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Mitogenic Signaling by Cyclic Adenosine
Monophosphate in Chromaf®n Cells Involves
Phosphatidylinositol 3-Kinase Activation
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Abstract Increase of intracellular cyclic adenosine monophosphate by the permeant cyclic adenosine
monophosphate analog, 8-(4-chlorophenylthio)-adenosine 30:50- cyclic monophosphate, is mitogenic for normal adult
rat chromaf®n cells. The mitogenic effect is blocked by the phosphatidylinositol 3-kinase inhibitor, LY294002, and is
associated with accumulation of phosphorylated Akt and p70S6 kinase, suggesting that cyclic adenosine mono-
phosphate activates Type l phosphatidylinositol 3-kinase. The mechanism of activation was examined in PC12
pheochromocytoma cells, which are neoplastic chromaf®n cells that exhibit many of the biochemical characteristics of
their normal counterparts. Incubation of PC12 cells with 8-(4-chlorophenylthio)-adenosine 30:50- cyclic monophosphate
led to a signi®cant increase in total phosphatidylinositol 3-kinase activity that was sensitive to low concentrations of
LY294002. The increase was maximal at 1 h and returned to basal levels within six hours. Immunoprecipitation studies
showed no increase in phosphatidylinositol 3-kinase activity in anti-phosphotyrosine immune complexes from PC12
cells stimulated by 8-(4-chlorophenylthio)-adenosine 30:50- cyclic monophosphate, in contrast to cells stimulated by
nerve growth factor. Instead, activity was demonstrated in association with p110g and p85. These ®ndings suggest that
cyclic adenosine monophosphate causes activation of Types IA and IB phosphatidylinositol 3-kinase by a
novel mechanism in chromaf®n and pheochromocytoma cells. That activation may contribute to chromaf®n cell pro-
liferation and to the development and progression of pheochromocytomas. J. Cell. Biochem. Suppl. 36:89±98, 2001.
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The adrenal medulla contains catecholamine-
producing neuroendocrine cells known as chro-
maf®n cells. These cells give rise to tumors
known as pheochromocytomas. Although rare
in most species, pheochromocytomas are com-
mon in rats and their frequency is increased by
prolonged exposure to a variety of non-geno-
toxic agents [Tischler et al., 1989]. We have
previously hypothesized that these agents
induce pheochromocytomas indirectly by sti-

mulating chromaf®n cell proliferation, thereby
providing a setting that permits DNA damage
leading to autonomous proliferation [Tischler et
al., 1989]. Studies of chromaf®n cell prolifera-
tion thus have the dual objective of characteriz-
ing normal mitogenic signaling in these cells
and determining how signaling goes awry in
neoplastic transformation.

Chromaf®n cell proliferation in rats appears
to be under the control of neural signals and
is markedly reduced by adrenal denervation
[Tischler et al., 1991]. Substantial evidence
suggests that the mitogenic effect of innervation
is mediated, in part, by cyclic adenosine mono-
phosphate (cAMP). The peptide neurotrans-
mitter, pituitary adenylate cyclase-activating
polypeptide (PACAP), is present in nerve ®bers
that innervate a subset of chromaf®n cells in
vivo [Holgert et al., 1996] and we have pre-
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viously demonstrated that PACAP, forskolin,
and cholera toxin, which activate adenylate
cyclase, are mitogenic for normal adult rat
chromaf®n cells in vitro [Tischler et al., 1994,
1995].

Normal chromaf®n cells from the rat adrenal
medulla also proliferate in vitro in response to
peptide growth factors that activate tyrosine
kinase receptors. The prototype for these is
nerve growth factor (NGF) [Tischler et al.,
1993]. Lack of additivity or mutual inhibition
between the two classes of mitogens, e.g. NGF
and cAMP, suggest that cross-communication
between mitogenic signaling pathways may
exist at several levels [Tischler et al., 1994].

