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Abstract-In order to clarify the mechanism of substance P (SP)-induced cortisol secretion from bovine 
adrenocortical (BAC) ceils, protein synthesis at the early stage of SP-stimulation in BAC cells was 
investigated. Both SP and adrenocorticotropic hormone (ACTH) increased [3H]leucine uptake into 
BAC cells in a dose-dependent fashion. Although the SP-induced [3H]leucine uptake precedes the 
cortisol secretion, ACTH was slower in inducing [‘Hlleucine uptake and cortisol secretion. Protein 
synthesis inhibitors, actinomycin D and cycloheximide, were potent in inhibiting the SP-induced cortisol 
secretion. SDS-PAGE analysis, revealed that a 240 kDa protein is newly synthesized in BAC cells in 
response to SP but not AC% It was also indicated that the production of this 240 kDa protein was 
elicited about 30 min after stimulation bv SP. Moreover, A23187 and 12-0-tetradecanovl-uhorbol-13- 
acetate (TPA) also caused a rapid [3H]leucine uptake and production of 240 kDa protein. in contrast, 
dibutyryl CAMP did not induce the synthesis of this 240 kDa protein. Calmidazolium, a calmodulin 
inhibitor, effectively inhibited not only [‘Hlleucine uptake but also 240 kDa protein production due to 
SP. On the other hand, KT-5720, an inhibitor of protein kinase A, had no effect on [3H]leucine uptake 
or 240 kDa production. Using the [‘Z51]calmodulin-membrane overlay method, it was found that the 
240 kDa protein was a newly synthesized calmodulin binding protein. From the present study, it was 
concluded that the de nouo synthesis of this 240 kDa protein may be intimately related to the cortisol 
secretion in SP-stimulated BAC cells associated with an activation of the Ca-calmodulin pathway. 

After the stimulation of adrenocortical cells 

with various steroidogenic peptides, such as 

adrenocorticotropic hormone (ACTH?) and sub- 
stance P (SP), steroidogenesis takes place with 
several minutes of lag time [l, 21. In the case of 
ACTH-stimulation, this lag time is ascribed to the 
synthesis of labile proteins, which may participate 
in the production and/or secretion of glucocorticoids 
[13]. Grower and Bransome [4] reported that the 
contents of cytosolic protein in mouse Y-l adrenal 
tumor cells increased by 20% within 15 min after 
exposure to ACTH. In the case of ACTH stimulation, 
it has been suggested that the CAMP-protein kinase 
A system may play an important role not only in the 
steroidogenesis but also in rapid protein synthesis 
[5]. On the other hand, as we reported previously, 
Ca2+ and calmodulin may play predominant roles in 
the intracellular signal transduction of SP-induced 
cortisol secretion from bovine adrenocortical (BAC) 
cells [2]. However, there has been no report 
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t Abbreviations: ACTH, adrenocorticotropic hormone; 
SP. substance P: BAC cells, bovine adrenocortical cells; 
DEEM, Dulbecco’s modified Eagle’s medium; BSA, 
bovine serum albumin; FCS, fetal calf serum; HS, 
horse serum; HEPES, N-2-hydroxyethylpiperazine-W-2- 
ethanesulfotnc acid; KRBH solution; -Krebs-Ringer 
bicarbonate-HEPES solution: TPA. 12-O-tetradecanovl- 
phorbol - 13 - acetate; db - CAMP, Nh2’ _ Cj _ 
dibutyryladenosine 3’S’-cyclic monophosphate, ‘. SDS- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis. 

concerning Ca2+- and calmodulin-mediated protein 
synthesis in adrenocortical cells. In order to clarify 
the mechanism of SP-induced steroidogenesis, 
protein synthesis taking place in the early stage of 
SP stimulation and Ca2+-mediated cortisol secretion 
were investigated. 

