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Factors Influencing GAP-43 Gene Expression in PC12

Pheochromocytoma Cells

B. Costello, A. Meymandi, and J. A. Freeman

Department of Cell Biology, Vanderbilt Medical School, Nashville, Tennessee 37232

We have studied factors controlling message levels for the
neuronal growth- and plasticity-associated protein, GAP-43.
Following exposure of PC12 cells to various effectors, cy-
toplasmic RNA was isolated and analyzed by Northern trans-
fer and autoradiography using a GAP-43 cDNA probe. In-
duction by NGF is apparent after 3 hr exposure and reaches
maximal levels at 24 hr. Beyond 24 hr, levels remain constant
in the continued presence of NGF. Induction is insensitive
to variations in culture conditions, such as plating density
or substrate, which influence NGF-induced neurite out-
growth. Other inducers, in order of decreasing efficacy, are
FGF, dBcAMP, TPA, K+, and EGF. Insulin and retinoic acid
are ineffective. Dexamethasone partially inhibited basal
expression as well as induction by NGF, FGF, dBcAMP, and
TPA. The methyltransferase inhibitor 5'-S-(2-methyl-pro-
pyl)adenosine completely inhibited induction by NGF, FGF,
and dBcAMP. Inhibition of protein synthesis by cyclohex-
imide partially decreased induction by NGF, FGF, and TPA
but slightly enhanced dBcAMP induction. Complete down-
regulation of protein kinase C by chronic TPA treatment com-
pletely eliminated the TPA response but slightly enhanced
induction by NGF. These findings and the results of additivity
experiments in which cells were stimulated with various
combinations of NGF, dBcAMP and TPA suggest that NGF
induction of GAP-43 RNA (1) does not involve activation of
protein kinase C but (2) may be mediated partially via acti-
vation of protein kinase A.

GAP-43 is a neuron-specific protein which exhibits elevated
synthesis and axonal fast-transport during development and
nerve regeneration (reviewed in Snipes et al., 1987b; Benowitz
and Routtenberg, 1987; Skene, 1989). Correlation of increased
GAP-43 expression with axonal growth has been demonstrated
in the CNS of fish (Benowitz et al., 1981; Freeman et al., 1986),
amphibians (Skene and Willard, 198 1a), and neonatal mammals
(Skene and Kalil, 1984; Freeman et al., 1986). Similar increases
relative to normal mature nerves are seen in mammals in the
developing CNS (Skene and Willard, 1981b; Freeman et al.,
1986) and in the regenerating PNS (Skene and Willard, 1981b).
Increased expression also is observed in cultured neurons when
maintained under conditions which promote neurite outgrowth
(Perrone-Bizzozero et al., 1986). In contrast, increased expres-
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sion has not been observed following injury to the CNS of higher
vertebrates where axonal regeneration does not occur (Skene
and Willard, 1981b).

Temporal and spatial changes in GAP-43 content and local-
ization in brain also are positively correlated with neuronal
growth. The levels and rates of synthesis of GAP-43 in rat
cerebellum and cerebral cortex are about 10-fold greater in neo-
nates compared with adults (Jacobson et al., 1986). During de-
velopment, GAP-43 is localized to growing neuronal processes,
while in the mature brain it is present in most neuropil areas
and is especially rich in structures exhibiting synaptic plasticity
(Rosenthal et al., 1987; McGuire et al., 1988). Consistent with
this latter observation, elevated levels of GAP-43 transcripts
are observed in cell bodies of neurons synapsing in plastic areas
of the adult brain (Neve et al., 1987; Rosenthal et al., 1987).
This observation, together with the greater cell-free translation
of GAP-43 from polyadenylated RNA isolated from neonatal
compared with adult cortex (Jacobson et al., 1986), suggests that
the growth- and plasticity-associated changes in GAP-43 syn-
thesis rate and steady-state levels are mediated through changes
in its mRNA levels.

