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Abstract. MAP kinase activity is necessary for growth
factor induction of neurite outgrowth in PC12 cells. Al-
though NGF and EGF both stimulate MAP kinase ac-
tivity, EGF does not stimulate neurite extension. We
report that EGF, in combination with KCl, stimulates
neurite outgrowth in PC12 cells. This phenomenon was
independent of intracellular Ca®* increases and not due
to enhancement of MAP kinase activity over that seen

with EGF alone. However, EGF plus KCl increased in-
tracellular cAMP, and other cAMP elevating agents
acted synergistically with EGF to promote neurite out-
growth. Stimulation of neurite outgrowth by cAMP and
EGF was blocked by inhibitors of transcription suggest-
ing that synergistic regulation of transcription by the
cAMP and MAP kinase pathways may stimulate neu-
rite growth.

model system for examining mechanisms under-

lying neuronal differentiation and signal trans-
duction. These cells differentiate in response to several
growth factors, including NGF and FGF (Greene and
Tischler, 1982; Togari et al., 1983). Growth factor induced
neurite outgrowth is accompanied by several changes
which include increased electrical excitability, induction of
the immediate early genes c-jun, c-myc, and c-fos, and en-
hanced activation of the MAP-kinase cascade (Greene
and Tischler, 1976; Greene and Tischler, 1982; Boonstra et
al., 1983; Greenberg et al., 1985; Miyasaka et al., 1990; Go-
toh et al., 1990). EGF- and NGF-treated PC12 cells share
several common properties including rapid membrane ruf-
fling, flattening of cells, and increases in cell adhesion
(Connolly et al., 1984). However, NGF but not EGF stim-
ulates neurite outgrowth. EGF functions as a typical mito-
gen for PC12 cells inducing the same “early” responses as
NGF but none of the late differentiation-associated re-
sponses (Chao, 1992).

MAP kinase activity is necessary for growth factor in-
duced PC12 cell differentiation (Cowley et al., 1994). The
duration of MAP kinase stimulation by NGF and EGF may
account for the lack of neurite induction by EGF. NGF and
EGF both stimulate rapid increases in MAP kinase activity,
however, NGF stimulations are more persistent than EGF
(Gotoh et al., 1990; Traverse et al., 1992). Furthermore,
NGF treatment of PC12 cells causes a persistent increase in
Na*/K* pump activity, whereas the increase caused by
EGF decays more rapidly (Boonstra et al., 1983).

R\T pheochromocytoma cell lines (PC12) are a useful
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Although EGF was originally identified as a potent epi-
dermal proliferative agent (Cohen, 1965), it may also act
in combination with other agents to stimuiate neuronal
differentiation. For example, cultured post-mitotic chick
CNS precursor neurons undergo extensive differentiation
in the presence of medium supplemented with 15-20% fe-
tal bovine serum (Pettmann et al., 1979). These neurons
fail to differentiate in serum-free media not supplemented
with growth factors, however, addition of purified EGF in-
duces neuritogenesis. Furthermore, addition of EGF anti-
bodies to serum-supplemented medium blocks neurito-
genesis in post-mitotic chick CNS precursor neurons
(Rosenberg and Noble, 1989). In another study, EGF was
found to promote neuronal differentiation in PC12 cells
when cultured on a positively charged modified surface,
Primaria, but not on other substrates (Nakafuku and Ka-
ziro, 1993). Collectively, these data suggest that EGF may
promote neurite growth in combination with activation of -
other signal transduction pathways.

In this study, we report that EGF and KCl depolariza-
tion act synergistically to promote neurite outgrowth in
PC12 cells. An analysis of this phenomenon revealed that
EGF and KCI increased intracellular cAMP, and that
cAMP and EGF synergistically stimulate neurite exten-
sion. These data suggest that neurite outgrowth may be
stimulated by sub-threshold activation of the MAP kinase
pathway in combination with stimulation of the cAMP sig-
nal transduction system.

Materials and Methods

PC12 Cell Culture
PC12 celis were maintained at 37°C in high glucose DME supplemented
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with 1% penicillin and streptomycin, 5% bovine calf serum (BCS)! and
10% FBS in humidified 95% air/5% CO, incubator. Cells were subcul-
tured into 6-well poly-L-lysine—coated (50 pg/ml) tissue culture dishes and
treated with various effectors 2448 h after plating.

Determination of Neurite Outgrowth

When the cultures reached 20-30% confluency, cells were treated with
various effectors at the indicated concentrations for 3 d. Cells were photo-
graphed and neurite lengths were quantitated from photographs of cells
using a ruler. Values for neurite lengths are an average from three inde-
pendent experiments +SD (n = 200 cells). In some cases, PC12 cells were
maintained in Ca?*-free DME media (purchased from GIBCO BRL,
Gaithersburg, MD) supplemented with 10% FBS, 5% BCS, and 0.4 mM
EGTA (Ca’*-free media) to remove extracellular Ca?* from the serum.
Cells were allowed to rest for 24 h and subsequently treated with various
agents as indicated in the presence of Ca?*-free media. In other experi-
ments, cells were pretreated with 10 uM nifedipine (Sigma Chemical Co.,
St. Louis, MO) for 30 min at 37°C before addition of effectors.

