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Nerve growth factor activates calcium-insensitive protein kinase C-¢

in PC-12 rat pheochromocytoma cells
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Protein kinase C (PKC) family members were examined in PC-
12 rat pheochromocytoma cells to evaluate their role in the
action of nerve growth factor (NGF). Immunoblot analysis of
whole cell lysates using antibodies against various PKC isoforms
revealed that PC-12 cells contained PKC-a, -4, -¢ and {. Assay of
the protein kinase activity in these different anti-PKC immuno-
precipitates demonstrated that NGF stimulated the kinase
activity of PKC-¢, but not PKC-a, -6 and -{. Both histone
phosphorylation and autophosphorylation of PKC-¢ were in-
creased by treatment of PC-12 cells with NGF. This increased

phosphorylation observed in vitro is rapid, occurring maximally
at 2.5 min and declining thereafter. Moreover, this effect of NGF
is dose-dependent over physiological concentrations of the
growth factor. Although the mechanistic basis for this specificity
in PKC activation is not clear, NGF acutely stimulated the
production of diacylglycerol without causing corresponding
changesin intracellular Ca?* concentrations. These results suggest
that NGF may selectively stimulate the Ca%*-insensitive ¢ isoform
of PKC by a phosphatidylinositol-independent mechanism.

INTRODUCTION

Nerve growth factor (NGF) promotes the survival, growth and
development of a number of sympathetic and sensory neurons.
Although the mechanisms involved in NGF action remain
elusive, it is recognized that early changes in protein phosphoryl-
ation ultimately play an important role in the cellular actions of
the growth factor. A number of serine/threonine kinases have
been identified that are activated in response to NGF [1-4]. The
best studied of these are a series of enzymes thought to be
activated by a linear cascade [5-7]. In this pathway, NGF can
activate the p217* proto-oncogene, followed by the sequential
stimulation of raf-1 kinase [8], MAP (mitogen-activated protein)
kinase kinase [9], MAP kinase [10] and finally ribosomal-protein-
S6 kinase II [11]. These serine/threonine phosphorylations are
initiated by the direct binding of NGF to its receptor, the
phosphoprotein pp140 trk proto-oncogene [12-15]. This receptor
is a protein tyrosine kinase, and both its activity and tyrosine
autophosphorylation are activated in response to NGF.
Although the precise mechanisms whereby the tyrosine kinase
activity of the NGF receptor produce the activation of this serine
kinase cascade remain unclear, numerous studies [8,16,17] in-
dicate that protein kinase C (PKC) enzymes are not required.
Nevertheless, NGF has been reported to activate PKC in PC-12
cells [18,19]. Indeed, phorbol esters reproduce some of the effects
of NGF in PC-12 cells [20-23], and PKC inhibitors can block
certain actions of NGF [19,24]. NGF stimulates the association
of pp140°** with the SH2 domains of phospholipase C (PLC)-
v1, along with the tyrosine phosphorylation of this protein
[14,25]. However, despite this effect of the receptor, NGF-
induced changes in inositol trisphosphate production or Ca*
mobilization are modest [25] or not observed at all [26]. These
findings suggested that PKC activation is mediated by a
phosphatidylinositol (PtdIns)-independent pathway [27-29],
leading to speculation that different sources of diacylglycerol

(DAG) might result in specific activation of isoforms of the
enzyme, resulting in a unique spectrum of activities and substrate
specificities [30]. We report here that NGF specifically activates
the Ca**-insensitive ¢ isoform of PKC, as detected in a specific
kinase assay in vitro, and that this specificity of isoform activation
may result from NGF-dependent DAG formation without Ca?*
mobilization.

MATERIALS AND METHODS
Materials

[y-**P]JATP (3000 Ci/mol) was from Du Pont-New England
Nuclear (Bannockburn, IL, U.S.A.). !*°I-labelled Protein A
(30 mCi/mg) was from Amersham (Arlington Heights, IL,
U.S.A.). NGF 2.5S was from Bioproducts for Science (Indiana-
polis, IL, U.S.A.). Receptor-grade epidermal growth factor
(EGF) was from Collaborative Research (Lexington, MA,
U.S.A)). Insulin was from Eli Lilly (Indianapolis, IN, U.S.A.).
Anti-PKC antibodies and phorbol 12-myristate 13-acetate
(PMA) were from Gibco-BRL (Grand Island, NY, U.S.A)).
PKC substrate (VRKRTLRRL) was from Bachem (Torrance,
CA, U.S.A). Staurosporine, K-252A and H7 were obtained
from Calbiochem (La Jolla, CA, U.S.A.). All other reagents were
purchased from Sigma and were of the highest quality available.