The recent identification of GAP-43 with the independently
studied neuronal phosphoproteins F1, B-50, and pp46 (Basi et
al., 1987; Karns et al., 1987; Nielander et al., 1987, Rosenthal
et al., 1987; Snipes et al., 1987a) suggests that its function in
synaptic plasticity may be dependent on posttranslational mod-
ification, as well as its level of expression. Induction and main-
tenance of long-term potentiation in the hippocampus is cor-
related specifically with increased phosphorylation of protein
F1 (Routtenberg et al., 1985). This change in Fl (GAP-43) phos-
phorylation suggests that it may play a direct role in the pro-
cesses underlying synaptic plasticity. Hence, high levels of
GAP-43 expression in certain areas of the adult brain may be
a prerequisite for synaptic plasticity which is modulated in a
rapid, activity-dependent fashion by altering GAP-43 phospho-
rylation. The observation that phosphorylation of B-50 (GAP-
43) by protein kinasc C also is involved in plasma membrane
polyphosphoinositide metabolism (Jolles et al., 1980; Van Hoof
et al., 1988) is intriguing, but the relationship of this effect to
neuronal growth remains unclear.

Although the correlation of elevated GAP-43 expression with
neuronal growth states is well established, the specific factors
which control its expression are poorly understood. In recent
work from our laboratory and others, the PC12 line of pheo-
chromocytoma cells has been used to study GAP-43 regulation.
These cells are very useful for such studies since NGF stimu-
lation causes them to cease dividing and undergo a program of
neuronal differentiation which includes neurite outgrowth
(Greene and Tischler, 1976). NGF also causes a concomitant



increase in GAP-43 expression (Van Hoof et al., 1986; Costello
etal., 1987). Furthermore, the localization of GAP-43 to growth
cones in NGF-treated PC12 cells (Van Hoof et al., 1986; Cos-
tello et al., 1987) is very similar to that seen in cultured neurons
(Meiri et al., 1986, 1988) and suggests that GAP-43 is serving
the same growth-associated function in both cases. These find-
ings, together with the obvious advantages of using a cell line,
make PC12 cells an excellent model for studying the molecular
mechanisms underlying GAP-43 expression.

In this report we have extended our previous observations on
NGF induction of GAP-43 message in PC12 cells (Costello et
al., 1986; Costello and Freeman, 1988). We have characterized
this NGF response in terms of its time course, dose-response
relationship, sensitivity to variations in culture conditions which
affect neurite outgrowth, dependence on protein synthesis, and
sensitivity to methyltransferase inhibitors and glucocorticoid.
Many of these parameters also were examined for a number of
other agents that are capable of influencing gene expression.
Several of these were found to increase GAP-43 expression,
although none was as effective as NGF. Finally, our results allow
us to draw some conclusions regarding the mechanisms under-
lying NGF induction of GAP-43.

Materials and Methods

Cell culture. In general, PC12 cells were grown on tissue culture plastic
in 85% RPMI 1640, 10% heat-inactivated horse serum, 5% fetal calf
serum as outlined by Greene and Tischler (1976). They were maintained
at 37°C in an atmosphere of 92.5% air, 7.5% CO,. Two days prior to
the start of an experiment, cells were plated at 40,000/cm?. In some
experiments, variations in this standard protocol were used, as explained
in the text and figure legends. All effectors were added to cells as stock
solutions in medium, except dexamethasone and retinoic acid, which
were added as EtOH stocks, and 12-O-tetradecanoylphorbol-13-acetate
(TPA) and 5'-S-(2-methyl-propyl)adenosine (SIBA) which were added
as DMSO stocks. Final vehicle concentrations (vol/vol) were dexa-
methasone (0. 1%), retinoic acid (0.25%), TPA (0.2%), and SIBA (0.2%).
Ethanol up to 0.25% did not alter basal or NGF-stimulated GAP-43
expression. However, DMSO did have a slight inhibitory effect. There-
fore, GAP-43 RNA contents for cells treated with TPA or SIBA were
normalized to take account of this effect. (Untreated cells and cells
treated with 100 ng/ml NGF showed the same proportional decrease
in GAP-43 RNA content in the presence of 0.2% DMSO.) Except as
noted, cells were exposed to effectors for 24 hr prior to RNA isolation,
All experiments were repeated at least twice with qualitatively similar
results in all cases. 7S NGF was isolated from mouse submaxillary
glands as outlined by Burton et al. (1978). Bovine insulin, TPA, N6-
2'-0-dibutyryladenosine 3':5'-cyclic monophosphate ({BcAMP), SIBA,
cycloheximide and retinoic acid (all trans) were obtained from Sigma
(St. Louis, MO). Fibroblast growth factor (FGF) and epidermal growth
factor (EGF), derived from bovine pituitary and from mouse submax-
illary glands, respectively, were purchased from Calbiochem (San Diego,
CA).