NGF activates the same major signaling
pathways in normal chromaf®n cells [Powers
et al., 1999a] and PC12 cells [Kaplan and
Stephens, 1994], a cell line derived from a rat
pheochromocytoma [Greene and Tischler,
1976]. PC12 cells are therefore very useful for
biochemical studies of signaling intermediates
that can not be performed with the small
numbers of chromaf®n cells obtainable from
primary cultures. Paradoxically, however, NGF
is antimitogenic and induces neuronal differ-
entiation of PC12 cells [Greene and Tischler,
1976], suggesting that the cellular conse-
quences of particular signaling events may be
profoundly altered as a result of neoplastic
transformation.

Previous studies of proliferation of chromaf-
®n cells have demonstrated a critical role for
activation of phosphatidylinositol 3-kinase (PI
3-kinase) in mitogenic signaling by NGF. NGF-
stimulated chromaf®n cell proliferation is abol-
ished by LY294002, an inhibitor of Type l PI 3-
kinase [Powers et al., 1999a] and is greatly
diminished by rapamycin, which acts down-
stream of PI 3-kinase and blocks activation
of p70S6 kinase [Powers et al., 1999b]. The
present Investigation sought to determine
whether PI 3-kinase is also involved in mito-
genic signaling by cAMP in normal chromaf®n
cells and to evaluate the mechanism of its
activation using PC12 cells as a biochemical
model.

METHODS

Cell Cultures

Adrenal medullary cells from 6±9 month old
female retired breeder F344 rats were disso-
ciated in collagenase followed by trypsin,

enriched for chromaf®n cells by three cycles of
plating and differential detachment [Lillien and
Claude, 1985] and plated on 35 mm collagen-
coated dishes as previously described [Tischler
et al., 1992, 1993]. PC12 cells were from original
stocks maintained in our own laboratory as
described by Greene and Tischler [1976]. Cul-
tures were maintained in RPMI 1640 medium
with 10% horse serum and 5% fetal bovine
serum. The serum concentration was reduced to
1% horse serum and 0.5% fetal bovine serum
overnight prior to experiments involving PI 3-
kinase assays and immunoblots. Animal use
was under a protocol approved by the Tufts-New
England Medical Center Department of Labora-
tory Animal Medicine. All efforts were made to
minimize animal suffering and to utilize the
minimum number of animals required to pro-
duce reliable scienti®c data.

Bromodeoxyuridine-Labeling

Proliferative responses of chromaf®n cells to
the permeant cAMP analog, 8-(4-chlorophe-
nylthio)-adenosine 30:50- cyclic monophosphate
(cpt-cAMP) were studied by labeling with
BrdU [Gratzner, 1982], followed by ®xation
and immunohistochemical staining for BrdU
and tyrosine hydroxylase to discriminate
labeled and unlabeled chromaf®n cells from
other cell types as previously described [Tisch-
ler et al., 1992]. At least 500 consecutively
scanned chromaf®n cells were counted and scor-
ed for the presence or absence of label for each
data point, and all experiments were repeated
on at least three occasions. In some experi-
ments, the PI 3-kinase inhibitor LY294002 [Yao
and Cooper, 1995] (10 mM, CalBiochem, LaJolla
CA) was added to the culture medium.

Protein Extraction and Immunoblotting

Immunoblots of proteins extracted from chro-
maf®n cells and PC12 cells were utilized to
evaluate phosphorylation of Akt and p70S6
kinase, which serve as downstream readouts
of PI 3-kinase activation [Duronio et al., 1998].
Phosphorylation of ERKs 1 and 2, which serves
as a readout for activation of the ras-mediated
MAP kinase cascade [Kaplan and Stephens,
1994] and was anticipated to be independent of
PI 3-kinase, was assessed in parallel on the
same blots.