PC-12 cells were grown in 60 mm-diam. dishes. Cells were
washed once with ice-cold PBS, followed by addition of 100 ul of
Laemmli SDS sample buffer [31]. Samples were heated at 100 °C
for 5min, and 30 g portions of protein were loaded on to
SDS/8 %-polyacrylamide gels. Proteins were transferred to nitro-
cellulose paper and immunoblotted with anti-PKC-a, -8, -y, -6,
-¢ or - antibody as described [32].

Abbreviations used: NGF, nerve growth factor; EGF, epidermal growth factor; PKC, protein kinase C; DAG, diacylglycerol; Ptdins,
phosphatidylinositol; PLC, phospholipase C; PMA, phorbol 12-myristate 13-acetate.
* To whom correspondence should be sent, at: Parke-Davis Pharmaceutical Research Division, Warner-Lambert Company, Ann Arbor, Ml 48105,

USA.
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Assay in vitro of PKC activity in iInmunoprecipitates

Before hormone treatment, the medium was replaced with serum-
free medium and incubated for 1 h. Then 10 nM NGF, 10 nM
EGF, 100 nM insulin or 100 nM PMA was directly added to the
medium and the incubation was continued for the indicated time
at 37 °C. After hormone treatment, the medium was removed
and cells were washed once with ice-cold PBS before addition of
HNTG lysis buffer (50 mM Hepes, pH 7.5, 150 mM NacCl, 10 %,
glycerol, 1% Triton X-100, 1.5mM MgCl,, 1 mM EGTA,
10 mM sodium pyrophosphate, 100 xuM sodium orthovanadate,
100 mM NaF, 10 xg/ml aprotinin, 10 #g/ml leupeptin and 1 mM
phenylmethanesulphonyl fluoride) [33]. Lysates were cooled to
0 °C for 5 min, followed by addition of 40 xl of rabbit IgG-
agarose. After incubation at 4 °C for 15 min, samples were
centrifuged at 10000 g for 10 min. Anti-PKC-«, -8, -¢, or -{
antibody was added to the collected supernatants, followed by
incubation for 2 h. Immune complexes were then precipitated
with Protein A—Sepharose and washed three times with the same
lysis buffer, followed by washing with 1 ml of reaction buffer A
(20 mM Hepes, pH 7.4, 1 mM MnCl,, SmM MgCl,) for the
assay of PKC-4, -¢ or -, or reaction buffer B (20 mM Hepes,
pH 7.4, 5 mM MgCl,, 1.5 mM CacCl,) for the assay of PKC-a
[34]. Immune precipitates were resuspended in 20 ul of reaction
buffer, and 2 pl of 50 zM [y-32P]JATP (10 xCi) was added, with or
without phosphatidylserine and PMA [35]. After incubation for
S min at 24 °C, reactions were stopped with Laemmli sample
buffer, and equal amounts of protein were electrophoresed on
SDS/8 %-polyacrylamide gels. Immune-complex phosphoryl-
ation of histone H1 was assayed in the same manner, except that
1 ug of histone H1 was added to each reaction mixture. For assay
of VRKRTLRRL phosphorylation, immunoprecipitates were
incubated with 20 uM of this peptide and 50 uM [y-32P]ATP
(3 xCi) in reaction buffer A for 5 min at 24 °C. The reactions
were terminated with 15 x4l of acetic acid, and spotted on to
Whatman p81 paper, followed by washing with 0.75 mM H,PO,.
Radioactivity was measured by Cerenkov counting. Phospho-
amino acid analysis was performed as described previously [36].

Partial purification of PKC from rat brain

Cerebra (approx. 25 g wet wt.) from male Sprague-Dawley rats
(200 g) were quickly removed and homogenized in a Teflon—glass
homogenizer with 6 vol. of 20 mM Tris/HCI, pH 7.5, containing
0.25 M sucrose, 10 mM EGTA and 2 mM EDTA. The homo-
genate was centrifuged for 60 min at 100000 g and chromato-
graphed on a DE-52 column (14 cm x 3 cm; Whatman) equilib-
rated with 20 mM Tris/HCl, pH 7.5, containing 50 mM 2-
mercaptoethanol, 5 mM EGTA and 2 mM EDTA. After washing
with the same buffer, the enzyme was eluted with a 1200 ml linear
concentration gradient of NaCl (0-0.3 M) at a flow rate of
75 ml/h [37]. PKC activity was assayed in the collected fractions.

