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Parafollicular (PF) cells secrete 5-HT in response to stimulation
of a G-protein-coupled Ca21 receptor (CaR) by increased ex-
tracellular Ca21 (1[Ca21]e ). We tested the hypothesis that
protein kinase C (PKC) participates in stimulus–secretion cou-
pling. Immunoblots from membrane and cytosolic fractions of
isolated PF cells revealed conventional (a, bI, and g), novel (d
and e), and atypical (i/l and z) PKCs. Only PKCg was found to
have been translocated to the membrane fraction when secre-
tion of 5-HT was evoked by 1[Ca21]e or phorbol esters. Al-
though phorbol downregulation caused PKCg to disappear,
secretion was only partially inhibited. A similar reduction of
1[Ca21]e-evoked secretion was produced by inhibitors of con-
ventional and/or novel PKCs (Gö 6976, calphostin C, and
pseudoA), and these compounds did not inhibit secretion at all
when applied to phorbol-downregulated cells. In contrast, the
phorbol downregulation-resistant component of secretion was

abolished by pseudoZ, which inhibits the atypical PKCz. Stim-
ulation of PF cells with 1[Ca21]e increased the activity of
immunoprecipitated PKCz (but not PKCi/l), and the activity of
this PKCz was inhibited by pseudoZ. PF cells were found to
express regulatory (p85) and catalytic (p110a and p110b) sub-
units of phosphatidylinositol 39-kinase (PI39-kinase). 1[Ca21]e
increased the activity of immunoprecipitated PI39-kinase;
moreover, PI39-kinase inhibitors (wortmannin and LY294002)
antagonized secretion. We suggest that PKC isoforms mediate
secretion of 5-HT by PF cells in response to stimulation of the
CaR. PKC involvement can be accounted for by PKCg and an
isoform sensitive to inhibition by pseudoZ, probably PKCz,
which is activated via PI39-kinase.
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Serotonin (5-HT) and calcitonin are co-stored in the secretory
vesicles of parafollicular (PF) cells (Zabel, 1984; Barasch et al.,
1987b). As a result, PF cells secrete both transmitters when
stimulated by their natural secretogogue, increased extracellular
Ca21 (1[Ca21]e) (Nunez and Gershon, 1978). PF cells are able
to respond to 1[Ca21]e because they express a plasmalemmal
Ca 21 receptor (CaR) that is activated by changes in the extra-
cellular Ca21 concentration and polyamines, such as protamine
(Herbert and Brown, 1995; Tamir et al., 1996). The CaR is
G-protein-coupled (Herbert and Brown, 1995; Ruat et al., 1996)
and has been demonstrated to be linked to Gi and Gq (Tamir et
al., 1996). After the activation of the CaR by1[Ca21]e, PF cells
depolarize (as a result of an increase in a nonselective plasma
membrane cation conductance) (McGehee et al., 1997), secretory
vesicles acidify (Tamir et al., 1994b), and 5-HT is secreted (Tamir
et al., 1990, 1994b; McGehee et al., 1997).

CaR stimulation leads to the activation of multiple signal
transduction pathways. One of these pathways, which causes se-
cretory vesicles to acidify, involves the coupling of the CaR via Gi

to phosphatidylinositol-specific phospholipase C (PI-PLC) (Her-
bert and Brown, 1995; Ruat et al., 1996; Tamir et al., 1996). The
inositol trisphosphate (IP3) generated by PI-PLC mobilizes Ca21

from internal stores ([Ca21]i). The 1[Ca21]i activates a signal-
ing cascade that involves, sequentially, calcium–calmodulin, ni-
tric oxide synthase, guanylyl cyclase, and protein kinase G. This
signal transduction pathway enables Cl2 to pass through vesicular
channels and act as a counterion for the transport of H1, so that
the vesicles of secretogogue-stimulated cells become acidic. Al-
though the activation of PI-PLC also leads to the formation of
diacylglycerol and the consequent stimulation of isoforms of
protein kinase C (PKC), PKC does not appear to contribute to
the CaR-induced acidification of vesicles. Vesicle acidification
and secretion can be uncoupled and thus are the result of different
signal transduction mechanisms.

Stimulus–secretion coupling in PF cells is complex. PKC, how-
ever, appears to play an important role in the secretory process.
Phorbol esters stimulate 5-HT secretion, and secretion in re-
sponse to phorbol esters is abolished by phorbol ester downregu-
lation of PKC (Tamir et al., 1990; McGehee et al., 1997). Never-
theless, despite the ability of phorbol ester downregulation of
PKC to block phorbol ester-induced secretion, downregulation
only slightly inhibits 5-HT secretion when it is evoked by
1[Ca 21]e. This observation suggests that one or more phorbol
ester-sensitive isoforms of PKC contribute to secretory signaling,
but additional effectors, which are not recruited or downregulated
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by phorbol esters, must also be involved in stimulus–secretion
coupling from the CaR. These additional effectors could be
atypical isoforms of PKC (aPKC), such as i/l and/or z because, in
contrast to conventional (cPKC) and novel (nPKC) isoforms,
aPKCs are neither activated nor downregulated by phorbol esters
(Nishizuka, 1992; Newton, 1995). We therefore analyzed the role
played by aPKCs in stimulus–secretion coupling after activation
of the CaR. Data suggest that PKCg and PKCz mediate PF cell
5-HT secretion in response to stimulation of the CaR and that
phosphatidylinositol 39-kinase (PI39-kinase) participates in acti-
vating PKCz.

MATERIALS AND METHODS
Isolation of PF cells. Fresh sheep thyroid glands were obtained from a
nearby kosher abattoir. The glands were dissociated with trypsin, and PF
cells were isolated by “phagocytic chromatography” as previously de-
scribed (Bernd et al., 1981; Barasch et al., 1987b, 1988; Cidon et al.,
1991). This method uses thyrotropin (TSH) to activate the follicular
cells, which become phagocytic in response to TSH. When a suspension
of thyroid cells stimulated by TSH is passed through a Sepharose-
thyroglobulin column, the follicular cells bind to the column, whereas the
PF cells pass through in the void volume. Red blood cells are then
removed from the suspension by centrifugation through a layer of Ficoll.
Approximately 97% of the cells of the final preparation are parafollicu-
lar; the remainder are mainly fibroblasts, and there are no detectable
follicular cells. Purified PF cells were cultured overnight at 37°C in
Eagle’s minimum essential medium, supplemented with 10% fetal bovine
serum and buffered by CO2 to allow them to recover from the isolation
procedure.

