
Calcium Receptor-Induced Serotonin Secretion by
Parafollicular Cells: Role of Phosphatidylinositol 3-Kinase-
Dependent Signal Transduction Pathways

Kuo-peing Liu,1 Andrew F. Russo,2 Shu-chi Hsiung,1 Mella Adlersberg,1 Thomas F. Franke,3 Michael D. Gershon,4 and
Hadassah Tamir1,4

1Division of Neuroscience, New York State Psychiatric Institute, New York, New York 10032, 2Department of Physiology and Biophysics, University of Iowa,
Iowa City, Iowa, 52242, and Departments of 3Pharmacology and 4Anatomy and Cell Biology, Columbia University, College of Physicians and Surgeons, New
York, New York 10032

Elevation of extracellular Ca 2� (1[Ca 2�]e) stimulates the Ca 2� receptor (CaR) to induce secretion of 5-hydroxytryptamine (5-HT) from
the calcium-sensing parafollicular (PF) cells. The CaR has been reported to couple to G�q with subsequent activation of protein kinase
C-� (PKC�). We have identified a parallel transduction pathway in primary cultures of sheep PF cells by using a combinatorial approach
in which we expressed adenoviral-encoded dominant-negative signaling proteins and performed in vitro kinase assays. The role of the
CaR was established by expression of a dominant-negative CaR that eliminated calcium-induced 5-HT secretion but not secretion in
response to KCl or phorbol esters. The calcium-induced secretion was inhibited by a dominant-negative p85 regulatory subunit of
phosphatidylinositol 3-kinase (PI3-K). PI3-K activity was also assayed using isoform-specific antibodies. The activity of p85/p110�
(PI3-K�) immunocomplexes was elevated by1[Ca 2�]e and activated by G�� subunits. In addition, secretion of 5-HT was antagonized
by the expression of a minigene encoding a peptide scavenger of G�� subunits (C-terminal fragment peptide of bovine �-adrenergic
receptor kinase). One target of PI3-K activity is phosphoinositide-dependent kinase-1 (PDK1), which in turn activated PKC�. Expression
of a dominant-negative PKC� in PF cells reduced 5-HT secretion. Together, these observations establish that1[Ca 2�]e evokes 5-HT
secretion from PF cells by stimulating both G�q- and G��-signaling pathways downstream of the CaR. The �� cascade subsequently
activates PI3-K�-dependent signaling that is coupled to PDK1 and the downstream effector PKC�, and results in an increase in 5-HT
release.
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Introduction
Parafollicular (PF) cells are neural crest-derived cells that neural-
ize when grown in a permissive environment (Barasch et al.,
1987a; Clark et al., 1995). Although PF cells are endocrine, they
share many properties of neurons and have thus been called para-
neurons (Fujita, 1987; Lanigan et al., 1998). Like the adrenal
chromaffin cell, the PF cell is useful as a neuronal model (Russo et
al., 1996). PF cells costore 5-HT and calcitonin in a single popu-
lation of secretory vesicles (Zabel, 1984; Barasch et al., 1987b).
Both 5-HT and calcitonin are secreted in response to increased
extracellular Ca 2� (1[Ca 2�]e) (Nunez and Gershon, 1978). PF
cells respond to1[Ca 2�]e because they express a Gi- and Gq-
coupled [Ca 2�]e receptor (CaR) (Herbert and Brown, 1995; Ruat
et al., 1996; Tamir et al., 1996; Brown and MacLeod, 2001).
Events that follow CaR stimulation include depolarization
(McGehee et al., 1997), acidification of the interiors of secretory
vesicles (Tamir et al., 1994b), and secretion (Tamir et al., 1990,

1994b; McGehee et al., 1997; Liu et al., 2000). Signal transduction
after CaR stimulation is complex because the receptor is coupled
to multiple signaling cascades that in turn activate several effec-
tors. The cascade that leads to the acidification of the interiors of
secretory vesicles can hereby be distinguished experimentally
from that which leads to secretion (Tamir et al., 1996).

CaR-induced 5-HT secretion by PF cells is resistant to pertus-
sis toxin and is initiated by Gq (Liu et al., 2000). At least two
isoforms of PKC are involved in mediating 1[Ca 2�]e-evoked
5-HT secretion. PKC�-evoked 5-HT secretion is stimulated by
exogenous phorbol esters and by endogenous diacylglycerol,
which is liberated by phosphatidylinositol-specific phospho-
lipase C. Downregulation of PKC� abolishes phorbol ester-
stimulated 5-HT secretion but only slightly inhibits secretion ini-
tiated by1[Ca 2�]e (Tamir et al., 1990; McGehee et al., 1997; Liu
et al., 2000). Our previous observations have suggested that acti-
vation of PKC�, which is neither stimulated nor downregulated
by phorbol esters, may account for the ability of the CaR to in-
duce secretion even after downregulation of PKC�. This PKC�
activation after exposure of PF cells to1[Ca 2�]e is antagonized
by inhibitors of phosphatidylinositol 3-kinase (PI3-K) (Liu et al.,
2000).

The PI3-K holoenzyme is formed by association of one regu-
latory subunit (p50�, p55�/�, p85�/�, or p101) with one of the
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following catalytic subunits: p110�, p110�, p110�, p110�, or
p110� (Fruman et al., 1998). The p85/p110� isoform (PI3-K�)
and p101/p110� isoform (PI3-K�) are thought to be activated
primarily by G-protein-coupled receptors, whereas PI3-K� and
PI3-K� are coupled to signaling receptor tyrosine kinases
(Clapham and Neer, 1997; Kurosu et al., 1997; Stephens et al.,
1997; Vanhaesebroeck et al., 1997; Maier et al., 1999; Takasuga et
al., 1999; Murga et al., 2000; Bony et al., 2001). Stimulation of
PI3-K in cells generates phosphatidylinositol 3,4-bisphosphate
[PtdIns(3,4)P2] and phosphatidylinositol 3,4,5-trisphosphate
[PtdIns(3,4,5)P3]. These lipids bind and activate phosphoinositide-
dependent kinase-1 (PDK1), which in turn phosphorylates the
serine and threonine kinases PKC� and Akt, also called protein ki-
nase B (PKB), on conserved threonine residues within the catalytic
loop. Phosphorylation of these residues is required for optimal ki-
nase activation and necessary for inducing the kinase activities of
these downstream kinases. In addition, PtdIns(3,4)P2 and
PtdIns(3,4,5)P3 bind directly to the pleckstrin homology domains of
Akt and induce its translocation to the plasma membrane (Franke et
al., 1997). Many cellular responses are mediated by Akt and have
been a focus of research (Vanhaesebroeck et al., 1997; Kandel and
Hay, 1999; Scheid and Woodgett, 2001). Less is known about the
function of the PI3-K target PKC� in cells and in vivo. To date, PDK1
is the only known kinase that phosphorylates and activates PKC�
(Balendran et al., 2000). However, previous biochemical evidence
has suggested that PKC� and Akt coexist in signaling complexes in
cells downstream of PI3-K and PDK1. As a consequence of this
direct protein interaction, it has been suggested that regulation of
PKC� can affect Akt activity and vice versa, possibly by altering the
efficiency of the interaction of PKC� with PDK1 (Hodgkinson and
Sale, 2002).