MATERIALS AND METHODS 

Preparation of BA C cell. BAC cells were prepared 
as described previously [2]. In brief, bovine adrenal 
cortex, freshly excised immediately after slaughter, 
was sliced (0.5-1.0 mm of thickness) in an ice-cold 
bath. The slices were minced and incubated for 
30 min at 37” in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 3 mM KCl, 1.1 mM 
CaC12, 0.2% collagenase Type 1 and2% bovine serum 
albumin (BSA). Thereafter, DMEM containing 10% 
fetal calf serum (FCS) was added and the cells were 
dispersed by repeated pipettings. To obtain the cell 
suspension, both incubation and dispersion were 
repeated under the same condition. The dispersed 
cells were passed through stainless meshes (200 and 
400 mesh) and washed three times with DMEM. 
The isolated cells were primarily cultured in DMEM 
supplemented with 10% FCS, 5% horse serum (HS), 
100 U/mL penicillin and 100 pg/mL streptomycin 
for 4S-96 hr at 37” in a CO2 incubator with 5% 
CO2 in humidified air. Approximately 5 X lo7 
adrenocortical cells per g tissue were collected and 
the cell viability, as assessed by 0.3% Trypan blue 
dye exclusion test, was higher than 90%. The viable 
cells were incubated for a further 24 hr in DMEM 
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containing 10% FCS and 5% HS before the 
experiments. 

~e~urement of cortisol output. Cultured BAC 
cells were washed in serum-free DMEM and 
preincubated for 120 min at 37” in a 24-well plastic 
plate. The cell density was adjusted to lo5 cells/ml 
in each well. Thereafter, SP and ACTH dissolved 
in serum-free DMEM at various concentrations were 
added into each well and subsequent incubation was 
continued for 60 min at 37”. Protein synthesis 
inhibitors were added into the medium simul- 
taneously with both stimulants. By adding ice-cold 
DMEM into the medium, the reaction was terminated 
and the cells were sedimented by centri~gation and 
the cortisol content in the supernatant was measured 
using a radioimmunoassay kit. 

13H]Leucine uptake into BAC cells. Cultured BAC 
cells (lo6 cells in each well of a six-well culture plate) 
were washed three times with Krebs-Ringer 
bicarbonate-HEPES solution (in mM: NaCl 145, 
NaHC@ 5, CaClz 2, KC1 5, MgClz 1.3, NaHzP04 
1.2, HEPES 20, glucose 5.5, 0.2% BSA; pH 7.4: 
KRBH solution), and incubated in a leucine-free 
DMEM for 120 min in a CO2 incubator. Thereafter, 
6.7 pM (1 @Zi/mL) t3H]leucine was added and 
incubation was continued for another 60 min. After 
that, the cells were stimulated with 10nM SP, 
1OOpM ACTH, 1 ,uM A23187, 1OnM 12-O- 
tetradecanoyl-phorboI-13-acetate (TPA) or 1 PM 
dibutyryl cyclic AMP (db-CAMP) for various 
incubation periods. The reaction was terminated by 
addition of ice-cold DMEM containing 1 mM leucine. 
After an aspiration of the medium, the cells were 
washed three times with ice-cold DMEM and 
solubilized by adding 0.5 N NaOH. The lysate was 
neutralized with 0.5 N HCl and the radioactivity was 
determined by means of a liquid scintillation counter 
(Aloka, LSC-700). 

Sodium dodecyl sulfate-polyacrylam~de gel elec- 
~ophoresis (SDS-PAGE) analysis of proteins 
synthesized in BAC cells. Cultured BAC cells 
( lo6 cells in each well of a six-well culture plate) 
were preincubated in a serum-free DMEM for 
120 min at 37” in a CO* incubator. Thereafter, 
various steroidogenic stimulants were added and 
incubation was continued for another 60min. 
Inhibitors of protein kinase A or calmodulin were 
added to the incubation medium simultaneously with 
the stimulants. The reaction was terminated by 
addition of ice-cold KRBH solution and the cells 
were washed three times with ice-cold KRBH 
solution. SDS-PAGE sample solution (9% SDS, 
150 mM Tris-HCl, 3% Z-mercaptoethanol, 15% 
glycerol; pH 6.8j was added into the medium, and 
the mixture was incubated in boiling water for 5 min 
to accomplish the protein denaturation. SDS-PAGE 
was carried out according to the method of Laemmli 
[6], using a slab gel (13 cm X 14.3 cm, 2mm in 
thickness) containing 5% polyacrylamide. in each 
run, proteins obtained from lo4 cells, which 
correspond to approximately 10 pg of protein, were 
applied to each lane. After electrophoresis, the gel 
was stained with Coomassie brilliant blue R250. In 
some cases, BAC cells were similarly stimulated by 
substance P or ACTH in the presence of 6.7pM 