RNA isolation and Northern blot analysis. Cells were pelleted by cen-
trifugation, resuspended in hypoosmotic buffer (10 mm Tris-Cl, pH 7.4;
10 mm NaCl; 0.15 mm MgCl,), and lysed by addition of NP-40 to 1%.
After pelleting nuclei, the supernatant was subjected to proteinase K
digestion followed by phenol/chloroform extraction. All RNA isolation
steps prior to proteinase K digestion were performed at 0—4°C. Samples
were analyzed by electrophoresing 10 ug per lane in 1.2% agarose gels
containing 2.2 M formaldehyde. Following electrophoresis, gels were
stained with ethidium bromide and photographed under UV illumi-
nation. Negatives were scanned (see below) in order to compensate for
loading differences among lanes. RNA was transferred to nylon blotting
membranes (Zeta-Probe; Bio-Rad, Richmond, CA) using 10x SSPE,
and transfer efficiency was checked by examining gels for ethidium
fluorescence. Membranes were hybridized with a *?P-labeled probe, pro-
duced by nick-translating (using random primers) a purified 1.1 kb GAP-
43 cDNA (Karns et al., 1987). They were washed to a stringency of
0.1x SSPE, 0.1% SDS (55°C) and used to expose Kodak XAR-5 film at
—70°C using intensifying screens. The resulting autoradiographs were
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Figure 1. Dose-response relationship for NGF induction of GAP-43,
Cells were treated for 24 hr (a period within which steady-state levels
of GAP-43 RNA were achieved) with increasing concentrations of NGF.
Cytoplasmic RNA was isolated and analyzed by Northern transfer. The
resulting autoradiograph (a) was quantitatively analyzed (see Materials
and Methods) to produce the dose-response curve (¢, circles). Inhibition
of NGF induction by simultaneous treatment with the methyltransferase
inhibitor SIBA also is shown (c, squares). In this case, cells were pre-
treated with 3 mm SIBA for 30 min prior to exposure to 0 or 100 ng/
ml NGF for 24 hr in the continued presence of SIBA. Part b is the
corresponding autoradiograph showing this effect of SIBA on induction
by 100 ng/ml NGF.

analyzed using a computer-interfaced gel scanning system (Technology
Resources, Nashville, TN). Representative experiments are presented
as graphs reporting relative peak area (total optical density, corrected
for background), in arbitrary units, of the GAP-43 band of each sample.

The reliability of these measurements was determined in 2 ways. First,
multiple autoradiographic exposures were always obtained in order to
ascertain that peak densities were within the linear range of the X-ray
film. In addition, the reliability of our analytical procedure was tested
by producing standard curves using varying amounts of cytoplasmic
RNA from NGF stimulated cells. These curves covered the range of
GAP-43 RNA content observed in our experimental samples. Four
curves were produced and analyzed separately using the same set of
standard samples. In all cases, the curves were linear over their entire
range (correlation coefficient >0.99). Therefore, our analytical proce-
dure provides a faithful and reproducible measure of relative GAP-43
message content.

Results

Induction by NGF

Following NGF stimulation, PC12 cells have increased levels
of GAP-43 protein (Costello et al., 1986; Van Hoofet al., 1986)
and RNA (Basi et al., 1987; Karns et al., 1987). Figure 1 shows
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Figure 2. Time course of GAP-43 induction by NGF. Cells were stim-
ulated with 100 ng/ml NGF for various times prior to isolation of
cytoplasmic RNA (open circles). Another set of dishes was treated with
NGF for 24 hr, at which time NGF-containing medium was removed
and dishes were rinsed with NGF-free medium and maintained for
various periods thereafter in the absence of NGF (closed squares). The
decay curve yields a ¢, ,, of approximately 20 hr.

