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SUMMARY
The effects of the protein kinase C activator, phorbol myristate
acetate (PMA), on cytosolic calcium levels and adrenocorticotro-
pin (ACTH) release from the mouse anterior pituitary tumor cell
line, AtT-20, were compared to those induced by the hormone,
corticotropin-releasing factor (CRF), a stimulant of cAMP-de-
pendent protein kinase activity. Cytosolic calcium levels were
measured using the fluorescence probe Quin 2. PMA induced a
time- and concentration-dependent rise in cytosolic calcium lev-
els and ACTH release from AtT-20 cells that was blocked by
and nifedipine, antagonists of voltage-regulated cal-
cium channels, and tetraethylammonium (TEA), a K* channel
antagonist. The inactive phorbol ester, 4-phorbol 12,13-dideca-
noate, did not alter cytosolic calcium levels or ACTH release.
Several minutes after the initial stimulation of calcium influx by
PMA, cytosolic calcium levels retumed to basal levels despite
the continued presence of the phorbol ester. A short pretreat-

ment (2—4 min) of AtT-20 cells with PMA abolished the ability of
K*, CRF, and forskolin to raise intracellular calcium levels. These
findings indicate that phorbol esters induce a secondary inhibition
of calcium influx after an initial stimulation. In contrast to the
effects of PMA, CRF induced a sustained rise in cytosolic calcium
levels and did not reduce the subsequent stimulation of calcium
influx by K* or PMA. CRF-stimulated calcium influx was blocked
by verapamil but not TEA. The ability of CRF to elevate cytosolic
calcium levels was mediated by CAMP-dependent protein kinase
because the insertion of a synthetic peptide inhibitor of CAMP-
dependent protein kinase activity into AtT-20 cells attenuated
the ability of CRF and forskolin but not PMA to raise cytosolic
calcium levels. The results suggest that activators of protein
kinase C and cAMP t protein kinase regulate intracel-
lular calcium levels in AtT-20 cells through different mechanisms.

Protein kinase C is a calcium- and lipid-dependent enzyme
(1) that is widely distributed throughout the nervous system as
well as peripheral organs (2). This enzyme has been proposed
to have an important role in the process of stimulus-secretion
coupling (3-5). The mechanisms by which protein kinase C
regulates hormone and neurotransmitter release are not clearly
established. In adrenal chromaffin cells and Apyisia neurons,
protein kinase C activation increases calcium conductance and
calcium influx (6, 7). Stimulation of calcium influx is known to
trigger hormone or neurotransmitter secretion. However, Rane
and Dunlap (8) have observed that phorbol esters and diacyl-
glycerol, activators of protein kinase C, reduce calcium con-
ductance in chicken embryonic dorsal root ganglion neurons.
Furthermore, Harris et al. (9) have shown that phorbol esters
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diminish depolarization-induced influx of “*Ca®* in PC12 cells.
Thus, phorbol esters may exert opposing actions on calcium
influx depending on the cell type.

In the present study, we have examined the effect of phorbol
esters on the levels of cytosolic calcium and hormone release
from a tumor cell line of the mouse anterior pituitary, AtT-20.
We show that phorbol esters stimulate a rapid increase of
intracellular free calcium in AtT-20 cells that is dependent on
calcium influx. This effect appears to lead to the stimulation
of ACTH secretion. The stimulation is followed by an inhibition
of hormone- and depolarization-induced calcium influx and
may result from a direct blockade of calcium conductance
channels. The contrasting actions of phorbol esters on the same
cell type appear to be mediated by protein kinase C and may
involve the regulation of different ionic conductance channels.

Besides protein kinase C, cAMP-dependent protein kinase
also regulates hormone and neurotransmitter release (10).

ABBREVIATIONS: ACTH, adrenocorticotropin; CRF, corticotropin-releasing factor; PMA, phorbol myristate acetate; PDD, 4-phorbol 12,13-
didecanoate; TEA, tetrasthylammonium; PKI, cAMP-dependent protein kinase inhibitor peptide; DMEM, Dulbecco’s modified Eagle’s medium; HBSS,
Hanks' balanced salts solution; BSA, bovine serum albumin; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; N-CAM,
neuronal cell adhesion molecule; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Quin 2, 2-{[2-bis-(carboxymethyi)-amino-5-methyiphen-
oxy}Hmethyl}-6-methoxy-8-bis-{(carboxymethyf)-amino-quinoline; Quin 2AM, the acetomethoxy ester of Quin 2.
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cAMP is believed to evoke ACTH secretion from AtT-20 cells
by enhancing calcium conductance and influx so as to raise
cytosolic calcium levels (11-13). In the present study, it is
shown that cAMP-dependent protein kinase activation leads
to an increase in cytosolic calcium levels in AtT-20 cells
through a mechanism distinct from that induced by phorbol
esters. Furthermore, unlike protein kinase C, cAMP does not
produce a secondary inhibition of calcium influx. The two
protein kinases, therefore, stimulate different cascades of mo-
lecular events to regulate cellular calcium levels and ACTH

secretion.