Determination of Cyclic AMP Accumulation

Intracellular cAMP levels were measured by determining the ratio of
[*HJcAMP to a total ATP, ADP, and AMP pool in [*H]adenine-loaded
cells as described previously by Wayman et al. (1994). Briefly, PC12 cells
were subcultured into poly-L-lysine-coated 6-well plates and incubated
for 1 h at 37°C in serum-free DME containing 1 mM 3-isobutyl-1-methyl-
xanthine (IBMX) and various agents as indicated. Under “Ca’*-free”
conditions, serum-free, Ca**-free high glucose DME (purchased from
GIBCO BRL) containing 0.4 mM EGTA was used instead of serum-free
DME. In some cases, cells were pretreated with 10 pM nifedipine for 30
min at 37°C before various effectors were added. Reactions were termi-
nated with 1 ml of ice cold 5% trichloroacetic acid containing 1 .M cAMP
and separated by ion-exchange chromatography as described by Salomon
et al. (1974). Reported data are averages of triplicate determinations.

MAP Kinase Assays

MAP kinase activity was assayed by the general method of Gotoh et al.
(1990) using myelin basic protein as a substrate. A mouse anti-MAP ki-
nase monoclonal antibody was purchased from Zymed Laboratories (San
Francisco, CA). PC12 cells were incubated with NGF (100 ng/ml) or EGF
(100 ng/ml) in the presence or absence of 40 mM KCl for varying periods
of time as indicated. Cell extracts were prepared for MAP kinase immu-
noprecipitation and kinase reactions in SDS polyacrylamide gels were car-
ried out as described in the product information bulletin from Zymed
Laboratories. Gels were incubated at room temperature for 1 h in 10 ml of
40 mM Hepes, pH 8.0, 2 mM dithiothreitol, 100 uM EGTA, 5 mM MgCl,,
25 uM ATP with gamma [**P] ATP (250 uCi; 1 nCi = 37 kBq). The gels
were vigorously washed in 5% trichloroacetic acid, 1% NaPPi, dried, and
exposed to x-ray film for 10-12 h. MAP kinase activities are expressed as
relative activities determined by scanning the exposed film with a Bio-Rad
GS-670 densitometer. MAP kinase data obtained with this assay was also
confirmed using the method of Ahn et al. (1992).

Calcium Imaging

PC12 cells were subcultured onto poly-L-lysine-coated, four-chambered
NUNC dishes. Within 72 h after subculturing, cells were rinsed once with
serum-free, high glucose DME, and loaded with 4 uM Fura-2 at 37°C in
the dark. After 40 min of loading with Fura-2, cells were rinsed twice with
serum-free DME and allowed to sit for 30 min or pretreated with 10 pM
nifedipine for 30 min prior to imaging. Ca?* imaging was carried out in
serum-free DME, serum-free DME = nifedipine, or in Ca?*-free high glu-
cose DME (purchased from GIBCO BRL) containing 0.4 mM EGTA.
Calcium imaging was carried out using a Nikon Diaphote inverted micro-
scope. The four-chambered coverglass (Lab-Tek, Nunc Roskilde, Den-
mark) was epi-illuminated through a 20X objective at 340 and 380 nm us-
ing a filter wheel and a 75 W Xenon lamp at 25°C. Emitted fluorescence
was collected by the 20X objective and filtered through a 510 nm band
pass filter. Fluorescence was subsequently magnified with a 2X lens and

1. Abbreviations used in this paper: BCS, bovine calf serum; CaM, calmod-
ulin; IBMX, 3-isobutyl-1-methylxanthine; ONPG, o-nitrophenyl-b-D-
galactopyranoside.
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an image was obtained with an intensified CCD camera. The ratios at 340/
380 were obtained every 8 s up to 20 min with no observable photo-
bleaching. Control of the camera and filter wheel and the rate of sampling,
data collection, data display and analysis was done with the software Im-
age-1/FL (Universal Imaging Corp., West Chester, PA). The system was

" calibrated using Fura-2-loaded cells at the end of the experiment in order

to convert fluorescence ratios into intracellular-free Ca?* (Grynkiewicz et
al,, 1985). The cells were permeabilized with 10 puM 4-Bromo A23187 in
imaging buffer containing 0.4 mM EGTA for determination of R, and
Rpax Was obtained using 10 mM Ca?*. The dissociation constant K, was
224 nM and Sf/b was the fluorescence signal without and with Ca?* at 380 nm.

Quantitation of CRE-mediated Transcription

PC12 cells were stably transfected with the G418 resistant CRE-lacZ re-
porter construct with Lipofectamine as described in the product informa-
tion bulletin from (GIBCO BRL). Briefly, cells were plated in 100 mm
dishes at ~70% confluency, grown overnight, and transfected with the
CRE-lacZ (15 ng DNA/plate} and Lipofectamine (GIBCO BRL) in Opti-
MEM. Polyclonal stables were selected with 500 pg/ml G418. PC12 cells
stably expressing the CRE-lacZ construct (PC12-CRE-lacZ) were subse-
quently used to quantitate CRE-mediated transcription as described by
the general method of Impey et al. (1994). The cells were treated with var-
ious effectors in Ca?*-free, serum-free DME for 1 h, or cells were pre-
treated with 20 pM H89 for 30 min prior to the addition of effectors. The
effectors were removed and replaced with Ca?*-free DME media supple-
mented with 10% FBS, 5% BCS. Following a 4-h incubation at 37°C, cells
were rinsed with PBS plus 1 mM MgCl,, lysed in 1 ml 0.5% NP-40 in PBS
plus 1 mM MgCl, and incubated with 3.5 mM o-nitrophenyl-b-p-galacto-
pyranoside (ONPG) at 37°C for 3 h. Reported data are averages of tripli-
cate determinations.