Measurements of intracellular Ca**

The fluorescence of fura-2A-loaded cells was measured by
spectrophotometry as previously described [38]. Cells were har-
vested, pelleted, and resuspended in 10 ml of buffer (30 mM
Hepes, pH 7.4, 142 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl,,
3.6 mM NaHCO,, 1 mM M¢gCl,,6H,0, 5.6 mM glucose), fol-
lowed by incubation for 30 min at 37 °C in the presence of 1 mM
fura-2A. Fluorescence was measured in a Shimadzu (Kyoto,
Japan) spectrophotometer by using the excitation wavelengths
340 and 380 nm and the emission wavelength 510 nm. The
fluorescence ratio, displayed as the ordinate, is directly related to
intracellular Ca®* concentration [39].

Assay of cellular DAG

PC-12 cells were extracted with chloroform/methanol (1:2, v/v)
by a modification of the method of Bligh and Dyer [40]. Samples
in the organic phase were dried under N,, dissolved in 20 xl of
7.5% (w/v) n-octyl g-glucopyranoside/5 mM cardiolipin, and
incubated with 0.5 mM [y-32P]JATP (0.1 xCi) and Escherichia coli
DAG kinase [41]. The reaction was terminated by addition of
20 p1 of 1% (v/v) HCIO, and 450 ul of chloroform/methanol
(1:2, v/v), and extracted lipid was quantitatively analysed by
silica-gel t.1.c. with the chloroform/methanol/40 %, methylamine
(10:6:1, by vol.) solvent system. The spot corresponding to
phosphatidic acid was located by autoradiography and scraped,
and radioactivity was measured by Cerenkov counting.

RESULTS

The presence of PKC isoforms in PC-12 cells was evaluated by
Western blotting with specific antibodies. Lysates of PC-12 cells
were subjected to SDS/PAGE, and immunoblotted with anti-
bodies raised against antigen peptides specific for PKC-«, -3, -v,
-8, -¢ and -¢ (Figure 1). All of the antibodies recognized an
immunoreactive band from rat brain extracts (lanes 2). However,
antibodies against PKC-g and -y failed to detect immunoreactive
proteins in PC-12 cells, indicating that these isoforms are not
expressed to significant levels in these cells. In contrast, antibodies
against PKC-a, -4, -¢ and -¢ detected immunoreactive proteins in
PC-12 cells.

To evaluate whether NGF stimulates the specific PKC iso-
enzymes expressed in PC-12 cells, we analysed their distribution
between membrane and cytosolic fractions by immunoblot
analysis. Treatment of cells with PMA for 10 min caused the
apparent translocation of the a, & and ¢ isoforms from the
cytoplasmic to the membrane fraction, whereas the ¢ isoform
was unaffected. In contrast, we were unable to detect any
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Figure 1 Immunoblot analysis of PKC isoforms in PC-12 cells

Lysates of PC-12 cells (lane 1) or PKC purified from rat brain (lane 2) were prepared as
described in the Materials and methods section, and subjected to SDS/PAGE, transferred to
nitrocellulose paper,and immunoblotted with antibodies raised against antigen peptides specific
for PKC-a, -8, -y, -8, -, or -&. For PC-12 lysates, 30 g of protein was loaded; for rat brain,
20 pg of protein was loaded.
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Figure 2 NGF stimulates the activity of PKC-¢ in an immunoprecipitate
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Figure 3 Growth factors stimulate the serine/threonine auto-

assay

PC-12 cells were grown in 150 mm dishes: 10 nM NGF (lane 2) or 100 nM PMA (lane 3) was
directly added to the medium and incubated for 2.5 min at 37 °C (lane 1, C: control). Lysates
were immunoprecipitated with anti-PKC-c (a) or -¢ (b) antibody. Immunoprecipitates were
incubated with 1 zg of H1 histone and 2 ! of 50 uM [y-*2PJATP (10 wCi) for 5 min in kinase
buffer at 24 °C. Reactions were stopped with Laemmli sample buffer and subjected to
SDS/PAGE, followed by autoradiography.

Table 1 Both NGF and PMA stimulate peptide phosphorylation in
anti-PKC-c immunoprecipitates

PC-12 cells were treated for 2.5 min at 37 °C with or without 10 nM NGF or 100 nM PMA.
Lysates were immunoprecipitated with anti-PKC-¢ antibody. Immunoprecipitates were incubated
with 20 M VRKRTLRRL peptide and 50 1M [y-S?P]ATP (3 wCi) for 5 min in reaction buffer
at 24 °C. The reactions were terminated with 15 ! of acetic acid and phosphopeptides were
quantified by filtration.

