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Nerve growth factor is a member of the neurotrophin family of trophic factors that have been reported to be
essential for the survival and development of sympathetic neurons and a subset of sensory neurons. Nerve
growth factor exerts its effects mainly by interaction with the specific receptor TrkA, which leads to the acti-
vation of several intracellular signaling pathways. Once activated, TrkA also allows for a rapid and moderate
increase in intracellular calcium levels, which would contribute to the effects triggered by nerve growth factor
in neurons. In this report, we analyzed the relationship of calcium to the activation of the Ras/extracellular
signal-regulated kinase pathway in PC12 cells. We observed that calcium and calmodulin are both necessary
for the acute activation of extracellular signal-regulated kinases after TrkA stimulation. We analyzed the
elements of the pathway that lead to this activation, and we observed that calmodulin antagonists completely
block the initial Raf-1 activation without affecting the function of upstream elements, such as Ras, Grb2, Shc,
and Trk. We have broadened our study to other stimuli that activate extracellular signal-regulated kinases
through tyrosine kinase receptors, and we have observed that calmodulin also modulates the activation of such
kinases after epidermal growth factor receptor stimulation in PC12 cells and after TrkB stimulation in cul-
tured chicken embryo motoneurons. Calmodulin seems to regulate the full activation of Raf-1 after Ras acti-
vation, since functional Ras is necessary for Raf-1 activation after nerve growth factor stimulation and
calmodulin-Sepharose is able to precipitate Raf-1 in a calcium-dependent manner.

Neurotrophins (NTs) are neurotrophic factors involved in
the development, maintenance, and repair of the nervous sys-
tem (reviewed in reference 60). This family is composed of
nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin 3 and neurotrophin 4/5. NGF was the
first NT described and has been shown to be essential for the
survival and development of sympathetic neurons, some sen-
sory neurons, and a population of cholinergic cells located at
the basal forebrain (14, 39, 94). Each of these NTs exhibits
trophic effects on a specific, although partially overlapping,
subset of neuronal populations in either the central or the
peripheral nervous system both in vivo and in vitro (6, 15). NTs
bind to two types of receptors, p75LNTR and the Trk family of
tyrosine kinases. All NTs bind to p75LNTR. However, they
show a high degree of specificity for Trk receptors. TrkA is the
preferential receptor for NGF, TrkB is that for BDNF and
neurotrophin 4/5, and TrkC is that for neurotrophin 3 (5). In
the last few years, much attention has been focused on ascer-
taining the molecular mechanism by which Trk signaling me-
diates the effects of NTs.

The paradigm for studying the intracellular signaling path-
ways underlying TrkA activation has been the stimulation of
this receptor with NGF in the PC12 cell line (38). Once phos-
phorylated, TrkA becomes a scaffolding structure that recruits
several adapter proteins and enzymes that ultimately propa-
gate the NGF signal. Among these proteins, the adapter pro-
tein Shc and phospholipase Cg have been involved in the ac-

tivation of extracellular signal-regulated kinases (ERKs) (96).
Shc protein allows the interaction of TrkA with the Src homol-
ogy 2 (SH2) domain of Grb2, which subsequently activates Ras
through the Ras GTP exchange factor (GEF) Sos (25, 61, 62,
77, 90, 93). Activated Ras interacts with several proteins re-
lated to intracellular signaling pathways (reviewed in refer-
ence 51). One of these pathways is the cascade of kinases of
the ERK–mitogen-activated protein (MAP) kinase pathway.
The first kinase in the cascade is the serine-threonine kinase
Raf, which phosphorylates and activates MAP/ERK kinase 1
(MEK1) and MEK2 (43, 56, 63) which, in turn, phosphorylate
and activate ERK1 and ERK2 (108, 113). ERK proteins trans-
locate to the nucleus, where they can phosphorylate transcrip-
tion factors that regulate gene expression (for a review, see
reference 87).

The mechanism by which Ras activates Raf is not completely
understood, although it seems that the translocation of Raf
from the cytosol to the plasma membrane upon Ras activation
is essential (reviewed in reference 73). Moreover, full activa-
tion of Raf-1 requires its phosphorylation on residues S338 and
Y341 in the amino-terminal region of the catalytic domain (7,
17, 19, 46, 69). This phenomenon has been demonstrated to be
Ras GTP dependent (66). However, the kinases responsible
for Raf phosphorylation on amino acid residues S338 and
Y341 are under study. It seems that p21-activated protein
kinase Pak3 phosphorylates Raf-1 on S338 both in vitro and in
vivo (52). The kinase that phosphorylates Y341 is unknown.

B-Raf is highly expressed in PC12 cells and is also activated
following NGF treatment (45, 71, 106). However, the regula-
tion of B-Raf activation seems to be different from that of
Raf-1. First, Raf-1 activation after NGF stimulation is tran-
sient, whereas B-Raf activation is sustained (106, 112). Second,
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Raf-1 activation is dependent on Ras, whereas B-Raf activa-
tion can be mediated either by Ras (107, 115) or by a different
small GTPase, named Rap-1, depending on the stimuli used
(112). Third, Rap-1 is activated by Trk receptors upon NGF
stimulation through a series of adapter proteins different from
Ras. These include FRS, CRK, and the GTP-GDP exchanger
C3G (71, 112). It has been postulated that sustained activation
of the ERK-MAP kinase pathway is responsible for the neu-
ronal phenotype induced by NGF in PC12 cells (67, 83).

When phospholipase Cg becomes phosphorylated and acti-
vated by TrkA, it triggers the release of Ca21 from the endo-
plasmic reticulum and increases the degree of formation of
diacylglycerol through the cleavage of phosphatidylinositol 4,5-
bisphosphate (78). The role of the intracellular Ca21 concen-
tration ([Ca21]i) in mediating or modulating the effects of
NGF has not been directly established. However, it has been
reported that NGF and epidermal growth factor (EGF) treat-
ments cause a rapid and small increase in [Ca21]i (57, 65, 80,
92; reviewed in reference 47). In the cytosol, Ca21 encounters
a variety of proteins that can mediate its functional effects.
Central among them is calmodulin (CaM), a small Ca21-bind-
ing protein that is able to regulate the activity of many different
proteins, including protein kinases. Recently, it has been re-
ported that Ca21 and CaM can regulate some of the signaling
pathways that are activated by Trk. Ca21 and CaM are able
to bind to and modulate phosphatidylinositol 3-kinase (PI 3-
kinase) (35, 49). Moreover, it has been reported that CaM
can also activate Akt, a downstream effector of PI 3-kinase,
in a CaM-dependent protein kinase (CaM-K) manner (111).
Increases in [Ca21]i due to Ca21 influx have been shown to
activate ERK-MAP kinase activity (reviewed in reference 34).
Most of these mechanisms activate the ERK-MAP kinase
pathway at the level of Ras or upstream of it (88), although the
mechanisms involved are not completely understood. We have
previously reported that Ca21 influx after membrane depolar-
ization activates ERK-MAP kinases by a Ca21- and CaM-
dependent mechanism downstream of Ras (27, 95).