(1 &Zi/mL) of pH]leucine and the proteins were 
analysed by SDS-PAGE. Thereafter, the protein 
band, which corresponds to newly synthesized 
protein, was cut out of the gel and homogenized and 
the radioactivity was determined. 

Analysiis of calmodulin binding proteins in SP- 
stimulated BAC cells by means of [ 251]calmodulin- 
membrane overlay method. After SDS--PAGE of 
BAG cell proteins, the gel was washed for 30 min 
with a transfer solution containing 20 mM Tris, 
50mM glycine and 20% methanol. The proteins in 
the gel were transferred to a nitrocellulose membrane 
using an electroblotting apparatus (Sartorius) at a 
constant current of 250 mA for 90 min. Thereafter, 
the membrane was washed with Tris-NaCl solution 
(20 mM Tris-HCl, 200 mM NaCl, 1 mg/mL BSA; 
pH 7.4) for 120 min, and incubated overnight with 
2 &i/mL of ]*2SI]calmodulin dissolved in Tris-NaCl 
solution supplemented with either 1 mM CaClz or 
5 mM EGTA. The membrane was rinsed with the 
same solution and washed for 180 min with Tris- 
NaCl solution supplemented with 0.1 mM CaCl*. 
Subsequently, the membrane was air-dried and 
exposed to X-ray film at -80” [7]. 

Chemicals. The compounds used were as follows 
(sources are indicated in parentheses): DMEM 
(Nissui, Tokyo, Japan), coilagenase Type 1, BSA, 
actinomycin D, cycloheximide, db-CAMP and W-7 
(Sigma Chemical Co., St Louis, MO, U.S.A.), FCS 
and HS (Hezelton, Lenaxa, KS, U.S.A.), penicillin 
(Toy0 Jozo, Shizuoka, Japan), streptomycin (Meiji, 
Tokyo, japan), SP and ACTH (Peptide Institute 
Inc., Osaka, Japan), cortisol radioimmunoassay kit 
(NIPPON DPC Corp, Tokyo, Japan), L-[4,5- 
3H]-leucine (149 pCi/nmol) and [ 1251]calmodulin 
(58.9 pCi/mg) (Amersham International, 
Amersham, U.K.), A23187 and TPA (Calbiochem, 
San Diego, CA, U.S.A.), calmidazolium (Janssen, 
Beerse, Belgium), trifluoperazine (Wako Pure 
Chemicals, Osaka, Japan), KT-5720 (KyowaHakko, 
Tokyo, Japan). Other chemicals used were all 
reagent grade and were purchased from commercial 
sources. 

Statistical analysis, A one-way analysis of variance 
with Dunnett’s test was used to determine the 
statistical significance. 

