations of polymyxin B (PMB), sphingosine, staurosporine, and H- 
7 on catecholamine secretion evoked by 6OOnM Ca2’ + 50 @I arachidonic acid. The permeabilized 
cells were incubated for Smin at 37” with different concentrations of PMB (A), sphingosine (B), 
staurosporine (C), or H-7 (D) in Caz+-free (with 5 mM EGTA, 0), 600 nM free Caz+ (A)-, or 600 nM 
free Ca2’ + 50 PM arachidonic acid-containing medium (0). Catecholamines secreted from the cells 
were determined as described in Materials and Methods. Catecholamine secretion is shown as a 
percentage of the total cellular catechol~e content (36.3 2 2.4pg). Values are means + SD from 
four experiments. Key: (*) signi~cantly different from control (P < O.OOi); (**) signi~can~y different 
from Ca’+-evoked secretion (P < 0.01); and (***) significantly different from Ca*+ + arachidonic acid- 

evoked secretion (P < 0.01). 

isoenzyme possesses a different affinity for the pro- 
tein kinase C inhibitors. Therefore, some of these 
enzyme subtypes may not be inhibited by the four 
kinase inhibitors, and the subtypes may participate 
in the Ca*+-dependent secretion. We need to inves- 
tigate which subtypes are present in bovine adrenal 
chromaffin cells and their affinities for the four inhibi- 
tors. 

In ceils in which protein kinase C had been greatly 
down-regulated, the stimulatory effect of TPA on 
the secretion was abolished completely but that of 
Ca*+ was not affected (Fig. 6, A and B). On the 
basis of the results of [31-K]phorbol ester binding, 
however, 19% of total cellular protein kinase C 
remains in the cells treated with TPA. Therefore 
the possibility cannot be denied completely that the 
remaining enzyme is not depressed by the inhibitors 
and induces Ca2+-evoked secretion. 

Burgoyne et al. [41] have reported that protein 
kinase C plays a major role in Ca2+-activated 
exocytosis in digitonin-permeabilized adrenal chro- 
maffin cells. This conclusion is based on the concept 
that down-regulation of protein kinase C following 
long-term exposure to yhorbol ester is associated 
with a decrease in Ca +-actrvated ~atecholamine 
secretion from the cells. This finding is contrary to 
our observation that the down-re~lation of protein 
kinase C has no effect on the Caz+-evoked secretion. 
Although the reason for the discrepancy is not clear, 
there are several differences in experimental con- 
ditions among different laboratories; in the labora- 
tory of those authors [41], the cells were isolated 
by protease instead of collagenase digestion, and 
Dulbecco’s modified Eagle’s medium was used as a 
culture medium. These differences in culture con- 
ditions, and particularly in the methodology used for 
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Fig. 6. Effects of protein kinase C down-regulation on binding of phorbol ester and catecholamine 
secretion. Intact cells were pretreated at 37” for 24 hr without or with 1 PM TPA in the culture medium. 
(A) Specific binding of [3H]phorbol-12,13-dibutyrate ([‘HI-PDBu) was determined as described in 
Materials and Methods. (B) After preincubation with or without 1 PM TPA, the cells were incubated 
with 20 pg/mL digitonin in the medium for 5 min at 37”. The permeabilized cells were then incubated 
for 5 min without (a and d) or with 600 nM free CaZC (b and e) or 600 nM free Ca2+ + 100 nM TPA (c 
and f) in the medium. Catecholamines secreted from the cells were determined as described in Materials 
and Methods. Catecholamine secretion is shown as a percentage of the total cellular catecholamine 
content (36.3 + 2.4 pg). Values are means rl: SD from four experiments. Key: (*) significantly different 

from control (P < 0.001); and (**) significantly different from Ca2+-evoked secretion (P < 0.001). 

digestion of the adrenal medulla, may account for 
these discrepancies. 