Expression of Dominant-Negative MAPKK Mutants

PC12 cells were transiently co-transfected with CDMB8-lacZ and pc-
DNAIII (the vector control) or one of the MAPKK dominant negative
mutants (pcDNAIII-MAPKK1aS222A or pcDNAIII-MAPKK1aK97A)
(Seger et al., 1994) using Lipofectamine as described in the product infor-
mation bulletin from GIBCO BRL. Briefly, cells were plated in 100 mm
dishes at ~70% confluency, grown overnight, and transfected with pc-
DNAIIIL, pcDNAIII-MAPKK 1a S222A, or pcDNAIII-MAPKK 1a K97A
(10 pg DNA/plate) and CDM8-lacZ (5 ug DNA/plate) constructs. After a
7-h incubation at 37°C with 5% CO,, cells were supplemented and equal
volume of DME plus 10% FBS and 5% BCS for 12 h. Transfected PC12
cells were then washed, subcultured into 4 poly-L-lysine—coated 100 mm
plates, and incubated for an additional 72 h in Ca’*-free DME. The cells
were allowed to rest for 2 h, and then treated with 50 ng/ml EGF and 40
mM KCl. Transfected cells were fixed with —20°C 95% ethanol for 2 min
and stained for X-gal (Gold Biotechnology Inc., St. Louis, MO). Positively
transfected cells were measured for neurite outgrowth and reported as the
average (n = 175) neurite length + SD.

Detection of CREB Phosphorylation

PC12 cells were subcultured into poly-L-lysine—coated 60 mm tissue cul-
ture dishes and cell extracts were prepared according to the method of
Ginty et al. (1994). Briefly, PC12 cells were treated with various effectors
for 10 min unless indicated otherwise, washed twice with PBS lysed in 100
ul boiling SDS sample buffer (40 mM Tris, pH 6.9, 2 mM EGTA, 10%
glycerol, 1% dithiothreitol, 1% SDS, .04% bromophenol blue), and boiled
for 10 min. Cell extracts were separated by 10% SDS-PAGE and trans-
ferred to nitrocellulose membranes. The membrane was blocked with 4%
bovine serum albumin in PBS and then incubated with 0.14 pg/ml anti-
phospho-CREB (Ginty et al., 1993). Blots were developed using an alka-
line phosphatase reaction. The relative density of phospho-CREB bands
was quantitated by scanning immunoblots with a densitometer (model
GS-670; Bio-Rad Laboratories, Cambridge, MA).

Results

Synergistic Induction of Neurite Outgrowth in PC12
Cells by EGF and KCI Depolarization

To identify signal transduction pathways that might act co-
operatively with EGF to stimulate neurite outgrowth, we
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Figure 1. Stimulation of PC12 cell neurite outgrowth by combi-
nations of EGF and KCl. (4) Untreated PC12 cells; (B) PC12
cells treated with 50 ng/ml EGF; (C) PC12 cells treated with 20
ng/ml NGF; (D) cells treated with 20 ng/ml NGF and 50 mM KCI;
(E) cells treated with 50 ng/ml EGF and 50 mM KCl; (F) cells
treated with 100 ng/ml EGF and 50 mM KCl. PC12 cells were
grown as described in Materials and Methods. Phase—contrast
photographs of treated and untreated PC12 cells were taken
three days after treatment. Bars, 30 um.

examined the effect of EGF on neurite extension under
conditions which activate other signal transduction path-
ways. Depolarization by KCl induces neurite outgrowth in
PC12 cells grown on a monolayer of 3T3 fibroblast cells
(Saffell, 1992), suggesting that combinations of depolariza-
tion and factors released from fibroblasts may stimulate
neurite outgrowth. Therefore, we examined the effect of
EGF and combinations of EGF and KCl on neurite exten-
sion in PC12 cells. Untreated PC12 cells and EGF treated
cells showed no significant induction of neurite outgrowth
(Fig. 1, A and B). NGF treatment promoted extensive
neurite outgrowth and the length of these neurites was en-
hanced by the addition of KCl (Fig. 1, C and D). Although
EGF alone did not stimulate neurite outgrowth, the com-
bination of EGF and KCl did (Fig. 1, E and F).