VRKRTLRRL
peptide
phosphorylation
(pmol/min per mg
Treatment of protein)
Control 736+ 69
NGF 1301+ 114
PMA 1209497

reproducible changes induced by NGF in the distribution of any
of these enzymes, despite examination of a range of time points,
from 20 s until 15 min (results not shown).

Because of the transient nature of hormone-induced PKC
translocation [42], it is possible that we may have missed effects
of NGF due to the time limitations of the experiment. Thus we
examined the phosphorylation in vitro of the different PKC
isoforms. PC-12 cells were treated with or without 10 nM NGF
or 100 nM PMA for 2.5 min. Cells were lysed and proteins were
immunoprecipitated with the specific anti-PKC antibodies, and
the resulting immunoprecipitates were subject to a kinase assay
in vitro with H1 histone and [y-*2P]ATP (Figure 2). Kinase
activity could not be detected in anti-PKC-§ or -¢ immuno-

phosphorylation of PKC-¢ in PC-12 cells

(@) PC-12 cells were grown in 150 mm dishes: 10 nM NGF (lane 2), 10 nM EGF (lane 3),
100 nM insulin (INS; lane 4) or 100 nM PMA (lane 5) was directly added to the medium and
incubated for 2.5 min at 37 °C (lane 1, C: control). Lysates were incubated with anti-PKC-¢
antibody, and immunoprecipitates were incubated with [y-”P]ATP as described in the legend
to Figure 2. Reactions were stopped with Laemmli sample buffer and subjected to SDS/PAGE,
followed by autoradiography. (b) PKC-¢ was phosphorylated in vitro in anti-PKC-e immuno-
precipitates from PC-12 cells treated with or without 10 nM NGF for 2.5 min, as described
above. The phosphorylated 90 kDa band was excised and subjected to phosphoamino acid
analysis by two-dimensional thin-layer electrophoresis. S, T and Y mark the positions of non-
radioactive phosphoserine, phosphothreonine and phosphotyrosine respectively.

precipitates from control cells or cells treated with either agonist
(results not shown), suggesting that antisera used in these
experiments might block the activity of these isoforms. Treatment
of cells with PMA caused increased phosphorylation of H1
histone in the anti-PKC-a immunoprecipitates, although no
autophosphorylation of the enzyme was detected (Figure 2a).
NGF had no effect on histone phosphorylation or autophos-
phorylation in anti-PKC-a immunoprecipitates. In contrast,
treatment of cells with either PMA or NGF stimulated the
phosphorylation of H1 histone in anti-PKC-¢ immunopre-
cipitates (Figures 2b). In addition, both agents increased the
autophosphorylation of the 90 kDa PKC-e. The activation of
PKC-¢ by both PMA and NGF was verified with the synthetic
PKC substrate VRKRTLRRL [18,43]. The phosphorylation of
this peptide was stimulated by both NGF and PMA in anti-
PKC-¢ immunoprecipitates (Table 1).

To explore further the NGF-dependent phosphorylation and
activation of PKC-¢, we examined the autophosphorylation in
vitro in more detail. PC-12 cells were treated with NGF, EGF,
insulin or PMA, and lysates were immunoprecipitated with the
anti-PK C-¢ antibody. The resulting immunoprecipitate was sub-
jected to a kinase assay in vitro with [y-3?PJATP as described
above (Figure 3a). NGF, EGF, insulin and PMA were approxi-
mately equally effective in stimulating the phosphorylation of
PKC-¢ in the kinase assay in vitro. Moreover, the growth-factor-
stimulated phosphorylation of PKC-¢ was not dependent on, nor
stimulated by, direct addition of phosphatidylserine, Ca*" or
PMA to the assay (results not shown). The kinase phosphorylated
in vitro from the immunoprecipitate assay was subjected to
phosphoamino acid analysis (Figure 3b). In cells treated with
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Figure 4 Detection of PKC-c in immunoprecipitates by Western blotting

PC-12 cells were grown in 150 mm dishes. Lysates were immunoprecipitated (I.P.) with pre-
immune rabbit serum (Pre; lane 1) or anti-PKC-¢ antibody (lane 2) and subject to SDS/PAGE,
followed by immunoblotting (I.B.) with anti-PKC-¢ antibody. Lane 3 contains a standard
preparation from rat brain.
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Figure 5 Phosphorylation of PKC-¢ induced by NGF is PKC-dependent