Mazzei et al. [ 191 have reported that polymyxin B 
also inhibits Ca2+/calmodulin-dependent enzyme as 
well as protein kinase C in vitro. The inhibition of 
Ca2+/calmodulin-dependent protein kinase by poly- 
myxin B is competitive with respect to calmodulin. 
However, polymyxin B is a more selective inhibitor 
for protein kinase C than Ca2+/calmodulin-depen- 
dent protein kinase. The IC~O of polymyxin B for 
protein kinase C was 6-8pM and for Ca2+/calm- 
odulin-dependent myosin light-chain kinase 80- 
100 PM under their assay conditions. Our present 
results showed that polymyxin B at low con- 
centrations (100 nM-1 PM) inhibited TPA- or arachi- 
donic acid-enhanced secretion of catecholamines and 
at higher concentrations (10-100 PM) inhibited 
Ca2+-evoked secretion (Figs 3 and 5). Therefore, it 
is possible that a calmodulin-depen’dent mechanism 
(enzyme) may be involved in Ca2+-evoked secretion 
of catecholamines, although the possibility that poly- 
myxin B acts on other Ca2+-dependent secretory 
mechanisms cannot be excluded. However, Wilson 
and Kirschner [27] have reported that Ca2+-depen- 
dent secretion of catecholamines from digitonin-per- 
meabilized chromaffin cells is not inhibited by 
calmodulin antagonists, trifluoperazine (10 PM), 
pimozide (10-50 ,uM), and N-(4aminobutyl)-5-chl- 
oro-2-naphthalenesulfonamide (W-13) (10-50 yM). 
On the other hand, it has been shown by Baker and 
Knight [32] that trifluoperazine (42 PM) abolishes 
catecholamine secretion from electrically perme- 
abilized chromaffin cells evoked by Ca2+. Recently, 
we also found in preliminary studies that N-(6-amino- 
hexyl)d-chloro-1-naphthalenesulfonamide (W-7) 
(lO-lOOpM), a relatively specific inhibitor of cal- 
modulin, strongly inhibits Ca2+-evoked secretion 

from the permeabilized cells, but not N-(6-amino- 
hexyl)-1-naphthalenesulfonamide (W-5) (lo- 
1OO~M) which has a much lower affinity for cal- 
modulin [43]. Therefore, it is still unclear whether 
or not calmodulin participates in Ca2+-dependent 
catecholamine secretion from adrenal medullary 
chromaffin cells. Further studies on the role of cal- 
modulin in the Ca2+-dependent secretory mech- 
anisms of catecholamines are now in progress. 

In summary, the results presented here suggest 
that protein kinase C is not essential for the Ca2+- 
dependent catecholamine secretion from bovine 
adrenal medullary chromaffin cells, but acts instead 
as a modulator. 

Acknowledgements--We thank Dr C. Shimizu and Dr M. 
Mikami for help in obtaining adrenal glands. This work 
was supported by grants from the Japanese Ministry of 
Education, Science and Culture and from the Iwate Medical 
University-Keiryokai Research Foundation No. 51. 

REFERENCES 

1. Douglas WW and Poisner AM, Stimulation of uptake 
of calcium-45 in the adrenal gland by acetylcholine. 
Nature 192: 1299, 1961. 

2. Wilson SP and Kirshner N, The acetvlcholine recentor 
of the adrenal medulla. J Neurochemi8: 687-695,1977. 

3. Holz RW, Senter RA. and Frve RA. Relationshio 
between Ca2+ ’ ’ uptake and catecholamine secretion in 
primary dissociation cultures of adrenal medulla. J 
Neurochem 39: 635-646, 1982. 

4. Kao L-S and Schneider AS, Calcium mobilization and 
catecholamine secretion in adrenal chromaffin cells: A 
quin-2 fluoroescence study. J Biol Chem 261: 4881- 
4888, 1986. 

5. Amy CM and Kirshner N, Phosphorylation of adrenal 
medulla cell proteins in conjunction with stimulation 



1512 E. TACHIKAWA et al. 

of catecholamine secretion. J Neurochem 36: 847-854, 
1981. 

6. Lee SA and Holz RW, Protein phosphorylation and 
secretion in digitonin-permeabilized adrenal chro- 
maffin cells: Effects of micromolar Ca2+, phorbol 
esters, and diacylglycerol. J Biol Chem 36: 17089- 
17098, 1986. 

7. Kreuger BK, Forn J and Greengard P, Depolarization- 
induced phosphorylation of specific proteins, mediated 
by calcium ion influx, in rat brain synaptosomes. J Biol 
Chem 252: 2764-2773, 1977. 

8. Llinas R, McGuinness TL, Leonard CS, Sugimori M 
and Greengard P, Intraterminal injection of synapsin 
I or calcium/calmodulin-dependent protein kinase II 
alters neurotransmitter release at the squid giant 
synapse. Proc Nat1 Acad Sci USA 82: 3035-3b39, 11985. 

