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Depolarization-Induced Neurite Outgrowth in PC12 Cells Requires 
Permissive, Low Level NGF Receptor Stimulation and Activation of 
Calcium/Calmodulin-Dependent Protein Kinase 
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Neuronal activity is required for normal neural develop- 
ment. Excessive activity can cause abnormal growth of 
neural processes and may contribute to formation of epi- 
leptic foci. Using PC12 cells, we investigated mechanisms 
by which depolarization regulates neurite growth. Depolar- 
ization with 45 mM KCI induced neurite outgrowth only if 
NGF receptors were partly activated by overexpression of 
Pl4O’CkA or by treatment with a low concentration of NGF 
that alone was insufficient to stimulate neurite formation. 
Depolarization-induced neurite growth was reduced by in- 
hibitors of L-type Ca*+ channels, Caz+/calmodulin-depen- 
dent protein (CaM) kinases II and IV, and transcription. 
These results identify a novel mechanism by which depo- 
larizing stimuli synergize with subthreshold activation of 
NGF receptors to induce neurite growth through a Caz+ and 
CaM kinase-dependent signal transduction pathway. 

[Key words: PC12 cells, neurite outgrowth, NGF, depo- 
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Normal neuronal activity regulates neural development and plas- 
ticity (Goodman and Shatz, 1993). Excessive activity during sei- 
zures can cause aberrant growth of neural processes which may 
contribute to the development of epileptic foci (McNamara, 
1994). Neuronal activity elevates the concentration of intracel- 
lular Ca2+ ([Ca”,]) by opening voltage- or receptor-gated ion 
channels, or by stimulating release of Ca2+ from internal stores 
(Mayer and Miller, 1990; Berridge, 1993; Hofmann et al., 1994). 
Increases in [Ca*+], modulate neural growth and differentiation 
(Kater and Mills, 1991). Although in some neurons, elevation 
of [Ca*+], inhibits neurite growth (Baker et al., 1991; Cohan, 
1992; Bandtlow et al., 1993; Bar et al., 1993), in others, it stim- 
ulates growth of neurites (Nishi and Berg, 198 1; Anglister et al., 
1982; Unsicker et al., 1983; Rogers and Hendry, 1990), and 
growth cones (Anglister et al., 1982; Adams and Gullick, 1989; 
Silver et al., 1990; Zheng et al., 1994). There appears to be an 
optimal level of [Ca*+], for neurite outgrowth, and concentra- 
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tions below or above this level inhibit growth (Lankford and 
Letourneau, 199 1). 

Elevations in [Caz+], can stimulate neurite growth by upre- 
gulating neurotrophic factors or their receptors. In cultured rat 
cortical neurons, depolarization increases BDNF expression, and 
enhances neurite outgrowth by a BDNF-dependent mechanism 
(Ghosh et al., 1994). This is prevented by chelating external 
Ca2+ or by blocking L-type voltage-gated Ca2+ channels, indi- 
cating that Ca*+ influx through L channels stimulates BDNF 
expression in these cultures. On the other hand, in the sympa- 
thoadrenal cell line MAH, depolarization stimulates expression 
of pl4O’rM, the NGF tyrosine kinase receptor, enabling cells to 
undergo NGF-stimulated neurite outgrowth (Buren et al., 1992). 
The L channel agonist Bay K 8644 enhances expression of 
p 140”kA stimulated by a low concentration (20 mM) of KCl, in- 
dicating that Ca =+ influx through L channels is involved in the 
induction of ~140’~~. In contrast, however, PC12 cells, which 
undergo NGF-induced neuronal differentiation, extend neurites 
in the absence of NGF when they are cultured on monolayers 
of fibroblasts and depolarized with KC1 (Saffell et al., 1992). 
This response is blocked by L channel antagonists, suggesting 
that growth factor-independent mechanisms stimulated by Ca*+ 
influx can also mediate depolarization-induced neurite out- 
growth. 

We recently found that depolarization induced neurite out- 
growth in PC12 clones that overexpress the NGF receptor ty- 
rosine kinase, p140fkA. Compared to wild-type PC12 cells, these 
t&-PC12 clones exhibit a low level of NGF receptor activation 
in the absence of added NGF and undergo rapid NGF-induced 
differentiation (Hempstead et al., 1992). In contrast, depolariza- 
tion did not stimulate neurite outgrowth from wild-type PC12 
cells cultured on collagen or polyornithine, which is in agree- 
ment with findings of others (Greene et al., 1982). We undertook 
the following study to investigate why t&-PC12 cells are 
uniquely able to undergo depolarization-induced neurite out- 
growth. Our findings indicate that low levels of NGF receptor 
activation, insufficient to induce morphological differentiation 
alone, can sensitize cells to differentiate by a depolarization- 
activated pathway involving L channels and Ca*+/calmodulin- 
dependent protein kinase. 