Analysis of 5-HT secretion from PF cells. Secretion by isolated PF cells
(1 3 10 6 cells/ml) was induced by adding secretogogues, Ca 21 (5.0 mM,
10 min), protamine chloride (1.0 mM, 20 min), or phorbol 12-myristate,
13-acetate (PMA; 300 nM, 30 min) to the medium at 37°C. Control cells
were incubated in the presence of 1.0 mM EGTA. When the effect of
inhibitors was studied, cells were preincubated with the indicated inhib-
itor for 30 min before the addition of secretogogue. The stimulus was
terminated by quick chilling (on ice) and centrifuging the cells (800 3 g).
5-HT and 5-hydroxyindole-acetic acid were extracted from the pelleted
cells, and their supernatant was measured by reverse phase HPLC with
an electrochemical detector (Tamir et al., 1994a). To compare results
obtained in different preparations, the amounts of secreted 5-HT (in the
supernatant) were normalized to the cellular 5-HT content (pellet). To
estimate the secretogogue-induced increment in 5-HT release, the nor-
malized 5-HT content of the supernatant of control cells was subtracted
from that in the supernatant obtained from cells subjected to stimulation.

Downregulation of PKC by PMA. Isolated PF cells (10 7 cells) were
incubated overnight in the presence of 1.0 mM PMA (Nishizuka, 1992;
Newton, 1995). The incubated cells were rinsed three times with PBS
before exposure to another secretogogue. The extent of downregulation
was tested by Western blot analysis or by the ability of the cells to secrete
in response to PMA activation.

Gel electrophoresis and immunoblotting. Purified sheep PF cells (;10 7)
were harvested, washed with PBS, and homogenized in 300 ml of 50 mM
Tris buffer, pH 7.4, containing EDTA (1.0 mM), EGTA (2.0 mM),
phenylmethanesulfonyl fluoride (1.0 mM), aprotinin (100 mg/ml), and
leupeptin (100 mg/ml). The homogenate was centrifuged at 100,000 3 g
for 1 hr at 4°C to separate the membrane fraction (pellet) from cytosol.
The pellet was solubilized in the above buffer containing Triton X-100
(1.0%). Proteins (100 mg) were separated by 8.5% SDS-PAGE (Tamir et
al., 1990). After separation, the proteins were electroblotted onto nitro-
cellulose membranes, and protein bands were visualized by staining the
blots for 2 min in Ponceau solution (0.02% in 0.3% trichloroacetic acid).
The blots were then washed and exposed to polyclonal antibodies raised
against isozyme-specific PKC (1 mg/ml, overnight at 4°C) followed by
exposure to goat anti-rabbit secondary antibodies labeled with horserad-
ish peroxidase (diluted 1:1000; Jackson ImmunoResearch, West Grove,
PA). The membrane was then treated with chemiluminescent solution
according to the manufacturer’s directions (Amersham, Arlington
Heights, IL) and exposed to film. Extracts of an HC11 mouse mammary
epithelial cell line that overexpress either human PKCa or rat PKCbI
were used as markers in identifying these isoforms of PKC. These cells
were constructed by Dr. Eric Slosberg in Dr. B. Weinstein’s laboratory
(Columbia University Medical School) and kindly supplied to us. For

detection of subunits of PI39-kinase the proteins from the total cell lysate
(100 mg) were solubilized, separated by SDS-PAGE, and blotted onto a
nitrocellulose membrane. Blots were washed and exposed to polyclonal
antibodies raised against p85a, p110a, and p110b (1 mg/ml; Santa Cruz
Biotechnology, Santa Cruz, CA) and visualized by chemiluminescence as
described above.

Assay of aPKCs z and i/l. Purified PF cells (10 7) were harvested,
washed with PBS, and resuspended in Ca 21-free Earl’s buffered salt
solution containing 1 mM MgCl2. Cells were incubated in 5.0 mM
Ca 21(activated) for 10 min at 37°C. Control cells were incubated in the
presence of 1.0 mM EGTA. When the effects of PI39-kinase inhibitors
were studied, cells were incubated with 100 mM LY294002, 100 nM
wortmannin, or 40 mM pseudoZ for 30 min before the addition of Ca 21.
PKCz and i/l activities were measured by using minor modifications of
previously published methods (Gomez et al., 1997; Herrera-Velit et al.,
1997). After treatment, cells were washed in PBS and lysed for 1 hr at 4°C
in 150 ml of lysis buffer (1% Triton X-100, 20 mM Tris, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 2 mM EGTA, 1 mM Na-vanadate, 100 nM okadaic
acid, 100 mg/ml aprotinin, 100 mg/ml leupeptin, 0.5 mM phenylmethane-
sulfonyl fluoride, 12.5 mg/ml pepstatin, and 1 mM benzamide). Lysates
(750 mg of protein) were microcentrifuged for 10 min at 13,000 rpm, and
PKCz or PKCi/l was immunoprecipitated with rabbit polyclonal anti-
PKCz (2 mg/sample; Santa Cruz) or with mouse monoclonal anti-PKCi/l
(1:100 dilution; Transduction laboratories, Lexington, KY) for 1–2 hr
followed by the addition of 30 ml of protein-A/G plus agarose beads
(Santa Cruz) and incubated for an additional 1 hr at 4°C. The agarose–
antigen–antibody complex was centrifuged and washed once with lysis
buffer and twice with 10 mM Tris-HCl, pH 7.4. Beads were resuspended
in 15 ml of kinase buffer (50 mM Tris-HCl, pH 7.5, and 5 mM MgCl2).
Kinase activity was measured in the immunoprecipitates using myelin
basic protein as a substrate (5 mg, 21 kDa). In the indicated experiments,
pseudoZ was added to the washed immunoprecipitate before assay of
activity. The assay was initiated by the addition of 25 mM ATP and 5 mCi
of [g- 32P]ATP (3000 Ci/mmol; Amersham) in 5 ml of kinase buffer,
continued for 30 min at room temperature, and stopped by boiling
samples in Laemmli sample buffer. Samples were loaded onto a 12.5%
polyacrylamide gel and subjected to electrophoresis. The gels were fixed,
vacuum-dried, and exposed to Eastman Kodak (Rochester, NY) BioMax
imaging film. Kinase activity was quantified by densitometric analysis of
the films (Micro Computer Imaging Device; Imaging Research Inc., St.
Catherines, Ontario, Canada).