The relevance of [Ca21]i in the modulation of the signaling
pathways activated by physiological stimuli such as the ligands
of tyrosine kinase receptors remains to be elucidated. Since the
elevation of [Ca21]i after TrkA stimulation has been observed
concomitant with the activation of TrkA-triggered signaling
pathways (55, 75), we wanted to know whether Ca21 and CaM
modulate the activation of these signaling pathways. The re-
sults presented here demonstrate that Ca21 and CaM are both
necessary for the activation of ERK-MAP kinase after NGF
stimulation. The involvement of CaM is restricted to the high,
rapid, and initial activation of ERKs. CaM modulation occurs
at the level of the kinase(s) that phosphorylates MEK, since
CaM inhibitors abolish Raf activity without affecting Ras ac-
tivity. We also present evidence that this modulation occurs
when the pathway is stimulated by other tyrosine kinase recep-
tors, such as the EGF receptor in PC12 cells or TrkB in cul-
tures of primary neurons, such as motoneurons (MTNs), when
stimulated with BDNF.

MATERIALS AND METHODS

Cell culturing, cell lysates, and cell transfection. PC12 and M-M17-26 cells
were cultured as described previously (26). For experiments, cells were allowed
to proliferate in polyornithine-precoated 60-mm tissue culture dishes (Corning)
until they reached 80% confluence. Before stimulation, cells were serum starved
for 12 to 15 h. During the last hour of serum starvation, cultures were exposed
to different drugs: the Ca21 chelator BAPTA-AM (Molecular Probes, Eugene,
Oreg.); the CaM inhibitors calmidazolium chloride and trifluoperazine dimaleate
(Calbiochem-Novabiochem Corp., San Diego, Calif.); the CaM inhibitors
W5, W7, W12, and W13; the L-type voltage-gated Ca21 channel inhibitor nife-
dipine; the PI 3-kinase inhibitor LY294002; and the MEK inhibitor PD098059

(Calbiochem-Novabiochem Corp.). Unless otherwise indicated, W12 and W13
were used at a 70 mM final concentration. At the end of treatments, PC12 cells
were stimulated for various times with serum-free medium containing NGF (100
ng/ml), EGF (2.5 ng/ml), KCl (75 mM), or ionomycin (10 mM) plus freshly added
drug. When needed, stimulation was performed in the presence of 5 mM EGTA
in the culture media.

MTNs were purified from 5.5-day-old chick embryos according to Comella et
al. (13) with minor modifications described elsewhere (20). BDNF stimulation
(50 ng/ml) was performed as described previously (20).

For total cell lysates, cells were rinsed rapidly twice in ice-cold phosphate-
buffered saline (PBS) at pH 7.2, solubilized with boiling 2% sodium dodecyl
sulfate (SDS)–125 mM Tris (pH 6.8), and sonicated. Alternatively, for immuno-
precipitation Ras activity, or CaM precipitation studies, cells were solubilized at
4°C in the corresponding lysis buffer (see below). After 15 min of incubation on
ice, cells were scraped from the dishes and cell lysates were orbitally rotated for
30 min at 4°C. Nuclei and cellular debris were removed by centrifugation at
10,000 3 g and 4°C for 15 min.

Protein concentrations in cell lysates were quantified by a modified Lowry
assay as described by the provider (Bio-Rad Dc protein assay; Bio-Rad, Her-
cules, Calif.).

PC12 cells were cotransfected by electroporation with the Glu217-Glu221
MAPKK1 mutant and EGFP constructs (Clontech, Palo Alto, Calif.). After 24 h
of transfection, PC12 cells containing green fluorescent protein were sorted,
reaching a population of 90 to 95% of positive cells. After sorting, cells were
cultured for an additional 24 h before treatments.

Western blotting. Western blotting was performed with immunoprecipitates or
cell lysates by resolving the proteins in SDS-polyacrylamide gel electrophoresis
(PAGE) gels. The proteins were transferred to polyvinylidine difluoride Immo-
bilon-P membrane filters (Millipore, Bedford, Mass.) using a semidry Trans-Blot
apparatus (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the
manufacturer’s instructions. Antiphosphorylation (anti-phospho) antibodies
against cyclic AMP response element-binding protein (CREB), ERK1/2,
MEK1/2, and Akt and anti-MEK and anti-CREB antibodies were purchased
from New England Biolabs, Inc. (Beverly, Mass.). Anti-phospho-CaM-KII anti-
body was obtained from Promega (Madison, Wis.). Anti-pan-ERK, anti-Raf-1,
and anti-Shc antibodies were purchased from Transduction Laboratories (Lex-
ington, Ky.). Anti-Akt (C-20), anti-B-Raf, and anti-A-Raf antibodies were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, Calif.). Antiphospho-
tyrosine [anti-Tyr(P); 4G10] antibody and anti-c-Fos antibody were purchased
from Upstate Biotechnology Inc. (Lake Placid, N.Y.). Anti-a-tubulin antibody
was obtained from Sigma (St. Louis, Mo.). All the antibodies were used accord-
ing to supplier instructions. After incubation with specific peroxidase-conjugated
secondary antibodies, membranes were developed with an enhanced chemilumi-
nescence Western blotting detection system (Pierce Chemical Co., Rockford,
Ill.).

Immunoprecipitation. Immunoprecipitation of Shc, Raf-1, B-Raf, and A-Raf
proteins was performed with specific antibodies according to supplier instruc-
tions (see above). To detect Grb2 association in Shc immunoprecipitates, anti-
Grb2 antibody was used as previously described (26). TrkA immunoprecipitation
was performed with anti-pan-Trk antibody 203 as previously described (8, 27).

Raf kinase activity assay. Raf proteins were immunoprecipitated from lysates
of PC12 cells with specific anti-Raf-1, anti-B-Raf, or anti-A-Raf antibodies. Raf
kinase activity in the immunoprecipitates was measured with recombinant MEK
(Santa Cruz Biotechnology Inc.) as a substrate and [g-32P]ATP (Amersham
Pharmacia Biotech) as described previously (26). Reactions were stopped with
53 sample buffer, and products were separated by SDS-PAGE. After the gels
were dried, the phosphorylation signal was quantified on a phosphorimager
(Boehringer GmbH, Mannheim, Germany). Radioactive spots were also de-
tected by autoradiography by exposing the dried gels to Fuji medical X-ray film
(Fuji Photo Film Co. Ltd., Tokyo, Japan) overnight at 270°C.

PI 3-kinase activity assay. PI 3-kinase was immunoprecipitated from Nonidet
P-40 lysates of PC12 cells with anti-Tyr(P) monoclonal antibody 4G10. PI 3-ki-
nase activity in the immunoprecipitates was measured with L-a-phosphatidylino-
sitol and [g-32P]ATP (Amersham Pharmacia Biotech) as substrates as described
elsewhere (26). When needed, a 10 mM final concentration of the PI 3-kinase
inhibitor LY294002 was added to the kinase assay buffer. Phosphorylated lipids
were then extracted and resolved by thin-layer chromatography, and radioactive
spots were detected by autoradiography by exposing the thin-layer chromatog-
raphy plates to Fuji medical X-ray film overnight at 270°C.

Ras activity assay. Ras activity was determined by GTP loading by using
immunoprecipitates of Ras obtained with antibody Y13-259 (Oncogene Re-
search Products, Cambridge, Mass.) from protein extracts of PC12 cells meta-
bolically labeled with [32P]H3PO4 as described previously (82). Results were
quantitated as the percentage of GTP in the immunoprecipitates according to
the expression (GTP counts/3)/[GTP counts/3) 1 (GDP counts/2)] 3 100.