Materials and Methods 

Materials. t&PC12 clones 6-15 and 6-24, which overexpress ~140”~~, 
(Hempstead et al., 1992) were gifts from David R. Kaplan (Frederick 
Cancer Center, Frederick, MD). The parent PC1 2 cell line was obtained 
from Regis Kelly (University of California, San Francisco). NGF (2.5s) 
was a gift from William Mobley (University of California, San Fran- 
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cisco). Anti-GAP-43 antibody (clone 91E12), goat anti-mouse IgG an- 
tibody-peroxidase conjugate, goat anti-mouse IgG antibody-FITC con- 
jugate, and laminin were purchased from Boehringer Mannheim (Indi- 
anapolis, IN). Collagen was from Collaborative Biomedical Products 
(Bedford, MA). Bisindolylmaleimide was from Calbiochem (La Jolla, 
CA). Poly-L- ornithine, nifedipine, mecamylamine, ethosuximide, tetro- 
dotoxin, verapamil, leupeptin, aprotonin, soybean trypsin inhibitor, and 
phenymethylsulfonyl fluoride were purchased from Sigma (St. Louis, 
MO). o- Conotoxin GVIA was from Peptides International (Louisville, 
KY) and o- agatoxin GIVA was a gift from Michael Adams (University 
of California, Riverside). Fura- acetomethoxy ester was from Molec- 
ular Probes (Eugene, OR). KN-62 was from Seikagaku America (Rock- 
ville, MD) and was dissolved in dimethyl sulfoxide at 10 mM. K252b 
was from Calbiochem (La Jolla, CA) and was dissolved in dimethyl 
sulfoxide at 1 mM. Therefore, cultures treated with the highest concen- 
trations of KN-62 or K252b used in these studies were exposed to 0.1% 
dimethyl sulfoxide (vollvol). This concentration of dimethyl sulfoxide 
alone did not alter K+-stimulated dsCa2+ uptake or K+-induced neurite 
outgrowth in control cultures. 

Cell culture. Cells were maintained in a humidified atmosphere of 
90% air and 10% CO, at 37°C in complete medium consisting of Dul- 
becco’s modified Eagle’s medium (DMEM) supplemented with 10% 
heat-inactivated horse serum, 5% fetal calf serum, 2 mM glutamine, 50 
U/ml of penicillin, and 50 kg/ml of streptomycin. In some studies, cells 
were cultured in defined medium, as described previously (Messing et 
al., 1991). 

Neurite outgrowth. Cells were plated on 24-well plates at a density 
of 5 X 104/well. In most experiments plates were treated with 0.1 mg/ml 
of polyornithine or 20 kg/ml of laminin, or coated with 3 kg/well of 
collagen before plating of cells. Depolarization was achieved by adding 
40 mM KC1 to the medium, yielding a final KC1 concentration of 45 
mM. To control for osmolarity, 40 mM choline chloride was added to 
control cultures. A neurite was defined as a process greater than one 
cell body in length and possessing a terminal growth cone. The per- 
centage of cells with neurites was calculated by counting 100 cells per 
well in triplicate wells. The length of neurites was measured from 35 
mm photomicrographs viewed through a slide viewer. Measurements 
were converted to km using a micrometer photographed at the same 
magnification. 

Immunojfuorescence. Cells were plated on Lab-tek (Nunc, Naperville, 
IL) multichamber slides treated with 0.1 mg/ml of poly-D-lysine and 20 
kg/ml of laminin. After culture for 48 hr in complete medium supple- 
mented with 40 mM KCl, 40 mM choline chloride, or 2 nM NGE cells 
were fixed for 10 min in PBS containing 0.12 M sucrose and 4% para- 
formaldehyde. Cells were rinsed twice with PBS and treated with 95% 
ethanol for 1 min. After two washes in PBS, cells were blocked in PBS 
containing 2% bovine serum albumin (BSA) for 2 hr at 37°C and then 
incubated with anti-GAP-43 antibody (diluted 1:2000 in PBS/l % BSA) 
for 1 hr at 37°C and then overnight at 4°C. After three washes with 
PBS containing 0.1% Triton X-100, cells were incubated in goat anti- 
mouse IgG antibody-FITC conjugate (1:600 in PBS) for 1 hr at 37”C, 
and then washed three times in PBS. Cells were viewed photographed 
at 400X magnification using a Leitz DMRB microscope. 

Western anulysis. Cells (6 X 10” cells/dish) were cultured on poly- 
ornithine-treated 100 mM tissue culture dishes in complete medium sup- 
plemented with 40 mM KCl, 40 mM choline chloride, or 2 IIM NGF for 
l-2 d. Dishes were then washed twice in ice-cold PSS (120 NaCl, 5 
mM KCl, 1.4 mM CaCl,, 0.8 mM MgSO,, 1 mM NaH,PO,, 25 mM 
HEPES, pH 7.4, and 10 mM glucose). Cells were scraped into PSS 
containing 1 mM phenymethylsulfonyl fluoride, and 40 kg/ml each of 
leupeptin, aprotonin, and soybean trypsin inhibitor. Samples of cell lys- 
ates containing 75 or 150 kg were electrophoresed in 12% SDS-poly- 
acrylamide gels and proteins were electrophoretically transferred to 
Hybond-C extra membranes. Membranes were blocked in TBS (20 mM 
Tris-HCl, pH 7.4, 137 mM NaCl) containing 5% non-fat dry milk for 1 
hr at room temperature and then washed three times with TBS contain- 
ing 0.1% Tween-20. Blots were incubated with anti-GAP43 antibody 
diluted 1:200 in TBS containing 0.1% Tween-20 and 1% non-fat dry 
milk for 1 hr at 37°C and then overnight at 4°C. After three washes in 
TBS/O.l% Tween-20, blots were incubated with anti-mouse IgG anti- 
body-alkaline phosphatase conjugate (diluted 1:3000 in TBS/O. 1% 
Tween-20/l% non-fat dry milk) for 1 hr at room temperature. Blots 
were then washed three times in TBS/O.l% Tween-20 and immuno- 
reactive bands were detected with the Bio-Rad Immunolite II detection 
system. 

Cal&m uptake. Depolarization-stimulated 45Ca uptake was measured 
as described previously (Messing et al., 1990). 