RESULTS 

In order to study the relationship between the 
protein synthesis and cortisol secretion, the effects 
of SP and ACTH on both [3H]leucine uptake and 
cortisol secretion were compared. SP and ACTH 
elicited [3H)leucine uptake and cortisol secretion in 
a dose-dependent fashion, at concentrations higher 
than 10pM (Fig. la). The maximal responses in 
cortisol secretion due to SP and ACTH were 
obtained at concentrations of 100 nM and lOOpM, 
respectively, whereas the 13H]leucine uptake due 
to SP and ACTH reached the maximum at 
concentrations of 100 and 1 nM, respectively. Figure 
lb indicates the time courses of [)H]leucine uptake 
into BAC cells and cortisol secretion induced by 
submaximal concentrations of SP (10 nM) and 
ACTH (1OOpM). In the case of SP stimulation. the 
onset of both [3H]leucine uptake and cortisol 
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Fig. 1. Cortisol secretion and [3H]leucine uptake into BAC cells induced by SP and ACTH. (a) Dose- 
response curves of cortisol secretion and [“Hlleucine uptake. The cells were stimulated with either 
compound for 60 min at 37“. (b) Time courses of cortisol secretion and [)H]leucine uptake. The cells 
were incubated with SP (10 nM) and ACTH (100 PM) for various incubation periods. (0) and (0) 
represent cortisol secretion induced by SP and ACTH, respectively. (A) and (A) represent (3HH]leucine 
uptake induced by SP and ACTH, respectively. In both figures, these symbols are commonly used. 
Each point represents the mean f SEM of data obtained from five separate experiments. * and ** 

represent statistical significance compared to resting levels at P < 0.05 and P < 0.01, respectively. 

secretion was observed approximately 10 min after 
stimulation. The [‘Hlleucine uptake in BAC cells 
reached close to the maximum 15 min after 
stimulation and cortisol secretion reached the 
maximum 30 min after stimulation, indicating that 
protein synthesis precedes cortisol synthesis in SP- 
stimulated BAC cells. In the case of ACTH 
stimulation, [3H]leucine uptake was initiated almost 
simultaneously with cortisol secretion and the onset 
was slower (about 15 min after stimulation) than SP 
stimulation. The slower elevation in cortisol output 
and [3H]leucine uptake was also noticed. 

The effects of protein synthesis inhibitors, 
actinomycin D and cycloheximide on SP-induced 
cortisol secretion from BAC cells are shown in Fig. 

2. Both compounds dose-dependently inhibited the 
cortisol secretion induced by SP (10 nM) and ACTH 
(1OOpM); significant inhibitions were observed at 
the same concentration of 10 nM in both cases. In 
accordance with this, both actinomycin D and 
cycloheximide inhibit [3H]leucine uptake at the same 
concentration range which inhibits cortisol secretion, 
and a significant inhibition was observed at 
concentrations higher than 10 nM (data not shown). 

The newly synthesized proteins in BAC cells in 
response to SP were analysed by means of SDS- 
PAGE (Fig. 3a). In the resting cells, several proteins 
were detected in SDS-PAGE as seven major bands; 
the molecular masses were 51, 65, 100, 120, 160, 
200 and 420 kDa, respectively. In the present 
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100 100 

actinomycin D 

concentration(M) 

Fig. 2. Inhibitory effects of actinomycin D and cycloheximide on the cortisol secretion from BAC cells 
induced by SP and ACTH. Various concentrations of protein synthesis inhibitors were added to the 
medium simultaneously with SP (10 nM; open columns) and ACIH (100 pM; hatched columns). Each 
column represents the mean ? SEM of data obtained from five separate experiments. * and ** represent 

statistical significance compared to control groups at P c 0.05 and P < 0.01, respectively. 

experiments, proteins having molecular masses 
smaller than 40 kDa migrated to the front. In the 
SP-stimulated cells, 240 kDa protein band was 
revealed, as well as the proteins which appeared in 
the control cells. This protein was not detected when 
ACTH-stimulated cells were analysed under the 
same experimental condition; the molecular weights 
of visible bands were the same as those seen in 
control cells. On the other hand, the 51 kDa protein, 
which corresponds to one of the labile proteins [3], 
increased after stimulation with ACTH but no such 
increase was detected after SP treatment. It was 
confirmed that this 240 kDa protein appeared 30 min 
after stimulation but this was not detected 6 hr after 
stimulation (Fig. 3b). 