9. Kaibuchi K, Takai Y, Sawamura M, Hoshijima M, 
Fujikura T and Nishizuka Y, Synergistic functions of 
protein phosphorylation and calcium mobilization in 
nlatelet activation. J Biol Chem 258: 6701-6704. 1983. 

10. Sieghart W, Theoharides TC, Alper SL, Douglas WW 
and Greengard P, Calcium-dependent protein phos- 
phorylation during secretion by exocytosis in the mast 
cell. Nature 275: 329-331, 1987. 

11. Nishizuka Y, The role of protein kinase C in ceil surface 
signal transduction and tumor promotion. Nature 308: 
693698, 1984. 

12. TerBush DR. Bittner MA and Holz RW, Ca*+ influx 
causes rapid translocation of protein kinase C to mem- 
branes: Studies of the effects of secretagogues in 
adrenal chromaffin cells. J Biol Chem 263: 18873- 
18879, 1988. 

13. Brocklehurst KW, Morita K and Pollard HB, Char- 
acterization of protein kinase C and its role in cat- 
echolamine secretion from bovine adrenal medullary 
cells. Biochem J 228: 35-42, 1985. 

14. Pocotte SL, Frye RA, Senter RA, TerBush DR. Lee 
SA and Holz RW, Effects of phorbol ester on cat- 
echolamine secretion and protein phosphorylation in 
adrenal medullary cell cultures. Proc Nat1 Acad Sci 
USA 82: 930-934, 1985. 

15. Brocklehurst KW and Pollard HB, Synergistic actions 
of Ca*+ and the phorbol ester TPA on K+-induced 
catecholamine release from bovine adenal chromaffin 
cells. Biochem Biophys Res Commun 140: 990-998, 
1986. 

16. Tachikawa E, Takahashi S, Shimizu C, Ban H, Ohstubo 
N, Sato K and Kashimoto T, Inhibitory effect of poly- 
myxin B on catecholamine secretion from cultured 
bovine adrenal medullary cells. Neurosci Lezt 82: 95- 
100, 1987. 

17. Trye RA, and Holz RW, Arachidonic acid release and 
catecholamine secretion from digitonin-treated chro- 
maffin cells: Effects of micromolar calcium, phorbol 
ester and protein alkylating agents. J Neurochem 44: 
265-273, 1985. 

18. Knight DE and Baker PF, The phorbol ester TPA 
increases the affinity of exocytosis for calcium in ‘leaky’ 
adrenal medullarv cells. PEBS Left 160: 98-100. 1983. 

19. Mazzei GJ, Katoh N and Kuo JF, Polymyxin B is 
a more selective inhibitor for phospholipid-sensitive 
Ca*+-dependent protein kinase than for calmodulin- 
sensitive Ca*+-dependent protein kinase. Biochem 
Biophys Res Commun 109: 112%1133, 1982. 

20. Hannun YA, Loomis CR, Merrill AH Jr and Bell RM, 
Sphingosine inhibition of protein kinase C activity and 
of phorbol dibutyrate binding in vitro and in human 
platelets. J Biol Chem 261: 12604-12609, 1986. 

21. Tamaoki T, Nomoto H, Takahashi I, Kato Y, Mori- 
moto M and Tomita F, Staurosporine, a potent inhibi- 
tor of phospholipid/Ca*+-dependent protein kinase. 
Biochem Biophys Res Commun 135: 397-402, 1986. 