Assay of PI39-k inase activity. PF cells were washed, activated, and lysed
as described above. PI39-kinase activity was measured by using minor
modifications of previously published methods (Ettinger et al., 1996;
Herrera-Velit and Reiner, 1996). Aliquots of cell lysates (750 mg of
protein) were immunoprecipitated with polyclonal antibodies to the p85
subunit of PI39-kinase (5 mg/sample; Santa Cruz) and allowed to incubate
on ice for 60 min. Protein A/G-agarose (30 ml) was then added, and
incubation was continued for 60 min at 4°C. After centrifugation of the
agarose–antigen–antibody complex, the pellets were washed with lysis
and Tris buffers as described above. The complex was suspended in
sonicated 20 mg soybean phosphatidylinositol and 35 ml of kinase assay
buffer (30 mM HEPES, 30 mM MgCl2, and 200 mM adenosine). The
reaction was initiated by the addition of 50 mM ATP and 10 mCi of
[g- 32P]ATP in 5 ml of kinase buffer; incubation was performed for 10
min, and the reaction was stopped by the addition of 100 ml of 1N HCl.
Lipids were extracted with 200 ml of chloroform:methanol (1:1), spotted
onto silica gel TLC plates, and developed in a mobile phase consisting of
chloroform, methanol, water, and NH4OH (18:14:3:1 v/v/v/v). Spots
corresponding to phosphatidylinositol 3-phosphate were detected by au-
toradiography and identified on the basis of their co-migration with a
known standard. Kinase activity was quantified by cutting the spots
corresponding to PI3-P from the plate and analyzing them by liquid
scintillation counting.

Drugs and chemicals. All drugs and chemicals were obtained from
Sigma (St. Louis, MO) unless otherwise specified. The PKC inhibitors,
calphostin C, and chelerythrine were obtained from Kamiya Biomedical
Co. (Thousand Oaks, CA). Gö 6976, PKC inhibitor, and LY294002, an
inhibitor of PI39-kinase, were purchased from Biomol Research Labs
(Plymouth Meeting, PA). Wortmannin was purchased from Alexis Corp.
(San Diego, CA). Protein A/G plus agarose beads was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to the p85a
(z-8) subunit of PI39-kinase and antibodies to the 110b subunit forms of
PI39-kinase, with the corresponding peptide, were purchased from Santa
Cruz. Polyclonal rabbit anti-PKCa, PKCb1, and PKCg, with their respec-
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tive peptides, and FITC-conjugated goat anti-rabbit IgG, anti-mouse
IgG, and Earl’s balanced salt solution were purchased from Life Tech-
nologies (Grand Island, NY.). Monoclonal antibodies to PKC h, m, u, and
l were purchased from Transduction Laboratories. Polyclonal antibodies
to PKC bI, d, e, and z were prepared as previously described (Sacktor et
al., 1993). Goat anti-rabbit IgG coupled to rabbit horseradish peroxidase
was purchased from Kirkegaard and Perry (Gaithersburg, MD). Anti-
bodies to the 110a kDa subunit of PI39-kinase were contributed by Dr.
Jonathan M. Backer (Albert Einstein College of Medicine) (Rordorf-
Nikolic et al., 1995). Myristoylated protein kinase C19–27, cell-permeable
cPKC inhibitors (pseudoA), and the cell-permeable myristoylated PKCz
pseudosubstrate, myr-SIYRRGARRWRKL (pseudoZ) were purchased
from Quality Controlled Biochemicals, Inc. (Hopkinton, MA). Silica gel
G 60, was purchased from EM Science (Gibbstown, NJ). Solvents used
with all compounds were routinely tested for their effects on secretion.
None was found at the concentrations used.

RESULTS
Several isozymes of PKC are expressed in PF cells
To determine which PKC isoforms are expressed in PF cells, cell
extracts were analyzed by immunoblotting with isozyme-specific
antibodies. Membrane and soluble fractions of purified PF cell
homogenates were analyzed separately. Where possible, the spec-
ificity of the immunoreactivity of PKCs was verified by absorption
of antibodies with isozyme-specific peptides. Every known PKC
isoform except bII and u was detected in PF cells (Fig. 1). All
were, in resting cells, more concentrated in cytosolic than mem-
brane fractions; nevertheless, a substantial amount of z and a
small amount of g immunoreactivity was found in membranes,
even those isolated from nonstimulated PF cells. It should be
noted that all the antibodies used for immunoblotting were tested
for specificity. In no instance was cross-reactivity observed.

To stimulate secretion, isolated PF cells were exposed to PMA
(0.3 mM) or1[Ca21]e (5.0 mM) for 10–30 min (the time course of
5-HT secretion induced by the two secretogogues). Cytosolic and
membrane fractions were then obtained. Immunoblots were used
to determine whether stimulation had induced a translocation of
specific isozymes of PKC to membranes. PF cells secreted 5-HT
after exposure to PMA or1[Ca21]e (Tamir et al., 1996; McGe-

hee et al., 1997), but no translocation of PKC to membranes could
be detected for any isozyme except for PKCg (Fig. 2). Similar
data were obtained by immunocytochemically examining cells in
conjunction with laser-scanning confocal microscopy (data not
illustrated), which, like immunoblotting, failed to demonstrate the
membrane translocation of isoforms of PKC other than PKCg.
After PF cells were exposed for 24 hr to PMA, only PKCg
disappeared from both membrane and cytosolic fractions (Fig. 2).
PKCg thus appears to be activated immediately after exposure to
a phorbol ester and is eventually downregulated. It is surprising
that phorbol esters do not cause a detectable translocation or
downregulation of PKCs (novel and Ca21-dependent) other than
PKCg.