The current study was undertaken to confirm that1[Ca 2�]e-
evoked 5-HT secretion is attributable to CaR stimulation and to
identify the molecular targets that mediate stimulation–secretion
coupling. Hypotheses were tested by investigating the
1[Ca 2�]e-induced secretion of 5-HT by PF cells that express
dominant-negative (DN) forms of the CaR and downstream-
signaling molecules. Observations indicate that Ca 2� evokes
5-HT secretion by stimulating the CaR that is coupled via Gq to a
set of PI3-K-dependent effectors. Downstream of PI-3K, PKC�
and Akt regulate different biological responses in which PKC�
induces 5-HT release, whereas Akt might be involved in other cell
functions.

Materials and Methods
Isolation of PF cells. Fresh sheep thyroids were obtained from a slaugh-
terhouse. PF cells were isolated by the phagocytic chromatography tech-
nique, as described previously (Bernd et al., 1981; Barasch et al., 1987b,
1988; Cidon et al., 1991). Essentially, thyroids were dissociated with tryp-
sin, and the dissociated cells were incubated with thyrotropin (TSH) to
stimulate the follicular cells to become phagocytic. The suspension of
TSH-stimulated thyroid cells was passed through a Sepharose–thyro-
globulin column, and follicular cells bind to the column, whereas the PF
cells pass through it. Red blood cells were removed from the filtrate by
centrifugation through a layer of Ficoll. Approximately 97% of cells in
the final preparation were PF; the remaining cells were primarily fibro-
blasts, and there were no detectable follicular cells. The purified PF cells
were cultured overnight to recover from the trauma of their isolation.
Cultures were maintained at 37°C in Eagle’s minimum essential medium,
supplemented with 10% fetal bovine serum, and buffered by CO2.

Analysis of 5-HT secretion from PF cells. Ca 2� (0.5–10 mM) was added
to isolated PF cells (1 � 10 6 cells per milliliter) to induce secretion (10
min; 37°C). Control cells were treated with 1 mM EGTA instead of
1[Ca 2�]e. When the effect of inhibitors was to be studied, cells were

preincubated with the test compound for 30 min before challenging
them with 1[Ca 2�]e. Stimulation was terminated by quickly cooling
(on ice) and centrifuging the cells (800 � g). 5-HT and its metabolite,
5-hydroxyindole acetic acid, were extracted from both the pellets of the
cells and the supernatant and measured by reverse-phase HPLC with
electrochemical detection (Tamir et al., 1994a). The amounts of secreted
5-HT (defined as that present in the supernatant) were normalized to the
cellular 5-HT content (pellet). To estimate the1[Ca 2�]e-induced per-
centage of 5-HT secretion, the normalized 5-HT content of the superna-
tant of control cells was subtracted from that in the supernatant obtained
from cells subjected to stimulation.

Gel electrophoresis and immunoblotting. Purified PF cells (10 7) were
harvested, washed with PBS, and resuspended in Ca 2�-free Earl’s buff-
ered salt solution containing 1 mM MgCl2. Cells were stimulated as de-
scribed above. After stimulation, cells were washed in ice-cold PBS and
lysed for 1 hr at 4°C in 300 �l of lysis buffer containing 1% Triton X-100,
20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM sodium vanadate, 100 nM

okadaic acid, 100 nM calyculin A (Cell Signaling, Beverly, MA), and a
mixture of protease inhibitors (1:500 dilution) (Sigma, St. Louis, MO).
Lysates were microfuged for 10 min at 13,000 rpm to remove insoluble
material, and an aliquot was removed from each sample to determine
protein concentrations (detergent compatible protein assay; Bio-Rad,
Hercules, CA). Samples were then adjusted so that each contained an
equal amount of protein. Proteins present in the supernatant (100 �g)
were separated by 8.5% SDS-PAGE under denaturation conditions and
electroblotted onto nitrocellulose membranes. Proteins were visualized
by staining for 2 min in Ponceau S solution (0.02% in 0.3% trichloroace-
tic acid) (Tamir et al., 1990). To detect PI3-K subunits, the membranes
were washed and the subunits were detected with specific antibodies (1
�g/ml, overnight at 4°C) (Santa Cruz Biotechnology, Santa Cruz, CA) to
the following PI3-K subunits: p85�, p110�, p110�, and p110�. Reactive
bands were visualized with a 1:1000 dilution of horseradish peroxidase-
labeled goat anti-rabbit secondary antibodies (Santa Cruz Biotechnolo-
gy). Phosphorylated products of PDK1 were detected by using polyclonal
antibodies raised against a synthetic peptide resembling the phospho-
(threonine) PDK1 substrate motif that is commonly found in PDK1
substrates (Cell Signaling). Bound antibodies were visualized on blots
by enhanced chemiluminescence (Amersham Biosciences, Arlington
Heights, IL).