KCl or EGF alone induced only minor increases in aver-
age process length from 3.0 £ 0.6 pm to 5.0 = 2.0 wm (Fig.
2). The average neurite length produced by EGF plus KCl
(25.6 = 4.0 wm) was comparable to NGF alone (23.2 = 2.0
pm). Neurite lengths stimulated by NGF plus KCl were
approximately twofold greater than NGF alone. Neurite
outgrowth stimulated by EGF and KCl or NGF alone per-
sisted for at least 13 d indicating that neurite formation is
not transient (Fig. 2 B). Three other PC12 cell lines dem-
onstrated stimulation of neurite outgrowth by combina-
tions of EGF and KCl, illustrating that this response is not
a unique property of one cell line.

The phenomenon described above was dependent upon
the concentration of EGF and KCl (data not shown). In
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Figure 2. Average PCI12 cell neurite length stimulated by EGF
and KCl. (A) Average neurite lengths produced after three days
in culture with no treatment {control), 20 ng/ml NGF, 50 ng/ml
EGF, 50 mM KCl were quantitated as described in Materials and
Methods. (B) PCI2 cells were treated with 50 ng/m!l EGF, 40 mM
KCl, 50 ng/ml NGF, 50 ng/ml EGF and 40 mM KCl, 50 ng/ml
NGF and 40 mM KCl, or no treatment (control). Average neurite
lengths were quantitated as described in Materials and Methods.
Reported neurite lengths are the average + SD (r = 200 cells).

the presence of 50 ng/ml EGF, half-maximal stimulation of
neurite outgrowth was observed at 25 mM KCl with a
maximum effect at 40 to 50 mM KCl (data not shown). In
the presence of 50 mM KCl, half maximal stimulation of
neurite length was at 1 ng/ml EGF. These data demon-
strated that EGF can promote neurite extension in PC12
cells when paired with another signal transduction path-
way stimulated by KCl depolarization.

EGF/KCl-induced Neurite Outgrowth is
Ca’" Independent

Treatment of PC12 cells with 50 mM KCl causes mem-
brane depolarization, activation of voltage-sensitive Ca?*
channels, and significant increases in intracellular Ca**
(Stallcup, 1979; Ritchie, 1979). In order to evaluate the
contribution of Ca?* signal transduction pathways for neu-
rite outgrowth, neurite extension was examined in the
presence of agents that prevent increases in intracellular
Ca?* or antagonize calmodulin (CaM). Neither calmidazo-
lium, a CaM antagonist, nor KN-62, an inhibitor of CaM
kinases, affected neurite outgrowth stimulated by EGF
and KCI (Fig. 3). Nifedipine, an L-type voltage-sensitive
Ca?* channel blocker, did not block EGF and KCl stim-
ulated neurite outgrowth. Treatment of cells with EGTA
in Ca**-free media also did not affect neurite extension
caused by EGF and KClL.

To ensure that intracellular Ca?* levels did not increase
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Figure 3. EGF and KCl depolarization-induced neurite out-
growth is independent of increases in intracellular Ca®*. Average
neurite lengths produced after three days in culture with 50 ng/ml
EGF, 40 mM KCl, 50 ng/ml EGF and 40 mM KCI, 50 ng/ml EGF
and 40 mM KCl and 0.4 mM EGTA, 50 ng/ml EGF and 40 mM
KCl and 10 uM nifedipine (Nif), 50 ng/ml EGF and 40 mM KCl
and 1 uM KN-62, 50 ng/ml EGF and 40 mM KCl and 1 pM cal-
midazolium (CM), or 50 ng/mi EGF and 40 mM KCl and 10 puM
H89. Cells treated with EGTA were in “Ca’*-free” media as de-
scribed in the Materials and Methods. Neurite lengths are the av-
erage = SD (n = 200 cells).

in the presence of nifedipine or EGTA, intracellular Ca®*
was monitored using Fura-2. In the presence of Ca?*, addi-
tion of EGF plus KCl increased cytosolic free Ca?* five-
fold relative to untreated control cells (Fig. 4 A). How-
ever, no increases in intracellular Ca?* were detectable
when cells were treated with EGF and KCl in the presence
of 10 pM nifedipine or 0.4 mM EGTA in Ca®* free buffer
(Fig. 4, B and C). Therefore, neurite outgrowth stimulated
by EGF and KCI was not dependent upon increases in in-
tracellular Ca®".

Stimulation of Neurite Extension by EGF and
KCl Is Not Mediated by an Enhancement in MAP
Kinase Activity

Since NGF stimulates neurite outgrowth and induces a
prolonged increase in MAP kinase activity, we examined
the effects of EGF and combinations of EGF and KCl on
MAP kinase activity in the presence and absence of Ca’*
(Fig. 5). NGF and EGF both induced a rapid increase in
MAP kinase activity but the duration and magnitude of
this response was greater with NGF. In the presence of
Ca?*, KCl alone stimulated MAP kinase activity (Fig. 5 B)
and enhanced stimulations by either NGF (Fig. 5 A) or
EGF (Fig. 5 B), consistent with the report that depolariza-
tion of PC12 cells enhances MAP kinase activity through a
Ca’*-dependent process (Rosen et al., 1994), In the pres-
ence of nifedipine, however, stimulation of MAP kinase
activity by EGF and KCI was no greater than EGF alone.
The data reported in Fig. 5 was confirmed using both
MAP kinase assays described in Materials and Methods.
Since synergistic stimulation of neurite growth by EGF
and KCl was Ca?* independent, stimulation of neurite ex-
tension by combinations of EGF and KCl was not attribut-
able to increases in MAP kinase activity above that seen
with EGF alone. However, activation of the MAP kinase
pathway was required for this phenomenon because
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Figure 4. Increases in intracellular Ca?* stimulated by KCl are
blocked by Nifedipine and EGTA. Intracellular Ca** levels were
determined in PC12 cells using the Ca**-sensitive dye Fura-2 and
recorded as the ratio of 340/380 as described in the Materials and
Methods. Measurements were recorded following the addition of
50 ng/ml EGF and 40 mM KCl (as indicated by the arrow) in the
presence of (4) 2.3 mM Ca?*; (B) 0.4 mM EGTA in Ca®'-free
media; or (C) 2.3 mM Ca?* and 10 pM nifedipine.