The ability of phorbol esters to activate cPKCs and nPKCs is
related to their binding to the regulatory C1 domains of these
classes of PKC isozymes (Newton, 1995, 1997). In contrast to the
cPKCs and nPKCs, phorbol esters do not bind to the C1 domain
of the aPKCs; therefore, PMA would not have been expected to
be able to stimulate i/l, or z. Conceivably, translocation of aPKC
isoforms in Western blots might be masked by the high levels
associated with membrane fractions derived from nonstimulated
PF cells. Activated PKC isozymes bind to anchoring proteins
termed RACKs (Mochly-Rosen, 1995), which are believed to be
positioned in close proximity to the isozyme substrate. These
PKCs, therefore, may be closely associated with RACKs in or
near the plasma membrane even in nonstimulated PF cells. For
this reason, it may not be possible to demonstrate translocation of
PKC isoforms even when they are activated.

Downregulation of PKC by chronic exposure to PMA
partially inhibits 1[Ca21]e-induced 5-HT secretion
To determine whether cPKC or nPKC isozymes participate in
mediating the secretory response to 1[Ca21]e, the effects of
down-regulating these isozymes by chronically exposing isolated
PF cells to PMA were investigated. Conditions were the same as
those that were found to fully down-regulate PKCg. The extent of
downregulation was tested by measuring secretion in response to
stimulation with PMA. Before treatment with PMA, exposure of
PF cells to1[Ca21]e (5.0 mM) produced an ;2.5-fold increase in
the release of 5-HT (Fig. 3). After incubation overnight with

Figure 1. Many isoforms of PKC are found in PF cell membrane and
cytosolic fractions. Cytosol (Cyt) and membrane (Mem) fractions were
obtained from nonstimulated PF cells. Proteins in the fractions (100 mg)
were separated by SDS-PAGE, blotted onto nitrocellulose membranes,
and incubated with monospecific antibodies to the indicated isoforms of
PKC. Bound antibodies were visualized by chemiluminescence. PKC
isoforms are indicated at the lef t, and the molecular weight is shown at the
right. The standards (Std) used for comparison were derived from HC11
cells that overexpress PKCa and PKCb1 or from a commercial source.
For PKCa, PKCbI, and PKCg (Peptide, top right), the specificity of the
antibodies used for identification of PKC isoforms was verified by block-
ing immunostaining with the corresponding peptide antigen at 10 mg/ml.

Figure 2. Phorbol ester (PMA) activates and downregulates PKCg.
Isoforms of PKC were investigated by Western blot analysis as in Figure
1. A, PF cells were treated with PMA (300 nM) for 0, 0.5, or 6.0 hr before
collection and fractionation. The relative amount of PKCg decreased in
the cytosol and increased in the membrane fraction as a function of time
after exposure to PMA. B, PF cells were treated with PMA (1.0 mM) for
0 or 24 hr before collection and fractionation. After the prolonged
exposure to PMA, PKCg could no longer be detected in either the cytosol
or membrane fractions.
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PMA (1.0 mM), the 1[Ca21]e-induced release of 5-HT declined
by ;35% (Fig. 3). A specific cPKC inhibitor, Gö 6976 (0.1–1.0
mM) (Martiny-Baron et al., 1993), and calphostin C (5 mM) (Koba-
yashi and Nakano, 1989; Rotenberg et al., 1995), which at low
concentrations inhibits both cPKCs and nPKCs, antagonized the
1[Ca21]e-induced secretion of 5-HT to approximately the same
extent as downregulation of PKC. Neither Gö 6976 nor calphostin
C antagonizes aPKC isoforms. In contrast to their relatively small
effect on 1[Ca21]e-induced secretion of 5-HT, downregulation
of PKCg, calphostin C, and Gö 6976 almost completely abolished
the ability of PF cells to secrete in response to PMA stimulation
(Fig. 3B). In contrast to calphostin C and Gö 6976, which only
partially antagonized1[Ca 21]e-induced secretion, chelerythrine
almost completely blocked the secretion of 5-HT induced by
1[Ca 21]e. Chelerythrine, moreover, was equally effective re-
gardless of whether PKC had previously been downregulated by
exposure to a phorbol ester (Fig. 3A). Because chelerythrine acts
on the PKC catalytic domain (Herbert et al., 1990), the action of
chelerythrine is independent of the presence or absence of a
phorbol ester-binding regulatory region. Chelerythrine would
thus be expected to inhibit aPKCs as well as conventional and
novel isoforms. It should be noted that the secretogogues (PMA
and1[Ca21]e) were used at concentrations that were within the
linear range of the secretory response. The observations that
calphostin C and Gö 6976 partially inhibit the1[Ca 21]e-induced
secretion of 5-HT suggest that one or more cPKCs or nPKCs
participate in the mediation of the response. These data are
consistent with the observation that the cPKC PKCg is translo-

cated to the plasma membrane when cells are stimulated by
1[Ca21]e. The fact that calphostin C, which inhibits both nPKCs
and cPKCs, is not more effective than Gö 6976, which inhibits
only cPKCs, suggests that nPKCs contribute relatively little to the
response. In any case, the sum of the effects of cPKCs and nPKCs
does not account for the major component of1[Ca21]e-induced
secretion. PKC isozymes in these categories, however, probably
do account for almost all of the secretion of 5-HT evoked by a
phorbol ester. Because the ability of chelerythrine to almost
completely abolish 1[Ca21]e-induced secretion is consistent
with the involvement of an aPKC, these isoforms were investi-
gated further.