As indicated in Table 1, SP significantly increased 
[3H]leucine uptake into the 240 kDa protein of BAC 
cells in a dose-dependent manner, though ACTH 
did not induce [3H]leucine uptake in this protein at 
all. Table 2 represents the sequential changes in 
[3H]-leucine uptake in the 240 kDa protein in SP- 
stimulated BAC cells. As indicated here, the 
incorporation of [3H]leucine to 240 kDa protein was 
10 times that detected in the control 30min after 
addition of SP, and this high level of [3H]leucine 
uptake was sustained for about 6 hr. These results 
indicate that de nouo synthesis of the 240 kDa 
protein was elicited by SP. 

When the BAC cells were stimulated with A23187 
or TPA, both cortisol secretion and [3H]leucine 
uptake occurred in a dose-dependent manner at 
concentrations hi 

! 
her than 1 and 0.1 nM, respectively 

(Fig. 4a). The [ Hlleucine uptake due to A23187 
(100nM) and TPA (10nM) precedes the cortisol 
secretion as in the case of SP (Fig. 4b). The A23187- 
induced responses started at 5 min and reached a 
plateau at 15 min after stimulation. The time courses 
of [3H]leucine uptake and cortisol secretion elicited 
by A23187 were similar to those seen in SP. On the 
other hand, the TPA-induced responses took place 

about 10 min after stimulation and continued even 
120 min after stimulation. The 240 kDa protein was 
also detected in the BAC cells stimulated by either 
A23187 (1OOnM) or TPA (lOnM), and the SDS- 
PAGE profiles were similar to that of SP-stimulated 
cells (Fig. 4~). 

db-CAMP was also effective in inducing cortisol 
secretion and [3H]leucine uptake (Fig. 5a). In 
contrast to SP, A23187 and TPA, db-CAMP induced 
simultaneous increases in [3H]leucine uptake and 
cortisol secretion and the time courses were similar 
to those seen after ACTH-stimulation (Fig. 5b). The 
240 kDa protein synthesis was not detected in the 
db-CAMP-stimulated cells (Fig. 5~). In the SDS- 
PAGE of db-CAMP-stimulated BAC cells, seven 
major protein bands with molecular masses of 51, 
65, 100, 120, 160, 200 and 420 kDa were detected. 
This SDS-PAGE profile was similar to that of 
ACTH-stimulated cells but not to that seen after SP 
stimulation. 

As indicated in Fig. 6a, the [3H]leucine uptake 
induced by SP was potently inhibited by calmodulin 
inhibitors, such as calmidazolium, trifluoperazine 
and W-7, although KT-5720, an inhibitor of protein 
kinase A [S], had no effect. Similarly, calmidazolium, 
but not KT-5720, was effective in inhibiting the SP- 
induced production of the 240 kDa protein (Fig. 6b). 
This seems to suggest that calmodulin may be 
involved in the synthesis of the 240 kDa protein. In 
contrast, the [3H]leucine uptake induced by ACTH 
was strongly inhibited not only by calmidazolium, 
trifluoperazine and W-7 but also by KT-5720. 

Calmodulin-binding proteins in BAC cells were 
determined according to the [ ‘“I]calmodulin- 
membrane overlay method. As shown in Fig. 7, 
when [‘251]calmodulin was applied onto the blotted 
membrane to which the proteins of BAC cells were 
transferred, several proteins were detected. In 
control cells, five protein bands with the molecular 
masses of 57, 68, 160, 200 and 220 kDa were 
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Fig. 3. SDS-PAGE analysis of 240 kDa protein in BAC cells stimulated by SP and ACTH. (a) SDS_ 
PAGE profiles of BAC cells stimulated by various concentrations of SP and ACTH. (b) Sequential 

SDS-PAGE analysis of BAC cells stimulated by SP (10 nM). 