expression of dominant-negative MAP kinase kinase
(MAPKK) mutants (Seger et al., 1994) in PC12 cells
blocked neurite outgrowth stimulated by combinations of
EGF and KCl (Fig. 6).

Contribution of the cAMP Pathway to EGF- and
KCl-induced Neurite Outgrowth

An analysis of the effect of various protein kinase inhibi-
tors on neurite extension revealed that H89, an inhibitor
of cAMP-dependent protein kinase partially inhibited
neurite extension promoted by EGF and KCl (Fig. 3). We
could not achieve a complete inhibition of neurite out-
growth because higher concentrations of H89 were cyto-
toxic to the cells after 72 h of treatment. Since EGF in-
creases intracellular cAMP in luteal cells (Budnik and
Mukhopadhyay, 1991, 1993) and EGF receptors have
been demonstrated to directly interact with G-proteins
(Sun et al., 1995), we measured intracellular cAMP levels
in PC12 cells treated with EGF and KCl. PC12 cells were
treated with EGF, KCl, or combinations of EGF and KCI
in Ca’*-containing or Ca’"-free media with 0.4 mM
EGTA (Fig. 7). Intracellular cAMP levels were consis-
tently lower in Ca?"-containing buffer than in Ca?*-free
buffer, possible because of the presence of Ca?* inhib-
itable adenylyl cyclase activity. Cells treated with EGF
alone demonstrated no significant elevation in intracellu-
lar cAMP. On the other hand, treatment with KCl and
EGF caused a consistent increase in cAMP. In the pres-
ence or absence of Ca?*, the combination of EGF and KCl
increased intracellular cAMP by 50 and 80%, respectively.
NGF = KCI had no measurable effect on intracellular
cAMP in the presence or absence of Ca’* (data not
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Figure 5. KCl stimulation of MAP kinase activity is Ca?* depen-
dent. Kinetics for stimulation of MAP kinase activity by (4) 100
ng/ml NGF = 40 mM KCI; (B) 100 ng/ml EGF * 40 mM KCl or
40 mM KCl alone; (C) 100 ng/ml EGF and 40 mM KCl * 10 pM
nifedipine. Relative MAP kinase activity was determined as de-
scribed in the Materials and Methods. The various effectors were
added at time zero and the data points are the average of tripli-
cate determinations * SD.

shown). These data illustrate that EGF receptors in PC12
cells are coupled to stimulation of cAMP levels when the
cells are depolarized with KCl. The mechanism for syner-
gistic stimulation of adenylyl cyclase activity by EGF and
membrane depolarization has not been elucidated. How-
ever, adenylyl cyclase activity in cultured neurons is regu-
lated by the membrane potential in a Ca’*-independent
manner (Reddy, R., and Storm, D. R., unpublished obser-
vations) suggesting that some cells may contain voltage
sensitive adenylyl cyclase activity.

The data described above raised the interesting possibil-
ity that cAMP may act synergistically with EGF to stimu-
late neurite outgrowth. Consequently, we examined the
effect of dibutyryl-cAMP and EGF on neurite extension.
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Figure 6. Inhibition of EGF- and KCl-stimulated neurite out-
growth by transient expression of MAPKK dominant-negative
mutants. (A) Phase contrast photographs of PC12 cells tran-
siently co-transfected with CDM8-lacZ and pcDNAIII (vector
control) or one of the MAPKK dominant-negative mutants,
pcDNAIII-MAPKK1a8222A or pcDNAIII-MAPKK1aK97A.
Bar, 30 uM. Transfected cells were treated with 50 ng/ml EGF
and 40 mM KClI for 72 h under calcium free conditions, stained
for X-gal to identify transfected cells, and phase contrast photo-
graphs were taken as described in the Materials and Methods.
(B) Average neurite lengths of transfected cells were measured
and reported as average * SD as described in the Materials and
Methods. n = 175 for each set of cells scored.

High concentrations of cAMP elevating agents including
forskolin and dibutyryl-cAMP stimulate neurite out-
growth (Gunning et al., 1981; Heidemann et al., 1985). We
were interested in determining if low levels of cAMP
would synergistically stimulate neurite extension in combi-
nation with EGF. PC12 cells were treated with various
concentrations of dibutyryl-cAMP in the presence or ab-
sence of EGF and neurite lengths were monitored (Fig. 8
A). Dibutyryl-cAMP alone stimulated neurite outgrowth
only at concentrations of 300 wM or higher. However, low
levels of dibutyryl-cAMP (5-100 nM) synergistically stim-
ulated neurite outgrowth with EGF. In the presence of 50
pM dibutyryl cAMP, half-maximal stimulation of neurite
growth occurred at 30 ng/ml EGF (Fig. 8 B).