Cells in control cultures or cultures incubated
for varied intervals with cpt-cAMP (Sigma
Chemical Co., St Louis, MO) were rinsed twice
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with Hank's balanced salt solution and lysed in
TBS Lyse (0.02M Tris pH 8.0, 137 mM sodium
chloride, 1%(v/v) Nonidet P-40, 10% (v/v)
glycerol, 100 mM sodium ¯uoride, 2 mM sodium
pyrophosphate, 1 mM sodium vanadate, 4 mg/
mL leupeptin, 20 mg/mL aprotinin, 2 mM
phenylmethylsulfonyl ¯uoride). Extracts were
incubated at 48C for 15 min, centrifuged to
remove insoluble material (16,000g, 5 min, 48C)
and stored at ÿ808C until used. Proteins were
separated in 10% or 7.5 % polyacrylamide gels
and transferred to nylon membranes (Nytran N,
Schleicher and Schuell, Keene, NH). Phosphor-
ylation of Akt and ERKs was assessed by
probing with anti-sera against phosphory-
lated-Akt (serine 473)(New England Biolabs,
Beverly, MA) or phosphorylated-ERKs 1 and 2
(Promega, Madison, WI). Phosphorylation of
p70S6 kinase was evaluated by electrophoretic
mobility shift assay [Chung et al., 1992], which
proved technically superior to the use of anti-
phosphoprotein antibodies for that purpose
(antibody from Santa Cruz Biotechnology,
Santa Cruz, CA). Blots were stripped and re-
probed with an antibody against total ERKs 1
and 2 (Santa Cruz) as a loading control. Primary
antibodies (all at 1:2000 dilutions) were fol-
lowed by goat anti-rabbit IgG conjugated to
alkaline phosphatase (Schleicher and Schuell,
Keene, NH, 1:5000 dilution) and bands were
detected by chemiluminescence with CDP-star
(Tropix, Bedford, MA) as the alkaline phospha-
tase substrate. Pre-stained protein standards
(Bio-Rad) were used as molecular weight
markers.

Phosphatidylinositol 3-Kinase Assay

Direct measurements of PI 3-kinase activa-
tion were performed on PC12 cells and effects of
cpt-cAMP were compared to those of NGF
(recombinant human NGF, Alomone Labs,
Jerusalem, Israel), which is known to be a
potent PI 3-kinase activator [Kaplan and Ste-
phens, 1994].

Total PI 3-kinase activity in whole cell lysates
was determined after dilution 1,000-fold to
remove detergent as previously described
[Susa et al., 1992; Misra et al., 1999]. Activity
associated with P-Tyr, p85 and p110g was
assayed in anti-P-Tyr, anti-p85, and anti-
p110g immune complexes as previously
described [Varticovski et al., 1991]. Brie¯y,
protein complexes on protein A-Sepharose
beads were sequentially washed with lysis

buffer (50 mM HEPES, pH 7.5, 10% glycerol,
1% Nonidet-P40, 0.5 mM EDTA, 5 mM
Na3VO4), PBS, TNE (10 mM Tris, pH 7.5; 0.5
mM EDTA) and PBS. Reaction mixture con-
tained sonicated standard phospholipid mix-
tures (equal amounts of PS, PI, and PIP2) at a
®nal concentration of 0.2 mg/ml in 50 ml
reaction. After addition of ATP to a ®nal
concentration of 150 mM and 15 mCi of (g32P)-
ATP (4 mCi/nMol, Dupont, NEN), the reaction
was carried out at 378C for 20 min and ter-
minated by addition of Methanol:1N HCl (1:1).
Phospholipids were extracted twice with in
same volume of chloroform, separated by TLC
and visualized by autoradiography. Enzymatic
activity was expressed as pmoles of phosphate
incorporated into PI 3,4,5-P3 and presented
as fold increase compared with activity from
untreated cells. In addition to assays of kinase
activity, in some experiments immunoblots of
proteins immunoprecipitated with anti-P-Tyr
or anti-p110g were probed with anti-p85, and
p85 immunoprecipitates were probed for p110a,
b, and g. In some experiments, cells were pre-
treated with the tyrosine kinase inhibitor,
genistein [Akiyama and Ogawara, 1991] (370
mM, Sigma Chemical Co.) to determine whether
activation of PI 3-kinase by cpt-cAMP occurs
independently of tyrosine phosphorylation.