Ras activity was also measured by a nonradioactive method as described
previously (18). Briefly, treated cells were solubilized for 15 min in lysis buffer
containing 25 mM Tris (pH 7.5), 5 mM EGTA, 15 mM NaCl, 5 mM MgCl2, 1%
Triton X-100, 1% N-octyl-b-D-glucopyranoside, 1 mM phenylmethylsulfonyl flu-
oride, 10 mg of aprotinin per ml, 2 mM benzamidine, and 20 mg of leupeptin per
ml. Fifty micrograms of recombinant glutathione S-transferase–Ras-binding do-
main of Raf-1 (GST-RBD) previously coupled to glutathione-Sepharose (Am-
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ersham Pharmacia Biotech) was added to approximately 750 mg of protein
extract. Protein complexes were allowed to form for 2 h at 4°C. Precipitates were
washed three times with lysis buffer without N-octyl-b-D-glucopyranoside and
once with PBS. Finally, precipitates were resuspended in 53 sample buffer, and
denatured proteins were analyzed by SDS–12% PAGE. Immunodetection was
done with an anti–pan-Ras antibody (Oncogene Research Products) and anti-
mouse immunoglobulin G coupled to horseradish peroxidase as a secondary
antibody. Blots were developed with the enhanced chemiluminescence Western
blotting detection system described above.

CaM-Sepharose precipitation. CaM-Sepharose precipitation was performed
by use of human recombinant CaM conjugated to Sepharose. After stimulation,
cells were solubilized for 15 min in lysis buffer containing 1% Triton X-100, 150
mM NaCl, 20 mM Tris (pH 7.5), 50 mM b-glycerophosphate, 25 mM NaF, 1 mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 mg of aprotinin
per ml, 2 mM benzamidine, and 20 mg of leupeptin per ml. After the removal of
cellular debris, protein extracts containing 400 mg of protein were supplemented
either with 1 mM EGTA or with 0.1 mM CaCl2 (final concentrations). Then, 40
ml (vol/vol) of CaM-Sepharose previously blocked with 1% bovine serum albu-
min and equilibrated with the corresponding lysis buffer (containing either 1 mM
EGTA or 0.1 mM CaCl2) was added to the corresponding lysate. After 2 h at 4°C,
complexes were precipitated and washed three times with lysis buffer containing
1 mM EGTA or 0.1 mM CaCl2 and twice with PBS containing 1 mM EGTA or
0.1 mM CaCl2. When needed, precipitates were washed with lysis buffer con-
taining 5 mM EGTA. Complexes were analyzed by Western blotting with anti-
Raf-1 and anti-B-Raf antibodies as described above.

Statistical analysis. All the experiments were performed at least three times.
For statistical analysis of data, Student’s t test was used. Values are expressed as
mean 6 standard error of the mean. Data were considered statistically different
at a P value of ,0.01.

Materials. W13, W12, W7, W5, and the rest of the biochemicals were obtained
from Sigma. Anti-Grb2 was a gift from J. Ureña (Universitat de Barcelona,
Barcelona, Spain), anti-pan-Ras and CaM-Sepharose were from O. Bachs and N.
Agell (Universitat de Barcelona, Barcelona, Spain), EGF was from G. Capellà
and C. Garcı́a (Hospital Sant Pau, Barcelona, Spain), and anti-pan-Trk (antibody
203) was from D. Martin-Zanca (Consejo Superior de Investigaciones Cientificas
[CSIC]-Universidad de Salamanca, Salamanca, Spain). The GST-RBD construct
was obtained from F. McKenzie (State University of New York, Stony Brook)
through O. Bachs and N. Agell. The PC12 subline M-M17-26, kindly provided by
G. M. Cooper (Harvard Medical School, Boston, Mass.) through A. Aranda
(CSIC, Madrid, Spain), was obtained after transfection with the dominant neg-
ative Ha-ras mutant (Asn-17). The Glu217-Glu221 MAPKK1 mutant construct
was kindly provided by C. E. Marshall (Institute of Cancer Research, London,
United Kingdom) through A. López-Rivas (CSIC, Granada, Spain). NGF (7S)
was prepared in our laboratory from salivary glands as described previously (72).

RESULTS

NGF requires mobilization of Ca21 to activate ERK-MAP
kinases. It has been reported that NGF induces a transient
increase in [Ca21]i in PC12 cells (reviewed in reference 47).
Previous results showed that [Ca21]i increases due to Ca21

influx were able to activate ERK-MAP kinases (34). We ana-
lyzed whether the increases in [Ca21]i induced by NGF are
relevant for TrkA-induced ERK activation. ERK activity was
monitored with specific antibodies. Phosphorylation of ERKs
on both threonine and tyrosine residues has been shown to be
a good indicator of the kinase activity of these proteins (10, 27,
85). Pretreatment of cultures with the extracellular Ca21 che-
lator EGTA slightly reduced the ERK phosphorylation in-
duced by NGF stimulation (Fig. 1B). In accordance with these
results, the use of specific voltage-gated Ca21 channel inhibi-
tors, such as nifedipine, did not prevent the phosphorylation of
ERKs after NGF stimulation (Fig. 1C). However, when cells
were pretreated with an intracellular Ca21 chelator, such as
BAPTA-AM, NGF-induced ERK phosphorylation was strong-
ly and significantly reduced (Fig. 1A). As a control of the
effectiveness of EGTA and nifedipine at the concentrations
used, they were shown to be able to completely prevent the
activation of ERKs in PC12 cells upon Ca21 influx due to
membrane depolarization (Fig. 1B; see also reference 27).
Taken together, these results indicate that NGF requires Ca21

to activate ERKs. Moreover, they suggest that TrkA preferen-
tially uses intracellular Ca21 to activate these kinases.

Functional inhibitors of CaM prevent the activation of the
ERK-MAP kinases induced by NGF. To test the involvement

of CaM in the NGF-induced activation of ERK-MAP kinases,
we functionally blocked CaM using different specific antago-
nists. PC12 cultures were pretreated with W13 for 1 h and then
stimulated with NGF. Protein extracts were analyzed with an
anti-phospho-ERK antibody. W13 blocked the phosphory-
lation of the ERK-MAP kinases induced by NGF in a dose-
dependent manner (Fig. 2A). At 70 mM, the phosphorylation
of ERKs was almost completely inhibited (Fig. 2A). As a
control for the specificity of the W13 effect, we used its struc-
tural analogue W12, which is five times less potent than W13
(41, 42). W12 used at the same concentrations did not show
any significant effect on ERK phosphorylation (Fig. 2B). Other
CaM inhibitors, such W7 (41, 99), calmidazolium (36, 44), or
trifluoperazine (70, 100), produced results similar to those
observed with W13 (Fig. 2C). W5, the structural analogue of
W7 without functional activity on CaM, had no effect on ERK
phosphorylation (Fig. 2C).

Finally, we tested whether the doses of W13 used to inhibit
NGF-induced ERK activation were comparable to those
needed to inhibit a well-known CaM-dependent phenomenon
in PC12 cells. For these cells, it has been reported previously
that ionomycin is able to activate CaM-KII, a kinase that re-
quires CaM to be activated (64). Thus, we have monitored the
activation of CaM-KII induced by ionomycin in the presence of
different W13 concentrations. When CaM interacts with CaM-
KII, the kinase activity of the enzyme becomes activated and
the enzyme phosphorylates itself at Thr286 (12). Using a spe-
cific antibody to phosphorylated CaM-KII Thr286, we have
observed that W13 blocks in a dose-dependent manner the
phosphorylation of this enzyme (Fig. 2D, upper panel).