Experimental Procedures

Forskolin, Quin 2AM, and ionomycin were purchased from Calbi-
ochem-Behring (San Diego, CA). CRF was obtained from Peninsula
Laboratories (San Carlos, CA). PMA, PDD, TEA, and KCl were
obtained from Sigma Chemical Co. (St. Louis, MO). DMEM (4500 mg
of glucose/liter) and HBSS were obtained from Grand Island Biological
Co. (Grand Island, NY).

Cell Culture Techniques

Mouse AtT-20/D16-16 tumor cells were grown and subcultured in
DMEM with 10% fetal calf serum as previously described (14). Cells
were plated in 75-cm? culture flasks at an initial density of 1,000,000
cells/flask and were used 4-5 days after subculturing (60-80% con-
fluency).

Quin 2 Fluorescence Studies

The cells were washed twice by resuspension/centrifugation (500 X
&, 5 min) in 10 ml of DMEM supplemented with 0.25% (w/v) (DMEM/
BSA). The cells were resuspended in 10 ml of DMEM/BSA and
incubated with 50 uM (final concentration) of the acetomethoxy meth-
ylester of Quin 2 (Quin 2 AM) for 15 min at 37° in a shaking water
bath. The cells were subsequently washed twice by resuspension/
centrifugation in DMEM/BSA and, at the end of the second centrifu-
gation, the cells were resuspended in 6 ml of DMEM/BSA. The cell
suspension was divided into 1-ml aliquots and placed in an atmosphere
of 6% CO; at 37° for 5 min. The tubes were then sealed and stored at
room temperature until they were used in the fluorescence determina-
tions.

A 1-ml aliquot of the loaded cells was added to 10 ml of HBSS
containing 0.02% (w/v) BSA (HBSS/BSA), at 37°. This sample was
centrifuged, the supernatant was discarded, and the cells were resus-
pended in 2 ml of HBSS/DMEM. This suspension was then transferred
to a quartz fluorimeter cuvette, and the cell fluorescence was deter-
mined in a temperature-controlled (at 37°) fluorescence spectropho-
tometer. The excitation wavelength was 339 nm (slit width 5 nm) and
the emission wavelength was 492 nm (slit width 10 nm). The cells were
continually stirred by a magnetic stirrer. At the beginning of each
experiment, the formation of Quin 2-free acid was verified by identi-
fying the characteristic emission peak at 492 nm. If this was not evident,
the batch of cells was discarded.

The cell suspensions were then challenged by test agents (PMA,
PDD, K*, ionomycin, CRF, forskolin, gramicidin, TEA, verapamil and
nifedipine). The fluorescence signal was continuously measured for at
least 10 min following the challenge with any of the agents. At the end
of each experiment, 20 ug of ionomycin were added to the cells (to
equilibrate intracellular calcium levels with the calcium in the extra-
cellular medium), and the resulting fluorescence signal, which corre-
sponds to a calcium concentration of 1 mM and was designated maximal
fluorescence (Fpma), was recorded. The cells were then sonicated with
a Branson Sonicator (10 W, 5 sec). Enough EGTA was added to reduce
the concentration of free calcium below 1 nM. The resulting fluores-
cence signal was designated minimal fluorescence (Fauin). These values
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of Fne and Fuin were used to determine the concentration of free
calcium corresponding to the experimental fluorescence signals by the
equation detailed by Tsien et al. (15). The change in autofluorescence
after sonication was estimated in unloaded cells and the calibration
values were adjusted accordingly.

Pretreatments

PMA. Plated AtT-20 cells were exposed to DMEM containing either
PMA (100 nM), PDD (100 nM), or an equivalent amount of the solvent
dimethyl sulfoxide (control, 0.001%) for 2 hr. After this time, the cells
were washed three times and prepared for the fluorescence studies.

