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ABSTRACT

The 38-amino-acid isoform of pituitary adenylate cyclase-acti-
vating polypeptide (PACAP38) elicits a robust outgrowth of
neurites in cultured PC12 cells. Initiation of neurite outgrowth
occurs within 4-8 hr after the addition of PACAP38. Treatment
with PACAP38 does not elicit collateral activation of p140'™
nerve growth factor receptor tyrosine kinase activity, nor is it
associated with tyrosine phosphorylation of suc1-associated
neurotrophic factor target, a selective target of neurotrophin
tyrosine kinase receptors. Coadministration of epidermal
growth factor with PACAP38 elicits an enhanced response.
Induction of neurites is also observed on the addition of
PACAP38 to dominant negative Src and Ras PC12 cell variants.
PACAP38 stimulates extracellular signal-regulated kinase (Erk)
activity >10-fold within 5 min, and the effect is augmented by
cotreatment with epidermal growth factor. Pretreatment with

the cAMP-dependent protein kinase-selective inhibitor, H-89,
is ineffective as an antagonist of PACAP38-induced neurite
outgrowth, whereas down-regulation of protein kinase C (PKC)
by phorbol ester or incubation with PKC-selective inhibitors
GF109203X and calphostin C effectively blocks PACAP38-
stimulated neurite formation. Stimulation of Erk activity is inhib-
ited by incubation with PD90859, a pharmacological antagonist
of the threonine/tyrosine dual-specificity Erk. Inhibition of li-
gand-stimulated Erk activation prevents PACAP38-induced
neurite outgrowth. Collectively, these findings indicate that
PACAP38-stimulated neuritogenesis requires PKC and Erk ac-
tivation but is independent of cAMP-dependent protein kinase,
nerve growth factor receptor tyrosine kinase, p21™@¢ G protein,
and pp60°~°° cytoplasmic tyrosine kinase.

The PC12 cell line, derived from a rat adrenal medullary
pheochromocytoma tumor, has been used extensively as a
model for investigating biomolecular events involved in neu-
ronal differentiation. In the presence of nanomolar concen-
trations of the neurotrophin NGF, replicating PC12 cells
cease to divide and extend neuritic processes indicative of
phenotypic transformation to a neuronal phenotype charac-
teristic of sympathetic neurons (Fujita et al., 1989). The

I. neurodifferentiative effects of NGF in PC12 cells are elicited

by interaction of the neurotrophin with two distinct cell sur-
face receptors: p75NG¢FR: which binds all members of the
neurotrophin family, and p140**, a prototypic receptor ty-
rosine kinase that selectively binds NGF and is activated by
interaction with its cognate ligand (Kaplan and Miller, 1997).
Many of the biological activities elicited by NGF are medi-
ated by ligand-dependent activation p140%™* tyrosine kinase
activity. Binding of NGF to p140“* stimulates rapid tyrosine
autophosphorylation of the receptor, as well as activation of

ABBREVIATIONS: NGF, nerve growth factor; PACAP38, pituitary adenylate cyclase-activating polypeptide with 38 residues and an amidated
carboxyl terminus; EGF, epidermal growth factor; Src, pp60°S™ cytoplasmic tyrosine kinase; Trk, p140"™ nerve growth factor receptor tyrosine
kinase; Ras, p21™° G protein; Erk, extracellular signal-regulated kinase; MEK, threonine/tyrosine dual-specificity extracellular signal-regulated
kinase; PVDF, polyvinylidene difluoride; SNT, suc1-associated neurotrophic factor target; PMA, phorbol-12-myristate-13-acetate; PKA, cAMP-
dependent protein kinase, PKC, calcium- and phospholipid-dependent protein kinase C; MBP, myelin basic protein; PC12nnr5, a pheochromo-
cytoma PC12 clone nonresponsive to NGF; PC12-6.24, a PC12 clone overexpressing human p140"™; GsRasDN6, dexamethasone-inducible,
dominant-negative Ras PC12 clone; M-M17-26, stable, dominant-negative Ras PC12 clone; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide

gel electrophoresis.
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several signal transduction cascades, including the Ras-Erk
pathway, phospholipase-Cvy1, phosphatidylinositol-3 kinase,
and SNT (Kaplan and Miller, 1997). Additionally, a role for
pp60°** in the transduction of NGF biological signals has
been proposed (Keegan and Halegoua, 1993).

PC12 cells also express cell surface receptors for various
other peptides, including EGF (Lazarovici et al., 1987), a mild
mitogen for these cells (Huff et al., 1981), as well as type I and
type II receptors for the PACAP38 and PACAP27 (Deutsch
and Sun, 1992; Cavallaro et al., 1995). These two isoforms of
PACAP represent alternatively processed forms of a precur-
sor protein that share in common 27 amino-terminal amino
acids. Both forms exhibit substantial amino acid sequence
homology with vasoactive intestinal peptide (Miyata et al.,
1990). PACAP type I and II receptors are seven membrane-
spanning, G protein-coupled moieties that mediate activation
of adenylate cyclase and phospholipase C (Spengler et al.,
1993). In PC12 cells, both PACAP38 and PACAP27 activate
these signaling pathways but with different efficiencies.
PACAP38 is 200-fold more potent than PACAP27 in promot-
ing phospholipase C-mediated inositol phospholipid metabo-
lism (Deutsch and Sun, 1992), whereas both peptides are
equally potent with respect to activation of adenylate cyclase
and elevation of cAMP (Deutsch and Sun, 1992). The neurite-
inducing activity of PACAP38 in PC12 cells is markedly more
robust than that observed for PACAP27 (Deutsch and Sun,
1992). The vigorous neuritogenic activity of PACAP38 has
been observed in a variety of systems, including numerous
clones of PC12 (Deutsch and Sun, 1992; Hernandez et al.,
1995; Colbert et al., 1994; Barrie et al., 1997; Lazarovici et al.,
1997Db), rat chromaffin cells (Wolf and Krieglstein, 1995), and
human neuroblastoma cells (Deutsch et al., 1993). The signal
transduction pathway or pathways responsible for mediating
PACAP-induced neurite outgrowth remain to be definitively
identified, and their elucidation could reveal fundamentally
novel mechanisms responsible for regulating processes asso-
ciated with morphological neuronal development. The coex-
istence of receptors for NGF, EGF, and PACAP on the mem-
brane surface of PC12 cells, coupled with recent progress in
detailing the intracellular signaling pathways activated by
these receptors in a ligand-dependent manner, demonstrates
that the PC12 cell model is well suited for investigating
cooperative, synergistic interactions between distinct fami-
lies of peptide growth factors. Specifically, the issue of signal
transduction cascade cross-talk between G protein-linked
PACAP receptors and the tyrosine kinase activity of EGF-
stimulated growth factor receptors resulting in neurotrophic
activity may be investigated.