The effects of CaM inhibitors on NGF-induced ERK acti-
vation over time were also investigated. W13-pretreated PC12
cells were stimulated with NGF, and ERK phosphorylation
was analyzed after different times. Interestingly, W13 only pre-
vented the activation of ERKs at 5 min after NGF stimula-
tion, whereas at 15 and 30 min, the levels of ERK phosphor-
ylation steadily increased (Fig. 3A). After 1 h, the levels of
ERK phosphorylation observed in drug-treated and non-drug-
treated cultures were comparable (Fig. 3A). A similar effect
was observed with other CaM antagonists, such as W7 (data
not shown). These results suggest that CaM is required only for
the rapid and initial activation of ERKs.

We also investigated if the effects of W13 were functionally
important at the transcriptional level. For this investigation, we
have monitored the state of phosphorylation of S133 of the
transcription factor CREB. S133 of CREB has been shown to
be one of the most relevant residues regulating the activity of
CREB after NGF induction (109, 110). NGF phosphorylation
of CREB after ERK-MAP kinase pathway stimulation is me-
diated by pp90 ribosomal S6 kinase (109). CREB activation
results in an increase in c-fos transcription due to the binding
of CREB to the cyclic AMP response element of the c-fos
upstream regulatory region (2). Figure 3B shows that NGF is
able to phosphorylate and thus activate pp90 ribosomal S6
kinase and CREB. According to the results of the ERK-MAP
kinase activity blockade, CaM inhibitor W13 was able to tran-
siently prevent the phosphorylation of both proteins (Fig. 3B).
These changes were also observed in c-Fos expression, as mea-
sured by the increase in the amount of c-Fos protein after 1 h
of NGF stimulation. NGF was also able to increase the levels
of this transcription factor, and W13 completely blocked the
effects of NGF at the time point analyzed (1 h) (Fig. 3C). None
of the changes described was found in cells treated with W12
(Fig. 3C).

CaM modulates neither the tyrosine phosphorylation of
TrkA and Shc nor the association of Grb2 with Shc. We next
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investigated whether the effect of CaM on ERK phosphoryla-
tion could be explained by the modulation of TrkA activity
and/or Shc function. PC12 cells were pretreated with W13 or
W12 and stimulated with NGF, and cell lysates were subjected
to TrkA immunoprecipitation with an anti-pan-Trk antibody.
Trk phosphorylation was analyzed with anti-Tyr(P) antibody.
As shown in Fig. 4A, the contents of phosphorylated tyrosines
of TrkA were very similar for W13- and W12-treated cultures
or NGF-stimulated cultures without drug pretreatment. This
result indicates that W13 does not affect the tyrosine kinase
activity of the receptor or the interaction of NGF with TrkA.

The second step in the activation of ERKs by TrkA is the
recruitment of Shc to the plasma membrane and its subsequent
tyrosine phosphorylation by Trk (77, 96). Phosphorylated Shc
serves as a docking protein for Grb2 being translocated to the
plasma membrane (90). To analyze whether CaM had the
ability to modulate Shc function, the tyrosine phosphorylation

of Shc proteins and their association with Grb2 after NGF
stimulation were studied. PC12 cells were pretreated with W12
and W13 as described above and then stimulated with NGF.
Protein extracts were subjected to immunoprecipitation with a
specific antibody that recognizes the 66-, 52-, and 46-kDa iso-
forms of Shc. Immunoprecipitates were subjected to analysis
with the anti-Tyr(P) antibody or, alternatively, with an anti-
Grb2 antibody. NGF stimulation increased the tyrosine phos-
phorylation of Shc proteins (Fig. 4B) and the amount of co-
immunoprecipitated Grb2 (Fig. 4C). However, W13 did not
modify the tyrosine phosphorylation of Shc or the amount of
Grb2 coimmunoprecipitated (Fig. 4B and C, respectively).
Reprobing the membranes with an anti-Shc antibody showed
that there were no significant differences in the amounts of
immunoprecipitated Shc proteins in both analyses (Fig. 4B and
C). In parallel blots of the same samples, we observed that
W13 completely abolished ERK phosphorylation, whereas

FIG. 1. Ca21 chelators block NGF-induced ERK phosphorylation. (A) PC12 cells were pretreated (1) or not pretreated (2) for 1 h with 50 mM BAPTA-AM or
with vehicle (Me2SO) and then stimulated (1) or not stimulated (2) for 5 min with NGF. (B) PC12 cells were stimulated (1) or not stimulated (2) for 5 min with
NGF or KCl in the presence (1) or in the absence (2) of 5 mM EGTA. (C) PC12 cells were pretreated (1) or not pretreated (2) for 1 h with 5 mM nifedipine and
then stimulated (1) or not stimulated (2) for 5 min with NGF. After treatments, cells were lysed, and protein extracts were analyzed by Western blotting with an
anti-phospho-ERK antibody (upper panels) and stripped and reprobed with an anti-pan-ERK antibody (lower panels) as a control for the protein content per lane.
Graphs in panels A and B show the average ERK phosphorylation from three independent experiments. pp, P value of ,0.01, as determined by Student’s t test. Arrows
labeled P-ERK1 and P-ERK2 or ERK1 and ERK2 indicate the positions of phosphorylated and total ERK1 and ERK2 proteins, respectively.
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W12 did not (data not shown). It seems, therefore, that W13
modulation of NGF-induced ERK activity was not due to an
alteration in the tyrosine kinase activity of Trk, to a diminution
of the tyrosine phosphorylation level of Shc, or to a disruption
of the association of Grb2 with Shc.

CaM modulates NGF-induced ERK activity downstream of
p21ras. p21ras has been reported to be essential for the ERK-
MAP kinase activation induced by NGF in PC12 cells (86, 101,
102, 107). Recently, it has been demonstrated that Ca21 and
CaM can activate Ras through Ras GEF proteins (24, 33).
Moreover, some CaM-binding Ras-like GTPases have been
described, even though their functional activity on MAP kinase
activation has not yet been tested (58, 105). In this context, we
wanted to know whether the inhibitory effects of CaM inhibitor
W13 on ERK activity could be mediated through the modula-
tion of Ras function. We monitored the activation of p21ras

using the radioactive method of GTP-GDP Ras loading and
the nonradioactive method described by de Rooij and Bos (18)
(see Materials and Methods). Using these two techniques, we
observed that Ras activity increased after 5 min of NGF stim-
ulation and was maintained after 45 min of NGF stimulation
(Fig. 5A and C). However, W13 treatment did not modify
significantly the state of Ras activity after 5 min of NGF stim-
ulation (Fig. 5A and C). Interestingly, after 45 min of NGF
stimulation, there was a slight increase in Ras GTP levels in
W13-treated cultures compared to W12-treated or non-drug-
treated ones (Fig. 5A). For the same cells, the W13 pretreat-
ment was able to completely block ERK phosphorylation due
to NGF stimulation, as measured with the anti-phospho-ERK
antibody (Fig. 5B). These results indicate that W13 modulation
of NGF-induced ERK activation does not depend on an effect
of CaM inhibitors on Ras.

Even though Ras activity was not modulated by W13, it
seems clear from previous reports that Ras is necessary to
stimulate ERK after NGF stimulation of TrkA (86, 101, 102,
107). We have directly approached this hypothesis by using a
PC12 subline (M-M17-26) that constitutively expresses a dom-
inant negative Ha-ras mutant (Asn-17) (97). We determined
the level of ERK activation after NGF stimulation using the
anti-phospho-ERK antibody. ERK activation was almost com-
pletely prevented after NGF stimulation in the M-M17-26 sub-
line compared to wild-type PC12 cells (Fig. 5D).