PKI. The procedures employed for the insertion of the inhibitor of
cAMP-dependent protein kinase into AtT-20 cells using targeted lipo-
somes have been described extensively elsewhere (16, 17). Polyclonal
anti-N-CAM antibodies were obtained from a rabbit immunized with
an antigen preparation purified as previously described (18) on a
monoclonal H-28 anti-N-CAM immunoaffinity column from adult
mouse brain. The liposome synthesis protocol has been described (16,
17). However, in the present study, the synthetic 20-amino acid-
containing peptide PKI, described by Cheng et al (19), was encapsu-
lated into the liposomes instead of the partially purified preparation of
rabbit muscle inhibitor protein. In the liposome preparation, 10 mg of
the pure PKI was dissolved in water and mixed with the lipids. In
previous studies (17), it was shown that 6% of the commercially
available protein kinase inhibitor was encapsulated into the liposomes.
Control liposomes were prepared by the same procedure with the
exception that PKI was omitted. The liposome preparation was coupled
to Staphylococcus aureus protein A as described by Leserman et al
(20).

For the PKI pretreatment studies, the AtT-20 cells were washed
twice with 3 ml of DMEM containing 256 mM Hepes and 2% fetal calf
serum. The cells were then incubated with 2 ml of medium with anti-
N-CAM antibody (final dilution 1:300) for 1 hr at 26° as previously
described (16, 17). The cells were then washed twice and incubated for
3 hr, at 37° in 10% CO;, with 3 ml of medium with liposomes coupled
to protein A. Cells were exposed to liposomes either containing or
lacking PKI. At the end of this pretreatment time, the medium was
removed and fresh DMEM was applied to the cells. The cells were
detached from the culture flask by repeated pipetting of the medium
over the plated cells. Two separate groups of cells resulted from these
procedures: 1) PKI containing liposome-treated cells, and 2) cells
treated with liposomes lacking PKI. Each of these cell populations was
prepared separately for the measurement of their cytosolic calcium
concentration.

Preparation on PKI

The PKI was synthesized for us by Dr. Daniele Moiuier, Centre
d’Immunologie, CNRS-INSERM, Marseille, France. The peptide (Thr-
Thr-Tyr-Ala-Asp-Phe-Ileu-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-
Ala-Ileu-His-Asp) described by Cheng et al (19) was synthesized by
manual solid phase synthesis according to the method of Baramy and
Merrifield (21). The resin (0.4 mg/g) was obtained from Peninsula; the
protected amino acids were from Bachem (Bubendorf, Switzerland) or
Beckman (Palo Alto, CA). The side chains of Asp, Ser, and Thr were
protected by benzyl groups and the phenol of Tyr by oligochlorobenzyl.
Deprotection and cleavage from the resin were done by treatment with
liquid hydrogen fluoride at 0° for 1 hr. Purification was performed by
gel filtration on a Bio-Gel P-2 (150 X 2.5 cm) column in 0.2 M acetic
acid, followed by high pressure liquid chromatography using a C,s
uBondapak column and a trifluoroacetic acid acetonitrile gradient as
described by Cheng et al. (19). Purity was assessed by high voltage
paper electrophoresis, amino acid composition after hydrolysis in 6 N
HCI for 20 hr, and sequence analysis. The peptide was 95% pure and
had the expected amino acid composition and sequence.

To test the biological activity of the synthetic PKI, the ability of the
peptide to inhibit cAMP-dependent protein kinase activity was deter-
mined. The kinase reaction was performed according to the procedure
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of Glass et al. (22). Briefly, the reaction mixture consisted of 62.5 mM
(2-N-morpholino)ethanesulfonic acid (pH 6.9), 0.4 mM [¥*P]ATP (New
England Nuclear), 2 mM magnesium acetate, 0.3 mg/ml BSA, 3 mM 2-
mercaptoethanol, 0.1 mM cAMP, 1 g of the catalytic subunit of cAMP-
dependent protein kinase (Sigma), 100 ug of Histone Type IIS (Sigma),
and 2 ug of the synthetic PKI in a total volume of 80 ul. The reaction
was initiated by the addition of the kinase and was run for 10 min at
30°. The reaction was terminated by placing the mixture onto Whatman
P81 paper squares (2 X 2 cm) and immediately washing with water.
The squares were then dried and the radioactivity was determined in a
scintillation counter.

ACTH Release

ACTH release was measured as previously described (14). The radio-
immunoassay sensitivity was 3 pg of ACTH immunoreactivity.

CAMP Assay

The cAMP studies were performed as previously described (14).
cAMP immunoreactivity was detected using a radioimmunoassay.

Statistics

The traces of the fluorescence signals in the figures depict the results
from representative experiments performed upon a single preparation
of cells. The traces indicate accuracy of experimental technique and
the magnitude of the biological phenomena under observation, but not
biological variability. The biological variability of an observed phenom-
enon was determined by reproducing an experimental protocol at least
five times. The data obtained from these multiple determinations were
averaged, and the mean + standard error is presented in the legends of
the figures. The calcium concentrations, determined from the observed
fluorescence changes, depicted in each figure are the average calcium
concentration in the cell suspension. Student’s ¢ test (paired, two-
tailed) was used for all statistical comparisons. Differences with p <
0.05 were considered significant.