GAP-43 RNA levels as a function of NGF concentration. At 1
ng/ml, the lowest concentration tested, message is already in-
duced approximately 3.5-fold. Half-maximal induction occurs
at an NGF concentration of about 5 ng/ml. At 50 ng/ml, the
level of GAP-43 message is 15-fold greater than in unstimulated
cells. Additional increases in NGF concentration do not increase
the message level further. Since methyltransferase inhibitors
have been shown to block all tested responses of PC12 cells to
NGEF (Seeley et al., 1984), we examined the effect of one such
compound, SIBA, on GAP-43 induction. At 3 mM, a concen-
tration which is maximally effective at blocking other NGF
actions, SIBA decreases the already very low basal expression
and completely inhibits induction by 100 ng/ml NGF (Fig. 1).
The time course of induction also was examined using a max-
imally stimulating concentration of NGF (Fig. 2). GAP-43 mes-
sage just begins to be detectable above basal levels after 3 hr
treatment with 100 ng/ml NGF. By 24 hr, maximal message
levels are reached and are maintained in the continued presence
of NGF. When NGF stimulation is withdrawn after 24 hr treat-
ment, GAP-43 message decays fairly rapidly, being decreased
by 50% by 20 hr after withdrawal of NGF. However, this is an
overestimate of the message half-life since there is a brief lag
before message begins to decrease following NGF removal. This
lag can be attributed to incomplete flushing of unbound NGF
from the cultures and to the rather slow dissociation (¢,,, of 30
min) of NGF from high-affinity receptors (Landreth and Shoot-
er, 1980). Since NGF stimulation increases the levels of GAP-
43 message and protein, and GAP-43 expression has been cor-
related with axon growth, we were interested in determining
whether conditions which affect neurite growth in PC12 cells
might influence NGF-stimulated GAP-43 expression. To test
this, GAP-43 RNA was measured in cells grown on 3 different
substrates that differ in their ability to support cell adhesion and
neurite outgrowth: untreated glass (very poor adhesion with
many cells in suspension, no neurites), untreated tissue culture

plastic (good adhesion, poor neurites), and collagen-coated plas-
tic (very good adhesion, good neurites). In addition, we grew
cells on our standard substrate, untreated tissue culture plastic,
but at a density of 500,000/cm?, about 6 times our standard cell
density of 80,000/cm?2. Neurite outgrowth is inhibited at such
high densities. Nevertheless, none of these culture variations
had any effect on NGF-induced GAP-43 message levels (not
shown). These observations contrast sharply with the very strong
inhibition of NGF induction of another neuronal gene, SCG10,
in PC12 cells grown at high density (Stein et al., 1988). Clearly,
NGF-stimulated elevation of GAP-43 message is not generally
sensitive to conditions which preclude neurite outgrowth.

Effector survey

Several other factors in addition to NGF have been shown to
control expression of some genes in PC12 cells (Greenberg et
al., 1985; Kruijer et al., 1985; Leonard et al., 1987; Stein et al.,
1988). Since GAP-43 expression might also be under multiple
regulation, an effector survey was done (Fig. 3). Among the
reagents tested, only insulin and retinoic acid were without ef-
fect, and only dexamethasone inhibited expression. The re-
maining reagents, which included FGF, EGF, dBcAMP, TPA,
and K+, all stimulated expression to varying degrees, with NGF
having the greatest efficacy. It is interesting to note that among
these agents there is a general correlation between their efficacies
for induction of GAP-43 and for stimulation of neurite out-
growth.

The full dose-response relationships for some of these in-
ducers are shown in Figure 4. Induction by FGF closely resem-
bles that by NGF, being robust, saturable, and inhibited by
SIBA. Control of neuronal gene expression by FGF is of special
interest since it has been shown to promote survival of, and
neurite outgrowth from, CNS neurons (Morrison et al., 1986;
Walicke et al., 1986; Walicke, 1988). Half-maximal induction
by FGF occurs at about 4 ng/ml; maximal induction is about
11-fold. In contrast, the more modest inductions by EGF (2 x),
TPA (3.5x), and dBcAMP (5.5 x) show broad concentration
optima. TPA and dBcAMP are believed to exert their effects
via activation of protein kinases C and A, respectively (Walsh
etal., 1968; Nishizuka, 1984). The diminished response to higher
TPA concentrations is probably due to down regulation of ki-
nase C (Matthies et al., 1987). For the same reason, the rather
modest maximal induction of 3.5-fold is likely an underesti-
mate, and the optimal TPA concentration (0.1 um) is an ap-
proximation. The broad, shallow dose-response relationship for
EGF, with maximal induction occurring at 1-3 ng/ml, is quite
similar to that seen for several other EGF effects on PC12 cells
such as the inductions of substrate adhesion (Chandler and
Herschman, 1980), ornithine decarboxylase activity (Guroff et
al., 1981), and the rapid response genes (Greenberg et al., 1985).
EGF induction displays little or no inhibition by SIBA. This
also is consistent with past work showing that a range of EGF-
dependent responses in PC12 cells are either enhanced or un-
affected by methyltransferase inhibitors (Seeley et al., 1984). In
contrast, induction by dBcAMP is strongly inhibited by SIBA
and, in this respect, is similar to the NGF and FGF inductions.
We did not observe a consistent effect of SIBA on induction by
TPA.