Table 1. [3H]Leucine uptake into the 240 kDa protein 
band in SDS-PAGE analysis of BAC cells stimulated by 

SP and ACTH 

Stimulant Concn (M) ’ [3H]Leucine uptake (cpm) 

Control 15.9 z?z 0.5 
SP lo-‘0 162.2 Ir 1.7* 

10-s 254.4 ‘, 3.9* 
10-s 406.2 St 4.1’ 

ACXH 10-s 15.5 +z 0.6 

BAC cells were stimulated by various concentrations of 
SP or ACTH in the presence of [3H#eucine for 6Omin, 
and SDS-PAGE was carried out. Thereafter, the 
radioactivity in the 240 kDa protein band was determined. 

Each value indicates the mean 2 SEM of the data 
obtained from gve separate experiments. 

* P c 0.01. 

detected. When the cells were stimulated with SP, 
the 240 kDa protein was also detected, as well as 
the proteins observed in the control cells. Since these 
proteins bound [ ‘251]calmodulin only in the presence 
of Ca2+, these proteins appear to be the specific 
caImodulin-binding proteins. By comparing the SP- 
stimulated cells with the resting cells, it became 
evident that only the 240 kDa protein band is a 
newly synthesized calmoduIin-binding protein. 

DISCUSSION 

It has been suggested that in the ACTH-induced 
cortisol secretion from adrenocortical cells, both 
CAMP and Ca2+ cooperatively regulate the secretion 
of corticosteroids 19, lo]. In a previous study, it was 
indicated that the cortisol secretion due to ACTII 
is much more dependent upon CAMP than Ca2+ [2]. 
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Table 2. Sequential changes in [‘HJleucine uptake into the 
240 kDa protein band in SDS-PAGE analysis of BAC 

cells stimulated by SP (10 nM) 

Time after stimulation [-‘H]Leucine uptake 
(min) (cpm) 

0 14.8 + 0.7 
3 27.4” 1.1 

10 88.7 + 1.6; 
30 148.7 + 3.6t 
60 406.2 f 4.1t 

120 528.3 + 5.07 
360 121.5’2 2.2t 

BAC cells were stimulated by 10 nM SP in the presence 
of [3H]leucine for various periods, and SDS-PAGE was 
carried out. Thereafter, the radioactivity in the 240 kDa 
protein band was determined. 

Each value indicates the mean f SEM of the data 
obtained from five separate experiments. 

* P < 0.05; tP < 0.01. 

It is also suggested that the early synthesis of labile 
proteins, which is mainly regulated by the CAMP- 
protein kinase A system, may trigger the formation 
of corticosteroids in adrenocortical cells [ll]. 
However, as shown in Fig. la, when BAC cells were 
stimulated with ACTH, cortisol secretion took place 
at a lower concentration than that necessary for 
[3H]leucine uptake, and this seems to indicate that 
some portion of the cortisol secretion may occur 
independently of the protein synthesis. In contrast, 
it has been shown that SP-induced cortisol secretion 
is predominantly dependent upon the Ca2+- 
calmodulin system; SP caused a rapid but sustained 
uptake of 45Ca, and SP-induced cortisol secretion 
was potently inhibited by calmodulin inhibitors [Z]. 
However, in adrenocortical cells, it was not clear 
whether or not the SP-induced and Ca2+-mediated 
protein synthesis plays some important roles in the 
process leading to cortisol secretion. In the present 
study, it became apparent that [3H]leucine uptake 
precedes the SP-induced cortisol secretion. In 
accordance with this, actinomycin D and cyclo- 
heximide inhibited cortisol secretion from BAC 
cells, indicating that protein synthesis may be 

- - - 

w _ 

‘4 d rJ 

control TPA A 23187 
10 nM 100 nM 

+ 240 kD 

c 200 kD 

+- 97 kD 

t 68 kD 

t 43 kD 

+ front 

Fig. 4. Cortisol secretion, [3H]leucine uptake and production of 240 kDa protein in BAC cells induced 
by A23187 and TPA. (a) Dose-response curves of cortisol secretion and [)H]leucine uptake. The cells 
were stimulated with either compound for 60 min at 37”. (b) Time courses of cortisol secretion and 
[‘Hlleucine uptake. The cells were incubated with A23187 (100 nM) and TPA (10 nM) for various 
incubation periods. (0) and (0) represent cortisol secretion induced by A23187 and TPA, respectively, 
(A) and (A) represent [3H]leucine uptake induced by A23187 and TPA, respectively. Each point 
represents the mean + SEM of data obtained from five separate experiments. * and ** represent 
statistical significance compared to resting levels at P < 0.05 and P < 0.01, respectively. (c) SDS-PAGE 