RESULTS

Mitogenic and Biochemical Responses of
Chromaf®n Cells to Cyclic Adenosine

Monophosphate are Blocked by
Phosphatidylinositol 3-Kinase Inhibitors

Robust mitogenic effects were elicited in
chromaf®n cells by increasing intracellular
cAMP directly with cpt-cAMP, as previously
reported for indirect increases achieved with
forskolin or cholera toxin [Tischler et al., 1995].
Preliminary dose-response curves demon-
strated half-maximal and maximal mitogeni-
city with 200 mM and 300 mM cpt-cAMP,
respectively, with a plateau to at least 500 mM.
A concentration of 300 mM was therefore
employed for all subsequent studies. Mitogen-
esis by cpt-cAMP was abolished by LY294002
(Table I), similarly to mitogenesis mediated by
NGF [Powers et al., 1999a]. These results
suggested that the mitogenic response to cAMP
involves activation of PI 3-kinase. However, in
many models, including neuronal cells [Blair
et al., 1999; Vaillant et al., 1999], PI 3-kinase
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inhibitors are toxic and cause cells to undergo
apoptosis by inhibiting survival signals from
Akt [Blair et al., 1999; Vaillant et al., 1999]. In
order to rule out a toxic effect of LY294002 as the
basis for inhibited mitogenesis, additional
experiments were therefore performed to deter-
mine the reversibility of the anti-mitogenic
effect. Cultures maintained for three days
with cpt-cAMP alone or in combination with
LY294002 were rinsed, re-fed without the
inhibitor and then labeled with BrdU for three
days. The percentage of chromaf®n cells labeled
in cultures with cpt-cAMP during the three days
after washout of LY294002 was 25.6� 8.2, vs.
27.7� 4.7% in cultures with cpt-cAMP never
exposed to the inhibitor and 0.8� 0.3% in
controls (n� 3 independent experiments).

Accumulation of PI 3-kinase lipid products
leads to activation and phosphorylation of Akt,
p70S6 kinase and other targets. Immunoblots
demonstrated increased levels of phospho-Akt
and phospho-p70S6 kinase in response to cpt-
cAMP, consistent with increased PI 3-kinase
activity (Figs. 1 and 2). Increased phosphoryla-
tion of Akt and p70S6 kinase was abolished by
LY294002, as illustrated for p70S6 kinase in
Figure 1.

Increased phosphorylation of ERKs 1 and 2
was also detected in response to cpt-cAMP (Fig.
2). In contrast to phosphorylation of Akt and
p70S6 kinase, phosphorylation of ERKs showed
little or no change in response to LY294002,
suggesting little or no involvement of PI 3-
kinase in the pathway leading to ERK phos-
phorylation.

Effects of Cyclic Adenosine Monophosphate
on Proliferation and Phosphorylation of

Akt in PC12 Cells

PC12 cells differ from normal chromaf®n
cells in that they proliferate in the absence of
exogenous mitogens and that cAMP is anti-

mitogenic for these cells [Mark and Storm,
1997]. In spite of these biological differences
from primary chromaf®n cells, we found that
cpt-cAMP increases levels of phosphorylated
Akt in PC12 cells and this increase is blocked by
LY294002 (Fig. 3).