Assay of PI3-K activity. PF cells were washed with PBS, exposed to
1[Ca 2�]e or EGTA (control, 1 mM), and lysed in buffer supplemented
with 1% Triton X-100. PI3-K activity was measured as described previ-
ously (Liu et al., 2000), by using minor modifications of methods pub-
lished previously (Ettinger et al., 1996; Herrera-Velit and Reiner, 1996).
Briefly, aliquots of cell lysates (750 �g of protein) were immunoprecipi-
tated with polyclonal antibodies to the p110� subunit of PI3-K (5 �g per
sample; Santa Cruz Biotechnology) and incubated at 4°C for 60 min.
Protein A/G-agarose (30 �l) was added, and the preparations were al-
lowed to incubate with shaking for an additional 60 min at 4°C. The
agarose–antigen–antibody complexes were collected by centrifugation,
washed with Tris lysis buffer (see above), and resuspended in 35 �l of
kinase assay buffer (30 mM HEPES, 30 mM MgCl2, and 200 �M adeno-
sine) containing 20 �g of freshly sonicated soybean phosphatidylinositol.
PI3-K assays were performed by adding 50 �M ATP and 10 �Ci of
[�- 32P]-ATP in 5 �l of kinase buffer and incubating for 10 min at room
temperature. The reaction was stopped by adding 100 �l of 1N HCl.
Lipids were extracted into 200 �l of chloroform:methanol (1:1), spotted
onto silica gel thin-layer chromatography plates, and developed in a mobile
phase consisting of chloroform, methanol, water, and NH4OH (18:14:3:1
v/v). Spots corresponding to phosphatidylinositol 3-phosphate (PI3-P) were
detected after autoradiography and identified on the basis of their Rf values.
Kinase activities were quantified by counting the spots corresponding to
PI3-P in a liquid scintillation counter.

Infection of PF cells with adenoviral vectors containing dominant-negative
and constitutively active constructs. Plasmids encoding dominant-negative
forms of the CaR, the PI3-K regulatory subunit p85 and PKC�, as well as a
plasmid encoding a scavenger peptide of G�� subunits were packaged sep-
arately into adenoviral vectors. The plasmid encoding the dominant-
negative form of the CaR (epitope tagged with Flag) (185Q) was obtained by
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mutation of arginine into glutamine at position 185 in the extracellular do-
main, resulting in a mutant protein with sevenfold decreased affinity for
[Ca2�]e (Bai et al., 1996). This construct was provided by Dr. Mei Bai (The
Brigham and Women’s Hospital, Boston, MA). The plasmid encoding the
dominant-negative form of the p85 regulatory subunit of PI3-K was a dele-
tion of the inter-Src homology 2 domain of p85 that will prevent the mutant
�p85 protein from binding to the p110 catalytic subunit of PI3-K. As a result,
p110 cannot be activated (Crowder and Freeman, 1998). The construct en-
coding the mutated p85 was obtained from Dr. Robert S. Freeman (Roches-
ter University, Rochester, NY). The construct encoding the dominant-
negative form of PKC� (epitope tagged with influenza hemagglutinin) was
obtained after mutating lysine to arginine in the ATP binding site of PKC�
(Soh et al., 1999). This construct was obtained from Dr. Bernard Weinstein
(Columbia University, New York, NY). The minigene encoding the
C-terminal fragment peptide of bovine �-adrenergic receptor kinase
(�ARK)-1 (�ARKct), packaged in an adenoviral vector, was provided by Dr.
Robert J. Lefkowitz (Duke University, Durham, NC). This peptide contains
the G�� binding motif QXXER that is found in the �ARK and several other
effector proteins downstream of G�� subunits (Koch et al., 1994; Chen et al.,
1995). Plasmids encoding dominant-negative mutants of CaR, p85, and
PKC� were cloned into a shuttle plasmid in preparation for packaging in
replication-deficient adenoviral vectors using standard methods at the Uni-
versity of Iowa Gene Transfer Vector Core Facility (Iowa City, IA). Briefly,
the coding sequences of the various mutants were cloned by blunt-end liga-
tion into pAd5CMVK-NpA. The resultant plasmid and adenovirus back-
bone were transfected into human embryonic kidney 293 (HEK293) cells,
and plaques were isolated and amplified for expression analysis of the mu-
tant protein. A replication-deficient adenovirus encoding the various con-
structs was generated. Recombinant adenoviral vectors were triple plaque
purified before use.

PF cells were infected with adenoviral vectors at 20 –50 pfu per cell for
17 hr. The control vector was used at a multiplicity of infection (MOI)
that was identical to that of the test vector. The percentage of cells in-
fected by the viral vectors was measured for each experiment. Infected
cells were identified by immunocytochemistry to demonstrate Flag or
hemagglutinin markers encoded by the vectors. The total cell population
was determined by counting with interference contrast optics, and the
percentage of labeled (infected) cells was calculated. Experiments on the
mechanism of secretion were considered valid if the adenovirus had
infected �80% of the total population. In control experiments, cells were
infected with an adenoviral vector that lacked an experimental construct.
The viability of the cells after infection with an adenovirus was measured
routinely and assessed by using a Trypan Blue exclusion assay. In all
experiments, viability was �80%.

Determination of CaR cell-surface expression. Isolated PF cells (10 7

cells; 500 �g) were infected for 17 hr with an adenovirus expressing the
dominant-negative form of PI3-K (MOI of 20), with an adenovirus ex-
pressing the dominant-negative form of CaR (MOI of 50), or with an
adenoviral vector (as a control; MOI of 50) that lacked an experimental
construct. Cells were washed twice with PBS, resuspended in 250 �l of
PBS, and incubated overnight at 4°C with monoclonal antibodies (10 �g)
directed against the extracellular domain of the CaR (a gift from Dr. E.
Brown, The Brigham and Women’s Hospital). Antibody-treated cells
were washed twice with 1 ml of ice-cold PBS to remove unbound anti-
bodies and resuspended in 250 �l of PBS containing 0.1 �Ci of 125I-
labeled antibodies to mouse Ig (750 –3000 Ci/mmol; Amersham Bio-
sciences). Cells were incubated with the secondary antibodies for 5 hr at
4°C. The immunolabeled cells were then centrifuged at 3000 � g for 5
min, washed three times with ice-cold PBS, and recentrifuged; the radio-
activity of the pellets was subsequently measured using a scintillation
counter.

Statistics. All experiments were repeated independently at least three
times. Quantification of ECL immunoblots and autoradiographic data
was performed using NIH Image software (version 1.62). All results are
presented as mean � SEM and, where applicable, p values were deter-
mined using an unpaired Student’s t test.