Calcium imaging. Cells were cultured for 24 hr on 22 mm square 
glass coverslips treated with 0.1 mg/ml of poly-L-ornithine and 30 
kg/ml of laminin, in complete medium, or complete medium containing 
45 mM KCI, with or without 2 mM EGTA. Coverslips were then incu- 
bated with 5 PM fura-2AM for 30 min at 37°C in phenol red-free 
DMEM, in the continued presence or absence of 45 mM KC1 and 2 mM 
EGTA. Coverslips were mounted in a perfusion chamber (model RC- 
21B, Warner Instruments, Hamden, CT) and cells were gently perfused 
with fresh phenol red-free DMEM with or without 45 mM KC1 and 2 
mM EGTA. An Olympus IMT-2 inverted microscope fitted with a Nikon 
UV-F 40X oil immersion objective and a 150 W xenon lamp (Osram) 
was used for fluorescence measurements. Fluorescence emission inten-. 
sities at 5 10 nm following paired excitation at 350 nm and 380 nm were 
detected using a liquid-cooled CCD camera (Photometrics Ltd., Tucson, 
AZ) fitted with a Thompson 7883 chip (384 X 576 pixels). Exposure 
times were 0.05 set and 2 X 2 binning was used to shorten readout 
speed and enhance image intensity. Paired 350 nm and 380 nm images 
were separated by less than 0.3 set, the time required to change exci- 
tation filters and readout the CCD chip. Intracellular Ca2+ concentra- 
tions were calculated from the ratio of emission intensities at 350 nm 
and 380 nm (Grynkiewicz et al., 1985) after subtracting for background 
fluorescence in regions devoid of cells. The KD of fura- for Ca2+ was 
estimated to be 190 nM (Williams and Fay, 1990). The R,,,, was mea- 
sured by incubating cells in 10 FM 4-bromo-A23187, 10 PM monensin, 
and 1.0 mM oubain. R,,,, was measured after adding 20 mM EGTA, pH 
8.7. Higher concentrations of EGTA produced no further decrease in 
R,,,. Background fluorescence in cells not loaded with fura- was less 
than 1% of fluorescence measured in cells loaded with fura-2. 

Results 
K+ stimulates neurite outgrowth in PC12 cells that 
overexpress p1401rkA 
When cultured in omplete medium alone, 5-7% of trk-PC12 
6-24 cells spontaneously expressed short processes, as reported 
previously (Hempstead et al., 1992). Treatment of these cells 
with 45 mM KC1 caused striking outgrowth of neurites (Fig. 1 C- 
E). The number of cells with neurites and the length of neurites 
was greater than neurite outgrowth observed in wild-type PC12 
cells treated with 2 nM NGF for the same amount of time (Fig. 
lD,E). As reported (Hempstead et al., 1992), trk-PC12 cells also 
rapidly grew neurites when exposed to 2 nM NGF (Fig. 1 C-E). 
In contrast to KC1 or NGE 40 mM choline chloride did not 
stimulate neurite outgrowth (Fig. 1A). The concentration depen- 
dence for KCl-induced neurite outgrowth was biphasic and the 
percentage of trk-PC12 cells with neurites was maximal in 45 
mM KC1 (Fig. 1F). Similar results were obtained when cells 
were cultured on untreated plastic dishes, on dishes treated with 
laminin, collagen, or poly-D-lysine, or in defined medium. An- 
other p14pkA- overexpressing clone, 6-15, also extended neurites 
when depolarized with KC1 (data not shown). In contrast to trk- 
PC12 cells, wild-type PC12 cells showed very little response to 
KCI (Fig. lD), and even after 7 d in culture, only 17 -f I % (N 
= 2) of cells extended short processes. However, after 7 d in 
culture with KCI, 60 ? 4% (N = 2) of trk-PC12 cells expressed 
neurites. 

Depolarization-induced neurites were slightly thinner than 
NGF-induced neurites (Fig. I&C) but had well-defined growth 
cones and were immunoreactive for the growth cone associated 
protein GAP-43 (Fig. 2A-C). Western analysis revealed that KC1 
increased levels of GAP-43 immunoreactivity in 6-24 cells, al- 
though not to the same extent as levels achieved after treatment 
with 2 nM NGF (Fig. 20). 

Role of NGF receptors in K+-induced neurite outgrowth 

The ability of K+ to stimulate neurite outgrowth in PC12 cells 
that overexpress ~140”“” suggested a role for NGF receptor ac- 
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F&m 1. Comparison of K+- and NGF-induced neurite outgrowth in t&-PC12 and wild-type PC12 cells. Phase-contrast micrographs of trk-PC12 
6-24 cells were taken after culture for 48 hr on poly-L-ornithine-coated plates in complete medium containing 40 mM choline chloride (A), 45 mM 
KC1 (B), or 2 nM NGF (C). Scale bar, 15 pm. D, The percentage of cells with neurites was measured in cultures of t&-PC12 6-24 cells (A, A) or 
of wild-type PC12 cells (0, 0) treated with NGF (A, 0) or KC1 (A, 0). Data are mean + SE values from three experiments. E, Neurite length 
was measured from photomicrographs of H-PC12 6-24 cells cultured for 2 d in indicated agents. Data are mean t- SE values from 90-100 neurites 
for each condition in a single experiment, repeated once with similar results. F, The percentage of cells with neurites was measured in M-PC12 
6-24 cells cultured for 24 hr in 5-85 mM KCl, as indicated. Data are mean + SE values from three experiments. Error bars are omitted where they 
did not extend beyond the data symbols. 