Cell-permeable pseudosubstrates of PKC inhibit
5-HT secretion
Membrane-permeable pseudosubstrate peptides, pseudoA and
pseudoZ, as well as isozyme-specific PKC inhibitors were used to
evaluate the role played by aPKCs in the 1[Ca 21]e-induced
secretion of 5-HT. These pseudosubstrate peptides suppress PKC
activity by interacting with the substrate-binding site in the cat-
alytic domain of the enzyme and thus are relatively specific
inhibitors of the PKC isozymes with which they interact (Shen
and Buck, 1990; Huntley et al., 1997). PseudoA has a sequence
conserved in the pseudosubstrate region of PKC isotypes a, b,
and g. PseudoZ has a sequence identical to that of the pseudosub-
strate region of PKCz, which differs significantly from those found
in PKCa, b, or g. PseudoZ is known to inhibit PKCz (Zhou et al.,
1997; Sajan et al., 1999) but has not previously been shown not to
inhibit any other isoforms of PKC (Standaert et al., 1997). We
found that pseudoA (40 mM, 30 min exposure) inhibits the
1[Ca21]e-induced secretion of 5-HT. The degree of inhibition of
5-HT secretion by pseudoA was comparable with that produced
by the phorbol ester downregulation of PKC (Fig. 4). These data
are compatible with the idea that the effect of PMA is mediated
by a cPKC and that a cPKC also makes a partial contribution to
the mediation of 1[Ca21]e-induced secretion of 5-HT. In the
absence of downregulation of PKC by prolonged exposure to
PMA, pseudoZ (40 mM, 30 min exposure) inhibited the
1[Ca 21]e-induced secretion of 5-HT (65 6 5%; Fig. 4). Increas-
ing the concentration of pseudoZ to 80 mM did not affect the
degree of inhibition of 5-HT secretion. In contrast, when PKCg
was downregulated by PMA, pseudoZ inhibited the residual
secretion by 90 6 5%. When both pseudoA and pseudoZ were
added to down-regulated PF cells, the effect of the combination
was essentially the same as that of pseudoZ alone. The addition of
both pseudoA and pseudoZ to cells that had not been down-
regulated by chronic exposure to PMA produced approximately
the same degree of inhibition of 1[Ca21]e-induced secretion of
5-HT (92 6 5%) as the combination of down regulation plus
pseudoZ (Fig. 4). These data indicate that isoforms of PKC
mediate stimulus–secretion coupling in PF cells. The role of PKC
can be accounted for by the involvement of a combination of a
cPKC (PKCg) and an isoform of PKC that is inhibited by
pseudoZ.

PI3*-kinase participates in signal transduction from
the CaR
Recent studies have demonstrated that both nPKCs and aPKCs
are activated by products of PI39-kinase (Nakanishi et al., 1993;
Toker et al., 1994; Derman et al., 1997; Herrera-Velit et al., 1997;
Standaert et al., 1997; Chou et al., 1998). It is thus possible that
PI39-kinase is responsible for activating the pseudoZ-sensitive

Figure 3. Effect of inhibitors of the regulatory and catalytic domains of
PKC on Ca 21- and PMA-induced secretion. The natural PF secretogogue
1[Ca 21]e (5 mM, 10 min) and PMA (300 nM, 30 min) were used to evoke
5-HT secretion. Data are presented as a percentage of 5-HT released
induced by either Ca 21 (A) or PMA (B) of resting release (assigned
control; mean 6 SE). The numbers of determinations are indicated in
each bar. The effects of PKC inhibitors on the secretion elicited by each
secretogogue were then assessed. In addition, PKC was downregulated by
overnight exposure to PMA (1.0 mM). The regulatory site inhibitors
calphostin C (5 mM) and Gö 6976 (0.5 mM), as well as PKC downregula-
tion, all partially and weakly antagonized the secretion of 5-HT evoked by
1[Ca 21]e. In contrast, the catalytic inhibitor chelerythrine (5.0 mM)
strongly inhibited secretion of 5-HT evoked by 1[Ca 21]e from both
downregulated and nondownregulated cells (85 6 6%; p , 0.001). All of
the inhibitors (calphostin C, chelerythrine, and Gö 6976) and phorbol
ester downregulation fully inhibited the secretion evoked by PMA (90 6
5% inhibition; p , 0.001).
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isoform of PKC (such as PKCz) after stimulation of the CaR. The
role of PI39-kinase in stimulus–secretion coupling was thus inves-
tigated. PI39-kinase is a heterodimer composed of an 85 kDa
regulatory subunit (p85a) and a 110 kDa catalytic subunit (p110)
(Carpenter et al., 1990; Shibasaki et al., 1991; Kapeller and
Cantley, 1994). Several isoforms of this enzyme have been de-
tected (a, b, and g) (Thomason et al., 1994; Rordorf-Nikolic et
al., 1995; Ptasznik et al., 1996; Kurosu et al., 1997; Tang and
Downes, 1997). Immunoblot analysis demonstrated that subunits
of PI39-kinase, p85 and p110 (a1b), are expressed in PF cells
(Fig. 5). The antibodies to p110b were specific because their
immunoreactivity was abolished after absorption with the corre-
sponding peptide antigen. Results obtained with Western blots
were confirmed by immunocytochemical studies that demon-
strated the presence of p110a1b as well as p85 in PF cells (data
not shown). We therefore investigated the effects of secretory
stimuli on the activity of PI39-kinase.

Stimulation of secretion by exposing PF cells to1[Ca21]e did
not alter the apparent intracellular distribution of p85 immuno-
reactivity as assessed by immunocytochemistry. Stimulation of PF
cells by 1[Ca21]e did, however, increase PI39-kinase activity by
50 6 5% (Fig. 6A,B). Wortmannin (100 nM) reduced the basal
level of PI39-kinase activity and abolished the increment induced
by exposure to 1[Ca21]e (Fig. 6A,B). Wortmannin (#100 nM)
specifically binds to and inhibits p110 (the catalytic subunit of

PI39-kinase) (Yano et al., 1993; Okada et al., 1994). The
1[Ca21]e-induced increase in PI39-kinase activity was also pre-
vented by LY294002 (100 mM; data not illustrated), a compound
that is not structurally related to wortmannin but that also inhibits
PI39-kinase and does not antagonize other protein kinases that
may be inhibited by wortmannin (Vlahos et al., 1994).

The effects of inhibitors of PI39-kinase on 1[Ca21]e-induced
secretion of 5-HT were determined. Wortmannin (10–100 nM)
was applied to cells in which PKCg had previously been down-
regulated by chronic exposure to PMA, so that the contribution
of PI39-kinase to the activation of phorbol ester-independent
transduction mechanisms could be examined in isolation. Wort-
mannin effectively antagonized the 1[Ca21]e-induced secretion
of 5-HT (Fig. 7). Results obtained with wortmannin were con-
firmed by administering LY294002 (20–100 mM). The data ob-
tained with LY294002 were not distinguishable from those ob-
tained with wortmannin. Both compounds were equally able to
inhibit the 1[Ca21]e-induced secretion of 5-HT by PF cells
(60 6 5%; Fig. 7). These data support the idea that PI39-kinase
participates in stimulation–secretion coupling after activation of
the CaR. The residual secretion of 5-HT from PF cells that
remained after the addition of wortmannin or LY294002 after the
downregulation of PKCg (Fig. 7) may be explained by the exis-
tence of a parallel transduction pathway that is independent of
PI39-kinase.