In the current study, a number of variant PC12 cell lines
expressing different levels of p140*™ (Chao 1992), dominant-
negative Ras (Green et al., 1986), or Src (Hempstead et al.,
1992) PC12 transfectant cells and pharmacological inhibitors
were used to elucidate the roles of Trk, Ras, Src, Erk, PKA,
and PKC in promoting PACAP-stimulated neurite out-
growth. Results obtained indicate that PACAP-induced neu-
ritogenesis in PC12 cells is Trk-, Ras-, Src-, and PKA-inde-
pendent but PKC- and Erk-dependent.

Materials and Methods

Mouse NGF, EGF, and rat collagen type II were purchased from
Collaborative Biomedical (Bedford, MA). Dexamethasone, poly-L-lysine,

myelin basic protein, and PMA were obtained from Sigma Chemical (St.
Louis, MO). PD98059 was acquired from Research Biochemicals Inter-
national (Natick, MA). U73122, GF109203X, calphostin C, and stauro-
sporine were purchased from Calbiochem (La Jolla, CA). H-89 [N-[2-
((p-bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide,
dihydrochloride] was obtained from Alexis (San Diego, CA). Rat
PACAP38 and the antagonist PACAP(6-38) were acquired from Pen-
insula Laboratories (Belmont, CA). Monoclonal anti-phosphotyrosine
antibody (clone 4G10) was procured from Upstate Biotechnology (Lake
Placid, NY). Polyclonal antibodies directed against TrkA (C14), Src,
Ras, and Erk were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Monoclonal anti-EGF receptor antibody was obtained from
Medical and Biological Laboratories (Nagoya, Japan). Anti-phosphory-
lated Erk antibody was generously provided by Dr. Eric Schaeffer
(Promega, Madison, WI). [*’H]Thymidine and [y-32P]ATP were acquired
from Amersham (Arlington Heights, IL). K-252a [8R*9S*,11S*-(—)-9-
hydroxy-9-methoxycarbonyl-8-methyl-2,3,9,10-tetrahydro-8,11-epoxy-
1H,8H,11H-2,7B,11a-triazadibenzo(a,g)cycloocta(c,d e)trindene-1-one]
and staurosporine were kindly given by Dr. Y. Matsuda (Kyowa Hakko
Koygo, Tokyo, Japan). Sp-cAMP was purchased from Boehringer-
Mannheim (Mannheim, Germany).

Cell culture. PC12 cells were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 7% fetal bovine serum, 7% horse
serum, 100 pg/ml streptomycin, and 100 units/ml penicillin (Life
Technologies, Grand Island, NY) (Lazarovici et al., 1987). In exper-
iments involving extended treatment with growth factors, the me-
dium was changed, and test agents replenished factors every 48 hr.
PC12nnr cells were grown in collagen-coated tissue culture dishes in
RPMI 1640 medium (Life Technologies) supplemented with 10%
horse serum and 5% fetal bovine serum (Lazarovici et al., 1997b).
PC12-6.24 cells, a clone of PC12 manipulated to overexpress human
p140%* were grown under culture conditions comparable to those for
wild-type PC12 cells except for the inclusion of 200 ug/ml G418 (Life
Technologies) (Lazarovici et al., 1997b). During treatment with test
article, G418 was removed from the medium. PC12 cell variant cell
line, GSrasDN6, which expresses a dominant-negative ras gene un-
der the transcriptional control of the mouse mammary tumor virus
promoter (Lazarovici et al., 1997b); M-M17-26, expressing the Ha-
ras Asnl7 gene under the transcriptional control of the mouse met-
allothionein-I promoter (Lazarovici et al., 1997b); and srcDN2, mod-
ified to express the K295R mutant (kinase inactive) form of chicken
Src under transcriptional control of the cytomegalovirus promoter
(Lazarovici et al., 1997b), were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 5%
horse serum. In experiments involving dexamethasone treatment,
cells were switched to media supplemented with charcoal-stripped
serum 24 hr before stimulation with 500 nM dexamethasone.

Immunoprecipitation and immunoblotting. Cells were
plated in 10-cm tissue culture dishes 1 day before initiation of ex-
periments. After treatment with selected growth factors, cultures
were washed twice with Tris-buffered saline (20 mm Tris'HCI, pH
8.0, 137 mMm NaCl) and subjected to lysis in 1 ml of 1% Nonidet P-40
lysis buffer (20 mM Tris'HCl, 137 mM NaCl, 0.5 mm EDTA, 10%
glycerol, 1 mM phenylmethylsulfonyl fluoride, 0.15 unit/ml aproto-
nin, 20 mM leupeptin, 1 mM sodium vanadate) at 4° for 20 min.
Insoluble material was removed by centrifugation for 10 min at
12,000 X g. Lysate aliquots were diluted in SDS sample buffer (0.06
mM Tris'HCl, pH 6.8, 12.5% glycerol, 1.25% SDS, 5% B-mercapto-
ethanol, 0.002% bromphenol blue), boiled for 5 min, and then sub-
sequently electrophoresed through 7.5% polyacrylamide gels or ly-
sates were subjected to immunoprecipitation with anti-TrkA or anti-
Erk antibodies for 2 hr at 4° with continuous agitation, followed by
an additional 2-hr incubation with Protein A-Sepharose. Precipitates
were washed three times with lysis buffer and once with water and
then boiled for 5 min in SDS sample buffer and subjected to SDS-
PAGE on 7.5% polyacrylamide gels. After SDS-PAGE, resolved pro-
teins were transferred to nitrocellulose. Blots were probed overnight
at 4° with the primary antibodies and analyzed using enhanced

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wol) papeojumod


http://molpharm.aspetjournals.org/

MO
PHARM

aspew

chemiluminescence systems with horseradish peroxidase-coupled
secondary antibodies. After visualization on film, quantitation was
performed by densitometry.