Resulits

In the present study, we have used the fluorescence dye Quin
2 to measure cytosolic calcium levels in AtT-20 cells. Depolar-
ization of AtT-20 cells with 60 mM potassium induced a rapid
and pronounced increase in cytosolic calcium levels (Fig. 1). In
contrast, the peptide hormone CRF, which activates adenylate
cyclase and cAMP-dependent protein kinase in AtT-20 cells
(16, 23, 24), produced a delayed rise in cytosolic calcium that
plateaued at about 50% above basal levels (Fig. 1). The CRF-
induced increase was maintained for up to 10 min (not shown).
Similar patterns of increase in cytosolic calcium, as seen with
CREF, are obtained with forskolin, a direct activator of adenylate
cyclase, and 8-bromo-cAMP (12, 13, 24). The elevation of
cytosolic calcium levels in response to CRF and K* was due to
an increase in calcium influx into AtT-20 cells since it was
blocked by the calcium channel antagonists, verapamil (Fig. 2)
and nifedipine (not shown). These agents also prevented the
ACTH release response to CRF and K* (13).

PMA increases cytosolic calcium levels. The phorbol
ester, PMA (1 uM), which stimulates protein kinase C activity
in AtT-20 cells (25), induced a more rapid elevation of cytosolic
calcium levels than did CRF (Fig. 1). The stimulation reached
maximal levels within 1 min. The rise in cytosolic calcium was
dependent on the concentration of the phorbol ester used, with
significant increases occurring with 0.1 nM PMA or higher (Fig.
3). (ECg value = 0.3 = 0.05 nM, n = 5). PMA had a similar
potency for evoking ACTH release from AtT-20 cells (Fig. 4).
(ECso value = 0.6 £ 0.1 nM, n = 5). Increases in cytosolic
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Fig. 1. PMA increases cytosolic caicium leveis and blocks the effects of

in stimulating caicium influx. Intraceliular caicium levels were
determined using Quin 2 as described under tal Procedures.
Representative traces of the fluorescence changes in batches of cells of
individual experiments are presented. The value of the far right refer to
the calculated calcium concentrations (nm) under basal and stimulated
(maximal increases) conditions. These experiments were repeated at
least six different times with similar resuits. K refers to K* (60 mm). PMA
and PDD were added to a final concentration of 1 um and CRF was
added to a 100 nm final concentration.

calcium levels and ACTH release were also observed with the
relatively water-soluble phorbol ester, phorbol 12,13-dibutyrate
(not shown). The inactive phorbol ester, PDD, which does not
affect protein kinase C activity in AtT-20 cells, did not alter
cytosolic calcium levels (Fig. 1) or ACTH release (Fig. 4). The
elevation in cytosolic calcium in response to PMA was blocked
by verapamil (Fig. 2). Similar results were obtained with nife-
dipine (not shown). Both calcium channel antagonists pre-
vented PMA from evoking ACTH release (Fig. 4).

PMA could enhance calcium influx directly by activating the
calcium channel, as shown by the actions of cAMP-dependent
protein kinase in heart cells (26). Alternatively, PMA could act
indirectly by depolarizing the cell membrane. Depolarization of
the plasma membrane might be expected to lead to an increase
in either frequency or duration of opening of the voltage-
regulated calcium channels. To depolarize the cell membrane,
phorbol esters may block potassium conductance channels as
suggested from studies on photoreceptor cells and hippocampal
neurons (27, 28). Some potassium conductance channels can
be blocked by TEA. Patch clamp studies by Wong and Adler
(29) have shown that TEA inhibits calcium-activated potas-
sium conductance channels in AtT-20 cells. Addition of TEA
to AtT-20 cells induced a rapid, small [basal calcium = 112 +
5 nM, TEA (10 mM) = 153 + 8 nM, n = 10] and transient
increase in cellular calcium (Fig. 5). Lower concentrations of
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Fig. 3. Dose of PMA to modulate cytosolic calcium levels.
Different concentrations (m) of PMA were to individual batches

of AtT-20 celis. Five min after the addition of PMA, K* (K, 60 mm) was

experiments
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trace) conditions are represented on the far right. Experiments were
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5100nM=148+7,10nm=153+6,1nm=143 £ 7, 100 pm = 127
+6,10pMm =117+ 6.
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TEA (0.1-1 mM) produced little effect on cytosolic calcium
levels (not shown). Following TEA application to the AtT-20
cells, the addition of PMA to AtT-20 cells was no longer able
to raise cytosolic calcium levels (Fig. 5). In contrast, CRF,
potassium (Fig. 5), and ionomycin (not shown) induced the
same maximal rise in intracellular free calcium in control cells
as in cells preexposed to 10 mM TEA.