Drugs, chemicals, and antibodies. Drugs and chemicals were obtained
from Sigma unless otherwise specified. 2-(4-morpholinyl)-8-phenyl-
4H-1-benzopyran-4-one (LY294002), a specific inhibitor of PI3-K, was

purchased from Biomol Research Laboratories (Plymouth Meeting, PA).
The wortmannin was purchased from Alexis Biochemicals (San Diego,
CA). Protein A/G-agarose CL-4B was obtained from Amersham Bio-
sciences. G-protein ��-subunits, isolated from bovine brain, were pur-
chased from Calbiochem (San Diego, CA). The QEHA27 peptide, a scav-
enger for G-protein ��-subunits, was a generous gift from Dr. Ravi
Iyangar (Mount Sinai Medical School, New York, NY). Antibodies to the
p85� (z-8), 110�, 110�, and 110� subunits of PI3-K were purchased
from Santa Cruz Biotechnology. Antibodies to phosphorylated products
of PDK1, phospho-PKC�/	 (pT 410/403), Akt, phospho-Akt (pS 473), and
phospho-Akt (pT 308) were purchased from Cell Signaling. Earl’s bal-
anced salt solution was purchased from Invitrogen (Grand Island, NY).
Goat anti-rabbit IgG coupled to rabbit horseradish peroxidase was pur-
chased from Santa Cruz Biotechnology. Silica gel G 60 was purchased
from Electron Microscopy Sciences (Gibbstown, NJ). Solvents used with
all compounds were routinely tested for their possible effects on secre-
tion, but none were found in the concentration ranges that we used.

Results
Expression of DN CaR inhibits1[Ca 2�]e-elicited
5-HT secretion
PF cells secrete 5-HT in response to 1[Ca 2�]e (Fig. 1). After
infection with a control adenovirus (empty vector), 1[Ca 2�]e

evoked a concentration-dependent secretion of 5-HT. The secre-
tion of 5-HT by PF cells infected with control virus was not sig-
nificantly different from that of uninfected cells. These data indi-
cate that PF cells can be infected with an adenoviral vector
without affecting their ability to secrete 5-HT in response to
1[Ca 2�]e. In contrast to infection with the control vector, infec-
tion of PF cells with an adenovirus encoding a dominant-negative
CaR significantly inhibited 1[Ca 2�]e-induced 5-HT secretion
by up to 80% (Fig. 1). This observation is consistent with the idea
that the CaR physiological function is to respond to elevated
1[Ca 2�]e (�1.5 mM). To test the specificity of the dominant-
negative mutant of the CaR, we also evaluated the secretion of
5-HT evoked by depolarization with high K� (50 mM) or expo-
sure to phorbol 12-myristate 13-acetate (PMA; 0.1 �M). Infection
of PF cells with the adenovirus encoding dominant-negative CaR
affected neither the secretion of 5-HT evoked by high K� nor that
induced by PMA.1[Ca 2�]e-induced 5-HT secretion was 3.9 �
0.5, K�-induced secretion was 4.4 � 0.3, and PMA-induced se-
cretion was 3.8 � 0.4 pmol/10 6 cells/min. Our results indicate
that secretion of 5-HT is not affected by expression of the
dominant-negative form of the CaR when it is induced by mech-
anisms that do not involve the CaR. In addition, we did not
observe any cytotoxicity after infection. The effects of expressing
the dominant-negative form of the CaR within PF cells are thus
specific for inhibiting the cellular response to1[Ca 2�]e.

Our previous studies (Tamir et al., 1996), as well as those of
others (Herbert and Brown, 1995; Ruat et al., 1996; Brown and
Macleod, 2001), demonstrated that the CaR is coupled to Gi and
Gq. Because pertussis toxin, which inactivates Gi, had no effect
on1[Ca 2�]e-induced secretion (Liu et al., 2000), it is likely that
CaR-mediated secretion involves the coupling of the CaR to
downstream effectors that are activated downstream of Gq�
and/or Gq��.

p85/p110� participates in signal transduction from the CaR
Our previous studies showed that the relatively selective PI3-K
inhibitors wortmannin and LY294002 both antagonize
1[Ca 2�]e-mediated 5-HT secretion and suggested that stimula-
tion of the CaR evokes secretion by activating PI3-K (Liu et al.,
2000). We therefore sought to test the hypothesis that CaR-
initiated secretion is mediated by PI3-K and, if so, to identify the
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PI3-K isoforms and the molecular mechanisms that link the stim-
ulation of the CaR to PI3-K activation. To evaluate the role of
PI3-K in1[Ca 2�]e-evoked secretion of 5-HT, adenoviral infec-
tion was used to express a dominant-negative form of p85, one of
the regulatory subunits of PI3-K. Expression of dominant-
negative p85 significantly inhibited the secretion of 5-HT by PF
cells in response to1[Ca 2�]e (Fig. 2). These observations con-
firm our pharmacological studies showing that PI3-K activation
is necessary for1[Ca 2�]e-evoked secretion of 5-HT by PF cells.
Moreover, because p85 has the potential to regulate the catalytic
activity only of the p110�, p110�, p110�, or p110� catalytic sub-
units of PI3-K, but not p110� (Igarashi and Michel, 2001), our
data suggest that only these isoforms of the catalytic subunit can
be involved in 5-HT secretion. PF cells express both the p110�
and p110� of the catalytic subunits of PI3-K (Liu et al., 2000). In
this study, p110� and p110� were detected by Western blotting
in PF cell extracts, but neither the p110� nor the p110� could be
found (data not shown). Neither the expression of the dominant-
negative form of the p85 regulatory subunit of PI3-K (Fig. 2) nor
the application of the PI3-K inhibitors wortmannin and
LY294002 (Liu et al., 2000) fully suppressed1[Ca 2�]e-evoked
secretion of 5-HT by PF cells. Separately, the dominant-negative
mutant and the pharmacological inhibitors reduced the secretion
of 5-HT to approximately one-half the level that was observed in
control cells. The failure of PI3-K inhibition to fully abolish se-
cretion might indicate that stimulation of the CaR results in the
simultaneous activation of both PI3-K-dependent and PI3-K-
independent signaling pathways.