The general phenomenon described above was con-
firmed using two other agents that elevate intracellular
cAMP, pertussis toxin and forskolin. Pertussis toxin causes
small increases in cAMP by catalyzing the ADP-ribosyla-
tion of G; (Katada and Ui, 1982; Bokoch et al., 1983). Per-
tussis toxin alone, at concentrations as high as 200 ng/ml,
had no effect on neurite extension (data not shown). How-
ever, the toxin synergistically stimulated neurite extension
with EGF. The neurites stimulated by pertussis toxin and
EGEF were shorter than that produced by EGF and KCl, or
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Figure 7. Synergistic increases in intracellular cAMP by EGF
and KCl. PC12 cells were treated with 100 ng/ml EGF, 40 mM
KCl, or 100 ng/ml EGF and 40 mM KCl in the presence or ab-
sence of calcium and intracellular cAMP levels were quantitated
as described in the Materials and Methods. Calcium-free condi-
tions were generated using 0.4 mM EGTA in calcium-free media
as described in the Materials and Methods.

EGF and dibutyryl-cAMP, probably because the increase
in intracellular cAMP stimulated by pertussis toxin was
lower.

Forskolin at concentrations greater than 1.0 uM stimu-
lated neurite outgrowth, but lower concentrations (0.01-
0.1 pM) did not (Fig. 8 C). Combinations of 0.1 pM
forskolin and EGF synergistically stimulated neurite out-
growth. Neurite extensions produced by combinations of
EGF and forskolin or EGF and dibutyryl-cAMP were
comparable in the presence or absence of Ca?*.

In order to determine if the levels of intracellular cAMP
produced by EGF and KCl were sufficient to account for

neurite outgrowth, we compared the forskolin dose re-
sponse curves for stimulation of intracellular cAMP and
neurite outgrowth with EGF (Fig. 8 D). Forskolin at 0.3
pM increased intracellular cAMP to levels comparable to
that produced by 100 ng/ml EGF plus 40 mM KCl (cAMP
ratio = 0.2 to 0.3). This forskolin concentration also gave
maximum stimulation of neurite growth when paired with
EGF. We conclude that low levels of cAMP produced by
KCl and EGF, which were 80% over basal, were sufficient
to explain the synergistic stimulation of neurite extension
caused by KCl and EGF.

In the presence of Ca?*, KCl alone activated MAP ki-
nase activity but the stimulation was only 20-30% of that
caused by EGF or NGF (Fig. 5). It was of interest to deter-
mine if low levels of MAP kinase stimulation would also
synergize with cAMP. Combinations of 40 mM KCl and 50
pM dibutyryl-cAMP also synergistically stimulated neu-
rite outgrowth suggesting that differentiation may be pro-
moted by pairing of relatively low levels of MAP kinase
activation with cAMP (Fig. 8 E). Neurite outgrowth stimu-
lated by KCl and cAMP was Ca?* dependent, consistent
with previous data reporting that KCl stimulation of MAP
kinase activity is Ca** dependent (Rosen et al., 1994).

To further implicate the cAMP signal transduction path-
way in EGF and KCl stimulated neurite outgrowth, we ex-
amined neurite extension in PKA-deficient PC12 cells
(Ginty et al., 1991). As previously reported by Ginty et al.
(1991) NGF stimulated neurite outgrowth in PKA-defi-
cient PC12 cells was comparable to that obtained with the
parental PKA™ cell line (Fig. 9 A). Neurite extension
caused by EGF plus KCl was inhibited in PKA-deficient
PC12 cells compared to the parental cell line which dis-
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played significant neurite outgrowth. Stimulation of neu-
rite outgrowth by EGF and dibutyryl-cAMP or EGF and
forskolin were both depressed in the PKA-deficient PC12
cells.

EGF-and KCl-induced Neurite Outgrowth Is
Dependent on Transcription and Translation

The initiation of neurite outgrowth by intracellular cAMP,
which may involve rapid reorganization of the cytoskele-
ton (Puck, 1977; Sloboda et al., 1975), is independent of
transcription (Gunning et al., 1981). In contrast, NGF in-
duced neuronal differentiation in PC12 cells is dependent
on transcription (Burstein and Greene, 1978). Therefore,
we examined the effect of inhibitors of transcription and
translation on neurite extension stimulated by EGF and
cAMP. Because neurite outgrowth was measured three
days after treatment with EGF and other agents, the con-
centrations of cycloheximide and actinomycin D used
were limited to 1.0 and 0.05 pg/ml, respectively. Higher
concentrations of these drugs were toxic to the cells during
three days of treatment. In agreement with previous stud-
ies, neurite outgrowth stimulated by 1 mM dibutyryl-
cAMP was not affected by cycloheximide or actinomycin
D (Fig. 9 B). Stimulation of neurite extension by NGF,
combinations of EGF and KCl, or EGF and dibutyryl
cAMP were sensitive to cycloheximide or actinomycin D
(Fig. 9 B). Although complete inhibition of neurite out-
growth by cycloheximide or actinomycin D was not ob-
tained, this may be due to the relatively low concentra-
tions of these agents required for the experiments.