Erk kinase assay. Washed Protein A resin containing immuno-
precipitated Erk was suspended in 30 ul of kinase assay buffer [7.5
mM HEPES, pH 7.5, 10 mm MgCl,, 1 mwm dithiothreitol, 2.5 um
protein kinase A inhibitor peptide PKI(6-22)-amide, 225 uM cold
ATP, 25 uCi of [y->?P]ATP, 500 ug/ml MBP as the kinase substrate]
and incubated for 30 min at room temperature. The reaction was
terminated by adding 30 ul of 2X SDS sample buffer. Samples were
heated for 5 min and then electrophoresed through a 4-20% Tris-
glycine gradient gel (NOVEX). After electrophoretic resolution, ra-
diolabeled proteins were transferred to Immobilon PVDF mem-
branes. Phosphorylated MBP was visualized by exposure of the
membranes to XAR film (Eastman Kodak). MBP-associated radioac-
tivity was quantified by liquid scintillation counting of bands excised
from the membrane. Dual threonine/tyrosine phosphorylation of ac-
tivated Erk was demonstrated by Western blotting conducted as
specified in a protocol developed by Promega.

PKA assay. Growth factor-stimulated activation of cAMP-depen-
dent PKA was assessed in PC12 cells using a protein kinase assay
system obtained from Life Technologies. The assay was conducted in
accordance with the manufacturer’s specifications. In brief, PC12
cells treated with specified test article were washed with ice-cold
PBS containing 1 mM NazVO, and sonicated in extraction buffer (5
mM EDTA, 59 mm Tris, pH 7.5), and cellular debris was removed by
centrifugation in a microfuge at 4°. Aliquots of cellular extract were
incubated for 5 min at 30° in an assay buffer composed of 50 mMm Tris,
pH 7.5, 10 mM MgCl,, 100 uM [y-32P]ATP, 0.25 mg/ml bovine serum
albumin, and 50 uM Kemptide as a substrate for PKA. Reactions
were terminated by spotting an aliquot of the reaction mixture onto
phosphocellulose discs. The spotted discs were washed twice with 1%
(v/v) phosphoric acid followed by two washes with H,O. Washed discs
were placed into scintillation vials, and the peptide-incorporated 2P
was quantified by liquid scintillation counting.

Neurite outgrowth assay. To evaluate neurite outgrowth, cells
were plated at low density (1000-5000 cells/dish) on collagen- and
poly-L-lysine-coated tissue culture dishes in the appropriate me-
dium. Cultures were treated for different periods of time with the
indicated reagents, examined by light microscopy using an inverted
Nikon-Diaphot microscope, and photographed at 320X magnifica-
tion.

Results

PACAP38-induced neurite outgrowth in PC12 cells
is p140** independent and is facilitated by coadmin-
istration with EGF. To demonstrate that PACAP38-elic-
ited neuritogenesis does not involve collateral activation of
high affinity, p140** NGF receptors, PC12 cell variants ex-
pressing variable levels of neurotrophin receptors were used
(Fig. 1). Wild-type PC12 cells, which express both low affin-
ity, p75 pan-neurotrophin binding receptors, and p140%k,
exhibit neurite outgrowth on treatment with NGF (Chao,
1992; see references). PC12nnr5 cells, a PC12 variant ex-
pressing levels of p75 comparable to wild-type cells but un-
detectable levels of p140**, do not elaborate neurites in re-
sponse to NGF administration (Green et al., 1986).
Overexpression of p140%% in wild-type PC12 cells results in
accelerated neurite outgrowth when NGF is present (Hemp-
stead et al., 1992). Each of these PC12 cell lines expresses
EGF receptors (Lazarovici et al., 1997b). Uniformly, treat-
ment of each PC12 cell line variant with EGF (10 ng/ml) fails
to elicit neurite outgrowth under routine culture conditions
(data not shown), indicating that stimulation of EGF receptor
tyrosine kinase activity in and of itself is insufficient to
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induce a neuronal morphological phenotype in any of these
cell lines.

Treatment of PC12 variant cultures for 48 hr with 5 nm
PACAP38 was observed to promote neurite outgrowth irre-
spective of the level of p140"* receptors expressed (Fig. 1,
Table 1). Inhibition of PACAP38-stimulated neurite out-
growth in the variant PC12 cell lines by the antagonist
PACAP 6-38 (data not shown) indicates that the effects on
PC12 cell morphology are mediated by PACAP-selective re-
ceptors. To determine whether coactivation of a non-neuro-
trophin, tyrosine kinase-initiated signal transduction cas-
cade might amplify PACAP38-induced neurite outgrowth,
each of the variant PC12 cell lines was treated with a com-
bination of PACAP38 (5 nm) and 10 ng/ml EGF. The conse-
quence of this coadministration in each of the cell lines tested
was a more robust neuritogenic response than noted for
PACAP38 alone (Fig. 1). Collateral activation of p140*™* was
not elicited by PACAP38, EGF, or the combination of
PACAP38 and EGF (Fig. 2). Similarly, these non-neurotro-
phin peptides did not elicit tyrosine phosphorylation of the
nuclear protein SNT (Fig. 2), an event reported to be essen-
tial for the elaboration of neurites induced by NGF (Rabin et
al., 1993). Moreover, PACAP38-induced neurite outgrowth
was not affected in any of the PC12 variant cell lines by
pretreatment with 250 nm K-252a (data not shown), a highly

CONTROL PACAP 38 + EGF

PACAP 38

PC12-6.24

v .__. - :- d _:

Fig. 1. PACAP-induced neurite outgrowth in wild-type PC12 cells and
variant clones occurs independently from activation of p140**, Wild-type,
PC12nnr5 (low level p140**), and PC12 6.24 (p140*™* overexpression)
cells were seeded at low density (1000-5000 cells/dish) on collagen/poly-
L-lysine-coated culture dishes. Cultures were maintained for 48 hr in the
absence (CONTROL) or presence (PACAP38, PACAP38 + EGF) of
PACAP38 (5 nm) and EGF (10 ng/ml). Cultures were evaluated for evi-
dence of neurite outgrowth by light microscopy using an inverted Nikon-
Diaphot microscope and photographed at 320X magnification. Scale bar,
25 pm.

2102 ‘T Jaqwiadaq uo 1sanb Aq 6o sjeuinofiadse:w.reydjow wol) papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspew

550

Lazarovici et al.

selective inhibitor of NGF-induced, p140%* tyrosine kinase
activity (Koizumi et al., 1988; Berg et al., 1992) and subse-
quent induction of neurites in PC12 cells. Collectively, these
findings demonstrate that PACAP38 does not elicit neurite
outgrowth in PC12 cell variants through coactivation of
p140** NGF receptors.