Because it is conceivable that Ca21 elicits effects that are not
mediated by the CaR, additional experiments were performed
with protamine as a CaR agonist. Like 1[Ca21]e, protamine
evoked 5-HT secretion (to 135 6 8% of control, a value not
significantly different from that evoked by1[Ca21]e, 133 6 10%
of control). Wortmannin (100 nM; p , 0.001 vs control) and
LY294002 (100 mM; p , 0.001 vs control) blocked the protamine-
induced secretion.

PKCz participates in signal transduction from the CaR
The activity of PKCz was assayed to test the hypothesis that
PKCz is activated by PI39-kinase and participates in secretion.
PKCz was immunoprecipitated from PF cells that were or were
not stimulated by1[Ca21]e. The ability of the resulting immune
complex to phosphorylate myelin basic protein was then mea-
sured. PseudoZ abolished enzyme activity, confirming that the
measured activity was that of PKCz and suggesting that the
inhibitor acts on the catalytic site of the enzyme (Fig. 8A,B). The
activity of PKCz was significantly greater in1[Ca 21]e-stimulated
than in control cells (Fig. 8; p , 0.001; n 5 6). The effect of
exposure to 1[Ca 21]e on PKCz activity was abolished by wort-
mannin (Fig. 8A,B; 100 nM; p , 0.001; n 5 6), confirming that the
response was PI39-kinase-dependent. Chelerythrine inhibited

Figure 4. Secretion evoked by receptor stimulation is dependent on
phorbol ester-sensitive and -insensitive forms of PKC. The effects of
1[Ca 21]e (5 mM) on 5-HT-induced secretion were assayed in the pres-
ence and absence of PKC inhibitors. Downregulation of cPKCg was
achieved by exposing cells overnight to 1 mM PMA. PseudoA and
pseudoZ were added 30 min before the addition of the secretogogue. The
resting release of 5-HT was taken as a control and the data for the evoked
release of 5-HT are presented as a percent of control, which was assigned
a value of 100% (mean 6 SE). In the absence of phorbol ester-
downregulation of PKC, the 1[Ca 21]e-evoked released of 5-HT was
inhibited by both pseudoA (35 6 4%; p , 0.005) and pseudoZ (65 6 6%;
p , 0.005). After the phorbol ester downregulation of PKC, the residual
secretion of 5-HT could no longer be inhibited by pseudoA but now was
blocked by pseudoZ (90 6 5%; p , 0.001). The combination of pseudoA
and pseudoZ abolished secretion regardless of whether cells had previ-
ously been phorbol ester-downregulated. These data are consistent with
the idea that an aPKC, such as PKCz, contributes to stimulus–secretion
coupling and is responsible for mediating the downregulation-resistant
component of the 1[Ca 21]e-evoked release of 5-HT.

Figure 5. Isoforms of PI39-kinase are present in PF cells. Proteins from
the total lysate of isolated PF cells (100 mg) were solubilized and sepa-
rated by SDS-PAGE, blotted onto nitrocellulose membranes, and incu-
bated with monospecific antibodies directed against subunits of PI39-
kinase. Bound antibodies were visualized by chemiluminescence. Lane 1,
p85; lane 2, p110a; lane 3, p110b; lane 4, control preparation showing that
p110b immunoreactivity is removed by absorption with the corresponding
peptide antigen at a ratio of 2:1.
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PKCz by 75 6 8%. These observations support the idea that
stimulation of the CaR leads to the activation of PI39-kinase,
which in turn activates an aPKC. The inability of wortmannin to
inhibit the resting activity of PKCz suggests that the basal activity
of this enzyme is not the result of stimulation by PI39-kinase. To
determine whether PKCi/l, the other aPKC present in PF cells,
also participates in the transduction of secretion in response to
1[Ca21]e, we assayed the activity of PKCi/l (Fig. 8C). The basal
activity of PKCi/l, unlike that of PKCz, was not affected by
stimulating cells with 1[Ca 21] (Fig. 8C). These results strongly
suggest that PKCz and not PKCi/l is activated by PI39-kinase.

DISCUSSION
The current study was undertaken to identify the role(s) played by
PKC in CaR-related stimulus–secretion coupling in PF cells. The
physiological induction of secretion of 5-HT by the natural secre-
togogue1[Ca21]e was compared with the induction of secretion

by a phorbol ester. Eight isoforms of PKC, including each of the
three main classes of PKC, conventional, novel, and atypical, were
found to be expressed. The expression in PF cells of PKCg, which
was previously thought to be a brain-specific isoform (Nishizuka,
1995), may reflect the neural crest origin of PF cells and their
relationship to neurons (Barasch et al., 1987a; Russo et al., 1992;
Clark et al., 1995). The expression of many isoforms of PKC in a
single cell is another characteristic that is reminiscent of neurons
(Sacktor et al., 1993).

The CaR is known to occur in the CNS as well as in the
endocrine cells of the thyroid and parathyroid. For example, the
CaR has been detected and studied electrophysiologically in
neurons of the rat subfornical nucleus (Washburn and Ferguson,
1998). The CaR is widespread in the brain and develops early in
ontogeny (Chattopadhyay et al., 1997). The distribution of
mRNA encoding the CaR in the brain (Rogers et al., 1997) and
the gut (Cheng et al., 1999) is quite extensive. Stimulation of the
brain CaR expressed in a transfected cell line activates phospho-
lipase C and causes accumulation of IP3 (Ruat et al., 1996).
Phospholipase A2 is also activated in these cells (Brown et al.,
1993). It has been suggested that the CaR may enable neurons to
respond to changes in the extracellular concentration of Ca21

and, by activating Ca21-dependent Cl2 channels, to participate
in regulating their Cl2 equilibrium potential (Brown et al., 1993).
The lipid products of PI39-kinase contribute to regulation of Cl2

transport (Feranchak et al., 1999), and we have found that the
CaR activates PI39-kinase.