Blockade of calcium influx. PMA, in addition to increas-
ing intracellular calcium levels by itself, prevented potassium
from raising cytosolic calcium levels. High (1 uM) PMA con-
centrations blocked the subsequent rise in cytosolic calcium
induced by 60 mM potassium to approximately 30% of control
(Fig. 1). The ability of lower potassium concentrations to
elevate intracellular calcium concentrations was also atten-
uated by PMA treatment (not shown). This inhibition was
dependent on the concentration of PMA, with half-maximal
blockade at a 5 nM concentration of the phorbol ester (Fig. 3).
PDD did not significantly reduce the cellular response to po-
tassium (Fig. 1). The blockade of the response of AtT-20 cells
to K* by PMA was rapid, with a significant inhibition occurring
after only 1 min of PMA exposure to the cells (Fig. 6). Addition
of PMA to cells after exposure to K* reduced cytosolic calcium
to basal levels (Fig. 7). In contrast, K* alone maintained intra-
cellular calcium levels above basal concentrations.

PMA also blocked the rise in cytosolic calcium induced by
CREF (basal = 115 + 5 nM, CRF = 169 + 8 nM, PMA followed
5 min later by CRF = 129 + 8 nM n+ = 5). This inhibition was
not due to an uncoupling of CRF receptors from adenylate
cyclase because CRF stimulated cAMP formation to the same
extent in both control and phorbol ester-treated cells (not
shown). Furthermore, PMA prevented the rise in cytosolic
calcium in response to forskolin, a direct activator of adenylate
cyclase (basal calcium, 120 + 10 nM; forskolin, 50 uM, 165 £ 16
nM; PMA followed 5 min later by forskolin, 125 + 20 nM, n =
6). PMA, however, did not reduce the ability of the calcium
ionophore, ionomycin, to elevate intracellular free calcium lev-
els (not shown).
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Fig. 4. Effect of PMA on ACTH release. Top. AtT-20 celis were plated in 24-well Costar plates at an initial density of 100,000 celis/well and grown
in DMEM with 10% fetal calf serum. Four to 5§ days after seeding, the growth medium was removed and the cells were exposed to DMEM with 25
mm Hepes (pH 7.4) for 1 hr. The medium was removed and the cels were treated with varying concentrations of PMA or 1 um PDD. One hr after
the drug addition, an aliquot of medium was removed and analyzed for ACTH immunoreactivity. The values represent the mean + standard error of
five different experiments done in triplicate wells. Values are presented as ng of ACTH immunoreactivity per well. *, p < 0.05, significantly different
from basal ACTH release. Bottom, CelsmexposedtoeitherPMAU um), verapamil (VERA, 1 um), nﬁediplne(NIFED 100 nm), or their combination
for 1 hr. ACTH immunoreactivity was measured as described under Experimental Procedures. Values represent the mean + standard error of five
separate experiments done in tripicate wells and are expressed as ng of ACTH immunoreactivity per well. #, p < 0.05, significantly different from
basal release using a Student's ¢ test.
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Fig. 5. Effect of TEA on cytosolic calcium levels in AtT-
20 cells. AtT-20 cells were exposed to TEA (10 mm) and
then stimulated with either PMA (1 um) or CRF (100 nm).
267 Three to 5 min afterwards, K* (60 mm) was applied to
the cells. Presented are representative traces of experi-
ments that were repeated six different times. The mean
+ SE maximal caicium concentrations (nm) observed
following TEA appilication were: basal = 118 + 7, PMA
=115+ 6,PMA+ K =135+ 9, CRF = 171 + 8, CRF

] !
PMA K
AP e 'se
L R $ 15
oA K
h - 160
m 115
PA'M "(

m 200

upﬁg 15
K

275

115

L

PMA + K 1 MIN

Fig. 6. Time course for PMA inhibition of K*-stimulated rises in cytosolic
calcium. AtT-20 cells were exposed to PMA (1 um) for varying times and
then stimulated with K* (60 mM) Representative traces of individual
experiments are presented. The cytosolic caicium concentrations in
response to K* are depicted on the far right. The bottom trace depicts
the effect of the simultaneous addition of PMA and K*. The experiments
were repeated five times. The mean + SE maximal calcium concentra-
tions (nm) followng K* stimulation after various times (min) of PMA
treatment are: basal = 115 + 5; PMA pretreatment time 0 min = 268 +
11, 1 min = 205 + 8, 2 min = 165 + 9, 3 min = 155 + 7, 4 min = 159
+8.