Taken together, these results suggest that Ras and CaM are
both necessary to signal the rapid and high activation of ERKs
after NGF stimulation and that CaM seems to modulate the
pathway downstream of Ras.

PI 3-kinase is not required for the early activation of the
ERK-MAP kinases after NGF stimulation. Another protein
that becomes tyrosine phosphorylated and activated after
TrkA stimulation is PI 3-kinase (79, 84). It has been suggested
that PI 3-kinase can be involved in the regulation of the ERK-
MAP kinase pathway, although this seems to be cell and ligand
specific (22, 37, 50, 53, 54). Moreover, recent studies showed
that CaM was able to bind and modulate the activity of the PI
3-kinase (35, 49). However, the contribution of PI 3-kinase to
ERK activation after NGF stimulation in PC12 cells remains to
be elucidated. We pretreated PC12 cells with LY295002, a PI
3-kinase-specific inhibitor (104), and then stimulated cells with
NGF. Figure 6A shows that LY294002 was unable to modify
the ERK-MAP kinase phosphorylation induced by NGF. How-
ever, the phosphorylation of Akt, a well-known downstream
element of PI 3-kinase (for reviews, see references 3, 21, and
40), was almost completely blocked by 25 mM LY294002, thus
demonstrating that the drug was effective in inhibiting PI 3-ki-

FIG. 2. CaM inhibitors block NGF-induced ERK phosphorylation. (A) PC12 cells were pretreated or not pretreated (2) for 1 h with the indicated concentrations
of the CaM inhibitor W13 and then stimulated (1) or not stimulated (2) for 5 min with NGF. (B) PC12 cells were pretreated (1) or not pretreated (2) for 1 h with
W12 or W13 and then stimulated (1) or not stimulated (2) for 5 min with NGF. (C) PC12 cells were pretreated (1) or not pretreated (2) for 1 h with 100 mM W5
or W7, 25 mM calmidazolium (CMZ), 50 mM trifluoperazine (TFP), or vehicle (Me2SO) and then stimulated (1) or not stimulated (2) for 5 min with NGF. After
treatments, cells were lysed and ERK phosphorylation was analyzed as described in the legend to Fig. 1. (D) PC12 cells were pretreated (1) or not pretreated (2) for
1 h with the indicated concentrations of CaM inhibitor W13 and then stimulated (1) or not stimulated (2) for 30 s with ionomycin (Iono). Lysates were probed with
an antibody to phosphorylated CaMKII T286 (upper panel) and reprobed with an anti–a-tubulin antibody to assess comparable loading of lanes (lower panel).
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nase activity (Fig. 6A). Furthermore, the drug was very active
in blocking PI 3-kinase activity itself, as directly assessed by a
PI 3-kinase assay (Fig. 6B). These results demonstrate that the
rapid activation of ERK-MAP kinases after NGF stimulation
is not dependent on PI 3-kinase in PC12 cells.

NGF-induced MEK phosphorylation is inhibited by CaM
antagonists. ERKs are activated by phosphorylation on thre-
onine and tyrosine residues by MEK1 and MEK2 (67, 87).
MEK itself is activated by phosphorylation on specific serine
residues in response to trophic factor stimulation. This phos-
phorylation is generally attributed to Raf kinases (for a review,
see reference 11). We analyzed the effect of CaM inhibitors on
MEK activation using an anti-phospho-MEK1/2 antibody that
recognizes phosphorylated Ser217 and Ser221 residues. The

phosphorylation of these residues correlates with its functional
activation (4, 26, 113, 114). NGF-induced MEK phosphoryla-
tion was prevented by W13 pretreatment, but only during the
initial phase of NGF stimulation (Fig. 7A), following a pattern
similar to that found for the inhibition of ERK phosphoryla-
tion (Fig. 3A). This correlation suggests that the effect of CaM
antagonists on ERK activity was due to an inhibitory effect on
MEK activation after NGF stimulation. However, the lack of
MEK phosphorylation in the W13-treated cultures indicates
that CaM does not directly modulate MEK activity but prob-
ably modulates the function of an upstream kinase. In fact,
when PC12 cells were transiently transfected with a constitu-
tively active form of MEK, ERK was found to be phosphory-
lated in a W13-independent manner (Fig. 7B). Finally, the se-

FIG. 3. CaM antagonists have a transient inhibitory effect on the phosphorylation of ERKs induced by NGF. (A) PC12 cells were pretreated (1) or not pretreated
(2) for 1 h with W13 and then stimulated (1) or not stimulated (2) with NGF for the indicated times. After treatment, cells were lysed and protein extracts were
analyzed as described in the legend to Fig. 1 to detect ERK phosphorylation. (B) PC12 cells were treated as described in panel A for the indicated times, and protein
extracts were analyzed by Western blotting with an anti-phospho-RSK antibody (P-RSK) and an anti-phospho-CREB antibody (P-CREB) and stripped and reprobed
with an anti-CREB antibody (CREB) as a control for the protein content per lane. (C) PC12 cells were pretreated (1) or not pretreated (2) for 1 h with W12 or W13
and then stimulated (1) or not stimulated (2) for 1 h with NGF. After treatment, cells were lysed and protein extracts were analyzed by Western blotting with an
anti-c-Fos antibody (upper panel) and stripped and reprobed with an anti-a-tubulin antibody (lower panel) as a control for the protein content per lane. p, positive
control for CREB phosphorylation obtained from the antibody supplier (total cell extracts from SK-N-MC cells treated with Forskolin).
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lective MEK inhibitor PD098059 (23, 81) was able to prevent
ERK phosphorylation by NGF stimulation (Fig. 7C), indicat-
ing that ERK phosphorylation upon NGF stimulation of PC12
cells is dependent on a functional MEK.

NGF-induced Raf kinase activation is prevented by CaM
antagonists. The results reported above indicate the existence
of a MEK kinase activity, stimulated by Ras, that would be
modulated directly or indirectly by Ca21 and CaM. The best-
characterized MEK kinases belong to the Raf family and in-
clude Raf-1, B-Raf, and A-Raf (for reviews, see references 32
and 87). In PC12 cells, initial NGF-induced ERK activation
correlates with the activation of Raf-1, whereas sustained ERK

activation correlates with the prolonged activation of A-Raf
and B-Raf (106). The transient modulation of ERK activity by
CaM antagonists suggests that CaM could modulate Raf-1
activity. In order to test this possibility, we analyzed whether
W13 was able to inhibit NGF-induced Raf kinase activation.
Kinase assays were performed with immunoprecipitates ob-
tained by use of specific antibodies against Raf-1, B-Raf, and
A-Raf. As shown in Fig. 8A, Raf-1 activity increased ;9- to
11-fold after 5 min of NGF stimulation and was nearly unde-
tectable after 45 min of NGF treatment. However, W13 pre-
treatment completely prevented the increase in Raf-1 activity
observed after 5 min of NGF stimulation. When the effects of
W13 on B-Raf activation were tested, similar results were
obtained. After 5 min of NGF stimulation, B-Raf kinase ac-
tivity measured by MEK phosphorylation increased ;1.3-fold
compared to that in untreated cultures (Fig. 8B). These in-
creases were completely prevented by pretreatment with W13
(Fig. 8B). NGF was able to maintain the long-term activation
of B-Raf kinase activity. After 45 min of NGF treatment, MEK
phosphorylation due to B-Raf kinase was found to be ;1.2
times that found in untreated cells (Fig. 8B). However, W13
did not have any effect on B-Raf kinase activity (Fig. 8B).
A-Raf kinase activity was not quantifiable at any of the times
tested and seemed to be less relevant for ERK activation (Fig.
8C). W12 had no effect in any of the Raf assays, and the
amounts of Raf immunoprecipitated by the specific antibodies
were comparable among the different experimental conditions
(Fig. 8, lower panels). In all of these assays, W13 efficiently
blocked ERK phosphorylation induced by NGF at 5 min but
not at 45 min (data not shown).