PACAP38-induced neurite outgrowth in PC12 cells is Src
and Ras independent

Variant PC12 cell lines were used to determine whether
Src tyrosine kinase activity or Ras activation is involved in
PACAP38-stimulated neurite outgrowth. Incubation of
SrcDN2 variant PC12 cells with dexamethasone results in
glucocorticoid-induced overexpression of a kinase-inactive
dominant negative Src (Fig. 3). Similarly, the addition of
dexamethasone to cultures of GSrasDN6 PC12 variants re-
sults in transient overexpression of a dominant negative
mutant Ras (Fig. 3). The PC12 variant line M-M17-26, in
which the Ras mutation is stably expressed without requir-
ing glucocorticoid treatment of the cultures (not shown), was
used as well. All of the cell lines demonstrate detectable
levels of EGF receptor (Fig. 3). Each of these variant cell lines
was treated with PACAP38 or PACAP38 plus EGF, and the
extent of neurite outgrowth was evaluated (Fig. 4). In
SrcDN2 PC12 cells, PACAP38 unambiguously induces the
initiation of neuritic process outgrowth with coadministra-
tion of EGF amplifying the response (Fig. 4). Addition of
PACAP38 or PACAP38/EGF to the Ras dominant negative-
expressing PC12 variants M-M17—-26 or GSrasDNG6 cells pre-
treated 24 hr with dexamethasone also elicited the outgrowth
of neurites. In each instance, the extent of neuritic outgrowth
induced by the addition of PACAP38 was significant com-
pared with untreated, control cultures (Table 1). Again, am-
plification of the PACAP38-induced neurite outgrowth re-
sponse by simultaneous addition of EGF was observed,
consistent with the noted expression of EGF receptor in each
cell line. Collectively, these observations indicate that Src
and Ras are unlikely to be involved in mediating PACAP38-
stimulated neuritogenesis. In contrast, NGF failed to elicit a
neurite outgrowth response in these variant, dominant neg-
ative Src/Ras cell lines (data not shown) as reported previ-
ously (Lazarovici et al., 1997a). The decreased percentage of
cells exhibiting neurite outgrowth in response to PACAP38
in nnr5, SrcDN, and RasDN variant lines compared with
wild-type PC12 cells may be attributable, in part, to the
clonal selection of colonies with lower levels of PACAP recep-

TABLE 1

tor expression. Additional subcloning for PACAP receptors
has not been performed.

Time-dependent, PACAP38-induced stimulation of
Erk kinase activity: potentiation by coadministration
with EGF. Addition of PACAP38 (5 nm) to wild-type PC12
cells elicits a rapid increase in Erk kinase activity, reaching
a maximum of 12.1 * 4.2-fold above untreated control cul-
tures within 5 min of treatment (Fig. 5). In the continuous
presence of PACAP38, Erk activity declines to a level that
remains ~2-fold above basal activity to 2 hr after the addi-
tion (Fig. 5). Increasing the concentration of PACAP38 failed
to further elevate the level of Erk activation observed at 5
min. Considerably higher peaks in stimulated Erk activity
were achieved by the addition of NGF (50 ng/ml) or EGF (10
ng/ml) reaching levels that were 22.5 = 6.7- and 19.5 =
6.7-fold above control values, respectively, at 5 min after
treatment (Fig. 5). Simultaneous addition of PACAP38 (5 nm)
and EGF (10 ng/ml) resulted in the maximal (24.5 * 9.9-fold)
increase in Erk activity observed 5 min after treatment. The
decline in PACAP38/EGF-stimulated Erk activity that occurs
from the peak levels observed at 5 min is comparable to
results obtained for NGF (Fig. 5). At 120 min after the addi-
tion, Erk phosphorylating activity remains at ~4-fold above
basal levels for both NGF and PACAP38/EGF-treated cul-
tures. Continued culturing of PC12 cells in the presence of
PACAP38 alone, beyond 2 hr, and to 72 hr reveals a second-
ary stimulation of Erk activity occurring at 24 hr after
PACAP38 addition (Fig. 5, inset).

PACAP38-stimulated Erk kinase activity is partially
mediated by PKA. PACAP type II receptor activates ade-
nylate cyclase through coupling to the guanine nucleotide
binding protein G, (Miyata et al., 1990; Deutsch and Sun,
1992). To determine whether PKA is involved in PACAP38-
induced Erk kinase activation, experiments were conducted
using an analog of cAMP to activate PKA. Treatment of PC12
cells with the stable, cAMP analog sp-cAMP (25 um) for up to
72 hr was without effect on the level of Erk activity (Fig. 5,
inset) as reported previously (Richter-Landsberg and Jas-
torff, 1986; Barrie et al., 1997), although a transient neurite
outgrowth response has been observed in PC12 cells as a
consequence of elevating intracellular cAMP levels (Richter-
Landsberg and Jastorff, 1986). As an alternative approach
for testing the hypothesis that activation of PKA is required
for PACAP38-mediated induction of Erk activity, H89, a po-
tent, relatively selective inhibitor of PKA, was used (Chijiwa
et al., 1990). At a concentration of 20 uM, the amount used in

Quantification of neurite outgrowth induced by PACAP38 in variant PC12 cell lines

The following PC12 cell lines were seeded at low density (1000—-5000 cells/dish) on collagen/poly-L-lysine-coated tissue culture dishes: wild-type, nnr5 (NGF-nonresponsive),
6.24 (p140°* overexpressing), SrcDN2 (induced dominant negative Src), RasDN6 (induced dominant negative Ras), and M-M17-26 (constitutive dominant negative Ras).
Cultures were incubated 48 hr in the absence or presence of PACAP38, examined by light microscopy, and photographed. Neurite length, measured directly from photographs,
is expressed as a function of cell diameter. In untreated, control cultures for each cell line, <5% of the cells exhibit neuritic processes with an overall length less than one

cell diameter.