To test whether the inhibitory effects of PMA were depend-
ent on changes in membrane potential, gramicidin was applied
to AtT-20 cells (Fig. 2). Gramicidin is an ionophore that de-
polarizes cells by equilibrating sodium ion and potassium ion
gradients across the plasma membrane. Gramicidin induced a
very rapid and pronounced rise in cytosolic calcium levels in

+K=2754+8.
115
1 MIN
K
A | < 270
SVihummrtrme s 4w
| i 15
x PMA
B ] | 270
ooy’ 18
K
‘ 270
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s
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Fig. 7. The effect of the addition of PMA to K*-stimulated cells. AtT-20
cells were stimulated with 60 mm K*. After an immediate increase in
cytosolic calcium levels, calcium concentrations gradually declined and
plateaued to a level above basal. A. A representative trace of an individual
experiment depicting the effect of K* on calcium levels. The
action of PMA (1 um), applied to the ceils 1 min (B) and 4 min (C) (when
cytosolic calcium levels plateaued folowing K* challenge; see A) after K*
challenge, on cytosolic calcium levels is also presented. These experi-
ments were repeated at least five different times with results similar to
those depicted in the figure.

AtT-20 cells (Fig. 2). The maximal increase was attenuated
50% by PMA pretreatment (Fig. 2). A similar inhibitory effect
occurred when lower gramicidin concentrations were employed
(not shown). CRF did not modify the effect of gramicidin in
raising cytosolic calcium levels (Fig. 2).
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Fig. 8. PMA desensitization. AtT-20 cells were exposed to PMA (100
nm) for 2 hr. The cells were then washed and prepared for the Quin 2
studies. The traces obtained from pretreated cells either
challenged with PMA (1 um) or CRF (100 nm) are presented. These
experiments were performed on six different groups of celis. The mean
:SEmaximaleddmnlevals(nM)are:basal=148:t7,PMA=151:t
, CRF = 188 + 9.

PMA desensitization. Previous studies (30) have shown
that numerous receptor-coupled cellular responses to phorbol
esters are rapidly and specifically desensitized during continu-
ous phorbol ester treatment. In AtT-20 cells, phorbol ester
desensitization is believed to be a two-step process (30). Ini-
tially, the ability of phorbol ester to evoke ACTH release
declines, and then the cytosolic phorbol ester-binding sites
down-regulate. Pretreatment of AtT-20 cells with PMA (100
nM) for 2 hr totally abolished the ability of PMA (1 uM) to
raise cytosolic calcium levels (Fig. 8). However, CRF (100 nM)
was still able to increase intracellular calcium concentrations
in the phorbol ester-desensitized cells (Fig. 8).

Selective blockade of cAMP-mediated effects. In addi-
tion to protein kinase C, cAMP-dependent protein kinase is
also involved in stimulating calcium influx into AtT-20 cells.
CRF and forskolin, which activate cAMP-dependent protein
kinase in AtT-20 cells (23), induce a maximal increase in
cytosolic calcium levels of similar magnitude to that of active
phorbol esters, and, like PMA, their effects are blocked by
verapamil (13). To demonstrate that CRF and forskolin in-
crease calcium influx through an activation of cAMP-depend-
ent protein kinase, we (16, 17) developed a procedure for
inserting the Walsh inhibitor of cAMP-dependent protein ki-
nase into intact AtT-20 cells using a liposome technique. The
insertion of this protein preparation into the cells resulted in
the blockade of CRF-, forskolin, and 8-bromo-cAMP-induced
ACTH release and forskolin-induced protein phosphorylation
(16, 17, 31). In contrast, potassium- and phorbol ester-stimu-
lated ACTH release and phorbol ester-induced protein phos-
phorylation were not modified by the protein kinase inhibitor
treatment. Thus, it was possible to selectively block cAMP-
dependent protein kinase activity in these cells without affect-
ing the cellular responses to phorbol ester.
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Fig. 9. Effect of PKI on cytosolic calcium levels. AtT-20 cells were treated
with liposomes either containing (PKI TREATED) or lacking (EMPTY
LIPOSOME TREATED) the PKI. These cells were then stimulated with
either CRF (100 nm), PMA (1 um), or K* (60 mm). These are representative
traces of individual experiments. Experiments were repeated on 10
different batches of cells. The mean + SE maximal calcium concentra-
tions (nm) are: Empty Liposome Treated, basal = 165 + 12, CRF = 221
+ 11, PMA = 219 + 13, CRF + K = 400 + 30; PKI Treated, basal =
170+ 10, CRF =180 + 11, PMA =228 + 9, CRF + K = 413 £+ 25.