Given the small increases in cAMP stimulated by EGF
and KCl it was also interesting to determine if CREB was
phosphorylated under these conditions (Fig. 10). Using an
antibody specific for CREB phosphorylated on Ser-133
(Ginty et al., 1993), Western analysis indicated that 50 uM
dibutyryl-cAMP or 0.5 pM forskolin stimulated phos-
phorylation of CREB 2.7 fold and 2.5 fold after 30 min of
exposure. Furthermore, EGF and KCl increased phosphor-
ylation of CREB 2.5-fold after 10 min of exposure. Most
importantly, EGF and KCI stimulated CRE-mediated
transcription 2.5 *+ 0.2-fold and this response was com-
pletely inhibited by H89 (Fig. 9 C). These data indicate
that the low levels of cAMP generated by KCl and EGF
were sufficient to activate CRE-mediated transcription
mediated by PKA phosphorylation of CREB.

Discussion

Growth factor induced activation of MAP kinase is neces-
sary for PC12 cell differentiation (Cowley et al., 1994), and
transfection with constitutively activated ras or raf stimu-
lates neurite outgrowth (Thomas et al., 1992; Wood et al.,
1992, 1993; Noda et al., 1985). Although EGF and NGF
both cause a rapid increase in MAP kinase activity in
PC12 cells, NGF but not EGF stimulates neurite exten-
sion. This difference may be due to additional pathways
stimulated by NGF (Chao et al., 1992) or to a more pro-

CRE-mediated transcription as described in the Materials and
Methods. In some cases, cells were pretreated with 20 uM H89
for 30 min prior to treatments.
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longed activation of MAP kinase activity by NGF (Gotoh
et al., 1990; Traverse et al., 1992). It was our goal to deter-
mine if EGF will stimulate neurite outgrowth when paired
with additional signal transduction pathways. The data in
this study indicate that EGF and KCl depolarization syn-
ergistically stimulate neurite outgrowth as a result of si-
multaneous activation of the cAMP and MAP Kkinase sig-
nal transduction pathways.

Since KCl depolarization elevates intracellular Ca®* and
increases MAP kinase activity (Rosen et al., 1994), neurite
outgrowth stimulated by EGF and KCl might be due to
enhancement of MAP kinase over that seen with EGF.
However, enhancement of EGF-stimulated MAP kinase
activity by KCl was blocked by nifedipine whereas neurite
outgrowth stimulated by EGF and KCl was not inhibited
by nifedipine or excess EGTA. Consequently, increases in
intracellular Ca’*, or stimulation of MAP kinase activity
over that normally produced by EGF cannot explain neu-
rite outgrowth generated by KCl and EGF.

There is increasing evidence that EGF receptors may
couple to activation of adenylyl cyclases via G,-protein as
well as the MAP kinase signal transduction cascade
(Knecht and Catt, 1983; Ran et al., 1986; Bravo et al., 1987,
Ball et al., 1990; Budnik and Mukhopadhyay, 1991, 1993).
Although EGF alone did not increase intracellular cAMP
in PC12 cells, it did raise intracellular cAMP when paired
with KCl depolarization and this increase was Ca’* inde-
pendent. Other agents which elevate intracellular cAMP
including forskolin, pertussis toxin, and dibutyryl cAMP
also synergistically stimulated neurite outgrowth with
EGF. Furthermore, EGF and KCl stimulation of neurite
outgrowth was depressed in PC12 cells deficient in cAMP-
dependent protein kinase.

A quantitative analysis of the cAMP concentrations re-
quired for this phenomenon indicated that relatively small
cAMP increases (80% over basal) synergistically stimu-
lated neurite outgrowth with EGF. The levels of cAMP
generated by EGF and KCl were, by themselves, not suffi-

Figure 10. EGF and KCl-induced phosphorylation of CREB at
Ser-133 in PC12 cells. (A) Immunoblot analysis of CREB phos-
phorylation at Ser-133 following .5 pM forskolin treatment for
0-50 min. (B) The relative band densities of phospho-CREB fol-
lowing .5 pM forskolin treatment were measured by densitome-
try. (C) Immunoblot analysis of CREB phosphorylation at Ser-
133 following .05 mM dibutyryl-cAMP treatment for 0-50 min.
(D) The relative band densities of phospho-CREB following .05
mM dibutyryl-cAMP treatment were measured by densitometry.
(F) Immunoblot analysis of EGF- and KCl-induced CREB phos-
phorylation at Ser-133 in PC12 cells. PC12 cells were left un-
treated (NT) or treated with 50 ng/ml EGF and 40 mM KC! (EK)
or 100 pM forskolin (Forsk) for 10 min. (F) The relative band
densities of phospho-CREB following 50 ng/ml EGF and 40 mM
KCl (EK), 100 pM forskolin (Forsk), or untreated (NT) treat-
ments were measured by densitometry. PC12 cells were treated
with various effectors, lysed in SDS sample buffer and boiled.
Cell extracts were separated by SDS-PAGE and transferred to
nitrocellulose membrane, and blots were incubated with anti-
phospho-CREB antibodies as described in the Materials and
Methods. Immunoblots were developed with a secondary anti-
body conjugated to alkaline phosphatase. The relative density of
phospho-CREB bands were quantitated with a Bio-Rad GS-670
densitometer.
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cient to promote neurite outgrowth and only stimulated
neurite outgrowth with EGF. Synergistic increases in
MAP kinase kinase activity by cAMP and NGF have been
directly correlated to enhanced neurite outgrowth pro-
duced by NGF and cAMP in PC12 cells (Frodin et al.,
1994). However, the phenomenon described in our study
was not due to cAMP enhancement of MAP kinase activ-
ity. The small increases in cAMP caused by EGF and KCl
were not sufficient to enhance MAP kinase activity (data
not shown).