PC-12 cells were grown in 150 mm dishes. After preincubation with 100 nM PMA for 16 h (ON)
(lane 3) or 10 nM staurosporine (SSP; lane 4), 10 nM K-252A (fane 5), or 10 xM H7 (lane
6) for 10 min, PC-12 cells were treated for 2.5 min with 10 nM NGF (lanes 2—6); lane 1, control
(C). Lysates from PC-12 cells were immunoprecipitated with anti-PKC-¢ antibody, and immune-
complex kinase reactions were performed as described in Figure 3.

NGF, immunoprecipitated PKC-¢ contained phosphoserine and
a trace of phosphothreonine, with no detectable phosphotyrosine.

To confirm that PKC-¢ phosphorylation in the assay in vitro
was due to autophosphorylation, we confirmed that PKC-¢ was
present in anti-PKC-¢ immunoprecipitates from PC-12 cells by
Western blotting with the same antibody (Figure 4). In addition,
we examined the effect of PKC inhibitors on the NGF-induced
PKC-¢ activity. Down-regulation of PKC by incubation with
PMA for 16 h, or the addition of staurosporine, K-252A or H7,
attenuated the phosphorylation of the 90 kDa PKC-¢ protein in
the immune-complex assay from cells treated with NGF (Figure
5).

The time course of the stimulation by NGF of PKC-¢
autophosphorylation was evaluated (Figure 6a). Phosphoryl-
ation of the 90 kDa PKC-¢ protein was rapidly increased in
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Anti-PKC-¢

Figure 6 Kinetics of NGF-dependent PKC-¢ phosphorylation in PC-12 cells

(@) PC-12 cells were treated for the indicated times with 10 nM NGF. After treatment, lysates
were immunoprecipitated with anti-PKC-¢ antibody, and immune-complex kinase reactions were
performed as described in Figure 3. (b) PC-12 cells were treated for 2.5 min with the indicated
concentration of NGF, and immunoprecipitate kinase reactions were performed as described
above. C, control.
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Figure 7 Measurement of intracellular free Ca?* by using fura-2 micro-
fluorimetry

EGF (10 nM), NGF (10 nM), ionomycin (fono; 10 xM), digitonin (digi; 100 xM) or EGTA
(20 mM) was added as indicated to fura-2-loaded PC-12 (a) or NIH 3T3-EGFR cells (b) at the
times indicated by the arrows. Ca®* was measured in a spectrophotometer. The fluorescence
ratio, displayed as the ordinate, is directly related to intracellular Ca®* concentration.

immunoprecipitates from cells treated with NGF. Activation of
this phosphorylation was observed as early as 1 min, reached a
maximum at 2.5 min, and declined thereafter. The concentration-
dependence of this effect was also explored (Figure 6b). Treat-
ment of PC-12 cells with as little as 1 nM NGF caused a
significant increase in the phosphorylation of PKC-¢. The effect
was maximal at 10 nM NGF, but declined slightly at higher
concentrations.

Although physiological activation of PKC enzymes generally
results from acute increases in cellular DAG content, the
mechanistic basis for specific activation of isoenzymes is less
clear. In previous studies [30], we could detect no effect of NGF
on polyphosphoinositide hydrolysis. To confirm the lack of
NGF-dependent PtdIns turnover in these PC-12 cells, we also
examined the hormone-induced intracellular mobilization of
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Figure 8 NGF stimulates DAG production

PC-12 cells were grown in 60 mm dishes. At various times after the addition of NGF (10 nM),
the DAG was extracted and its mass was determined by phosphorylation to phosphatidic acid
with £. coli DAG kinase [41]. DAG mass was obtained from the standard curve, and the results
(duplicate determinations in two experiments) are expressed as DAG in treated cells as a
percentage of that in control PC-12 cells (untreated cells, 33 pmol/mg).

Ca?* (Figure 7). Although both ionomycin and digitonin acutely
stimulated the intracellular mobilization of Ca?*, both NGF and
EGF had no effect in PC-12 cells (Figure 7a). However, addition
of EGF to NIH 3T3 cells over-expressing EGF receptor [44]
induced a substantial increase in intracellular Ca?* (Figure 7b).