Recently, Cheng et al. (19) characterized a 20-amino acid
peptide (PKI) which was very effective and selective in blocking
cAMP-dependent protein kinase activity. This peptide was
synthesized for us (>95% pure as assessed by high voltage
paper electrophoresis), and we found it to block cAMP-depend-
ent protein kinase activity. Encapsulation of this peptide into
liposomes and its insertion into AtT-20 cells reduced the rise
in cytosolic calcium in response to CRF to 30% of control
values (Fig. 9). The maximal rise in cytosolic calcium induced
by forskolin was similarly attenuated in cells treated with the
PKI (control basal calcium = 170 + 13 nM; forskolin, 50 uM =
219 + 11 nM; PKI-treated basal = 175 + 12 nM; forskolin, 50
uM = 189 + 11 nM, n = 6). In contrast, PMA as well as
potassium induced the same magnitude increase in cytosolic
calcium in cells treated with empty and PKI-filled liposomes
(Fig. 9). The concentration-dependent increase in cytosolic
calcium levels elicited by potassium also was not modified by
the PKI treatment (not shown). Furthermore, the calcium
ionophore, ionomycin, elevated intracellular free calcium con-
centrations to the same extent in empty and PKI-filled lipo-
some-treated cells (not shown).

Modulation of ionic conductance may be a major mechanism
by which protein kinase C regulates hormone and neurotrans-
mitter release from electrically excitable cells. By enhancing
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calcium conductance and calcium influx, protein kinase C
activation could raise intracellular free calcium above the
threshold needed to evoke hormone or neurotransmitter secre-
tion. Depolarization of the cell membrane leading to enhanced
calcium influx may be an essential step in the cascade of events
that protein kinase C initiates to trigger the release of bioactive
substances.

Phorbol esters have been shown to depolarize hippocampal
neurons and photoreceptor cells (16, 27, 28). The mechanism
involved in this depolarization is believed to be a blockade of
potassium channels. Blockade of some K* channels with TEA
increased cytosolic calcium levels and prevented PMA from
further stimulating calcium influx into AtT-20 cells. Since TEA
probably depolarizes AtT-20 cells, its addition to these cells
may have removed the means by which phorbol esters could
depolarize the plasma membrane to open voltage-gated calcium
channels and elevate intracellular calcium concentrations. This
is further suggested from the studies in which prior depolari-
zation of AtT-20 cells with K* prevented PMA from further
increasing cytosolic calcium levels. The blockade of PMA-
induced calcium influx by TEA was selective, as TEA did not
modify the ability of K*, CRF, or ionomycin to raise cytosolic
calcium levels. Thus, phorbol esters may inhibit a class of
TEA-sensitive K* channels in AtT-20 cells to depolarize the
cell and stimulate calcium influx.

The rise in cytosolic calcium in response to PMA was directly
related to the ability of the phorbol ester to evoke ACTH
secretion. The potency of PMA to induce ACTH release and
raise cytosolic calcium levels was similar to the affinity of
cytosolic receptors (proposed to be protein kinase C) in AtT-
20 cells to bind radiolabeled PMA and for the phorbol ester to
stimulate protein kinase C activity in these cells (25, 30).
Furthermore, an inactive phorbol ester did not modify calcium
levels or ACTH release from AtT-20 cells. The ability of PMA
to evoke ACTH release and raise cytosolic calcium levels was
blocked by calcium channel antagonists, suggesting that both
responses involve an increase in calcium influx. The increases
in cytosolic calcium induced by PMA preceded the stimulation
of ACTH release induced by the phorbol ester (32), which is
consistent with the concept that elevated calcium influx triggers
hormone secretion.

Whereas phorbol esters initially stimulated calcium influx
into AtT-20 cells, several minutes after the PMA application,
cytosolic calcium returned to basal levels. This refractoriness
could be due to desensitization of phorbol ester-binding sites
and protein kinase C. However, several minutes after PMA
addition, AtT-20 cells were no longer able to respond to K*,
CRF, or forskolin by increasing cytosolic calcium levels. Pre-
treatment of AtT-20 cells for 2 hr with PMA, which down-
regulates phorbol ester-binding sites and abolishes PMA-stim-
ulated calcium influx and ACTH release (30), did not modify
CRF-stimulated calcium influx or ACTH secretion (30). Thus,
the rapid (within minutes) inhibition of CRF- and K*-stimu-
lated calcium influx following PMA treatment does not appear
to be explained by phorbol ester desensitization. In fact, phorbol
esters most likely reduce K*- and CRF-stimulated calcium
influx through an inhibition of calcium conductance. Rane and
Dunlap (8) have shown that phorbol esters inhibit calcium
conductance of dorsal root ganglion neurons. The ability of
PMA to suppress gramicidin-induced calcium influx would
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suggest that protein kinase C activation causes a secondary
blockade of calcium conductance in AtT-20 cells.