tivation in K+-induced neurite formation. One mechanism by 
which depolarization might induce neurite outgrowth is by ac- 
tivating NGF receptors. Binding of NGF to ~140’~~~ stimulates 
dimerization and autophosphorylation of ~140’~~ on tyrosine res- 
idues (Kaplan et al., 1991). This process stimulates a Ras-de- 

pendent signal transduction pathway leading to activation of 
~44~~~~ and ~42~~~~ mitogen activated protein (MAP) kinases 
(also known as extracellular signal-regulated kinases ERK-1 and 
ERK-2) by phosphorylation on tyrosine and threonine residues 
(Boulton et al., 1991; Thomas et al., 1992; Wood et al., 1992). 
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Figure 2. GAP-43 immunoreactivity in t&-PC12 6-24 cells cultured in KC1 or NGE Cells were cultured for 48 hr in complete medium containing 
40 mM choline chloride (A), 45 mM KCI (B), or 2 nM NGF (C) and GAP-43 immunoreactivity was detected by immunofluorescence. Scale bar, 15 
urn. D, Cells were cultured for 24 or 48 hr in choline chloride. KCI. or NGF and GAP-43 immunoreactivity was then detected by Western analysis 
bf cell lysates. 

However, unlike 2 nM NGF, KC1 did not stimulate tyrosine phos- 
phorylation of p140trU, ERK-1, or ERK-2 (Fig. 3). Therefore 
depolarization with K+ does not activate ~140’~~ or ERKs in trk- 
PC12 cells. 

trk-PC12 6-24 cells display a basal level of ~140’~~ phos- 
phorylation that is approximately one-fifth that observed in wild- 
type PC 12 cells treated with maximally effective concentrations 
(2-4 nM) of NGF, indicating a low level of receptor activation 
in the absence of added NGF (Hempstead et al., 1992). We 
investigated whether this low level of constitutive receptor ac- 
tivation was required for the response to depolarization. For 
these studies we used the kinase inhibitor K252b, which inhibits 
the tyrosine kinase activity of p140trA, and suppresses basal ty- 
rosine phosphorylation of ~140’~~ in trk-PC12 cells (Hempstead 
et al., 1992). 

NGF (Fig. 4B). These findings indicate that concurrent NGF 
receptor activation, while necessary for NGF-induced neurite 
outgrowth, is not required for K+-induced neurite outgrowth. 
Instead, cellular changes that develop during chronic, low level 
NGF receptor activation appear to prepare trk-PC12 cells to un- 
dergo depolarization-induced neurite outgrowth. 

K252b (1 FM) added during a 24-48 hr period of depolariza- 
tion with 45 mM KC1 did not inhibit neurite outgrowth (Fig. 
4A). However, trk-PC12 cells pretrgated with 1 p,~ K252b for 
2 weeks failed to extend neurites when subsequently treated with 
KC1 (Fig. 4A). This inhibition was only partially reversed by 
removal of K252b just before addition of KC1 (Fig. 4A). In con- 
trast, K252b added during 24-48 hr of treatment with 2 nM NGF 
completely blocked NGF-induced neurite outgrowth (Fig. 4B). 
In addition, inhibition of NGF-induced neurite formation was 
rapidly reversed by removal of K252b just before addition of 

If only a low level of ~140’~~ activation is required for K+- 
induced neurite outgrowth, then treatment with concentrations 
of NGF insufficient to elicit neurite formation should allow wild- 
type PC12 cells to grow neurites when depolarized. In previous 
work, we found that wild-type PC12 cells express neurites only 
when cultured with concentrations of NGF exceeding 30 PM 

(Messing et al., 1991). Treatment of wild-type PC12 cells with 
20 pM NGF did not elicit neurite growth (data not shown). How- 
ever, pretreatment with 20 PM NGF potentiated neurite out- 
growth induced by 45 KIM KC1 (Fig. 5). This effect was most 
pronounced when wild-type PC12 cells were exposed to 20 PM 

NGF for 15 d before addition of KC1 (Fig. 5) and was compa- 
rable to outgrowth observed in trk-PC12 6-24 cells depolarized 
with 45 mu KC1 for 24 hr (compare Fig. 5 and Fig. 1D). The 
enhancement of KCl-induced neurite outgrowth persisted even 
when NGF was withdrawn from the cultures during the period 
of depolarization (Fig. 5B). In contrast, pretreatment with 20 PM 

NGF did not enhance neurite outgrowth induced by 2 nM NGF 
(Fig. 5B). These findings support the conclusion that chronic, 
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Figure 3. Phosphotyrosine immunoreactivity in t&-PC1 2 6-24 cells 
treated with KCI or NGE Cells were incubated for indicated times with 
40 ITIM choline chloride (CM), 45 mM KC1 (KU), or 2 nM NGF (NGF) 
and then analyzed by Western analysis with anti-phosphotyrosine anti- 
body. Shown is a representative experiment repeated twice with similar 
results. Note that bands indicated by arrows (t&A, ERK- I, and ERK- 
2) are only present in the NGF-treated sample. 

low levels of NGF receptor activation enable cells to undergo 
depolarization-induced neurite outgrowth. 

Ca2+ influx through L channels is required for depolarization- 
induced neurite outgrowth 

Elevation of [Ca*+], can promote neurite outgrowth (Kater and 
Mills, 1991), and in PC1 2 cells depolarization can elevate 
[Cal+], by stimulating Ca 2+ influx through voltage-gated Caz+ 
channels (Stallcup, 1979). Therefore, we examined whether de- 
polarization-induced neurite outgrowth required Ca*+ influx 
through voltage-gated Ca2+ channels. 