We have assayed the ability of W13 to directly block the
kinase activities of the different Raf proteins. For these assays,
immunoprecipitates obtained with specific antibodies were ob-
tained from PC12 cells treated for 5 min with NGF in a manner
similar to that described for the above experiments. Then, W13
or W12 at various concentrations and up to the dose that
completely blocks c-Raf, B-Raf, or ERK activation in the cells
(i.e., 70 mM) was added to the immunoprecipitates, and kinase
activity was measured. None of the concentrations of W12 or
W13 tested was able to significantly modify the kinase activity
of Raf-1 or B-Raf in these in vitro assays. PC12 cells treated for
5 min with NGF increased their Raf-1 kinase activity 12-fold
(12 6 0.08). Raf-1 kinase activity in lysates from NGF-stimu-
lated cells in which 70 mM W13 was included in the reaction
medium was found to be 11 6 0.39 times that in the nonstimu-
lated control. Comparable results were obtained with B-Raf
(data not shown). These results suggest that CaM inhibitors do
not exert their effects through a direct inhibition of the kinase
activity of Raf-1 or B-Raf but rather through a functional
blockade of a Ca21- or CaM-dependent step that is relevant
for Raf-1 and B-Raf activation at early times of NGF stimu-
lation.

In order to further explore the mechanism by which CaM
regulates Raf activity, we analyzed whether or not CaM
could interact with Raf kinases. For this purpose, we used
CaM coupled to Sepharose beads to precipitate CaM-bind-
ing proteins from cell lysates. Then, we used specific anti-
bodies to analyze the presence of the Raf isoforms in the
CaM-Sepharose precipitates. Using this approach, we found
that Raf-1 was able to precipitate with CaM-Sepharose only
when the cell lysate was supplemented with Ca21 (Fig. 9A,
upper panel). Raf-1 was not recovered in the precipitates
either when EGTA was added to the lysates (Fig. 9A, upper
panel) or when precipitates were obtained with plain Sepha-
rose beads without bound CaM (Fig. 9A, upper panel).
Moreover, when CaM-Sepharose precipitates in the pres-

FIG. 4. CaM inhibitors do not modify the tyrosine phosphorylation of TrkA
and Shc or the association of Grb2 with Shc upon NGF stimulation. PC12 cells
were pretreated (1) or not pretreated (2) for 1 h with W12 or W13 and then
stimulated (1) or not stimulated (2) for 5 min with NGF. After treatment, cells
were lysed and protein extracts were obtained. (A) Protein extracts were sub-
jected to immunoprecipitation with an anti-pan-Trk antibody, and immunopre-
cipitates were analyzed by Western blotting with the anti-Tyr(P) antibody 4G10.
(B and C) Alternatively, protein extracts were subjected to immunoprecipitation
with an anti-Shc antibody, and immunoprecipitates were analyzed by Western
blotting with the anti-Tyr(P) antibody 4G10 (B, upper panel) or with an anti-
Grb2 antibody (C, upper panel) and stripped and reprobed with an anti-Shc
antibody (B and C, lower panels) as a control for the amount of immunopre-
cipitated protein per lane. Arrows indicate the positions of the three isoforms of
Shc proteins. TL, total cell extracts from PC12 cells.
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ence of Ca21 were washed with buffers containing 5 mM
EGTA, Raf-1 was significantly eluted from CaM-Sepharose
beads and was recovered in the supernatants (Fig. 9B).
Interestingly, the CaM–Raf-1 interaction was not dependent
on the state of Raf-1 activation, since we were unable to
observe any significant differences in the amounts of precip-
itated Raf-1 from NGF-stimulated or nonstimulated PC12
cells (Fig. 9A, upper panel). Finally, we were unable to
observe similar behavior for B-Raf despite the fact that
NGF-induced enzyme activity was also modulated by W13
(Fig. 9A, lower panel).

CaM inhibitors prevent the activation of the ERK-MAP
kinases mediated by other tyrosine kinase receptors. In order
to determine the relevance of CaM modulation for the ERK
pathway, we used other stimuli (EGF or BDNF) and other
cellular systems (primary cultures of neurons) to verify similar
dependencies on CaM. Thus, the ability of CaM to modulate

EGF-induced ERK activation in PC12 cells was assessed. W13
at doses similar to those used in the NGF experiments was able
to inhibit EGF-induced ERK phosphorylation (Fig. 10A). This
effect was specific, since W12 had no effect on the modulation
of ERK phosphorylation (data not shown). We also observed
that the effects of W13 on EGF-induced ERK phosphorylation
were transient and comparable to those observed for NGF
(Fig. 10B).

We finally analyzed the involvement of CaM in the activa-
tion of ERK-MAP kinases mediated by BDNF in MTNs. We
have previously demonstrated that chicken embryo MTNs ex-
press functional TrkB receptors that are able to activate the
ERK-MAP kinase and PI 3-kinase signaling pathways after
BDNF stimulation (8, 20). On the basis of these observations,
we wanted to know whether CaM antagonists were able to
block the phosphorylation of ERKs induced by BDNF in cul-
tured MTNs. W13, but not W12, pretreatment completely pre-

FIG. 5. CaM inhibitors do not modify the profile of p21ras activation after NGF stimulation. PC12 cells were pretreated (1) or not pretreated (2) for 1 h with W12
or W13 and then stimulated (1) or not stimulated (2) for 5 or 45 min with NGF. After treatment, cells were lysed and protein extracts were obtained. (A) Protein
extracts were subjected to precipitation with 50 mg of recombinant GST-RBD precoupled to gluthatione-Sepharose (see Materials and Methods). Precipitates were
analyzed by Western blotting with an anti-pan-Ras antibody. Arrows indicate the positions of the proteins. TL, total cell extracts from PC12 cells. (B) Protein extracts
from cell lysates in panel A were analyzed for ERK phosphorylation as described in the legend to Fig. 1. (C) PC12 cells were metabolically labeled with [32P]H3PO4,
pretreated (1) or not pretreated (2) for 1 h with W12 or W13, and then stimulated (1) or not stimulated (2) for 5 min with NGF. Protein extracts were subjected
to a Ras GTP-GDP loading assay as described in Materials and Methods (upper panel). The lower panel (graph) shows the average Ras activity from three independent
experiments expressed as a percentage of GTP normalized by phosphorus according to the expression (GTP counts/3)/[(GTP counts/3) 1 (GDP counts/2)] 3 100. (D)
PC12 and M-M17-26 cells, which constitutively express the dominant negative Ha-ras mutant (Asn-17), were stimulated (1) or not stimulated (2) for 5 min with NGF.
After treatment, cells were lysed and ERK phosphorylation was analyzed as described in the legend to Fig. 1.
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vented the phosphorylation of ERKs induced by BDNF (Fig.
10C).