TABLE I. Inhibition of cAMP-Mediated Chromaf®n Cell Proliferation by LY294002*

Additive BrdU-Labeled Chromaf®n Cells(%�S.E) n P

No Add 0.95�0.65 4
Ly2940002 (10 mM) 0.25�0.29 4
cpt-cAMP (300mM) 22.1�6.6 4 <0.001 (vs. No Add)
LY294002 � cpt-cAMP 2.1�0.5 4 <0.001 (vs. cpt-cAMP)

*Cultures were maintained for three days with BrdU and the indicated additives. Values represent %�S.E. for approximately 500
consecutively scanned chromaf®n cells counted and scored for each condition in four independent experiments. P-values were derived
from Student t-tests. Differences with P< 0.05 were considered signi®cant. Mitogenicity of cpt-cAMP was comparable to that of an
optimal mitogenic concentration of forskolin (5mM), which was also comparably inhibited by LY294002 (not shown)

Fig. 1. Phosphorylation of p70S6 kinase, demonstrated by
electrophoretic mobility shift [Chung et al., 1992], and
phosphorylation of ERKs 1 and 2, demonstrated by phospho-
speci®c antibodies [Johnson et al., 1997] in normal rat
chromaf®n cells stimulated by cpt-cAMP (300 mM) for 20
minutes. The ®gure represents a single blot cut into two sections,
prepared from proteins resolved in a 7.5% gel. The section
containing high molecular weight markers was stained for
p70S6 kinase. The lower section was stained for phospho-ERKs,
then stripped and re-probed for total ERKs as a loading control.
Each lane was loaded with 6 mg of protein. The ®gure illustrates
increased phosphorylation of p70S6 kinase in response to cpt-
cAMP and abolition of the increase by LY294002. The apparent
slight decrease in phosphorylation of the lower ERK band in the
presence of LY294002 is due mostly or entirely to a slight
difference in protein loading between lanes 2 and 3, as seen in
the bottom panel. Selective abolition of cpt-cAMP-stimulated
Akt phosphorylation by LY294002 was also observed both
in normal chromaf®n cells (not shown) and in PC12 cells
(Fig. 3).
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Cyclic Adenosine Monophosphate Causes
Phosphotyrosine-Independent Activation of

Phosphatidylinositol 3-Kinase

Activation of Akt is initiated by interaction
of its pleckstrin homology domain with lipid
products of PI 3-kinase, phosphatidylinositol
3,4 bisphosphate (PI 3,4-P2) and phosphatidyli-
nositol 3,4,5 trisphosphate (PI 3,4,5-P3), which
are absent in quiescent cells and accumulate in
response to activation of Type l PI 3-kinase
[Franke et al., 1997]. Because we detected
phosphorylation of Akt in cAMP-treated normal
chromaf®n and PC12 cells, we tested whether
cAMP leads to activation of PI 3-kinase. Incuba-
tion with cpt-cAMP led to almost a ten-fold
increase in total PI 3-kinase activity over 20
min, which persisted at 1 h and was sensitive to
LY294002 (Fig. 4). Activity returned to basal
levels by 6 h (not shown). A two-fold increase in
PI 3-kinase activity also occurred in response to
NGF, which is comparable to increases in total
cellular activity associated with activation of
PDGF receptor and non-receptor protein tyr-
osine kinases [Susa et al., 1992; Jain et al.,
1996].

Type IA PI 3-kinase catalytic subunits p110a
and p110b bind to p85 regulatory subunits and

this complex is activated by interaction with
speci®c motifs phosphorylated on tyrosine resi-
dues, including the NGF receptor [Franke et al.,
1997]. As expected, NGF induced a substantial
increase in anti-phosphotyrosine-immunopre-
cipitable PI 3-kinase activity (Fig. 5, top). In

Fig. 2. Increased phosphorylation of Akt and of ERKs 1 and 2
demonstrated by phospho-speci®c antibodies in normal rat
chromaf®n cells stimulated by cpt-cAMP (300 mM) for 20 min or
six hours. The ®gure represents a single blot cut into two
sections as in Figure 2. Each lane was loaded with 8 mg of
protein.

Fig. 3. Increased phosphorylation of Akt and of ERKs 1 and 2
demonstrated by phospho-speci®c antibodies in PC12 cells
stimulated by cpt-cAMP (300 mM). The ®gure represents a single
blot cut into two sections as in Figure 2. Each lane was loaded
with 25 mg of protein.