Neurite length

PC12 cell line (X cell diameter)

error)

% Neurite-bearing cells
(mean * standard

No. of fields

evaluated No. of cells/field

Wild-type 2-3 80.7 = 7.5¢
nnr5 1-2 52.8 + 8.9
6.24 2-4 85.1 + 8.1
SrcDN2 1-2 64.6 + 7.3
RasDN6 1-2 41.0 + 8.6
M-M17-26 1- 54.7 + 10.6°

12 600
9 160
12 220
9 90
15 140
12 170

¢ Statistically significant (p < 0.001) compared with neurite outgrowth in untreated control cultures by analysis of variance.
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experiments reported here, H89, an isoquinoline-sulfon-
amide, inhibits PKA but not calcium-calmodulin kinases,
protein kinase C, casein kinase II, or cGMP-dependent pro-
tein kinases (Chijiwa et al., 1990). By comparison, K-252a, a
microbial alkaloid, when added to PC12 cells at a concentra-
tion of 200 nM, inhibits not only NGF-induced p140‘* ty-
rosine kinase activity but also a number of the previously
mentioned protein kinases (Lazarovici et al., 1997a). Pre-
treatment of PC12 cells for 30 min with 0.2% methanol
(control), 20 um H89, or 200 nm K-252a was followed by the
addition of NGF (50 ng/ml), EGF (10 ng/ml), PACAP38 (5
uM), PACAP38 and EGF, or no peptides. In control cells,
NGF, EGF, PACAP38, and PACAP38+EGF stimulated Erk
kinase activity by 12.3-, 16.5-, 5.2-, and 20.0-fold respectively
(Fig. 6). As was noted previously (Fig. 5), the combination of

CONTROL
PACAP 38
PACAP 38 + EGF

NGF
EGF

t—— trkA-P

!

~+— SNT

-
Fig. 2. PACAP38 does not induce tyrosine phosphorylation of p140trk or
the neurotrophin target nuclear protein SNT. Cultures of PC12 6.24 cells
were incubated for 5 min with NGF (50 ng/ml), EGF (10 ng/ml), PACAP38
(5 nm), or PACAP38 + EGF or left untreated (CONTROL). Lysates
prepared from the cultures were immunoprecipitated with anti-TrkA
antibody or p13s'“!-agarose, proteins were resolved by SDS-PAGE, and
blots were probed with 4G10 anti-phosphotyrosine antibody after trans-
fer to PVDF membranes. The positions of tyrosine phosphorylated TrkA
and SNT are indicated.

L7 #]

P
- [} [ ] Q
500 B 3
B =% B v ~
P ® < kGFR

- lt—— trkA

----r'-\i—Src
- ‘-——4—1135

Fig. 3. Detection by Western blotting of dominant negative Src, Ras, and
EGF receptor in PC12 cell lines. Protein-normalized lysates prepared
from wild-type and variant PC12 cultures were electrophoresed through
7.5% polyacrylamide gels, and resolved proteins were transferred to
nitrocellulose membranes and blotted with anti-Src, Ras, EGF receptor
(EGFR), and TrkA antibodies. Arrows, positions. PC12, PC12nnr5, and
PC126.24 cells were included for purposes of comparing protein expres-
sion levels across the spectrum of PC12 variant cell lines.
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PACAP38 and EGF exhibited an additive effect with respect
to Erk activation. Pretreatment with H-89 (30 min) inhibited
NGF, EGF, PACAP38, or PACAP38/EGF stimulation of Erk
kinase activity by 76%, 74%, 65%, and 75%, respectively. As
anticipated (Lazarovici et al., 1997a), prior treatment with
K-252a completely blocked NGF-stimulated Erk activity
(>99% inhibition). In addition, Erk stimulation by EGF,
PACAP, or PACAP38/EGF was inhibited by K-252a 69%,
48%, and 67%, respectively (Fig. 6). It should be noted that
with the exception of the K-252a and NGF combination, the
effect of inhibitor pretreatment on peptide-stimulated Erk
activation was due, in large measure, to an inhibitor-medi-
ated increase in basal Erk activity. Maximal peak stimula-
tions of Erk elicited by acute (5-min) treatment with EGF,
PACAP38, or PACAP38 plus EGF were not diminished by
pretreatment with either K-252a or H-89. The peak level of
Erk MBP phosphorylating activity induced by NGF was re-
duced to the base-line value observed in K-252a- but not
H-89-pretreated control cultures.

Results for the activation of PKA by the same peptide
additions as described above are presented in Table 2. Again,
maximal stimulation was obtained by combined administra-

CONTROL PACAP 38

PACAP 38 + EGF

SrcDN2

RasDN6

Fig. 4. Induction of neurite outgrowth by PACAP38 in PC12 cells is Src
and Ras independent. The src dominant/negative PC12 cell line variant,
SrcDN2, and ras dominant/negative PC12 variants RasDN6 (transient,
dexamethasone-inducible) and M-M17-26 (stable) were cultured at low
density (1000-5000 cells/dish) on collagen/poly-L-lysine-coated dishes.
Cultures were maintained for 48 hr in the absence (CONTROL) or pres-
ence (PACAP38, PACAP38 + EGF) of PACAP38 (5 nMm) and EGF (10
ng/ml). Cultures were evaluated for evidence of neurite outgrowth by
light microscopy using an inverted Nikon-Diaphot microscope and pho-
tographed at 320X magnification. Scale bar, 25 pm.
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tion of PACAP38 and EGF. Pretreatment with 20 um H-89
resulted in an 85-95% inhibition of PKA activity for all
treatment groups evaluated.

PACAP38-induced neurite outgrowth and activation
of Erk kinase activity is primarily PKC and MEK de-
pendent. To affirm the involvement of PKA, PKC, and MEK
in PACAP38-elicited neurite outgrowth in PC12 cells, cul-
tures were incubated for 1 hr with various selective pharma-
cological inhibitors before the addition of PACAP38 (Figs. 7
and 8). Preincubation of wild-type and variant PC12 cells

PHARM

with 20 um H-89 (PKA antagonist) failed to significantly
diminish PACAP38-induced neurite outgrowth (Figs. 7 and
8), suggesting that the contribution of PKA to promotion of
PACAP38-stimulated neuritogenesis is minimal.

In addition to adenylate cyclase, PACAP stimulates PLC
phospholipid hydrolytic activity. In PC12 cells, activation of
PLC by PACAP results in the generation of diacylglycerol
and stimulation of PKC. To assess the role of PKC in
PACAP38 signal transduction, PC12 cells were incubated
with 1 uM concentration of the PKC inhibitors GF10923X

40 1
5 - e —Q0— s p-cAMP
- ‘l. ......"o.
i .‘!.'" D S B ... ....... PACAP38
: !!,.-' “ ..w.,u .
] i ."‘0. ..................
2.5 Vi g
J .
- ) ’
30 ¥
0= = T T T T T T T
0 20 40 60 80

Fold-Increase

ERK-MBP Phosphorylating Activity

INCUBATION TIME: (hrs)

—@®— NGF

—--A— EGF

===+ PACAP38
L'

PACAP38 + EGF

aspet.’