There are several mechanisms that might account for
synergistic stimulation of neurite outgrowth by cAMP and
EGF. Over-expression of EGF receptors in PC12 cells
leads to prolonged MAP kinase activity and allows them
to respond to EGF by producing neurites (Traverse et al.,
1994). One possible explanation for EGF and KCl stimu-
lated neurite outgrowth is an increase in EGF receptor
number. However, under Ca®*-free conditions, KCl did
not stimulate an enhancement in MAP kinase activity over
that seen with EGF alone (Fig. 5 C). Therefore, it seems
unlikely that the phenomenon described in this study was
due to changes in EGF receptor number.

High levels of cAMP alone will stimulate neurite out-
growth, possibly by phosphorylation of cytoskeletal pro-
teins and rearrangement of the cytoskeleton (Sloboda,
1975; Puck, 1977; Gunning et al., 1981). Neurites stimu-
lated by EGF and cAMP persisted for at least 13 d
whereas processes initiated by cAMP alone were transient
and retract after several days. In contrast to process out-
growth stimulated by cAMP alone, EGF and cAMP stimu-
lation of neurite outgrowth was sensitive to inhibitors of
transcription and protein synthesis, as is NGF-stimulated
neurite outgrowth. Therefore, the transcription of one or
more genes required for neurite outgrowth may be syner-
gistically regulated by the cAMP and MAP kinase path-
ways.

EGF receptors also activate Jakl and at least two stat
proteins, Statl and Stat3, which mediate transcriptional
responses through interactions with the SIE element (Fu
and Zhang, 1993). However, our data with dominant-neg-
ative MAP kinase mutants indicated that MAP kinase ac-
tivity is required for the cooperative phenomenon de-
scribed in this study. Rapamycin, an inhibitor of p70 S6
kinase (Kuo et al., 1992) did not inhibit neurite outgrowth
stimulated by EGF and KCl indicating that this pathway
did not contribute to this phenomenon (data not shown).
Our data is most consistent with mechanisms involving
cross-talk between the MAP kinase and cAMP pathways.
For example, the c-fos promoter has both cAMP (Verma
and Sassone-Corsi, 1987) as well as serum response ele-
ments (Treisman, 1986; Greenberg et al., 1987) and c-fos
expression in fibroblasts is synergistically regulated by
EGF and cAMP (Ran et al., 1986). This mechanism is not
limited to immediate early genes and expression of late re-
sponse genes crucial for neurite growth may also be sub-
ject to dual regulation by the cAMP and MAP kinase
pathways. For example, NGF stimulated expression of
transin, a late gene product whose expression correlates
with neurite outgrowth, is enhanced by cAMP (Machida et
al.,, 1991). Alternatively, cCAMP may be synergistic with
EGF because of its anti-proliferative activity. When PC12
cells are treated with NGF they stop dividing and differen-
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tiate with process outgrowth. The correlation between ces-
sation of proliferation and morphological differentiation
suggests that the antimitotic activity of NGF may be re-
quired for neurite outgrowth (Burstein and Greene, 1978).
In fact, NGF may function as a progression factor with
both mitogenic and antimitogenic activity that allows cells
to reach G1 before they differentiate (Rudkin et al., 1989).
EGF is a mitogen for PC12 cells (Huff et al., 1981) but
cAMP is antimitogenic (Huffaker et al., 1984) and inhibits
DNA synthesis (Bothwell et al., 1980). Therefore, cAMP
may synergize with EGF by inhibiting or retarding cell
proliferation and allowing differentiation to occur. Re-
gardless of the mechanism, the phenomenon described in
this study is a novel method for regulation of neurite out-
growth which is distinguishable from other mechanisms
documented in the literature.

In summary, our data indicate that cross-talk between
the MAP kinase and cAMP signal transduction system
may be sufficient to stimulate neurite outgrowth. To the
extent that PC12 cells are a reasonable model system for
neurons, these observations have important implications
for control of neurite outgrowth in neurons. Suboptimal
levels of MAP kinase stimulation by various effectors in-
cluding activity-dependent depolarization may synergisti-
cally stimulate neurite outgrowth when paired with low
level cAMP signals generated by neurotransmitter activa-
tion of adenylyl cyclases.
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