The question arises as to how phorbol esters induce their
biphasic stimulation followed by an inhibition of calcium influx
in AtT-20 cells. Phorbol esters may rapidly inhibit K* con-
ductance in AtT-20 cells to depolarize the cell membrane. This
depolarization might be expected to enhance the opening of
voltage-regulated calcium channels to increase calcium influx.
Subsequently, calcium conductance may be reduced by phorbol
esters. Protein kinase C activation may catalyze a series of
sequential phosphorylation events to block first, K* and, then,
calcium channels. Alternatively, all the relevant protein phos-
phorylation may occur simultaneously, yet those phosphoryla-
tion events may induce their biological response at different
rates. To our knowledge, the mechanism by which protein
kinase C can coordinately regulate different ionic conductance
channels in the same cell has not been reported in any cell
type. In fact, to our knowledge, phorbol esters have not been
previously reported to affect multiple ionic conductance chan-
nels or to both stimulate and inhibit calcium influx in the same
cell type.

In addition to protein kinase C, cAMP-dependent protein
kinase also regulates cytosolic calcium levels in AtT-20 cells
and the secretion of ACTH (11-13, 16, 17). This enzyme is
activated in both AtT-20 cells and normal corticotrophs by the
hormone, CRF, which is the most potent and effective natural
stimulant of ACTH release (11). To examine the role of cAMP-
dependent protein kinase in mediating CRF-evoked ACTH
secretion, we (16, 17) inserted the Walsh inhibitor of cAMP-
dependent protein kinase into AtT-20 cells, using a liposome
technique. In cells loaded with this inhibitor protein, the ACTH
release response to CRF, forskolin, and 8-bromo-cAMP was
blocked (16, 17). Furthermore, the ability of CRF to stimulate
calcium influx is also blocked by insertion of a synthetic peptide
inhibitor of cAMP-dependent protein kinase into these cells.
These findings are consistent with the hypothesis that CRF
stimulates cAMP-dependent protein kinase to enhance calcium
influx to trigger ACTH release.

The mechanisms by which cAMP and protein kinase C
regulate calcium levels in AtT-20 cells appear to be distinct.
The rise in cytosolic calcium in response to CRF was not
blocked by TEA. This may suggest that cAMP-dependent
protein kinase does not act through the same population of K*
channels as protein kinase C to modify membrane potential.
Unlike phorbol esters, cAMP may in fact act to directly stim-
ulate calcium channels. In support of this notion, Luini et al.
(13) have shown that 8-bromo-cAMP increases the frequency
of opening of calcium channels in voltage-clamped patches of
intact AtT-20 cells.

Once CRF increases cytosolic calcium levels in AtT-20 cells,
this effect is maintained for as long as the cells are exposed to
the stimulant. This pattern contrasts to the biphasic effect
exhibited by PMA. Furthermore, neither CRF nor forskolin
inhibit K*-induced increases in calcium influx into AtT-20
cells. These findings indicate that cAMP-dependent protein
kinase does not cause a secondary inhibition of calcium influx.

Although CRF and PMA induce different patterns of effect
on cytosolic calcium in AtT-20 cells, both agents have been
shown to evoke a sustained increase in ACTH release (32).
Because CRF- and PMA-evoked ACTH release is calcium
dependent, it is conceivable that the initial burst of calcium
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influx stimulated by both agents is sufficient to cause long-
term increases in hormone secretion. Such findings may indi-
cate that corticotrophs need not be continuously stimulated by
hormones to sustain a prolonged elevation of ACTH release.
Recent studies (33), in fact, have shown that the synthesis of
ACTH in AtT-20 cells is elevated by CRF and PMA long after
the cells have become desensitized to the acute effects of these
secretagogues. The molecular mechanisms of such long-term
effects on the expression and release of ACTH are unknown.

Our findings suggest that the activation of protein kinase C
and cAMP-dependent protein kinase stimulates calcium influx
through different cascades of events in AtT-20 cells. Determi-
nation of the nature of these different events will require
identification of the cellular phosphoproteins regulated by these
two kinases and the ionic conductance channels modulated by
these phosphorylation events.
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