INCUBATION TIME: (min)

Fig. 5. Comparison of the time-dependent kinetics for activation of Erk in PC12 cells by peptide growth factors. Wild-type PC12 cells were treated
with NGF (50 ng/ml), EGF (10 ng/ml), PACAP38 (5 nm), or PACAP38 + EGF for the specified periods of time (0—120 min or 0-72 hr, inset). Lysates
were prepared and immunoprecipitated overnight with anti-Erk antibody. Erk phosphorylating activity was assessed using an immune complex in
vitro kinase assay with MBP as the substrate. Bottom, mean values from three independent experiments. Error bars were omitted for purposes of

clarity. In the majority of instances, with the exception of the highest fold-increases, standard errors were <10% of the mean. Inset, effect of PACAP38
and the cell-permeable PKA activator, sp-cAMP (25 uM), over an extended time course of 72 hr. Results are expressed as the mean of duplicate samples
from a representative experiment and demonstrate the secondary, delayed activation of Erk activity by continuous PACAP38 treatment.
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(Figs. 7 and 8) and calphostin C (data not shown) for 1 hr
before the addition of PACAP38. PACAP38-induced neurite
outgrowth in wild-type and dominant negative Ras PC12
cells was inhibited 70% and 88%, respectively, by pretreat-
ment with GF10923X. Confirming the PKC-dependent char-
acter of this inhibition, down-regulation of phorbol-sensitive
PKC isoforms by treatment with 1 um PMA (Zheng et al.,
1996) inhibited PACAP38-induced neurite outgrowth by 84%
and 71% in wild-type and dominant negative Ras PC12 cells,
respectively. Representative photomicrographs (Fig. 7) also
illustrate the inhibitory effects of MEK inhibition on
PACAP38-stimulated neurite formation. In wild-type and
dominant negative Ras PC12 cells, pretreatment with 20 um
PD98059, an inhibitor of the Erk kinase MEK, attenuated
PACAP38-elicited neuritogenesis by 45 + 16% and 87 = 12%,
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respectively. Increasing the concentration of inhibitor to 50
uM completely blocks PACAP38-induced neurite outgrowth;
however, at this concentration, considerable toxicity was ob-
served during the 3-day course of treatment.

To further establish that PACAP38-elicited stimulation of
PKC is involved in mediating Erk activation associated with
induction of neurite outgrowth, the effect of the PKC-selec-
tive antagonist GF10923X and down-regulation of phorbol-
sensitive PKC by PMA on PACAP38-stimulated Erk activity
was evaluated. Cultures of wild-type PC12 cells were incu-
bated for 1 hr with 1 um GF10923X or overnight with 1 um
PMA to down-regulate PKC before acute treatment (5 min)
with PACAP38 (5 nm). Levels of activated Erk were assessed
using an anti-phospho Erk antibody that detects the dual
threonine/tyrosine phosphorylated form of the kinase (Fig.

25
0 ~Na
B NGF
&
s EGF
= 20
& B pracap3s
n
= A PACAP38 + EGF
o .
=

ERK MBP Phosphorylating Activity

CONTROL

K-252a

MMIINAN

H-89

Fig. 6. Effect of the protein kinase inhibitors K-252a and H-89 on growth factor-stimulated Erk activity. Cultures of wild-type PC12 cells were
incubated in the absence (CONTROL, vehicle) or presence of either K-252a (200 nm) or H-89 (20 um) 30 min before the addition of NGF (50 ng/ml),
EGF (10 ng/ml), PACAP38 (5 um), or PACAP38 and EGF as indicated in the legend. Cultures were incubated an additional 5 min after treatment with
peptide growth factors. Lysates were prepared and immunoprecipitated overnight with anti-Erk antibody. Erk phosphorylating activity was assessed
using an immune complex in vitro kinase assay with MBP as the substrate. Results are expressed as the mean * standard error for determinations
obtained from three independent experiments. Base-line Erk MBP phosphorylating activity in control cultures (cpm of 3P incorporation, mean +
standard error): no inhibitor (CONTROL), 1822 *+ 536; K-252a pretreated, 5466 = 697; H-89 pretreated, 7288 * 2602.
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9). Treatment of PC12 cells with NGF (100 ng/ml) or Discussion
PACAP38 triggered robust, MEK-dependent phosphoryla- ) ) ) )
tion of Erk. Both pharmacological antagonism and down- The neurotrophin family of polypeptides consists of nerve

regulation of PKC attenuated PACAP38-elicited Erk activa- 8rowth factor, brain-derived neurotrophic factor, and neuro-
tion as indicated by decreases in the level of antibody- trophins 3,4, and 6. Through ligand-specific interaction with
detected, dual threonine/tyrosine phosphorylated Erk (Fig. neurotrophin-selective Trk A, B, and C receptors, as well as
9). These findings, when coupled with the noted effects of the nonselective p75 neurotrophin receptor, neurotrophins
PKC inhibition on PACAP38-elicited neuritogenesis, impli- assume significant physiological roles in the nervous system.
cate a signaling cascade that is PKC and Erk dependent. They are essential for neuronal development, survival, main-

TABLE 2

Inhibition of growth factor-stimulated PKA activity by H-89 in PC12 cells

Cultures of PC12 cells were grown to high density (>70% confluency) in 10-cm-diameter dishes. Before the addition of test agents, cells were switched to a reduced-serum
media (1% fetal bovine serum, 1% horse serum) and maintained overnight in this media. Cultures were incubated for 15 min in the absence or presence of 20 um H-89 followed
by an additional 5-min incubation with no addition (control), NGF (50 ng/ml), EGF (10 ng/ml), PACAP38 (5 nm), or PACAP38 + EGF. PKA activity was quantified using a
protein kinase assay system (Life Technologies) as described in Materials and Methods.

PKA activity

Growth factor

treatment Control H-89-pretreated cultures
PKA activated PKA activated Inhibition versus control
%
None 20.0 =24 28*1.0 86.2 = 0.5
NGF 31.0 =24 22+09 91.5+25
EGF 29.0 = 3.6 3.0 0.7 89.6 1.5
PACAP38 31.0 £ 2.5 3.8*+1.1 85.2*+14
PACAP38 + EGF 51.1*+74 2.6 = 0.2 94.9 = 0.5

Results are expressed as the mean * standard error for data obtained from two independent experiments, with each sample was performed in triplicate.