Cell-surface CaR expression was evaluated to determine
whether expression of the dominant-negative form of PI3-K in-
hibits1[Ca 2�]e-evoked secretion of 5-HT by primarily affecting
the cell-surface expression of the CaR or by altering downstream
signaling. Intact PF cells were exposed to antibodies that react
with the extracellular domain of the CaR. The level of bound
antibodies was measured with 125I-labeled secondary antibodies.
Antibody exposure was performed at 4°C to minimize internal-
ization by endocytosis. The level of cell-surface anti-CaR binding
to cells infected with the adenovirus expressing the dominant-
negative form of PI3-K was comparable with that of uninfected
cells and cells infected with control adenoviral vector (Fig. 3). As

a positive control, cells were infected with the adenoviral vector
expressing the dominant-negative CaR (which contains an im-
munoreactive extracellular domain), and these cells showed in-
creased binding (Fig. 3). These data indicate that neither adeno-
viral infection nor the expression of a dominant-negative form of
PI3-K result in decreased CaR expression on the surface of PF
cells. Because cell-surface expression was detectably increased af-
ter infection with adenovirus expressing a dominant-negative
form of the CaR, the assay was valid as a measure of cell-surface
CaR expression. The increase in expression also indicates that the

Figure 1. Expression of dominant-negative CaR blocks1[Ca 2�]e-induced secretion of
5-HT. PF cells were infected with an adenovirus containing a DN CaR. The1[Ca 2�]e-induced
5-HT secretion is significantly antagonized in cells expressing the DN mutant at all concentra-
tions of [Ca 2�]e �2 mM. Infection of cells with a control adenoviral vector (lacking the DN
construct) did not affect the secretion induced by 5 mM [Ca 2�]e. The data show mean � SE
derived from at least four independent preparations of PF cells. **p � 0.005; ***p � 0.001 (vs
cells infected with the control adenovirus at the same concentration of [Ca 2�]e ).

Figure 2. Expression of dominant-negative PI3-kinase inhibits1[Ca 2�]e-induced secre-
tion of 5-HT. PF cells were infected with an adenovirus containing a DN form of p85 that consists
of a regulatory subunit of PI3-K lacking the p110-interaction domain. The1[Ca 2�]e-induced
5-HT secretion is significantly reduced (in comparison with cells infected with the control ade-
novirus) in cells expressing the DN mutant at all concentrations of [Ca 2�]e �2 mM. Each data
point represents the mean � SE derived from at least three independent preparations of PF
cells. **p � 0.005; ***p � 0.001 (vs cells infected with the control adenovirus at the same
concentration of [Ca 2�]e ).

Figure 3. Cell-surface expression of the CaR is not affected by adenoviral infection or expres-
sion of a dominant-negative form of PI3-K. Isolated PF cells were infected with an adenoviral
vector that lacked a construct, with an adenoviral vector that expressed a dominant-negative
form of PI3-K, or with adenovirus expressing a dominant-negative form of the CaR. The cell-
surface CaR was detected with antibodies that recognize the extracellular domain of the CaR
and the extracellular domain of the dominant-negative CaR and quantified with secondary
antibodies labeled with 125I. Each data point represents the mean � SE derived from three
independent preparations of PF cells. An increase in CaR immunoreactivity at the cell surface
was induced by expression of the dominant-negative CaR; however, neither the adenoviral
vector nor the expression of the dominant-negative form of PI3-K affected cell-surface CaR
immunoreactivity.
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dominant-negative form of the CaR expressed after adenoviral
infection reached the plasma membrane.

Total PI3-K activity in PF cells increases when cells are ex-
posed to1[Ca 2�]e (Liu et al., 2000). However, previous assays,
which used antibodies to p85 to immunoprecipitate the holoen-
zyme, were not able to distinguish whether the increased PI3-K
activity is mediated by the p110� or p110� isoforms of the cata-
lytic subunit. The antibodies used in those studies will immuno-
precipitate complexes of p85 that might contain both p110� and
p110�. We now report that PI3-K activity is enhanced by expo-
sure of PF cells to1[Ca 2�]e, using isoform-specific antibodies to
the p110� subunit rather than antibodies to p85 for the determi-
nation of PI3-K activity (Ettinger et al., 1996; Herrera-Velit and
Reiner, 1996; Liu et al., 2000). The level of PI3-K activity found
with antibodies to the p110� subunit (Fig. 4A) is elevated (52 �
5%) after exposure to1[Ca 2�]e. A similar level of PI3-K activity
has been seen when the holoenzyme is immunoprecipitated with
antibodies to p85 (50 � 5%). Thus, if both antibodies should
precipitate the proteins under investigation equally well, the
activity of the p110� isoform is likely to be sufficient to fully
account for the activation of PI3-K activity after stimulation of
the CaR.

The CaR activates p85/p110� via G�� subunits
Stimulation of the CaR of PF cells activates two G-proteins (Gq
and Gi) (Liu et al., 2000). Therefore, �� subunits liberated from
the CaR-activated G-proteins could be the potential messengers
that couple the CaR to PI3-K. Because the p85/p110� PI3-K com-
plex is activated by G�� subunits (Clapham and Neer, 1997), the
role of G�� subunits in 1[Ca 2�]e-mediated PI3-K activation
was evaluated. A minigene encoding a well characterized peptide
scavenger of G�� subunits (�ARKct; packaged in an adenoviral
vector) (Koch et al., 1994) was expressed in PF cells. Expression of
�ARKct completely prevented activation of PI3-K after the expo-

sure of PF cells to1[Ca 2�]e (Fig. 4B). To verify that the effect of
�ARKct was attributable to the scavenging of G�� subunits, we
added purified G�� subunits to immunoprecipitated PI3-K�
and measured the reconstituted kinase activity (Fig. 5). The G��
subunits increased the enzymatic activity of PI3-K� in a
concentration-dependent manner. QEHA27, a peptide that scav-
enges G�� subunits (Chen et al., 1995), also reduced the G��-
dependent activation of PI3-K (Fig. 5). Denaturing the G�� sub-
units by boiling abolished the effect (data not shown). These
observations indicate that G�� subunits activate the p85/p110�
PI3-K complex. They are consistent with our conclusion that
�ARKct interferes with the G��-mediated activation of the p85/
p110� PI3-K complex in PF cells.