Fig. 4. Total PI 3-kinase activity in whole-cell lysates of PC12
cells. Activity was measured in duplicate samples using equal
amounts of protein (250 ng) from PC12 cells treated with
cpt-cAMP (300 mM), cpt-cAMP� LY294002 (10mM) or NGF
(50 ng/ml) for the indicated times. Activity is shown as cpm
of phosphate incorporated in to PI 3,4,5-P3 over 20 minutes.
Results are presented as the means� standard error of duplicate
samples. One representative result from three independent
experiments is shown.
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contrast, there was no increase in anti-phos-
photyrosine-immunoprecipitable PI 3-kinase
activity or p85 protein in response to cpt cAMP,
indicating a phosphotyrosine-independent
mechanism of activation. Pre-treatment with
the tyrosine kinase inhibitor genistein did not
inhibit increased PI 3-kinase activity caused
by cpt cAMP (not shown), providing further
evidence for phosphotyrosine-independent
activation.

Phosphotyrosine-independent activation of
p85-associated PI 3-kinase has been reported
in response to activation of heterotrimeric G

proteins [Kurosu et al., 1997; Murga et al.,
1998]. We tested whether increase in intracel-
lular cAMP augments p85-associated PI 3-
kinase activity. Because p85 is an abundant
protein and the antibodies to p85 subunit
ef®ciently precipitate PI 3-kinase activity, we
used a limited amount of whole cell lysate (100
mg) to assure quantitative recovery of p85
[Misra et al., 1999]. We found a signi®cant
increase in p85-associated lipid kinase activity
that correlated with the time course for total
increased activity in response to cpt-AMP (Fig.
5, center). Quantitative recovery of p85 was
con®rmed by lack of a p85 band in cell lysates
after immunoprecipitation (Fig. 6).

We also detected a three-to four-fold increase
in lipid kinase activity in anti-p110g immune
complexes in response to cpt-cAMP (Fig. 5,
bottom). This increase was reproducibly evident
after 1 h, in contrast to an increase in p85-
associated activity within 20 min (Fig. 5), and
was sensitive to LY294002. Therefore, cAMP
leads to activation of both p110g- and p85-
associated Type I isoforms of PI 3-kinase in
PC12 cells. Immunoblots of proteins immuno-
precipitated with anti-p110g showed faint
bands when probed with anti-p85 which did
not change in the presence of cpt-cAMP (not
shown).

Fig. 5. PI 3-kinase activity in anti-P-Tyr, (top), anti-p85 (center)
and anti-p110g (bottom) immune precipitates from PC12 cells
treated with cpt-cAMP (300 mM), cpt-cAMP� LY294002
(10mM) or NGF (50 ng/ml) for the indicated times. Cells were
treated as described in Materials and Methods. PI 3-kinase
activity measured in immune precipitates is presented as cpm of
phosphate incorporated into PI 3,4,5-P3. One representative
result from three independent experiments is shown for each
antibody. In additional experiments, immunoblots of the p85
immune precipitates were probed for p110 a, b, and g isoforms
and showed no changes in the amounts of these proteins,
indicating that changes in PI 3-kinase activity caused by cyclic
AMP represent increased speci®c activity.

Fig. 6. Immunoblot showing depletion of p85 from PC12 cell
lysates used for PI 3-kinase assays in Figure 5, center. The blot
was prepared using 20 mg of protein from PC12 whole cell
lysates before (upper panel) and after (lower panel) immuno-
precipitation with anti-p85 antibodies. An equal amount of
lysate from IL-3- dependent murine lymphocyte cell line, BaF3,
was used as control (Lane 1). The arrow indicates migration
position of p85.
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DISCUSSION

We have found that the mitogenic effect of
cAMP in normal chromaf®n cells is sensitive to
PI 3-kinase inhibition and correlates with
activation of Akt and p70S6 kinase. In addition,
using PC12 cells as a biochemical model, we
have demonstrated that cAMP leads to activa-
tion of Type IA and IB PI 3-kinase by a novel
mechanism. By inference, that mechanism
may be involved in normal chromaf®n cell
proliferation.