Depolarization of PC12 cells causes a rise in [Ca”], that re- 
mains elevated for at least 15 min (Di Virgilio et al., 1987). To 
determine whether prolonged exposure to elevated KC1 causes 
persistent elevation of [Ca*+], in t&-PC12 cells, we measured 
[Ca2+], with fura-2. [CaZ+], in cells cultured in complete medium 
was 72 t 6 nM (N = 10). Treatment with 45 mM KC1 for 24 
hr raised [Ca*+], to 150 t 17 nM (N = 13; p < 0.05; ANOVA, 
Scheffe F test). In cells treated with KC1 plus 2 mM EGTA for 
24 hr, [Ca’“], was reduced to 21 2 3 nM (N = 13; p < 0.05 
compared to cells cultured in 45 mM KCl; ANOVA, Scheffe F 
test). These results indicate that the rise in [Ca”], induced by 
KC1 requires external Ca*+. 

We next examined whether K+-stimulated neurite outgrowth 
was inhibited by chelating external Ca*+ or by blocking voltage- 
gated Caz+ channels. As shown in Figure 6, treatment with 
EGTA markedly reduced K+-stimulated neurite outgrowth, sug- 
gesting that extracellular Ca2+ was necessary for this response. 
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Figure 4. Inhibition of K+- and NGF-induced neurite outgrowth by 
K252b in trk-PC12 6-24 cells. A, Neurite outgrowth was measured in 
cultures after treatment with 45 mM KC1 for 48 hr. Cells were treated 
with KC1 alone (Con) or with KC1 plus 1 pM K252b (K252b Acute). 
Some cells were pretreated with K252b for 7 d before KC1 was added 
(K252b Chronic). In some of these K252b-pretreated cultures, K252b 
was removed when treatment with KC1 was begun (K252b Wifhdrawn). 
B, Neurite outgrowth was measured in cultures treated for 48 hr with 2 
nM NGF instead of 45 mM KCl. Treatment groups were otherwise sim- 
ilar to those described in A. 

The L-type Ca*+ channel antagonists nifedipine and verapamil 
also markedly inhibited K+-stimulated neurite outgrowth. How- 
ever, blockade of N-type Ca*+ channels with w-conotoxin GVIA 
(Wheeler et al., 1994), P-type Ca*+ channels with w-agatoxin 
IVA (Wheeler et al., 1994), or T-type Ca*+ channels with etho- 
suximide (Coulter et al., 1989) did not inhibit neurite formation. 

Besides Ca*+ channels, PC12 cells express receptors and other 
ion channels that are activated by depolarization and could reg- 
ulate neurite growth. PC1 2 cells possess nicotinic and muscarin- 
ic ACh receptors (Messing et al., 1989) and release ACh when 
depolarized (Greene and Rein, 1977). In frog embryonic spinal 
neurons, ACh modulates neurite growth by stimulating turning 
of growth cones through an L-channel-dependent mechanism 
(Zheng et al., 1994). However, blockade of muscarinic receptors 
with atropine or nicotinic receptors with mecamylamine (Mess- 
ing et al., 1989) did not reduce K+-stimulated neurite outgrowth 
(Fig. 6), indicating that released ACh does not mediate the mor- 
phogenetic response to depolarization. PC12 cells also express 
voltage-gated Na+ channels (Stallcup, 1979) and blockade of 
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Figure 5. Low-dose NGF treatment enables wild-type PC12 cells to 
extend neurites in 45 mM KCl. A, Neurite outgrowth was measured in 
PC12 cell cultures treated for O-17 d with 20 PM NGF, to which 45 mM 
KC1 was added during the last 2 d of culture. B, Neurite outgrowth was 
compared in PC12 cells pretreated with (hatched bars) or without (open 
bars) 20 PM NGF for 1.5 d before addition of either 4.5 mM KC1 or 2 
nM NGF io the cultures for 48 hr. Some cells were pretreated with 20 
DM NGF for 15 d and then the NGF was removed before addition of 
25 mM KC1 for 48 hr (solid bar). Data are mean k SE values from 3- 
5 experiments. 

Na+ channels by tetrodotoxin alters neurite growth in cultured 
cerebellar Purkinje neurons (Schilling et al., 1991). However, 1 
pM tetrodotoxin did not reduce K+-stimulated neurite outgrowth 
(Fig. 6). Therefore, L-type voltage sensitive Ca2+ channels ap- 
pear to be selectively required for K+-stimulated neurite for- 
mation in t&PC12 cells. 

CaZ+/calmodulin-dependent protein kinase II is required for 
K+-stimulated neurite outgrowth 

Elevation of intracellular Caz+ can activate Ca2+-sensitive en- 
zymes that modulate neural growth such as CaM kinase II 
(Goshima et al., 1993) and certain isozymes of protein kinase C 
(PKC) (Nishizuka, 1992). Activation of CaM kinase II may be 
particularly important in neurite outgrowth. For example, over- 
expression of CaM kinase II in neuroblastoma cell lines stimu- 
lates neurite formation (Goshima et al., 1993). In addition, KN- 
62, an inhibitor of CaM kinases II and IV (Tokumitsu et al., 
1990; Enslen et al., 1994), reduces neurite outgrowth in rat hip- 

The Journal of Neuroscience, September 1995, 15(9) 5971 

pocampal neurons cultured in 20 tnM KC1 (Cabell and Audesirk, 
1993), and prevents turning of growth cones from isolated Xen- 
opus spinal neurons in response to depolarization by acetylcho- 
line (Zheng et al., 1994). 