Because the expression of �ARKct abolished PI3-K activity,
�ARKct expression would be expected to inhibit the1[Ca 2�]e-
evoked secretion of 5-HT in a manner similar to the expression of
a dominant-negative form of p85. When PF cells were exposed to
physiological levels of [Ca 2�]e (�2 mM), expression of �ARKct
did indeed inhibit 1[Ca 2�]e-evoked 5-HT secretion (Fig. 6).
Moreover, the extent of inhibition of the 5-HT secretion (50 –
60%) was comparable with that observed after overexpressing
dominant-negative p85 or after treating cells with wortmannin or
LY294002 inhibitors of PI3-K (Liu et al., 2000). However, when
cells were exposed to higher physiological levels of [Ca 2�]e

(7.5–10 mM), the inhibition of 5-HT secretion by �ARKct was
lost. These observations suggest that G��-dependent 5-HT se-
cretion is probably most important at physiological concentra-
tions of [Ca 2�]e, and that G��-independent 5-HT secretion be-
comes more relevant at supraphysiological concentrations of
[Ca 2�]e. The great stimulation of the CaR by supraphysiological
concentrations of [Ca 2�]e may also indicate that there are addi-

Figure 4. Expression of �ARKct inhibits the1[Ca 2�]e-evoked stimulation of PI3-K�. PF
cells were infected with either control adenoviral vector or adenovirus expressing a minigene
encoding the G�� scavenger (�ARKct).1[Ca 2�]e (5 mM) was used to stimulate the CaR in
both sets of cells. Cells were lysed, and 750 �g of the resulting lysates were immunoprecipi-
tated (IP) with antibodies to the p110� subunit of PI3-K�. The1[Ca 2�]e-evoked activity of
PI3-K� is significantly greater in cells infected with a control adenoviral vector ( A) than in cells
that express �ARKct ( B). Autoradiographs of typical spots of PI(3)32P obtained in the assays are
illustrated in the insets above the corresponding bar graphs. Each data point represents the
mean � SE derived from at least three independent preparations of PF cells. **p � 0.005 (vs 0
mM [Ca 2�]e ).

Figure 5. G�� subunits stimulate PI3-K� activity. PF cells were lysed, and 750 �g of the
resulting lysates were immunoprecipitated (IP) with antibodies to the p110� subunit of PI3-
K�. G�� subunits were added at the indicated concentrations. The measured activity of
PI3-K� was stimulated by �� subunits in a concentration-dependent manner. **p � 0.005;
***p � 0.001 (vs no addition of G��). The effect of G�� subunits was inhibited by the
addition of the scavenging peptide QEHA27. Autoradiographs of typical spots of PI(3)32P ob-
tained in the assays are illustrated in the inset above the corresponding bar graphs. Each data
point represents the mean � SE derived from at least three independent preparations of PF
cells.
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tional pathways to PI3-K and PKC� that do not depend on G��
and are operational at high concentrations of [Ca 2�]e.

Stimulation of the CaR leads to the phosphorylation of
PDK1 substrates
D3-phosphorylated phosphatidylinositol-phosphates are gener-
ated by PI3-K and activate PDK1 serine–threonine kinase activity
(Le Good et al., 1998). PDK1 phosphorylates and activates down-
stream protein kinases, including PKC (Le Good et al., 1998),
protein kinase A, and Akt (Chan et al., 1999; Balendran et al.,
2000). We have demonstrated previously that stimulation of PF
cells with1[Ca 2�]e leads to the activation of PKC�, an atypical
isoform of PKC, and that PKC� inhibitors antagonize the
1[Ca 2�]e-evoked secretion of 5-HT. These observations suggest
that the PI3-K-dependent secretion of 5-HT may involve the
activation of PDK1 and lead to the phosphorylation and stimu-
lation of PKC�. To test this hypothesis, the consequences of stim-
ulating the CaR with1[Ca 2�]e were determined by measuring
the activities of PKC� and PDK1. PDK1 activity was measured by
Western blot analysis of whole-cell lysates and by using antibod-
ies that specifically recognize phosphoproteins after they have
been phosphorylated in the common PDK1 phosphorylation
motif. Exposure of PF cells to1[Ca 2�]e was found to increase
the levels of phosphothreonine products of PDK1 (Fig. 7A). To
determine whether the phosphorylated form of PKC� was among
the products of PDK1 activity, the CaR of isolated PF cells was
stimulated with1[Ca 2�]e, and PKC� was immunoprecipitated
with specific antibodies that detect PKC� independently of its
phosphorylation state. The immunoprecipitated PKC� was de-
tected by immunoblotting with phosphospecific antibodies that
recognize PKC� only after phosphorylation in the PDK1-
dependent phosphorylation site (threonine-410). Exposure of PF
cells to1[Ca 2�]e increased the amount of phosphorylated PKC�
(66 � 8%) (Fig. 7B). These data are consistent with the idea that
PI3-K stimulates PDK1 and promotes secretion through PDK1-
dependent phosphorylation of PKC�.

PKC� mediates 5-HT secretion by PF cells
To test the hypothesis that the phosphorylated substrate of PDK1
mediating the 1[Ca 2�]e-evoked 5-HT secretion is PKC�, a
dominant-negative form of PKC� was expressed in PF cells. Ex-

pression of the dominant-negative form of PKC� significantly
reduced the 1[Ca 2�]e-evoked secretion of 5-HT by PF cells,
both physiological and by higher concentrations of [Ca 2�]e (�2
mM) (Fig. 8). However, secretion of 5-HT was not fully abolished
by expression of the dominant-negative form of PKC�, suggest-
ing that PKC� activity alone is not sufficient for regulating 5-HT
secretion.

The serine–threonine kinase Akt is also a direct downstream
target of PI3-K and, like PKC�, is activated via PDK1 (Franke et
al., 1997). PDK1 phosphorylates Thr 308 within the activation
loop of Akt (Stephens et al., 1998). Immunoblots revealed that PF
cells contain Akt (data not shown). To examine the regulation of
endogenous Akt after stimulation of the CaR with 1[Ca 2�]e,
Western blot analysis was performed using phosphospecific an-
tibodies that detect Akt protein only when it is phosphorylated on
residues that are required for its activity (Alessi and Cohen,
1998). No phosphorylated Akt was detected in cells, regardless of
whether these cells were stimulated with 1[Ca 2�]e. Thus, our
data suggest that 5-HT secretion involves the stimulation of
PI3-K and activation of PKC� via PDK1. Our results do not es-
tablish whether the induction of endogenous Akt activity partic-
ipates in CaR-induced secretion.