These results confirmed that PKC-¢ activation occurred
through a mechanism that did not require PtdIns hydrolysis. We
have suggested that NGF-induced DAG may result from the
hydrolysis of glycosyl-PtdIns, since the predominantly DAG
species that was increased in response to NGF was myristate-
labelled [30]. However, the actual mass of DAG produced in
these studies was not determined. To evaluate further whether
the NGF-stimulated phosphorylation of PKC-¢ was due to a
significant stimulation of DAG production, the mass of this lipid
was assayed by the DAG kinase method [41] in PC-12 cells
(Figure 8). NGF treatment caused an acute increase in DAG
within 1 min. This effect was maximal at 5 min, with a doubling
of DAG mass, and declined thereafter.

DISCUSSION

Members of the PKC family are serine/threonine kinases that
were originally discovered by virtue of their Ca?*, phospholipid
and DAG dependence. These enzymes are thought to play a key
role in the regulation of a variety of cellular processes, including
growth, differentiation, secretion and neurotransmitter release
[45]. The different PKC isoenzymes are grouped into Ca?*-
dependent (PKC-a, -gI, -fII, and -y) and Ca?*-independent
(PKC-$, -€ and -{) enzymes. Although the precise roles of these
different family members remain undefined, some preliminary
evidence indicates that they may differ with respect to tissue
expression [46], substrate specificity [47,48], susceptibility to
down-regulation [49,50] and mode of activation [51]. Such results
have led several investigators to examine whether some aspects
of specificity in signal transduction for certain hormones or
growth factors might result from the selective activation of only
certain PKC family members [34,52,53]. Similarly to previous
observations in primary neurons with insulin [34], we report here

that in PC-12 cells NGF selectively activates the ¢ isoform of
PKC, whereas the « isoform is unaffected. Although we were
unable to evaluate the effects of NGF on PKC-¢ and -¢, since
these activities could not be detected in immunoprecipitated
proteins, these data indicate that the Ca%*-dependent isoforms of
the enzyme are not activated by the growth factor.

Although the precise mechanism whereby NGF selectively
activates PKC-¢ remains unknown, it is likely that phospho-
inositide hydrolysis is not involved. The growth factor does not
exert significant effects on PtdIns turnover or Ca®* mobilization,
but does stimulate the hydrolysis of glycosyl-PtdIns in PC-12
cells [30]. NGF-dependent DAG production may also arise via
the hydrolysis of other cellular phospholipids, through a
phospholipase C or D mechanism [27-29]. In either event, the
generation of DAG without the simultaneous mobilization of
Ca?* may provide a mode for the selective activation of the Ca?*-
insensitive ¢ isoform of PKC.

The lack of effect of NGF on PtdIns turnover or Ca**
mobilization in PC-12 cells remains puzzling, since the factor
markedly stimulates the phosphorylation of PLC-yl in these
cells. One possible explanation may relate to the magnitude of
the effect; fluorescence measurements may not be sufficiently
sensitive to detect small changes in Ca?* in these tumour cells.
Another possibility is that the binding of pp140¢** to PLC-y1
may play a separate regulatory role, perhaps modulating the
binding of other SH2 proteins to the receptor [14]. Conversely,
the activity of PLC-y1 may be subject to cross-regulation, via the
NGPF-specific 38 kDa associated phosphoprotein [54].

What is the role of PKC-¢ activation by NGF? Early reports
indicated that NGF-induced neurite-outgrowth could be blocked
by the PKC inhibitor staurosporine [55], although later studies
[16,56,57] revealed that this compound potently inhibits NGF-
receptor tyrosine autophosphorylation. Phorbol esters can mimic
some of the effects of NGF, such as neurite outgrowth [58] and
c-fos induction [59], and lead to phosphorylation of some of the
same sites on tyrosine hydroxylase [60] and peripherin [61].
However, down-regulation of PKC did not attenuate NGF-
induced differentiation of PC-12 cells [62]. Similarly, the blockade
of ras isoprenylation did not compromise the effects of NGF on
differentiation, phosphorylation of tyrosine hydroxylase or in-
duction of ornithine decarboxylase [63], although other reports
indicate that both ras and raf activation are involved in the
stimulation of the MAP kinase pathway and subsequent differ-
entiation of PC-12 cells [5,6]. Taken together, these experiments
indicate that pathways involving either p217* or PKC activation
may be sufficient, but not necessary, to mediate some of the
effects of NGF, reflecting the redundancy of signalling pathways
involved in growth and differentiation.

We thank Dr. Stuart Decker, Dr. Harry LeVine, Dr. David Dudley and Dr. Berta
Strulovici for helpful discussions.
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