Taken together, these results suggest that CaM plays a key
role in the early and high activation of ERK-MAP kinases
induced by several tyrosine kinase receptors once these recep-
tors are activated by their specific ligands.

DISCUSSION

The activation of the ERK-MAP kinase pathway by NGF
is one of the best-characterized intracellular signaling path-

ways in PC12 cells (see reference 98). However, the mech-
anisms involved in the regulation of this pathway are not
completely understood. In this context, the results presented
here show that Ca21 and CaM are both necessary for the
high and rapid activation of ERKs upon TrkA stimulation in
PC12 cells. We observed that CaM inhibitors block Raf-1,
B-Raf, MEK, and ERK kinase activities without affecting
the function of upstream elements involved in the activation
of the ERK-MAP kinase cascade, such as Ras, Grb2, Shc, or
Trk. Finally, we show that CaM is also involved in the
activation of the ERK-MAP kinases after EGF stimulation

FIG. 6. PI 3-kinase activity does not contribute to the activation of ERKs after NGF stimulation. (A) PC12 cells were pretreated (1) or not pretreated (2) for 30
min with the indicated concentrations of the PI 3-kinase inhibitor LY294002 or with vehicle (Me2SO) and then stimulated (1) or not stimulated (2) for 5 min with
NGF. After treatment, cells were lysed and protein extracts were analyzed by Western blotting with an anti-phospho-Akt antibody (upper panel) or an anti-phospho-
ERK antibody (middle panel) and stripped and reprobed with an anti-pan-ERK antibody (lower panel) as a control for the protein content per lane. (B) PC12 cells
were stimulated (1) or not stimulated (2) for 1 min with NGF. After treatment, cells were lysed and protein extracts were subjected to immunoprecipitation with the
anti-Tyr(P) antibody 4G10. PI 3-kinase activity was assayed in the immunoprecipitates in the presence (1) or in the absence (2) of 10 mM LY294002. Arrows labeled
PI 3-P32 and Origin indicate the positions of in vitro radiolabeled L-a-phosphatidylinositol and the sample application, respectively.
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in PC12 cells and after BDNF stimulation in primary neu-
rons, such as MTNs.

Most of the studies demonstrating that increases in [Ca21]i
are able to activate ERKs have been performed with excitable
cells (i.e., neurons and rat aortic vascular smooth muscle cells).
In those studies, the increase in cytosolic Ca21 levels was
accomplished by depolarizing the cells or by using Ca21 iono-
phores or agents that are able to release Ca21 from the intra-
cellular stores (e.g., thapsigargin) (reviewed in reference 34).
However, some reports have indicated that NGF and EGF are
able to induce a small and rapid increase in [Ca21]i (57, 65, 80,
92; reviewed in reference 47). More recent results have re-
ported that NGF-induced increases in [Ca21]i seem to arise
from both intracellular stores and extracellular spaces being
mediated by the Trk receptor (16, 48, 75). However, in those
reports, the functional relevance of Ca21 mobilization after
NGF stimulation was not clear. When functional studies were

included, the authors related the Ca21 increases with the reg-
ulation of neurotransmitter release, and no correlation was
established with ERK activation (76). Therefore, the results
presented here indicate an additional and important role for
the Ca21 increase after ligand-induced tyrosine kinase recep-
tor stimulation (Trk or EGF receptor), since we demonstrate
that intracellular Ca21, through a CaM-dependent mechanism,
is required for ERK-MAP kinase activation.

Much attention has been focused in recent years on ascer-
taining the detailed mechanisms by which Ca21 is able to
activate ERKs. CaM has been involved in the activation of the
ERK-MAP kinases after membrane depolarization in MTNs
and in PC12 cells (27, 95). Similar results involving CaM in
ERK-MAP kinase activation have been described with other
experimental approaches (1, 29, 30). Interestingly, most of
these Ca21-dependent mechanisms appear to act at the level
of Ras or further upstream (34, 88), including the involvement
of protein kinases, such as PYK2 and Src, or the transactiva-
tion of EGFR (28, 59, 74, 89, 91, 116). At the level of Ras,
other molecules have been described as potential Ca21 and
CaM regulators of the ERK-MAP kinase pathway. Among
them are Ras GEF proteins such as Ras GRF or Ras GRP (24,
33). However, in our system, CaM seems to regulate NGF-
stimulated ERK activation downstream of Ras, at the level of
Raf, because we have not seen major differences in Ras
activation in cultures treated with or without CaM inhibitors.
Nonetheless, functional Ras is necessary for NGF to activate
the ERK-MAP kinase pathway. A relevant observation in
these experiments is that at the later times analyzed (45 min),
there was a slight increase in the amount of active Ras in
W13-treated cultures (Fig. 5A). Other authors have previously
described increases in Ras and MAP kinase activity as a con-
sequence of treatment of the cells with the CaM inhibitor W13
(9). These authors postulate that CaM normally inhibits ERK
pathway activation at the level of Ras and that the blockade of
CaM with W13 results in an increase in Ras activity, as mea-
sured by the GST-RBD method (9).

Another part of the present work analyzed the possible
involvement of PI 3-kinase in the CaM regulation of ERK
activation. CaM has been reported to interact with and mod-
ulate PI 3-kinase (35, 49). Moreover, several examples dem-
onstrate that PI 3-kinase can modulate the activation of ERK-
MAP kinases by different stimuli. Interestingly, most evidence
suggests that the PI 3-kinase-dependent pathway modulates
ERK activity at some step downstream of Ras (37, 50, 53, 54).
However, although NGF is able to activate PI 3-kinase, we
failed to observe any significant effect of functional PI 3-kinase
inhibitors on the activation of ERKs after Trk stimulation,
suggesting that PI 3-kinase does not contribute to this process.
We obtained similar results with PC12 cells when ERKs were
stimulated by Ca21 influx due to membrane depolarization
(26). It has been reported that the involvement of PI 3-kinase
in the activation of ERKs is a cell- and ligand-dependent phe-
nomenon (22). Thus, it may be possible that the rapid and high
activation of ERKs in PC12 cells does not require PI 3-kinase,
at least after Trk and Ca21 influx stimulation.

We have observed that CaM antagonists inhibit only rapid
and high NGF-induced ERK-MAP kinase activation. The time
course of ERK inhibition observed for cultures pretreated with
CaM antagonists prior to NGF or EGF stimulation correlates
with the time course of the [Ca21]i increase, which is maximal
after 5 min of NGF treatment and gradually decreases even in
the continued presence of NGF (55, 75). From these observa-
tions, we hypothesize that CaM could be necessary for regu-
lating the pathway when Ca21 levels increase in the cytosol.