Discussion
The main goal of this study was to characterize the intracellular
signaling cascades that couple the CaR of PF cells to the secretion

Figure 7. Exposure of PF cells to1[Ca 2�]e stimulates PDK1-dependent phosphorylation.
PF cells were incubated in the presence of 0 or 5 mM [Ca 2�]e. A, The cells were lysed, and lysates
(150 �g) were subjected to Western blot analysis with antibodies that detect substrates of
PDK1 after phosphorylation in the PDK1 phosphorylation motif. B, In a separate experiment,
PKC� was immunoprecipitated with specific antibodies to PKC�. The immune complex was
blotted with antibodies against PDK1 substrates. Stimulation of PF cells with1[Ca 2�]e in-
creased the phosphorylation of PKC� and that of other substrates of PDK1. Similar results were
obtained in three independent experiments.

Figure 8. Expression of dominant-negative PKC� inhibits the1[Ca 2�]e-evoked secretion
of 5-HT. PF cells were infected with an adenovirus containing dominant-negative PKC�. The
1[Ca 2�]e-induced 5-HT secretion is significantly inhibited in cells expressing the DN mutant
at all concentrations of [Ca 2�]e �3 mM. The data show means � SE derived from at least three
independent preparations of PF cells. ***p � 0.001 (vs cells infected with the control adeno-
virus at the same concentration of [Ca 2�]e ).

Figure 6. Expression of �ARKct inhibits the1[Ca 2�]e-evoked secretion of 5-HT. PF cells
were infected with an adenovirus containing a minigene encoding the G�� scavenger �ARKct.
At physiological concentrations of [Ca 2�]e (3–5 mM), expression of �ARKct inhibited the
1[Ca 2�]e-mediated secretion. The inhibition of 5-HT secretion by �ARKct was reversed at a
supraphysiological concentration of [Ca 2�]e (10 mM). **p � 0.005; ***p � 0.001 (vs cells
infected with the control adenovirus at the same concentration of [Ca 2�]e ).
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of 5-HT. In particular, we wanted to test the hypothesis that a
second pathway uses PKC� as an effector in parallel to the PKC�
transduction cascade that we described previously (Liu et al.,
2000). Secretion of 5-HT is evoked when PF cells are exposed to
1[Ca 2�]e, which is their natural secretogogue. It has been pos-
tulated that1[Ca 2�]e evokes secretion by stimulating the CaR
(Brown and Macleod, 2001). We have confirmed the involve-
ment of the CaR by demonstrating that1[Ca 2�]e-evoked secre-
tion of 5-HT was abolished when a dominant-negative form of
the CaR was expressed in PF cells. The involvement of PKC� as an
effector mediating the1[Ca 2�]e-evoked secretion of 5-HT was
consolidated by expressing a dominant-negative form of PKC� in
PF cells. In contrast to the dominant-negative form of the CaR,
which, when expressed in PF cells, virtually eliminated
1[Ca 2�]e-evoked 5-HT secretion, expression of the dominant-
negative form of PKC� reduced 5-HT secretion by 50 – 60%. The
partial but significant antagonism of 1[Ca 2�]e-evoked 5-HT
secretion after using the dominant-negative form of PKC� is con-
sistent with the idea that PKC� is only one of the major effectors
of 5-HT secretion. Other effectors of 5-HT secretion include
PKC�.

CaR-mediated secretion involves Gq rather than Gi, because
Gq is insensitive to pertussis toxin. G-protein-coupled receptors
are often promiscuous with respect to the signaling cascades that
they can activate (Hamm, 1998). The steps in the signaling cas-
cade, which activates PKC�, were identified by expressing
dominant-negative forms of intermediate signal molecules and
that of a scavenger of �� subunits before demonstrating that the
expressed proteins inhibited the1[Ca 2�]e-evoked secretion of
5-HT. The secretion of 5-HT by PF cells in response to1[Ca 2�]e

was found to be antagonized by the expression of a dominant-
negative form of the p85 regulatory subunit of PI3-K. QEHA27
and the expression of �ARKct scavenge G�� subunits, and both
prevented the activation of PI3-K and also 1[Ca 2�]e-evoked
5-HT secretion. These findings suggest that the coupling of the
stimulated CaR to Gq liberates �� subunits, which, in turn, acti-
vate PI3-K. The ability of G�� subunits to stimulate PI3-K activ-
ity was confirmed by direct measurement of PI3-K lipid kinase
activity. The primary form of activated PI3-K in our experimen-
tal model was PI3-K� (p85/p110�), as demonstrated by immu-
nocomplex assays using isoform-specific antibodies.

Although PI3-K is commonly thought of as a participant in
signaling cascades initiated by the stimulation of receptor ty-
rosine kinases, PI3-K can also be activated by G-protein-coupled
receptors (Clapham and Neer, 1997; Kurosu et al., 1997; Stephens
et al., 1997; Vanhaesebroeck et al., 1997; Maier et al., 1999; Taka-
suga et al., 1999; Murga et al., 2000; Bony et al., 2001). In contrast
to classical G-protein signaling, in our experiments, PI3-K ap-
pears to be activated by G�� rather than � subunits. The obser-
vation that PI3-K� is the isoform that is activated in PF cells by
�� subunits was surprising, because PI3-K� is the isoform that
has primarily been associated with G-protein-coupled receptors
(Stephens et al., 1997; Hamm, 1998). However, expression of
PI3-K� is more restricted than that of PI3-K� (Vanhaesebroeck
et al., 1997) and indeed, PI3-K� and PI3-K�, but not PI3-K�,
were detected in PF cells. The activation of PI3-K� by G-protein-
coupled receptors is not unique to PF cells and has also been
reported in other systems (Igarashi and Michel, 2001; Yart et al.,
2002). The regulatory subunit of the PI3-K that is stimulated after
CaR activation in PF cells is p85�, which can associate with
p110� but not with p110� (Stephens et al., 1997). This rules out
the involvement of the p110� catalytic isoform as an intermediate
messenger in the secretion pathway. However, no phosphoty-

rosine peptides were detected after activation of CaR, and
1[Ca 2�]e-evoked 5-HT secretion was not inhibited by genistein
(our unpublished data). Thus, it is not clear how dominant-
negative p85 can inhibit the catalytic activity of p110� in the
absence of phosphotyrosine signaling. Dominant-negative p85 is
thought to compete with full-length p85 for activated phospho-
tyrosine residues on receptor tyrosine kinases or downstream
adaptor molecules. However, a recent publication may offer an
explanation for the inhibitory effect of dominant-negative p85 in
our system (Ueki et al., 2002). Its authors have demonstrated that
the stability of the catalytic subunit of p110 is diminished in the
absence of p85. Thus, the inhibitory effect of dominant-negative
p85 may primarily be downregulating the expression levels of the
catalytic subunit. Finally, the existence of multiple species of
G��-sensitive PI3-kinase that are not affected by phosphotyrosyl
peptides, including p85/p110�, has been reported previously
(Kurosu et al., 1997).