Inhibition of GAP-43 induction by dexamethasone

Since PC12 cells are derived from an adrenal medullary tumor,
they resemble chromaffin cells in many respects, including their
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Figure 3. Effector survey. Cells were exposed to the indicated reagents
for 24 hr prior to isolation of cytoplasmic RNA. Concentrations of
reagents were: insulin (5 pg/ml), retinoic acid (R4; 50 nmM), dexameth-
asone (DEX;, 1 um), EGF (1 ng/ml), KCl1 (40 mm), TPA (0.1 um), dBcAMP
(1 mm), FGF (40 ng/ml), and NGF (100 ng/ml). For determination of
the KCl effect, cells were grown in medium which was 75% normal
growth medium (see Materials and Methods) + 25% 160 mm KCl, or
75% normal growth medium + 25% 160 mm NaCl as control. This
control medium had no effect on basal GAP-43 expression compared
to 100% normal growth medium.
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sensitivity to glucocorticoids (Green and Tischler, 1982). Sev-
eral glucocorticoids, including dexamethasone, inhibit expres-
sion of GAP-43 in PC12 cells (Costello and Freeman, 1988;
Federoff et al., 1988). This effect was examined further by treat-
ing cells for 24 hr with various concentrations of dexametha-
sone, followed by another 24 hr in dexamethasone with or with-
out NGF (Fig. 5). Both basal and NGF-stimulated expression
of GAP-43 message are maximally inhibited at or above 0.1 um
dexamethasone. While basal levels are decreased by approxi-
mately 75%, NGF-stimulated levels are decreased by only about
30%. This result differs quite substantially from that reported
by Federoff et al. (1988), who observed almost complete dexa-
methasone inhibition of GAP-43 expression in the presence of
NGF. This may represent a clonal difference between our cells
and theirs since they reported a 3- or 4-fold increase in GAP-
43 message in the presence of NGF alone, while we routinely
observe inductions of 12- to 16-fold. The effect of dexametha-
sone on GAP-43 induction by other factors also was investigated
(Fig. 6). Inhibition of FGF induction is essentially identical to
that of NGF, being decreased by approximately one-third. How-
ever, the weaker inductions by TPA and dBcAMP are both
inhibited by as much as 65%, as is basal expression. Therefore,
GAP-43 induction by each of the positive effectors tested was
inhibited by dexamethasone. Furthermore, the degree of inhi-
bition seems to be in roughly inverse proportion to inducer
efficacy.
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Fig. 5. Dose-response relationship for glucocorticoid inhibition of GAP-
43 induction by NGF. Cells were grown for 24 hr in medium containing
different concentrations of dexamethasone, followed by an additional
24 hr in the continued presence of dexamethasone either without (open
circles) or with (closed circles) 100 ng/ml NGF. In both cases, dexa-
methasone inhibition of GAP-43 RNA levels was maximal at or above
0.1 um. Note that, at zero dexamethasone, the absolute GAP-43 message
levels are quite different with and without NGF (see Fig. 1).

Protein synthesis requirement

The lag of almost 3 hr before increased GAP-43 message is
detected in NGF-stimulated cells (Fig. 2) suggested that protein
synthesis might be a requirement for induction. To test this, we
examined the effect of inhibition of protein synthesis on induc-
tion of GAP-43 message. Cells were pretreated for 2 hr with 1
ug/ml cycloheximide and then treated for another 24 hr with
various inducers in the continued presence of cycloheximide.
This concentration of cycloheximide is sufficient to block 95%
of incorporation of 3S-methionine into cell proteins without
decreasing cell survival at 26 hr exposure (data not shown). The
cycloheximide treatment decreased basal GAP-43 RNA levels
and induction by all reagents tested except dBcCAMP (Fig. 7).
However, inhibition is never complete with any of the effectors
except TPA. In that case, stimulated expression is decreased by
96%, whereas for NGF and FGF, decreases are about 65 and
75%, respectively. Hence, protein synthesis is required for full
induction by NGF, FGF, and TPA but is unnecessary for in-
duction by dBcAMP. In fact, induction by dBcAMP is poten-
tiated slightly by cycloheximide.