To investigate the relative roles of CaM kinases and PKC in 
neurite outgrowth, we cultured cells with the CaM kinase inhib- 
itor KN-62 or with bisindolylmaleimide, an inhibitor of PKC 
(Toullec et al., 1991). As shown in Figure 7B, KN-62 caused a 
concentration-dependent reduction in K+-stimulated neurite for- 
mation with an IQ,, of 1.14 5 0.05 pM, which is similar to the 
K, for inhibition of CaM kinase II (0.9 FM; Tokumitsu et al., 
1990) and the IC,, for inhibition of CaM kinase IV (0.5-2 PM; 

Enslen et al., 1994) in vitro. In contrast, 1 pM bisindolylmaleim- 
ide, a concentration that maximally inhibits PKC in vitro (Toul- 
let et al., 199 l), did not inhibit K+-stimulated neurite outgrowth 
(100 -C 2% of neurite outgrowth in t&PC1 2 cells treated with 
45 tnM KC1 alone after 24 hr). Contrary to its effects on depo- 
larization-induced neurite outgrowth, KN-62 did not inhibit neu- 
rite outgrowth induced by 2 nM NGF (92 ? 5% of neurite out- 
growth in trk-PC12 cells treated with NGF alone after 24 hr). 

In addition to inhibiting CaM kinases II and IV, KN-62 in- 
hibits Ca2+ influx through L-type Ca2+ channels (Guodong et al., 
1992). To investigate whether blockade of L channels could ac- 
count for inhibition of K+-stimulated neurite outgrowth by KN- 
62, we examined K’stimulated 45Ca2+ uptake in trk-PC12 6-24 
cells. ‘Ya2+ uptake measured by this technique is completely 
inhibited by L channel antagonists in PC 12 cells (Messing et al., 
198.5). As shown in Figure 7A, nifedipine inhibited K+-stimu- 
lated 45Ca2+ uptake and neurite outgrowth to a similar extent at 
all concentrations examined and inhibition was nearly complete 
with 1 FM nifedipine. KN-62 also inhibited K+-stimulated neu- 
rite outgrowth in a concentration-dependent fashion and nearly 
complete inhibition was achieved with 10 FM KN-62. However, 
in contrast to 1 pM nifedipine, 10 pM KN-62 only partly reduced 
Ya2+ uptake by 52 -C 6% (Fig. 7B). This indicates that block- 
ade of L channels does not fully account for inhibition of neurite 
outgrowth by KN-62 and suggests that inhibition of CaM ki- 
nases is also important. 

Depolarization-induced neurite outgrowth is transcription 
dependent 

Initiation of neurite outgrowth by NGF in wild-type PC12 cells 
requires gene transcription since it is blocked by transcription 
inhibitors (Greene et al., 1982). To investigate whether depolar- 
ization-induced neurite outgrowth in trk-PC12 cells is transcrip- 
tion dependent, we cultured cells in 45 mM KC1 in the presence 
or absence of 0.01 pg/ml of actinomycin D or 20 PM of cor- 
dycepin. As shown in Table 1, exposure to either transcription 
inhibitor markedly reduced K+-stimulated neurite outgrowth. 

Discussion 

A major finding of this article is that low levels of NGF receptor 
stimulation, inadequate for ordinary receptor activation and neu- 
rite outgrowth, exert a permissive effect enabling PC12 cells to 
express neurites when depolarized. Such permissive levels of 
NGF receptor stimulation could be induced by overexpression 
of p14Wkk” or by treatment of wild-type PC12 cells with a low 
concentration (20 PM) of NGE In both cases, the degree of re- 
ceptor activation was insufficient to elicit neurite outgrowth 
alone. 

These findings are similar to those reported by Koike (Koike, 
1986) who found that depolarization with KC1 enhanced NGF- 
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EGTA Nif Ver &a ax Esx Met Atr Ttx 

Figure 6. K+-induced neurite outgrowth in trk-PC12 6-24 cells cultured with EGTA or various channel and receptor antagonists. Cells were 
cultured in 2 mM EGTA (EGTA), 1 FM nifedipine (My), 10 PM verapamil (Vu), 200 nM u-agatoxin IVA (Aga), 1 FM o-conotoxin GVIA (Cfx), 
500 PM ethosuximide (Esx), 10 IJ-m mecamylamine (Met), 100 nM atropine (Atr), or 1 PM tetrodotoxin (Ttx). Data are mean + SE values from 
24 experiments. 

induced neurite outgrowth. He proposed that this was due to an 
increase in binding of NGF to NGF receptors in depolarized 
cells. However, we found that depolarization did not stimulate 
phosphorylation of trkA or of ERK-1 and ERK-2 MAP kinases 
in trk-PC12 cells. In addition, simultaneous treatment of trk- 
PC 12 cells with 45 mM KC1 and the trkA inhibitor K252b did 
not inhibit depolarization-induced neurite outgrowth. Instead, it 
was necessary to pretreat cells with K252b for several days prior 
to depolarization to inhibit neurite formation. Moreover, pretreat- 
ment with 20 PM NGF for several days enabled wild-type PC12 
cells to grow neurites when depolarized. This capacity for de- 
polarization-induced neurite outgrowth persisted when NGF was 
removed during a 48 hr period of depolarization. These results 
indicate that depolarization does not promote NGF-induced sig- 
nal transduction and depolarization-induced neurite outgrowth 
does not require simultaneous stimulation of NGF receptors. In- 
stead, depolarization-induced neurite outgrowth requires permis- 
sive cellular changes induced by prior long-term, low level NGF 
receptor activation. 