One strength of this study is that we have examined CaR sig-
naling in primary cultures of cells that respond to [Ca 2�]e under
physiological conditions. The involvement of PI3-K in CaR sig-
naling was not observed in studies that examined the CaR in
heterologous cell systems. When stably expressed in transfected
HEK293 cells, the CaR was reported to couple to phosphatidyl-
inositol 4-kinase (PI4-K) and not to PI3-K (Huang et al., 2002).
In those studies, the coupling of the CaR to PI4-K is independent
of G-proteins and relies on the activation of Rho. It is conceivable
that ectopic overexpression of the CaR in HEK293 cells results in
a coupling of the CaR to signaling pathways that would not be
used under physiological conditions. It is also possible that the
coupling of the CaR via G�� subunits to PI3-K was not detected
in HEK293 cells, because these studies did not examine PI3-K
activity directly but instead measured Akt activity. However, in
PF cells, the activation of Akt is negligible when compared with
that of PKC�. As a logical consequence, any failure to detect the
activation of Akt in HEK293 cells after CaR stimulation does not
yet rule out the participation of PI3-K in CaR signaling.

We investigated the role of G�� subunits in regulating the
activity of PI3-K. Their involvement was established by several
techniques, including the expression of a minigene that seques-
ters G��. This minigene, �ARKct, only inhibited the secretion of
5-HT when PF cells were exposed to physiological concentrations
of the agonist [Ca 2�]e. If the concentration of [Ca 2�]e to which
cells were exposed was supraphysiological (10 mM), the �ARKct-
dependent blockade of secretion was overcome and cells that
expressed �ARKct secreted 5-HT comparably as well as control
cells. This phenomenon is consistent with the assumption that
the mechanisms of 5-HT secretion at supraphysiological concen-
trations of [Ca 2�]e are different from those in the physiological
range. The PF cell secretion of 5-HT depends on the depolariza-
tion of PF cells via nonselective cation channels and [Ca 2�]e

influx through L-type calcium channels (McGehee et al., 1997).
The influx of [Ca 2�]e in response to stimulation of the chemo-
kine receptor CX3CR1 has been demonstrated recently to depend
on PI3-K, which was activated by �� subunits that open L-type
calcium channels (Kansra et al., 2001). Even if it is not yet clear
whether the PI3-K that is activated by �� subunits in PF cells
functions similarly in the gating of the L-type channels, the influx
of [Ca 2�]e at a supraphysiological concentration of [Ca 2�]e may
moot the gating of calcium channels and trigger secretion. An
alternative mechanism, in which the supraphysiological concen-
tration of [Ca 2�]e could increase secretion, might involve Akt-
dependent potentiation of L-type channels (Blair et al., 1999).

The coupling of PI3-kinase to PKC� appeared to be accom-
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plished via PDK1, because stimulation of PF cells with1 [Ca 2�]e

led to an increase in the phosphorylated products of PDK1. PDK1
is known to activate several members of the AGC family of ki-
nases, such as PKC�, by phosphorylation of conserved serine–
threonine residues in the T-loop of the kinase domain (T 410 in
PKC�) (Alessi and Cohen, 1998; Coffer and Woodgett, 1998).
PKC� also contains a hydrophobic motif that acts as a “docking
site” and permits its recruitment to PDK1 so it can be a substrate
for that enzyme (Balendran et al., 2000). Thus, it is very likely that
PDK1 and PKC� (and maybe even Akt) coexist in a signaling
complex that is activated by the stimulated CaR as a result of an
increased local concentration of PI3-K products. Pleckstrin ho-
mology interactions with phospholipid products of PI3-K might
hereby enable the signaling molecules to translocate to the
plasma membrane, where they can interact with one another
(Lemmon et al., 1996). The subsequent downstream pathways
remain obscured because protein substrates of PKC� in this path-
way have not been identified.

Polyphosphoinositides have been implicated in the recycling
of synaptic vesicles in neurons (Miller, 1998; Cremona et al.,
1999). They have been postulated to play a wider role at synapses
in the control of signaling, membrane traffic, and the actin cy-
toskeleton. Heterotrimeric G-protein-coupled receptors are also
known to modulate the secretion of neurotransmitters (Alford
and Grillner, 1991; Harris et al., 2000). G�� subunits have been
shown recently to mediate the effect of 5-HT on neurotransmis-
sion, where they are functioning downstream of Ca 2� entry. The
action of G�� subunits is thought to target the exocytic fusion
machinery to presynaptic terminals (Blackmer et al., 2001).
These properties may reflect the neural crest-origin and the
neuron-like properties of PF cells. However, the amount of 5-HT
secreted by isolated PF cells is less than that secreted at synapses.
The CaR is also expressed by neurons, including those of the
enteric nervous system (Brown and Macleod, 2001), which orig-
inate from the same level of the neural crest as PF cells (Le Doua-
rin and Kalcheim, 1999) and the CNS (Brown and Macleod,
2001). The involvement of G�� subunits and phosphoinositides
in the secretion of 5-HT by PF cells in response to stimulation of
the G-protein-coupled CaR thus appears to be analogous to
mechanisms that operate in the modulation of the secretion of
neurotransmitters at some synapses. As a consequence, our stud-
ies in PF cells are most likely very relevant to other neural systems
in which 5-HT secretion is induced by Ca 2� entry and includes
synaptic transmission.
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