Mechanism of induction by NGF

Both protein kinases A and C have been proposed as intracel-
lular mediators of NGF action. The results presented thus far
are consistent with these suggestions since dBCAMP and TPA
both increase GAP-43 expression. It’s unlikely that kinase A
could be the sole mediator of GAP-43 induction by NGF since
(1) message levels achieved with maximally effective concen-
trations of dBcCAMP are below those induced by NGF, and (2)
the full effect of NGF is dependent on protein synthesis, while
induction by dBcAMP is essentially unaffected by inhibition of
protein synthesis. The message levels achieved with TPA treat-
ment also are far below those seen with NGF. However, as
pointed out previously, these levels are probably an underes-
timate of TPA induction due to concomitant down-regulation
of kinase C. In order to further investigate the mechanism of
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Figure 6. Glucocorticoid inhibition of GAP-43 induction by TPA,
dBcAMP, FGF, and NGF. Cells were grown for 24 hr in medium with
(open bars) or without (solid bars) 1 um dexamethasone, followed by
another 24 hr in the continued presence or absence of dexamethasone
plus the indicated inducer. The inducer concentrations were TPA (0.1
uM), dBcAMP (1 mm), FGF (37 ng/ml), NGF (100 ng/ml).

NGF induction of GAP-43 message, cells were treated with
combinations of maximally effective doses of NGF, TPA, and
dBcAMP (Fig. 8). The combined effect of TPA and dBcAMP
is greater than the sum of their individual effects and matches
that of NGF. This suggests that NGF could be exerting its effect
via activation of both kinases A and C. However, when cells
are stimulated with TPA plus NGF, the effect is approximately
additive, while dBcAMP plus NGF are more than additive.
Furthermore, when TPA is added to the latter combination, its
effect is approximately additive to the induction by dBcAMP
plus NGF. The additivity of TPA plus NGF suggests indepen-
dent mechanisms of induction of GAP-43. The superadditivity,
or synergism, of dBCAMP when used with either or both of the
other agents argues for a more complicated mechanism. Syn-
ergism of NGF and dBcAMP also has been observed in induc-
tion of ornithine decarboxylase activity (Hatanaka et al., 1978;
Guroffet al., 1981) and in elevation of cellular protein and RNA
levels and extension of neurites in PC12 cells (Gunning et al.,
1981). As a further test of kinase C involvement in induction
by NGF, we down-regulated this enzyme by chronic pretreat-
ment of cells with TPA (Matthies et al., 1987). As expected,
this resulted in a complete loss of TPA sensitivity (Fig. 9).
However, induction by NGF was not reduced at all, and in fact,
was actually enhanced by about 35%. This is strong evidence
against protein kinase C involvement in GAP-43 induction by
NGF.

Discussion

In this study we have extended earlier observations on GAP-
43 gene control in PC12 cells. Of all the growth factors we
examined, NGF was the most potent inducer, while insulin was
without effect. Induction by NGF was independent of differences
in the cell’s ability to adhere to different substrates or of large
differences in cell density. Both induction in response to NGF,
and decay following its withdrawal were fairly rapid events,
indicating tight regulatory control. FGF was almost as effective
an inducer as NGF, but EGF was only slightly effective, as were
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(solid bars) 1 ug/ml cycloheximide, followed by 24 hr in the continued
presence or absence of cycloheximide plus inducer as indicated. Inducer
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dBcAMP and the phorbol ester TPA. With the exception of
dBcAMP, induction by all of these effectors was decreased by
inhibition of protein synthesis. Only EGF induction was unaf-
fected by SIBA. In additivity experiments, NGF enhanced in-
duction by TPA or dBcAMP, or TPA plus dBcAMP, while
down-regulation of protein kinase C by chronic treatment with
TPA completely eliminated the TPA response but was without
effect on NGF induction. Dexamethasone decreased basal GAP-
43 RNA levels and partially inhibited induction by all of the
positive effectors but was far less effective in this regard than
SIBA. Finally, KCl was slightly effective, and retinoic acid was
ineffective in inducing GAP-43 message.