Figure 6. PI39-kinase activity in PF cells is increased by 1[Ca 21]e and
is antagonized by PI39-kinase inhibitors. PF cells were incubated for 30
min in the absence or presence of wortmannin (100 nM). 1[Ca 21]e (5.0
mM) was used to stimulate the CaR in both sets of cells. Extracts were
prepared, and equivalent amounts of protein (750 mg) were used for
immunoprecipitation with antibodies to the p85 subunit of PI39-kinase.
The kinase activity of the immune complex was measured using phospha-
tidylinositol as a substrate. Lipids were extracted and analyzed by TLC
and radioautography (A). Spots corresponding to phosphatidylinositol
3-phosphate (PI3-P) were cut out and analyzed by liquid scintillation (B).
Radioactivity observed at the origin reflects residual, water-soluble 32P-
labeled material in the samples, the amount of which is not relevant to the
results. PI39-kinase activity is expressed as a percentage of that found in
control (Cont) cells (average of 5 independent experiments). The eleva-
tion of PI39-kinase induced by 1[Ca 21]e is significant (50 6 5%; p ,
0.001 vs the null hypothesis of 100%), as is its inhibition by wortmannin
( p , 0.001, 1[Ca 21]e vs 1[Ca 21]e 1 wortmannin).

Figure 7. 1[Ca 21]e-induced secretion of 5-HT by PF cells is antago-
nized by PI39-kinase inhibitors. PF cells were chronically treated with
PMA to downregulate cPKCg. Cells were pretreated for 30 min with
wortmannin (Wort; 100 nM) or LY294002 (LY; 100 mM). Secretion was
measured after the addition of1[Ca 21]e (5.0 mM). Data are presented as
a percentage of control (no secretogogue; mean 6 SE). Both wortmannin
and LY294002 inhibited the 1[Ca 21]e-induced secretion of 5-HT by PF
cells. Note that the magnitude of inhibition by 100 nM wortmannin is
approximately equal to that caused by 100 mM LY294002. Wortmannin is
therefore more potent than LY294002, but both are effective inhibitors of
the secretion of 5-HT. The inhibition of 5-HT induced by 1[Ca 21]e is
significant (60 6 5%; p , 0.001 vs the null hypothesis of 100%), as is its
inhibition by LY294002 ( p , 0.001, 1[Ca 21]e vs 1[Ca 21]e 1
LY294002).
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Because phorbol ester downregulation of PKC reduced
1[Ca21]e-induced secretion of 5-HT, it is apparent that at least
one conventional and/or novel isoform of PKC participates in
secretion. On the other hand, the observation that the effect of

phorbol ester downregulation is relatively minor suggests that
secretion is not mediated entirely by isoforms of PKC that are
sensitive to phorbol esters. Indeed, we detected the translocation
to membrane of only a small amount of PKCg. The ability of
downregulation to abolish secretion induced by PMA demon-
strates that the failure of this treatment to abolish 1[Ca21]e-
induced secretion cannot be explained by the incomplete down-
regulation of the activity of whatever conventional and/or novel
isoforms of PKC are stimulated by phorbol esters. Downregula-
tion, moreover, causes PKCg to disappear. The secretogogue
activity of PMA, therefore, can be entirely accounted for by
activation of PKCg (also see below). Atypical isoforms of PKC,
which lack phorbol ester binding sites, are neither activated nor
down-regulated by phorbol esters. We thus tested the hypothesis
that an aPKC mediates the phorbol ester-independent component
of the secretion of 5-HT induced by 1[Ca 21]e.

PF secretion was evoked by 1[Ca21]e and monitored after
exposure to PMA to eliminate the contribution of PKCg. Gö
6976, an inhibitor of conventional PKCs (Martiny-Baron et al.,
1993), and calphostin C, an inhibitor of conventional and novel
PKCs (Kobayashi and Nakano, 1989; Rotenberg et al., 1995),
were unable to inhibit 1[Ca21]e-induced secretion under these
conditions. The resistance of nPKCs to inhibition by calphostin C
may mirror their resistance to phorbol ester translocation, be-
cause calphostin C and phorbol esters bind to the same site on the
enzymes. In contrast to Gö 6976 and calphostin C, the catalyti-
cally active PKC antagonist chelerythrine effectively blocked the
secretion of 5-HT evoked by 1[Ca 21]e. Secretion evoked by
1[Ca 21]e after the downregulation of PKC was also prevented
by pseudoZ, an inhibitor of the aPKC, PKCz, but not by pseudoA,
an inhibitor of cPKCs. PseudoA, however, did inhibit the
1[Ca 21]e-induced secretion of 5-HT in the absence of down-
regulation and did so to the same degree as calphostin C and Gö
6976; moreover, the combination of pseudoA and pseudoZ was
fully able to prevent secretion. These observations are compatible
with the idea that the CaR-induced secretion of 5-HT by PF cells
involves the participation of both PKCg and PKCz. The action of
PKCg is probably relatively minor in comparison with that of
PKCz, because the secretion of 5-HT induced by1[Ca21]e after
the downregulation of conventional PKCg is strong. Although the
participation of an nPKC in secretion has not been definitively
ruled out, this involvement seems less likely than that of an aPKC
for the following reasons: (1) The membrane translocation of an
nPKC could not be demonstrated. This point is not, by itself,
compelling, because PKC isoforms may be close to the membrane
bound to RACKs even under resting conditions (Mochly-Rosen,
1995). (2) Calphostin C, which inhibits both cPKCs and nPKCs,
did not antagonize 1[Ca21]e-induced secretion more than did
the cPKC inhibitor, Gö 6976. (3) After downregulation, calphos-
tin C failed to inhibit1[Ca21]e-induced secretion at all (showing
that the isoforms of PKC that mediate1[Ca21]e-induced secre-
tion after PKC downregulation are calphostin C-resistant, which
is not true of any nPKC). Direct studies, perhaps performed out
with dominant negative mutants, will be necessary in the future
to determine whether nPKCs are involved at all in PF cell
secretion.