Type I PI 3-kinases comprise a family of
enzymes that includes four p110 catalytic
subunits, designated a, b, g, and d. The p110 a,
b, and d isoforms, which are classi®ed as Type
IA, constitutively associate with p85, p55, or
p50 regulatory subunits and are activated by
subsequent binding to speci®c phosphotyrosine
residues [Vanhaesebroeck and Water®eld,
1999]. Roles in DNA synthesis and cell trans-
formation have recently been demonstrated for
p110a and b [Vanhaesebroeck et al., 1999;
Benistant et al., 2000]. The Type IB PI 3-kinase,
p110g, lacks a p85 binding domain and can be
activated directly by interaction with hetero-
trimeric G proteins or p21Ras [Duronio et al.,
1998; Vanhaesebroeck and Water®eld, 1999]. In
PC12 cells, activation by this mechanism has
been found to involvebgdimers and Gaq, GaI but
not Gas [Murga et al., 1998]. Synergistic activa-
tion of p85/p110b by bg dimers derived from GaI

and phosphotyrosyl peptides has been described
in rat hepatocytes [Kurosu et al., 1997] and
THP-1 human monocytes [Okada et al., 1996].

We were unable to immunoprecipitate PI 3-
kinase activity with anti phosphotyrosine anti-
bodies, effectively ruling out tyrosine phos-
phorylation in response to accumulation of
intracellular cAMP. In contrast, increased PI
3-kinase activity in response to cAMP was
associated with p85 and p110g, suggesting a
coordinate effect on activation of Type IA and IB
PI 3-kinases. Activation of PI 3-kinase by cAMP
in PC12 cells and, by inference, in normal
chromaf®n cells, therefore appears to differ
markedly from activation by NGF. The latter
occurs principally via association of p85 with
phosphorylated tyrosine 490 of the intracellular
domain of the NGF receptor, trk [Hallberg et al.,
1998].

The signaling pathways linking cAMP to PI 3-
kinase activation are not known. A plausible
pathway involves G-protein regulation by pro-

tein kinase A (PKA) via the neural protein
phosducin, which inhibits G-protein signaling
and is itself inhibited by PKA [Bauer et al.,
1992, 1998]. We have previously reported that
cAMP-stimulated chromaf®n cell proliferation
is abolished by high concentrations of PKA
inhibitor H-89 [Tischler et al., 1995]. However,
lower, more speci®c concentrations of H-89
(10±30 mM) do not block cAMP-stimulated
phosphorylation of Akt (J. F. Powers and A.S
Tischler, unpublished data), suggesting that
PKA is not involved in activation of PI 3-kinase
by cAMP, although it may mediate other
mitogenic cAMP effects.

PI 3-kinase activation by cAMP might occur
independently of PKA by small G-proteins of the
Ras superfamily, which can bind to Ras effec-
tors. Activation of the Ras pathway by cAMP in
normal chromaf®n cells and PC12 cells was
suggested in our experiments by increased
phosphorylation of ERK1 and 2. Other investi-
gators have also reported ERK phosphorylation
in response to cAMP in PC12 cells [Vossler et al.,
1997]. Although ERK phosphorylation in many
circumstances serves as a downstream readout
for activation of the Ras-mediated MAP kinase
cascade consisting of Ras, Raf, and MEK, PKA
inhibits Ras-mediated activation of the most
extensively studied Raf isoform, Raf-1 [Vossler
et al., 1997, MacNicol and MacNicol, 1999]. The
small G-protein, Rap1, can be directly activated
by cAMP-binding guanine nucleotide exchange
proteins [Kawasaki et al., 1998] and in turn
activate B-raf, providing an alternate route to
ERK activation by cAMP [Vossler et al., 1997].
Rap1 has been proposed to mediate mitogenic
and oncogenic effects of cAMP in other cell types
[Altschuler and Ribeiro-Neto, 1998]. Our data
suggest that if cAMP activates Rap1 in chro-
maf®n cells, it does so upstream of PI 3-kinase
or in a parallel pathway because, in contrast
to Akt, ERK activation was not blocked by
LY294002.