Since GAP-43 is presumed to be important for neurite out-
growth, it is interesting to consider how its expression is cor-
related with this process and whether culture conditions which
influence neurite outgrowth also affect GAP-43 expression. We
approached this point in 2 ways. First, we examined the effects
of varying the growth substrate or cell density, parameters which
influence neurite outgrowth in PC12 cells. We found that NGF-
induced GAP-43 expression was independent of cell density or
adhesion, and of the substrate’s ability to support neurite growth.
We also examined the time course of GAP-43 expression and
found that it was induced quite rapidly, such that maximal
steady-state RNA levels were achieved within approximately
24 hr exposure to NGF. It is remarkable that, by that time, very
few cells have ceased division and begun to extend neurites. In
fact, the response of PC12 cells to NGF actually includes in-
creased proliferation within the first day of exposure (Boonstra
et al., 1983). Furthermore, under the culture conditions we em-
ployed, complete cessation of cell division and initiation of
morphological differentiation does not occur until about 7 d of
NGF treatment (Greene and Tischler, 1976). This suggests that
NGF is able to induce full expression of GAP-43 in cells which
are still proliferating. Since morphological differentiation occurs
much faster in the absence of serum, the delayed morphological
response in normal serum-containing growth medium has been
attributed to inhibitory serum factors (Skaper et al., 1983). Hence,
if GAP-43 is necessary for neurite outgrowth in PC12 cells, it
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Figure 8. Combined effects of TPA, dBcAMP, and NGF on GAP-43
message. Cells were treated for 24 hr with various combinations of
maximally effective concentrations of TPA (0.1 um), dBcAMP (1 mm)
and NGF (100 ng/ml).

evidently is not sufficient and its induction is not among the
prerequisite events that are inhibited by serum. Possibly, pro-
duction of one or more slowly induced gene products, such as
thy-1 (Dickson et al., 1986), the neurofilament subunits (Dick-
son et al., 1986; Leonard et al., 1987, 1988; Lindenbaum et al.,
1988) or proteins corresponding to the unidentified clones stud-
ied by Leonard et al. (1987) is rate limiting for NGF-induced
neurite outgrowth in PC12 cells.

Our observation that inhibition of protein synthesis decreases
induction of GAP-43 by NGF, FGF, and TPA, suggests that
one or more rapid response gene products may be involved in
regulating GAP-43 expression. Several such genes, including the
nuclear proto-oncogenes c-fos and c-myc, as well as a-actin and
ornithine decarboxylase (Feinstein et al., 1985; Greenberg et al.,
1985; Kruijer et al., 1985; Milbrandt, 1986), are transiently
expressed within minutes to hours of NGF treatment. Very

100 j
Control NGF

Figure 9. Effect of down-regulation of protein kinase C on NGF in-
duction of GAP-43. Cells were treated for 3 d with either DMSO vehicle
(solid bars) or TPA (open bars). TPA concentration was 1 um for the
first 2 d and 0.1 uM for the third day. During the third day, some cells
also were treated with 100 ng/ml NGF as indicated.

5 8 ]

5

Relative Peak Area




1404 Costello et al. « GAP-43 Gene Expression in PC12 Cells

recently, several additional rapid-response genes have been
cloned, 2 of which, NGFI-A and NGFI-B, have been identified
as putative transcription factors (Milbrandt, 1987, 1988; Cho
et al., 1989). All of the reagents which we found induced GAP-
43 also induce c-fos in PC12 cells (Greenberg et al., 1985; Kruijer
etal., 1985; Milbrandt, 1986). These observations, together with
the close temporal sequence of GAP-43 induction following the
transient wave of c-fos expression as observed by others, make
this proto-oncogene an attractive possibility as a regulatory fac-
tor controlling GAP-43 levels during neuronal differentiation
of PC12 cells. Presumably such control would be indirect since
NGF does not significantly increase GAP-43 transcription in
PC12 cells (Federoffet al., 1988). Instead, elevated transcription
factor levels might effect increased expression of proteins in-
volved in stabilization of GAP-43 message. However, we should
point out in this regard that our data differ from those of Federoff
et al. (1988), who found that inhibition of protein synthesis did
not affect NGF induction of GAP-43 RNA. We are unable to
account for this discrepancy.