CONTROL

PACAP 38
PACAP 38 H-89

PACAP 38
+
PMA

PACAP 38 PACAP 38
+ +
GF109203X PD98059

Fig. 7. Effect of PKA, PKC, and MEK pharmacological inhibitors on PACAP38-elicited neuritogenesis. Wild-type PC12 cell cultures were incubated
for 1 hr in the absence (CONTROL) or presence of pharmacological inhibitors for PKA (H-89, 20 um), PKC (GF10923X, 1 um), or MEK (PD98059, 20
uM) kinases. Alternatively, phorbol-sensitive PKC isoforms were down-regulated by treatment overnight with PMA (1 uM). After pretreatment with
the selected pharmacological agents, cultures were incubated in the absence (CONTROL) or presence of PACAP38 (5 nMm) for 48 hr. Cultures were
evaluated for evidence of neurite outgrowth by light microscopy using an inverted Nikon-Diaphot microscope and photographed at 320X magnifica-

tion. Scale bar, 25 pm.
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tenance of phenotype, and structural/functional repair after
injury (Chao, 1992). Recent characterization of the PACAPs
and the cloning of their cognate receptors (Hashimoto et al.,
1993) have lead to the suggestion that PACAP may serve as
a neurotrophic factor for sympathetic neurons (Chang and
Korolev, 1997).

Studies from numerous laboratories using PC12 cells as a
model for nerve growth factor-induced neuronal morpholog-
ical differentiation have served to elucidate signal transduc-
tion pathways used by this neurotrophin that are initiated by
binding of NGF to the tyrosine kinase receptor pl40%*4
(Kaplan and Miller, 1997). Mutagenesis studies involving
TrkA indicate that the Ras/Raf/MEK/Erk cascade, acting in
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conjunction with PLC-y and tyrosine phosphorylation of the
nuclear protein SNT, is involved in the initiation, elongation,
and maintenance of neuritic processes (Kaplan and Miller,
1997). Nerve growth factor-evoked neuronal differentiation
in PC12 cells is associated with prolonged Ras activity and,
consequently, extended activation of Erk (Qui and Green,
1992), which has been demonstrated as necessary for the
outgrowth of neurites (Fukuda et al., 1995). PACAP also
promotes neurite outgrowth in PC12 cells and has been re-
ported to activate Erk; however, the molecular mechanisms
involved in transducing signals from PACAP receptors to
downstream targets such as Erk are less well defined than
those for NGF. In the current study, a predominant role for
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Fig. 8. Quantification of growth factor-stimulated neurite outgrowth and the effect of PKA, PKC, and MEK pharmacological inhibitors on the number
of neurite-bearing cells. Wild-type and dominant negative Ras (M-M17-26) PC12 cell cultures were incubated for 1 hr in the absence (CONTROL) or
presence of pharmacological inhibitors for PKA (H-89, 20 um), PKC (GF10923X, 1 um), or MEK (PD98059, 20 um) kinases. Alternatively, phorbol-
sensitive PKC isoforms were down-regulated by treatment overnight with PMA (1 um). After pretreatment with the selected pharmacological agents,
cultures were incubated in the absence (CONTROL) or presence of NGF (50 ng/ml), EGF (10 ng/ml), PACAP38 (5 nm), or PACAP38 + EGF for 48 hr.
To quantify neurite outgrowth, cultures were examined by light microscopy using an inverted Nikon-Diaphot microscope and photographed at 320X
magnification. Fields of cells (50—100 cells/field) in a series of photographs were scored for neurites by counting the number of cells bearing processes
that were equal to or more than twice the diameter of the cell body. The data are expressed as the mean + standard error of the percentage of total

cells possessing neurites.
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PKC is proposed in mediating PACAP-elicited Erk activa-
tion. Stimulation of Erk activity by PACAP38 in PC12 cells
occurs in a Ras-independent manner and promotes neurite
outgrowth.

Pharmacological studies (Deutsch and Sun, 1992; Hernan-
dez et al., 1995) have indicated that PACAP38 stimulates
both adenylate cyclase and phospholipase C enzymatic activ-

CONTROL

NGF

PACAP

PMA + PACAP

PD + PACAP

GF + PACAP

)
|

Z’lJfEl'cI S oo

=
-
:r

Fig. 9. Effect of PKC/MEK pharmacological inhibitors and phorbol-in-
duced down-regulation of PKC on PACAP38-stimulated activation of Erk.
Wild-type PC12 cell cultures were incubated for 1 hr in the absence
. (CONTROL, NGF, PACAP) or presence of pharmacological inhibitors for
PKC (GF10923X, 1 uM) or MEK (PD98059, 20 uM) kinases. Alternatively,
phorbol-sensitive PKC isoforms were down-regulated by treatment over-
night with PMA (1 um). After pretreatment with the selected pharmaco-
logical agents, cultures were incubated in the absence (CONTROL) or
presence of NGF (100 ng/ml) or PACAP38 (5 nm) for 5 min. Proteins in
lysates prepared from the cultures were resolved by SDS-PAGE, and
after transfer to PVDF membranes, blots were probed with an anti-
phospho Erk antibody that recognizes the activated, threonine/tyrosine-
phosphorylated form of Erk. Positions of phosphorylated Erkl and Erk2
are indicated. Similar results were obtained in two independent experi-
ments.

aspet

ity in PC12 cells (Fig. 10). Elevation of intracellular cAMP
activates PKA, which, in turn, activates Erk through B-Raf
(Fig. 10) involving a Ras-independent pathway (Vossler et al.,
1997). Indeed, results from experiments reported here using
the PKA antagonist H89 reveal partial inhibition of
PACAP38-stimulated Erk activity in wild-type and dominant
negative PC12 cells; however, induction of neurite outgrowth
is not prevented. The nature of this apparent inconsistency
between inhibition of Erk activity and undiminished neurite
outgrowth responsiveness can be most readily explained by
fact that the majority of the inhibitory effect elicited by H-89
is due to an inhibitor-mediated increase in basal Erk activity

PACAP38 EGF
Receptor(s) Receptor
Adenylate cyclase ~ Phospholipase C
cAMP DAG
; Y
PKC Ras
PMA— GF
Dominant-negative
Ras
Raf
MEK
PD98059
Erks