Another possibility to explain the transient effect of CaM

FIG. 7. CaM inhibitor W13 prevents ERK activation upstream of MEK. (A)
PC12 cells were pretreated (1) or not pretreated (2) for 1 h with W13 and then
stimulated (1) or not stimulated (2) for 5 and 45 min with NGF. After treat-
ment, cells were lysed and protein extracts were analyzed by Western blotting
with an anti-phospho-MEK1/2 antibody (upper panel) and stripped and re-
probed with an anti-MEK1/2 antibody (lower panel) as a control for the protein
content per lane. (B) PC12 cells were transfected with a constitutive form of
MEK1 (CA-MEK) or with a plasmid control (MOCK) (see Materials and Meth-
ods). After 48 h of transfection, cells were treated (1) or not treated (2) with
W13. After treatment, protein extracts were analyzed by Western blotting for
ERK phosphorylation as described in the legend to Fig. 1. (C) PC12 cells were
pretreated (1) or not pretreated (2) for 1 h with 25 mM PD098059 or with 0.1%
Me2SO as a vehicle and then were stimulated (1) or not stimulated (2) for 5 min
with NGF. After treatment, cells were lysed and protein extracts were analyzed
by Western blotting for ERK phosphorylation as described in the legend to
Fig. 1.
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FIG. 8. CaM inhibitors prevent the acute activation of Raf kinases after NGF stimulation. PC12 cells were pretreated (1) or not pretreated (2) for 1 h with W12
or W13 and stimulated (1) or not stimulated (2) for 5 or 45 min with NGF. After treatment, cells were lysed and protein extracts were subjected to immunopre-
cipitation with specific antibodies against Raf-1 (A), B-Raf (B), or A-Raf (C). Immunoprecipitates were used to determine kinase activity with wild-type MEK1 as a
substrate (upper panels) and analyzed by Western blotting with the same antibody used in the immunoprecipitation step as a control for the enzyme content in the
immunoprecipitates (lower panels). Graphs in panels A and B show the average Raf activity (expressed as fold induction over the kinase activity obtained in untreated
cultures) from three independent experiments. pp, P value of ,0.01, as determined by Student’s t test. A-Raf activity was not quantifiable in any of the experimental
conditions. IgG, immunoglobulin G.
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antagonists is that the elements of the pathway involved in the
rapid and initial activation of ERK-MAP kinases after NGF
stimulation are different from those involved in persistent ac-
tivation. In this regard, it has been suggested that the initial
activation of ERK-MAP kinases by NGF is mediated by the
Grb2-SOS complex and requires the small G protein Ras,
whereas the sustained activation is mediated by the CRK-C3G
complex and requires the small G protein Rap1 (68, 71, 112).
These results indicate the possibility that CaM can regulate the
downstream effectors of the Grb2-SOS-Ras pathway but not
those of the CRK-C3G-Rap1 pathway. The main downstream
effector of Ras is Raf-1, which would be responsible for the
initial and transient activation of the ERK-MAP kinase path-
way after NGF stimulation of PC12 cells (71, 106, 112). It has
been proposed that sustained activation of the ERK-MAP
kinases is due to B-Raf through a Rap-1-dependent mecha-
nism (71, 106, 112). However, all these results seem contro-
versial, since Zwartkruis et al. (115) reported that acute acti-
vation of ERK due to EGF stimulation could be mediated by
both Rap1 and Ras, whereas acute activation of ERK due to

NGF stimulation was exclusively mediated by Ras (i.e., the
authors did not detect Rap1 activation). Furthermore, sus-
tained activation due to NGF stimulation seemed to be medi-
ated by a Ras-dependent, Rap1-independent mechanism, since
Rap1 did not seem to be activated by NGF (115). Further-
more, NGF needed functional Ras to stimulate ERKs, at ei-
ther acute or sustained phases. These experiments were per-
formed with PC12 cells stably transfected with a dominant
negative form of Ras under the control of dexamethasone
(107). Further information related to these complex regulatory
mechanisms includes activation by Trk of these two pathways
in response to NGF stimulation of PC12 cells by different
initial adapters. Specifically, Meakin et al. (71) have suggested
that Ras and Rap1 would be activated through the engagement
of Shc and FRS2 proteins, respectively. Moreover, the authors
reported that both adapters would compete for the same phos-
phorylated tyrosine residues of the Trk receptor (Y499 in rat
Trk) (71). Our results show that the most prominent effects of
CaM inhibitors were observed in blocking the initial activation
of the pathway, a phenomenon that is mainly due to Ras and
Raf-1 activation.

The mechanisms that control the activation of Raf-1 remain
incompletely understood (reviewed in reference 73). It seems
clear that an initial and important step for Raf-1 activation is
its binding to Ras. This is a necessary but not sufficient step to
activate Raf-1 (66). The main function of the Ras–Raf-1 in-
teraction seems to be to bring Raf-1 to the plasma membrane,
where it will become phosphorylated at different amino acid
residues of the N-terminal part of the catalytic domain. Phos-
phorylation of two specific residues (S338 and Y341) seems
important for the full activation of Raf-1 (17, 19, 46, 69). On
the other hand, the regulation of B-Raf activity is different. For
example, among other differences, B-Raf does not have a phos-
phorylatable residue equivalent to residue Y341 of Raf-1 (69).
There is little information about the kinases responsible for
Raf-1 phosphorylation. Recently, it has been described that the
p21-activated protein kinase Pak3 phosphorylates Raf-1 at res-
idue S338, both in vivo and in vitro (52). There is no informa-
tion about the kinase(s) that phosphorylates Raf-1 at the Y341
residue.

More important in the present context is the absence of
information about the Ca21 and CaM regulatability of these
Raf kinases. Our present results suggest that CaM could be
one of the important elements regulating the kinase involved
in the phosphorylation that activates Raf-1. In fact, it has been
reported that a CaM-Ks cascade (CaM-KK and CaM-KIV) is
able to modulate the activation of MAPK kinases, mainly p38
and Jun kinase (JNK) and, to a lesser extent, ERK (31). How-
ever, in PC12 cells, CaM-KIV is expressed in limited amounts,
suggesting that another CaM-K, such as CaM-KII, may medi-
ate these effects (31). We have approached the possibility that
CaM-KII could mediate the effects of CaM antagonists on the
activation of ERKs induced by NGF. We have used the specific
CaM-KII inhibitor KN-62 and have observed that it does not
modify significantly the activation of ERKs induced by NGF
(data not shown). In accordance with this result, we were not
able to detect any significant activation of CaM-KII in NGF-
stimulated cells (data not shown). These results correlate with
those recently published by Vaillant et al. (103) showing that
KN-62 treatment does not affect the activation of ERKs in-
duced by NGF in sympathetic neurons. However, these results
do not negate the possibility that other CaM-regulated ki-
nases are involved in Raf-1 phosphorylation and activation.
Further work should be performed in order to confirm or
deny this possibility.

Until now, no direct interaction and/or regulation by CaM

FIG. 9. c-Raf interacts with CaM. (A) PC12 cells were stimulated (1) or not
stimulated (2) with NGF. After treatment, cells were lysed and protein extracts
were subjected to precipitation with CaM-Sepharose (CaM Seph.) in the pres-
ence of 0.1 mM CaCl2 without EGTA (1Ca21) or in the presence of 1 mM
EGTA (2Ca21) (see also Materials and Methods). Seph.1Ca21, precipitates
obtained with Sepharose without CaM in the presence of Ca21. Precipitates were
analyzed by Western blotting with an anti-Raf-1 antibody (upper panel) or with
an anti-B-Raf antibody (lower panel). TL, total cell extracts from PC12 cells. (B)
CaM precipitates obtained from nonstimulated cells in the presence of Ca21

were washed (1) or not washed (2) with lysis buffer containing 5 mM EGTA.
Precipitates (upper panel) and supernatants (snt, lower panel) from three con-
secutive washes were analyzed by Western blotting with an anti-Raf-1 antibody.
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and Raf-1 has been reported. Nevertheless, we show that CaM is
able to specifically interact with Raf-1 in a Ca21-dependent man-
ner. This binding seems relevant, since other members of the Raf
family, such as B-Raf, were not able to bind CaM. Whether this
interaction is responsible for the modulation of Raf-1 activity by
CaM or CaM-regulated kinases remains to be elucidated.
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