Saffell et al. (Saffell et al., 1992) reported that wild-type PC 12 
cells cultured on a monolayer of 3T3 fibroblasts extend neurites 
when depolarized with KCl. Low level NGF receptor activation 
may also be involved in depolarization-induced neurite out- 
growth in these cultures, since neurite outgrowth was inhibited 
by coadministration of K252b (Saffell et al., 1992), and 3T3 
cells and other fibroblasts secrete NGF (Hattori et al., 1993). 
Based on our present results, it is likely that low levels of NGF 
secreted by the 3T3 cell monolayer enabled overlying PC 12 cells 
to undergo depolarization-induced neurite outgrowth. It would 
be of interest to know whether antibodies to NGF prevent de- 
polarization-induced neurite outgrowth in this culture system. 

The second major finding of our study is that in addition to 
permissive NGF receptor stimulation, depolarization-induced 
neurite outgrowth in PC12 cells requires influx of extracellular 

CaZ+ through L type Ca2+ channels and activation of CaM kinase 
II or IV. Chelation of extracellular Ca*+ with EGTA, or blockade 
of L channels with nifedipine or verapamil prevented depolar- 
ization-induced neurite outgrowth. The CaM kinase inhibitor 
KN-62 also prevented neurite outgrowth. Inhibition of neurite 
outgrowth by KN-62 is only partly due to inhibition of L chan- 
nels, since 10 PM KN-62, which almost completely inhibited 
neurite outgrowth, had much less of an effect on K+-stimulated 
45Ca2+ uptake (Fig. 7B). In contrast, 1 p,M nifedipine, which 
inhibited K+-stimulated 45Ca*+ uptake almost completely, was 
required to maximally inhibit K+-stimulated neurite outgrowth 
(Fig. 7A). Therefore, partial L channel blockade can not entirely 
explain the inhibitory effect of KN-62 on depolarization-induced 
neurite outgrowth. Instead, these data support a role for CaM 
kinase II or IV in mediating this process. 

The mechanism by which low level NGF receptor stimulation 
enables cells to respond to depolarization is not known. L chan- 
nel antagonist binding and L channel function are increased 33- 
80% by treatment for 4 d with high concentrations (2 nM) of 
NGF that maximally activate NGF receptors (Usowicz et al., 
1990). Similar NGF treatment increases expression of calmo- 
dulin in PC12 cells by about threefold (Bai and Weiss, 1991). 
I f  levels of [Cal, or free calmodulin are rate-limiting for CaM 
kinase activation during depolarization, increases in L channels 
or calmodulin induced by low concentrations of NGF could in- 
crease CaM kinase activity in depolarized wild-type PC 12 cells. 
In addition, several cytoskeletal proteins, enzymes, and cell-sur- 
face glycoproteins that regulate neurite outgrowth are induced 
by treatment with 2 nM NGF (Greene, 1984) and increased ex- 
pression of some of these proteins may occur with low level 
NGF receptor stimulation. For example, t&PC12 cells express 
elevated levels of the protease transin and the secretory granule 
protein VGF (Hempstead et al., 1992). High concentrations of 
NGF (2-4 nM) also stimulate the phosphorylation of several pro- 
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Figure 7. Inhibition of K+-induced 45Ca*+ uptake and neurite out- 
growth by nifedipine and KN-62 in t&PC12 6-24 cells. Neurite out- 
growth (open circles) was measured after cells were cultured for 24 hr 
in 45 mM KC1 plus indicated concentrations of nifedipine (A) or KN- 
62 (B). KCl-stimulated IsCa*+ uptake (solid circles) was measured in 
cultures preincubated for 25 min and then depolarized for 2.5 min in 
indicated concentrations of nifedipine (A) or KN-62 (B). Data are mean 
2 SE values from 3 (neurite outgrowth) or 4-6 (Wa*+ uptake) exper- 
iments. 

teins important for neurite structure and growth (Halegoua, 
1987; Lindenbaum et al., 1987; Aletta et al., 1988; Aletta et al., 
1989). It is not known whether any of these are phosphorylated 
with low levels of NGF receptor stimulation. 

Depolarization-induced neurite outgrowth not only involves 
activation of L channels and CaM kinases, but also requires gene 
transcription since it was inhibited by actinomycin D and cor- 
dycepin. Depolarization could activate gene expression by acti- 
vating CaM kinase II or IV which phosphorylate the transcrip- 
tion factor CREB (Hunter and Karin, 1992; Enslen et al., 1994). 
In addition to regulating gene expression, CaM kinase II phos- 
phorylates several cytoskeletal proteins such as tau, MAP-2, and 
neurofilament proteins (Hanson and Schulman, 1992). Phos- 
phorylation of MAP-2 by CaM kinase II inhibits its ability to 

The Journal of Neuroscience, September 1995, /5(9) 5973 

Table 1. Inhibition of K+-induced neurite outgrowth by 
transcription inhibitors 

% Cells with 
Treatment neurites N 

40 mM choline Cl 6?1 8 
45 mM KCI 39 +- 2 8 
45 mM KC1 + 20 PM cordycepin 10 i 1” 4 
45 mM KC1 + 0.01 yg/ml actinomycin D 6 i 1” 6 

trk-PC12 6-24 cells were cultured in poly-L-ornithine-treated tissue culture 
dishes for 24 hr in the indicated agents and neurite outgrowth was scored as 
described in Materials and Methods. 