Because it is not possible to propagate a
suf®cient number of normal chromaf®n cells to
directly measure PI 3-kinase activity, it must be
asked whether PI 3-kinase lipid products are, in
fact, the critical determinant of mitogenic
signaling by cAMP in these cells. The question
is particularly compelling because cAMP has
been reported to activate Akt in a PI 3-kinase-
independent manner in a different cell type
[Sable et al., 1997, Filippa et al., 1999]. In our
experiments, cAMP increased phosphorylation
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of two downstream effectors of PI 3-kinase
activity, Akt and p70S6kinase, in chromaf®n
and PC12 cells and these changes correlated
with direct measurements of increased PI 3-
kinase activity in PC12 cells. The cAMP-
induced mitogenic response of chromaf®n cells,
activation of PI 3-kinase and phosphorylation of
Akt and p70S6kinase were sensitive to
LY294002.

It must also be noted that mitogenesis by
cAMP has been reported in some cells to be
dependent on MAPK activation [Suzuki et al.,
1999]. We have shown in the present investiga-
tion that inhibition of PI 3-kinase completely
blocks the mitogenic effect of cAMP on chro-
maf®n cells independently of effect on ERKs.
However, in ongoing studies, we have found
that the MAPK kinase (MEK) inhibitor U0126
[Favata et al., 1998] abolishes the proliferative
responses of chromaf®n cells to all mitogens
tested, including cpt-cAMP and NGF (J.F.
Powers and A.S. Tischler, unpublished). Our
results are consistent with recent ®ndings by
Cass et al. [1999] that PI 3-kinase is required
for cAMP-stimulated mitogenesis and suggest
that mitogenesis requires mutually permissive
interactions [Suzuki et al., 1999] between inde-
pendently regulated signaling pathways involv-
ing ERKs and PI 3-kinase.

CyclicAMP can either stimulate or inhibit
proliferation of different types of cells, and both
responses have been correlated with activation
of particular signaling intermediates such as
p70S6 kinase [Monfar and Blenis, 1996] or
ERKs1 and 2 [Sable et al., 1997]. The confusing
association of the same effectors with opposite
effects may indicate that speci®city is deter-
mined by convergence of multiple signals. The
rat chromaf®n and PC12 cell models offer a
unique opportunity to compare mitogenic sig-
naling in normal and neoplastic cells of the same
lineage. Normal chromaf®n cells proliferate
almost exclusively in response to exogenous
mitogens, while proliferation of PC12 cells is
autonomous and inhibited by at least two
agents, NGF and cAMP, that are chromaf®n
cell mitogens. LY294002 inhibits cAMP-stimu-
lated proliferation of normal chromaf®n cells,
but not constitutive proliferation of PC12 cells.
An additional difference noted during the
present studies was that forskolin, in contrast
to cpt-cAMP, causes a decrease, rather than an
increase, in phosphorylated p70S6 kinase in
PC12 cells (J.F. Powers, unpublished), suggest-

ing an inhibitory event downstream of PI 3-
kinase speci®c to PC12 cells. Inhibition of p70S6
kinase accompanies anti-proliferative effects of
cAMP in some cell types [Monfar and Blenis,
1996] and may account for the fact that, in our
experience, forskolin exerts a greater antiproli-
ferative effect on PC12 cells than cpt-cAMP
(J.F. Powers and A.S. Tischler, unpublished).
These and other differences between normal
chromaf®n cells and their neoplastic counter-
parts might provide clues to signaling aberra-
tions responsible for chromaf®n cell neoplasia.
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