profile. 
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* 200 kD 

+-97kD 

c68kD 

Fig. 5. Cortisol secretion, [sH&ucine uptake and pr~uction of 240 kDa protein in BAC cells induced 
by db-cAMP. (a) Dose-response curves of cortisol secretion (0) and [sHHjleucine uptake (A). The cells 
were stimulated for 60 min at 37”. (b) Time courses of coxtisol secretion (0) and [sH]leucine uptake 
(A). The cells were incubated with db-CAMP (l@U) for various incubation periods. Each point 
represents the mean C SEM of data obtained from five separate experiments. * and ** represent 
statistical s~~i~cance compared to resting levels at P < 0.05 and P < 0.01, respectively. (c) SDS-PAGE 

profib. 

necessary for the induction of cortisol secretion from 
SP-stimulated BAC cells. These results may indicate 
that cortisol secretion is linked ta a rapid protein 
synthesis in BAC cells. Comparing the time courses 
of SP- and ACTH-induced [3H]leucine uptake, it 
became clear that SP-induced protein synthesis 
occurs much more rapidly than that seen with 
ACTH, as in the case of cortisol secretion [2]* 
A23187 also caused a rapid [3Hfleucine uptake 
similar to SP, though the time course of db-CAMP- 
induced [31-Ijleucine uptake was slower in its onset 
and it was similar to ACTH. Although TPA was 
also effective in eliciting ]3H]leucine uptake and 
cortisol secretion, both sequences were slower than 
those seen after SP or A23187. Since such a slow 
activation by TPA was similar to that observed in 
TPA-induced histamine release from mast cells 1121, 
it was supposed that slow activation by TPA can be 
ascribed to the slow penetration of TPA through the 
cell membrane. These results seem to be in agreement 
with the previous fmdings that ACI’I-I-induced 
cortisol secretion is mainly mediated by an increase 
in intracellular CAMP level, while SP-induced cortisol 
secretion is predominantly influenced by an increase 
in intracellular Caa’ levels. In addition, SP-induced 
[3H]leucine uptake was inhibited in the presence of 
calmodulin inhibitors but not with an inhibitor of 
protein kinase A, though both inhibitors were 
effective in inhibiting ACI’H-induced f3H]leucine 

uptake. The result seems to indicate that both Ca2*- 
~~modulin and protein kinase C play some important 
roles in the SP-induced rapid protein synthesis and 
the subsequent cortisol secretion. It is also suggested 
that the protein synthesis caused by ACTH in BAC 
cells is mediated not only by the CAMP-protein 
kinase A system but also by the ~a2*~alm~ulin 
system. 

By ~mpa~ng the SDS-PAGE profiIes of SP- and 
ACTH-stimulated BAG cells, it was found that de 
nouo synthesis of a 240 kDa protein was characteristic 
for SP-induced steroidogenesis. On the other hand, 
an increase in 52 kDa protein was also a distinctive 
feature of ASH-stimulated BAC cells as reported 
previously f3]. It can be assumed that this 240 kDa 
protein may be intimately related to the cot&sol 
secretion after SP stimulation. Moreover, the 
incorporation of [%I]leucine into 240kDa protein 
indicated that de nauo synthesis of 240 kDa protein 
was elicited by SP but not by ACTH as shown in 
Table 1. 