” Effects were significantly different from choline control at greater than 95% 
confidence limits by ANOVA and Scheffe F test. 

D Effects were significantly different from KCI-treated cultures at greater than 
95% confidence limits by ANOVA and Scheffe F test. 

stimulate microtubule assembly (Yamauchi and Fujisawa, 1983; 
Yamamoto et al., 1985), and cross-linking of actin filaments (Ya- 
mauchi and Fujisawa, 1988). Therefore, activation of these CaM 
kinases could induce neurite outgrowth by regulating gene ex- 
pression and the function of cytoskeletal proteins. 

Recently, depolarization was reported to cause transient acti- 
vation of ERK-1 and ERK-2 in wild-type PC12 cells (Rosen et 
al., 1994). This could also induce gene expression since MAP 
kinases regulate several transcription factors (Davis, 1993). 
However, we found that depolarization did not stimulate tyrosine 
phosphorylation of ERK-1 or ERK-2 in t&PC12 cells (see Fig. 
3). Since tyrosine phosphorylation of MAP kinases is required 
for their activation (Anderson et al., 1990), our result indicates 
that depolarization does not activate ERK-1 and ERK-2 in trk- 
PC12 cells. The discrepancy between our finding and that of 
Rosen et al. (Rosen et al., 1994) may be explained by differences 
in PC12 cell lines. Alternatively, chronic, low level NGF recep- 
tor stimulation in t&PC12 cells may have desensitized cells to 
depolarization-induced activation of MAP kinases. In any case, 
our results suggest that there are at least two separate pathways 
for neurite outgrowth in PC 12 cells: one stimulated by high con- 
centrations of NGF that maximally activate NGF receptors and 
cause sustained activation of MAP kinases; and another stimu- 
lated by depolarization, requiring Ca2+ influx through L chan- 
nels, CaM kinase activation, and low, permissive levels of NGF 
receptor stimulation. 

Depolarization prevents neurite degeneration after NGF with- 
drawal in PC12 cells (Teng and Greene, 1993) and stimulates 
rapid sprouting of filopodia from established growth cones in 
PC 12 cells, adrenal chromaffin cells, and rat dorsal root ganglion 
neurons (Manivannan and Terakawa, 1994). In PC12 cells, de- 
polarization also maintains NGF-induced phosphorylation of 
several proteins (B-tubulin, MAP 1.2/l B, and 64 and 72 kDa 
chartins) and NGF-stimulated increases in MAP 1.2/lB, peri- 
pherin, and NILE/L1 glycoprotein (Teng and Greene, 1993). Sta- 
bilization of NGF-deprived neurites is inhibited by L channel 
antagonists (Teng and Greene, 1993), whereas filopodia exten- 
sion is abolished by chelating extracellular Ca*+ or blocking 
Ca*+ channels with La’+ (Manivannan and Terakawa, 1994), in- 
dicating that both processes require influx of Ca*+ through volt- 
age-gated Ca2+ channels. This requirement for Ca2+ influx sug- 
gests that mechanisms similar to those we find involved in de- 
polarization-induced neurite outgrowth may also mediate these 
other depolarization-induced responses. However, it is not yet 
known if activation of CaM kinases and gene expression is re- 
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quired for depolarization-induced filipodia extension or mainte- 
nance of neurites. 

Teng and Greene (1993) found that, in contrast to preserving 
preexisting neurites, depolarization does not stimulate regener- 
ation of neurites from wild-type PC12 cells primed in 50 rig/ml 
of NGF for 10 d. This appears to conflict with our finding that 
pretreatment of wild-type PC12 cells with 20 PM NGF permits 
subsequent depolarization-induced neurite outgrowth. However, 
Saffell et al. (1992) reported that primed PC1 2 cells express 
neurites when replated in depolarizing medium on a collagen- 
coated substratum. We considered whether differences in meth- 
odology or cell lines accounted for the differences between our 
results and those of Teng and Greene. We primed our line of 
wild-type PC12 cells for 7 d in 50 rig/ml of NGF and then 
replated cells on collagen-coated dishes in medium containing 
45 mM KCl. After 48 hr, 26 ? 1% of depolarized, primed cells 
expressed neurites, whereas only 4 -C 1% of primed cells re- 
plated in nondepolarizing control medium containing 40 mM 
choline chloride exhibited neurite outgrowth (p < 0.003, N = 
3; paired t test). Therefore, our results agree with those of Saffel 
et al. and disagree with those of Teng and Greene. This may 
reflect differences in our PC12 cell lines and suggests that some 
of the mechanisms required for depolarization-induced neurite 
outgrowth are not involved in depolarization-mediated stabili- 
zation of preexisting neurites. 

Previous studies have emphasized how depolarization may 
promote neurite outgrowth by upregulating neurotrophic factors 
or their receptors. Our results indicate a different interaction be- 
tween growth factors and depolarization, whereby low levels of 
neurotrophic factor receptor activation can enable cells to grow 
neurites when subsequently depolarized. This permissive effect 
may partly explain why activity-dependent neurite growth oc- 
curs in later stages of neural development (Goodman and Shatz, 
1993), since the capacity for activity-dependent growth may re- 
quire prior exposure to growth factors. In addition, these results 
indicate a mechanism by which neuronal activity can critically 
alter the growth of neurons exposed to subthreshold concentra- 
tions of growth factors. This novel mechanism may not only be 
important in activity-dependent growth of dendrites and axons 
during development, but also may contribute to pathological 
sprouting of neural processes and synaptic reorganization in the 
brain after multiple seizures and other forms of neural injury. 
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