The idea that PKCz mediates the secretion of 5-HT induced by
the CaR was tested further by measuring the activity of aPKCs in
control and secretogogue-stimulated PF cells. Exposure to
1[Ca 21]e significantly increased PKCz activity but did not affect
that of PKCi/l; moreover, pseudoZ, in a concentration that
blocked secretion, also inhibited the activity of PKCz without

Figure 8. PKCz but not PKCi/l activity is increased in PF cells stimu-
lated by 1[Ca 21]e and is antagonized by PI39-kinase inhibitors or
pseudoZ. PF cells were incubated for 30 min in the absence or presence
of wortmannin (100 nM) or pseudoZ (40 mM). 1[Ca 21]e (5.0 mM) was
used to stimulate the CaR in both sets of cells. Extracts were prepared,
and equivalent amounts of protein (750 mg) were used for immunopre-
cipitation with antibodies to PKCz. PKC activity of the immune complex
was measured using myelin basic protein (MBP) as a substrate. Proteins
were separated by electrophoresis, dried gels were exposed to film (A),
and the films were developed and quantified densitometrically (B). Note
in the Western blots (A) that an equal amount of protein was immuno-
precipitated for assay of PKCz under each of the experimental conditions
studied. In contrast, the activity of PKCz was inhibited by wortmannin and
pseudoZ. PKCz activity is expressed as a percentage of that found in
control cells. The elevation of PKCz induced by 1[Ca 21]e is significant
(40%; p , 0.001 vs the null hypothesis of 100%), as is its inhibition by
wortmannin ( p , 0.001, 1[Ca 21]e vs 1[Ca 21]e 1 wortmannin).
PseudoZ completely abolished the PKCz activity. To investigate the
possible activation of PKCi/l by1[Ca 21]e , cells were activated as above,
but extracted protein was immunoprecipitated (IP) with antibodies to
PKCi/l instead of PKCz (C). Note that the basal activity of PKCi/l was
unchanged by exposing cells to 1[Ca 21]e (87.8–89.8% of control).
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antagonizing that of PKCi/l when added to the cells before
activation of the cells. It can thus be concluded that PKCz is an
important contributor to the secretion induced by stimulation of
the CaR in PF cells. This is the first demonstration that an aPKC
isoform is involved in stimulus–secretion coupling.

The mechanism by which aPKCs are activated is not yet totally
clear; nevertheless, several studies have demonstrated that PKCz
can be stimulated by phosphatidylinositol polyphosphates, which
are products of PI39-kinase activity (Nakanishi et al., 1993; Toker
et al., 1994; Derman et al., 1997). In the current study, PF cells
were demonstrated to contain both the regulatory (p85) and
catalytic subunits (p110, both a and b forms) of PI39-kinase.
Stimulation of PF cells with 1[Ca 21]e increased the activity of
PI39-kinase. This effect was abolished by two structurally unre-
lated inhibitors of PI39-kinase, wortmannin and LY294002. Be-
cause these compounds also inhibited 1[Ca21]e-induced secre-
tion, PI39-kinase activity is probably involved in stimulus–
secretion coupling and may be the activator of PKCz. Indeed,
wortmannin fully inhibited the activity of PKCz. The regulation
of PKCz by PI39-kinase may occur via the phosphoinositide-
dependent protein kinase-1 (PDK-1), which binds with high af-
finity to the PI39-kinase lipid product phosphatidylinositol-3,4,5-
trisphosphate. Previous studies have identified PDK-1 as the
kinase that phosphorylates activation loop sites and activates
PKCz (Chou et al., 1998; Le Good et al., 1998).

The signal that couples an activated CaR to the stimulation of
PI39-kinase is not yet known. At least three modes of activation of
PI39-kinase have been reported. One is dependent on the stimu-
lation of membrane receptor tyrosine kinases (Rordorf-Nikolic et
al., 1995; Ptasznik et al., 1996). These proteins initiate the phos-
phorylation of specific tyrosine residues, located either in the
receptors themselves or in adapter molecules. These phosphory-
lated proteins bind to the Src homology 2 domains of p85, which
in turn regulates the activity of p110 (a, b, or d). A second mode
of PI39-kinase activation is via the bg subunits of G proteins,
which activate the p110g monomer (Tang and Downes, 1997). A
third mechanism of PI39-kinase activation involves bg subunits
working synergistically with a phosphotyrosyl peptide to activate
the heterodimer enzyme p110b/p85 (Thomason et al., 1994; Ku-
rosu et al., 1997). It is clear, therefore, that there are multiple
species of PI39-kinase that can be stimulated by the bg compo-
nents of G proteins. PF cells were found to contain the p110b and
the p85 isoforms of PI39-kinase. Both p110b and p85 were im-
munoprecipitated with antibodies to p85. Furthermore, the co-
immunoprecipitate obtained from activated cells exhibited an
elevated level of PI39-kinase activity. The CaR has been demon-
strated to be coupled to G proteins (Tamir et al., 1996); therefore,
it is plausible that liberated bg subunits stimulate PI39-kinase in
PF cells after activation of the CaR.

Previous observations have demonstrated that stimulation of
the CaR leads to the activation of Gi and Gq (Tamir et al., 1996).
As has previously been demonstrated (Brown et al., 1993; Eman-
uel et al., 1996; Tamir et al., 1996), CaR activation is coupled to
a pertussis toxin-sensitive Gi-protein. Signaling via this pathway
activates PI-PLC with the consequent production of DAG from
phosphatidyl inositol. This is the transduction mechanism that is
responsible for stimulus–acidification coupling (Tamir et al.,
1996). Although the coupling of receptors to PI-PLC is more
commonly via Gaq, Gai also couples many receptors to PI-PLC.
These include the m2 muscarinic receptor, thrombin, metabo-
tropic glutamate, a2-adrenergic, and others (Ashkenazi et al.,
1989; Cotecchia et al., 1990; Masayuki et al., 1991; Dell’Ackqua et

al., 1993). The DAG released secondary to the activation of these
G proteins probably stimulates the PKCg that participates in
stimulus–secretion coupling. By a parallel pathway, the bg sub-
units liberated from the G proteins activated by the CaR may
stimulate PI39-kinase, which leads to activation of PKCz. It
should be noted that several of the enzymes involved in the
postulated PI39-kinase-mediated parallel signal transduction
pathway do not require that [Ca21]i be elevated. Secretion,
however, is a Ca21-dependent phenomenon and is abolished by
exposing PF cells to L-type Ca21channel blockers (McGehee et
al., 1997). It is likely that Ca21 is required for steps, such as
docking and membrane fusion, which are downstream from those
involved in the signal transduction cascade and may also be
required for upstream or downstream steps that are still to be
investigated.
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