The de now synthesis of 240 kDa protein was also 
induced by TPA and A23187. Since no 240 kDa 
protein was detected after ACTH- and db-CAMP 
stimulations, the synthesis of 240 kDa protein may 
represent a specific feature of Cazf-mediated cortisol 
secretion. Furthermore, since TPA also caused 
240 kDa protein synthesis, it was supposed that 
protein kinase C may also participate in 249 kDa 
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Fig. 6. Inhibitory effects of calmodulin inhibitors and protein kinase A inhibitor on [3H]leucine uptake 
and 240 kDa protein synthesis in BAC cells elicited by SP and ACTH. (a) [3H]Leucine uptake. The 
cells were incubated with calmodulin inhibitors and protein kinase A inhibitor simultaneously with SP 
(10 nM; open columns) or ACTH (100 pM; hatched columns). Each column represents the mean ? 
SEM of data obtained from five separate experiments. * and ** represent statistical significance 
compared to control groups at P < 0.05 and P < 0.01, respectively. CMZ, calmidazolium; TFP, 

trifluoperazine. (b) SDS-PAGE analysis. 
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Fig. 7. Detection of calmodulin-binding proteins in BAC 
cells according to [‘2sI]calmodulin membrane overlay 

method. 

protein synthesis. Since TPA is effective in inducing 
45Ca uptake in BAC cells (data not shown), it is also 
possible that activation of calmodulin may take place 
after TPA stimulation in association with an 
increase in the cytosolic Ca*+ level. Accordingly, 
calmidazolium, but not KT-5720, inhibited the 
synthesis of 240 kDa protein elicited by SP. From 
these results it was assumed that SP-induced 240 kDa 
protein synthesis is predominantly mediated by the 
Ca*+-calmodulin system. At present, it is not known 
why TPA (or protein kinase C) induces the Ca*+ 
uptake, but cross-talk between Ca2+-calmodulin and 
protein kinase C systems may take place inside the 
BAC cells through an increase in cytoplasmic Ca*+ 
levels. 

As reported previously, calmodulin inhibitors are 
effective in inhibiting ACTH-induced cortisol 
secretion 1131. It has also been shown that ACTH 
induces Ca uptake into the adrenocortical cells, 
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though the ACTH-induced Ca uptake actually takes 
place after an increase of intracellular CAMP levels 
[14]. In accordance with these findings, calmodulin 
inhibitors were also effective in inhibiting ACTH- 
induced [3H]leucine uptake, though ACTH did not 
induce 240 kDa protein synthesis. This suggests that 
a part of the newly synthesized proteins may be the 
same in ACTH- and SP-stimulated cells, though 
such proteins were not identified in the present SDS- 
PAGE analysis. It has been reported that the 
molecular masses of labile proteins synthesized at 
the early stage of ACTH-induced steroidogenesis 
are 2.3, 12, 28 and 51 kDa [3], but such proteins 
(with the exception of 51 kDa protein) were not 
detected in the present study. 

It has been reported that a gel-overlay method of 
radiolabeled protein after SDS-PAGE is a useful 
technique for analysing the protein binding to 
calmodulin, actin and vinculin [7]. However, there 
have been some difficulties in reducing the SDS 
concentrations from the gels with low polyacrylamide 
concentration, so that the proteins in the SDS- 
polyacylamide gel were transferred to a nitrocellulose 
membrane, and [‘251]calmodulin was overlaid on the 
blotted membrane as in the case of usual gel-overlay 
method [7]. Using this method, several protein bands 
were detected in the resting BAC cells only in the 
presence of Ca”+ but not in the absence of Ca2+ 
(supplemented with EGTA); this may indicate that 
these proteins are actually calmodulin-binding 
proteins. After stimulation with SP, only the 240 kDa 
protein was a newly synthesized calmodulin-binding 
protein. The 240 kDa protein synthesis was also 
observed in A23187- and TPA-stimulated BAC cells, 
but not in ACTH- and db-CAMP-stimulated cells. 
In addition, 240 kDa protein synthesis was inhibited 
by calmidazolium, but not by KT-5720. From these 
findings it can be concluded that the de novo 
synthesis of 240 kDa protein may be intimately 
related to the cortisol secretion in SP-stimulated 
BAC cells via an activation of Ca-calmodulin 
pathway. 
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