Fig. 10. Schematic representation of convergent signal transduction
pathways activated by PACAP38 and EGF. Binding of PACAP38 to G
protein-coupled PACAP receptors results in activation of adenylate cy-
clase and phospholipase C. Subsequent generation of the second messen-
gers cAMP and diacylglycerol (DAG) evokes stimulation of PKA and PKC,
respectively. These kinases, in turn, phosphorylate Raf, resulting in
enhanced MEK phosphorylation and activation, which promotes dual
threonine/tyrosine phosphorylation of Erk, an event critical for stimula-
tion of Erk activity. Activation of EGF tyrosine kinase receptors results in
the activation of a parallel, Ras-dependent signal transduction cascade
that converges on Raf and promotes activation of Erk through stimula-
tion of MEK. Pharmacological inhibition of PKA with H89 or expression
of a dominant negative form of Ras did not prevent induction of neurite
outgrowth in PC12 cells treated with PACAP38. Down-regulation of
phorbol-sensitive PKC, inhibition of PKC activity with GF1093X (GF), or
antagonism of Erk activation by the MEK kinase inhibitor PD98059 all
substantially blocked PACAP38-induced neuritogenesis. The thickness of
the arrows converging at Raf through PACAP receptor-mediated activa-
tion of PKA and PKC reflects the relative contribution of each cascade to
stimulation of Erk as deduced from the pharmacological interventions.
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and not a suppression of kinase activity level stimulated by
PACAP38. The fact that chronic treatment with H-89 alone
for up to 2 days fails to elicit a neurite outgrowth response
suggests that this elevation in basal Erk activity observed on
an acute basis as a consequence of H-89 treatment either is
transient and short lived or the level of Erk activation is
insufficient to support the induction of neurite formation.
Similar findings have been obtained by others wherein H89
inhibits PACAP-stimulated neuropeptide Y gene expression
in PC12 cells but not neurite outgrowth (Barrie et al., 1997).
Collectively, these data indicate that any direct contribution
of PKA to PACAP38-induced neurite formation in PC12 cells
is minimal (Lazarovici et al., 1997b). In contrast, the cessa-
tion of cellular proliferation inferred from experiments dem-
onstrating decreased thymidine incorporation on treatment
with PACAP38 (data not shown) is consistent with the sug-
gestion that PKA facilitates antiproliferative processes in
PC12 cells (Mark and Storm, 1997). Moreover, the antipro-
liferative effect of PACAP38 was effectively abrogated by
H-89 (data not shown), an observation that underscores fur-
ther the featured role PKA subserves in regulation of PC12
cell proliferation. A hallmark feature of NGF-induced neuro-
nal differentiation in PC12 cells is suppression of cellular
replication; hence, inhibition of proliferation by PACAP38
may indicate activation of similar signal transduction cas-
cades that involve PKA and are used by the neurotrophin
NGF.

PACAP38 stimulation of phospholipase C in PC12 cells
(Deutsch and Sun, 1992; Colbert et al., 1994) produces an
increase in intracellular calcium levels (Barrie et al., 1997)
and promotes diacylglycerol formation (Fig. 10). Together,
these second messengers stimulate the activity of PKC
isozymes, which, consequently, enhances the activity of Raf
isoforms that, independent of Ras (Ueda et al., 1996), lead to
activation of Erk (Fig. 10). In the current study, depletion of
PKCa, PKCS, and PKCe by prolonged phorbol treatment
(Zheng et al., 1996), inhibition of PKCa, PKCB, and PKC~y
using the inhibitor GF109203X (Toullec et al., 1991), or both,
profoundly inhibited PACAP38-induced Erk activation (Fig.
9) and induction of neurite outgrowth (Fig. 7). The identity of
PKC isoforms stimulated by PACAP38 in PC12 cells is under
investigation in our laboratories. The role of calcium in pro-
moting PACAP38-stimulated Erk activity and the commen-
surate elaboration of neurites was not addressed in this
study due to the fact that Ras is required for calcium-medi-
ated increases in Erk activity (Rosen et al., 1994). In our
hands, PACAP38 was capable of inducing neuritogenesis in-
dependent of the activities of either Ras or Src.

Consistent with features that characterize these signal
transduction pathways (Fig. 10), we have shown that the
MEK inhibitor PD98059, reported to block NGF-induced
neurite outgrowth in PC12 cells (Pang et al., 1995), signifi-
cantly inhibited both PACAP38-stimulated Erk activity and
neurite outgrowth. This finding supports the concept that
stimulation of Erk activity in PC12 cells is sufficient for
induction of neurite outgrowth, which, in turn, is extended by
our current results suggesting PACAP38 effects are signaled
through a PKC-Erk pathway.

In contrast to the long, robust, stable neurites elicited by
NGF on p140"*A.mediated activation of the Ras-Erk path-
way, PACAP38-stimulated neurites resulting from activation
of a PKC-Erk cascade are abbreviated in length, less rami-
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fied, finer in diameter, and seem to be stable for only 3-4
days. However, on the concomitant administration of both
PACAP38 and EGF, the latter at concentrations that do not
elicit neurite outgrowth in PC12 cells, there is a pronounced
amplification of both magnitude and duration of Erk activa-
tion accompanied by induction of neurites that more closely
resemble in appearance those elicited by NGF with respect to
length, complexity, and stability. These observations are
reminiscent of the synergistic induction of neurite outgrowth
reported for the combined treatment of PC12 cells with EGF
and interleukin-6 (Wu and Bradshaw, 1996) or the addition
of EGF in combination with depolarization or cAMP (Hilborn
et al., 1997). This amplification is correlated with a more
robust and persistent stimulation of Erk activity, which is
consistent with current interpretations regarding molecular
mechanisms that mediate the actions of neurotrophins such
as NGF. Consequently, the combination of PACAP38 with
EGF in PC12 cells may promote synergistic interactions be-
tween PKC/Erk and Ras/Erk pathways that support morpho-
logical neuronal differentiation, whereas the role of PKA in
this scheme is proposed to be one that involves inhibition of
DNA synthesis and cellular replication. In circumstances of
inhibited cell division, signals generated by the EGF receptor
in PC12 cells are switched from growth promoting to sup-
porting neuronal phenotypic differentiation (Mark and
Storm, 1997).

Additional interactions occurring between neurotrophins
and electrical activity under physiological conditions that
serve to control neuronal development and plasticity are only
now being systematically addressed at the pharmacological
level (Hilborn et al., 1997; Lu and Figurov, 1997). The prin-
cipal outcomes of these events include neurite outgrowth,
synapse formation, and the acquisition of electrical proper-
ties. It is tempting to suggest that depolarizing events, in
combination with signals generated by mitogens (EGF) and
neuropeptides (vasoactive intestinal peptide, PACAP) could
promote morphological changes without altering physiologi-
cal differentiation. The elaboration of neurites, synapse for-
mation, and resulting development of neuron/neuron contact
could evoke release of neurotrophins such as NGF, which, in
turn, will be responsible for driving final differentiation and
neuronal maturation.
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