22. Hidaka H, Inagaki M, Kawamoto S and Sasaki Y, 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

Isoquinolinesulfonamides, novel and uotent inhibitors 
of nucleotide dependent protein kinase and protein 
kinase C. Biochemistrv 23: 50365041. 1984. 
Wooten MW and W&n RW, Phorbbl ester induces 
intracellular translocation of phospholipid/Ca*+- 
dependent protein kinase and stimulates amylase 
secretion in isolated pancreatic acini. FEBS Leu 171: 
183-186, 1984. 
Watson SP, McNally J, Shipman LJ and Godfrey PP, 
The action of the protein kinase C inhibitor, stau- 
rosporine, on human platelets: Evidence against a regu- 
latory role for protein kinase C in the formation of 
inositol trisphosphate by thrombin. Biochem J 249: 
345-350, 1988. 
Kawamoto S and Hidaka H, 1-(5-Isoquinolinesulf- 
onyl)-2-methylpiperazine (H-7) is a selective inhibitor 
of protein kinase C in rabbit platelets. Biochem Biophys 
Res Commun 125: 258-264, 1984. 
Dunn LA and Holz RW, Catecholamine secretion from 
digitonin-treated adrenal medullary chromaffin cells. J 
Biol Chem 258: 4989-4993. 1983. 
Wilson SP and Kirshner N, Calcium-evoked secretion 
from digitonin-permeabilized adrenal medullary chro- 
maffin cells. J Biol Chem 258: 4994-5000, 1983. 
Tachikawa E, Takahashi S and Kashimoto T, p-Chlo- 
romercuribenzoate causes Ca*+-dependent exocytotic 
catecholamine secretion from cultured bovine adrenal 
medulla cells. J Neurochem 53: 19-26, 1989. 
Portzehl H, Caqldwell PC and Ruegg JC, The depen- 
dence of contraction and relaxation of muscle fibers 
from the crab M&a squinado on the internal con- 
centration of free calcium ions. Biochim Biophys Acfa 
79: 581-591, 1964. 
Weil-Malherbe H and Bone AD, The chemical esti- 
mation of adrenalin like substances in blood. Biochem 
J 51: 311-318, 1952. 
Mattingly RR, Dreher ML and Hanley MR, Down- 
regulation of phorbol diester binding to NG115-401L 
neuronal cellsis dependent on structure, concentration 
and time. FEBS Leu 223: 11-14. 1987. 
Snedecor GW and Cochran Wd, Statistical Methods. 
Iowa State University Press, Ames, IA, 1967. 
Trevillyan JM, Kulkarni RK and Byus CV, Tumor- 
promoting phorbol esters stimulate the phosphoryl- 
ation of ribosomal protein S6 in quiescent Reuber H35 
hepatoma cells. J Biol Chem 259: 897-902, 1984. 
Murakami K and Routtenberg A, Direct activation of 
purified protein kinase C by unsaturated fatty acids 
(oleate and arachidonate) in the absence of phospho- 
lipids and Ca*+. FEBS Let? 192: 189-193, 1985. 
Bazzi MD and Nelsestuen GL, Mechanism of protein 
kinase C inhibition bv snhinaosine. Biochem Bioohvs 
Res Commun 146: 26~207,7987. 

1 z 

Nakadate T, Jeng AY and Blumberg PM, Comparison 
of protein kinase C functional assays to clarify mech- 
anisms of inhibitor action. Biochem Pharmacol 37: 
1541-1545, 1988. 
Holz RW and Senter RA, Effects of trypsin on secretion 
stimulated by micromolar Ca*+ and phorbol ester in 
digitonin-permeabilized adrenal chromaffin cells. Cell 
Mol Neurobiol 8: 115-128, 1988. 
Sekiguchi K, Tsukuda M, Ojita K, Kikkawa U and 
Nishizuka Y, Three distinct forms of rat brain protein 
kinase C: Differential response to unsaturated fatty 
acids. Biochem Biophys Res Commun 145: 797-802, 
1987. 
Ono Y, Fujii T, Ogita K, Kikkawa U, Igarashi K 
and Nishizuka Y. Identification of three additional 
members of rat protein kinase C family: 6-, E- and c- 
subspecies. PEBS Lett 226: 125-128, 1987. 
Tsukuda M, Asaoka Y, Sekiguchi K, Kikkawa U and 
Nishizuka Y, Properties of protein kinase C subspecies 



Role of protein kinase C in catecholamine secretion 1513 

in human platelets. Biuchem Siophys Res Commun in bovine adrenal medullary cells. Trends Neurosci 7: 
155: 1387-1395, 1988. 120-126, 1984. 

41. Burgoyne RD, Morgan A and O’Sullivan AJ, A major 43. Hidaka H, Sasaki Y, Tanaka T, Endo T, Ohno S, 
role for protein kinase C in calcium-activated exocytosis Fujii Y and Nagata T, N-(6-Aminohexyl)-5-chloro- 
in permeabilized adrenal chromaffin cells. FEBS Lett l-naphthalenesulfonamide, a calmodulin antagonist, 
238: 151-155, 1988. inhibits cell proliferation. Proc Nat1 Acad Sci USA 78: 

42. Baker PF and Knight DE, Calcium control of exocytosis 4354-4357, 1981. 