The effect of SIBA on GAP-43 induction by the growth factors
is consistent with previous studies. The original motivation for
examining the effect of methyltransferase inhibitors on NGF
actions in PC12 cells was the discovery that treatment of SCG
neurons with NGF causes a rapid burst of methyl group incor-
poration into phospholipids (Pfenninger and Johnson, 1981). It
was found that these drugs inhibit all tested responses of PC12
cells to NGF while having either no effect or enhancing re-
sponses to EGF (Seeley et al., 1984; van Calker et al., 1989).
Our observations of essentially complete inhibition of NGF
induction but no effect on EGF induction of GAP-43 are con-
sistent with these earlier observations. Since, by virtually every
criterion so far tested, FGF has been shown to mimic the effect
of NGF on PC12 cells (Togari et al., 1983, 1985; Neufeld et al.,
1987; Rydell and Greene, 1987), we expected, and observed that
FGF vigorously induces GAP-43 and that this induction is in-
hibited by SIBA. The only other FGF response which has been
tested and shown to be blocked by methyltransferase inhibitors
in PC12 cells is neurite regeneration by primed cells (Togari et
al., 1985). As discussed in detail previously (Seeley et al., 1984),
the mechanism(s) by which methyltransferase inhibitors block
NGF (or FGF) actions is unclear. In fact, it has been argued
that inhibition of NGF actions by S-adenosylhomocysteine hy-
drolase inhibitors is unrelated to blockage of methylation re-
actions (Acheson and Thoenen, 1987). However, regardless of
how they act, it is clear that these drugs interfere at a very early
stage in the signal-transduction sequence since they block even
alterations in cell surface morphology which occur within sec-
onds of NGF exposure (Seeley et al., 1984).

Dexamethasone also inhibits GAP-43 expression. It de-
creased GAP-43 RNA levels in unstimulated cells and decreased
induction by NGF, FGF, TPA, and dBcAMP. The opposite
effects of NGF and dexamethasone on GAP-43 expression are
consistent with its identification as a neuronal marker. PC12
cells generally resemble immature adrenal chromaffin cells
(Greene and Tischler, 1982), and NGF and glucocorticoids have
been shown to have opposite and antagonistic effects on the
differentiation of such cells into either sympathetic neurons or
mature chromaffin cells, respectively (Doupe et al., 1985). These
agents have analogous effects on differentiation of PC12 cells
into sympathetic neuron-like or mature chromaffin-like cells.
Their antagonistic effects are evident in the intermediate phe-
notypes achieved with regard to, for instance, neurite outgrowth

(Tocco et al., 1988) or specific gene transcriptions (Leonard et
al., 1987), when PC12 cells are simultaneously stimulated with
both NGF and dexamethasone, as was done in our experiments.
The much smaller proportional decrease of GAP-43 RNA levels
by dexamethasone in cells treated with NGF (approximate 30%
decrease) compared with those in cells not treated with NGF
(75% decrease) argues for NGF’s ability to antagonize gluco-
corticoid action. Our data suggest that this also is true for FGF.
In contrast, the increased but much lower GAP-43 RNA levels
in the presence of TPA or dBcAMP were decreased propor-
tionately as much as were basal levels. Although the mechanism
of receptor-mediated gene induction by steroid hormones such
as the glucocorticoids is well understood (Yamamoto, 1985),
the negative effects of steroids on gene expression have been
accounted for in only a few cases. It appears that some genes
may contain cis elements which differ slightly in sequence from
the positive-acting glucocorticoid response element, and which
mediate glucocorticoid-dependent repression (Sakai et al., 1988).
In other cases, genes may contain glucocorticoid response ele-
ments which overlap with binding sites for positively-acting
transcription factors and thereby inhibit transcriptional stim-
ulation (Drouin et al., 1987; Akerblom et al., 1988). Presumably
such an arrangement could account for the mutually antagonistic
actions of dexamethasone and NGF with respect to GAP-43
expression. Another recent observation suggests an additional
possibility for NGF antagonism of glucocorticoid action. The
NGF-induced rapid response gene, NGFI-B, has strong se-
quence homologies to the ligand- and DNA-binding domains
of several of the steroid receptors (Milbrandt, 1988). Perhaps
this protein competes with the glucocorticoid receptor for DNA
binding but is deficient in transcriptional activation.

Finally, we made an effort to determine the mechanism of
GAP-43 induction by NGF. Increases in cAMP levels, phos-
phoinositide turnover and Ca?* have all been proposed as me-
diators of NGF action. Our experiments suggest that protein
kinase C is not involved in NGF induction of GAP-43, but that
kinase A could contribute to this effect. The strongest evidence
against kinase C involvement is that down-regulation of kinase
C entirely eliminates TPA induction but, if anything, slightly
increases NGF induction. Protein kinase C involvement in NGF-
induced neurite outgrowth and ornithine decarboxylase activity
also has been ruled out based on down-regulation data (Reinhold
and Neet, 1989). Additivity or superadditivity of NGF and
dBcAMP effects (as we observed) have been interpreted as in-
dications of independent mechanisms (e.g., Hatanaka et al.,
1978). However, an alternative possibility suggested by our data
is that, although NGF is acting partly via kinase A, it is not
fully activating it. Hence, dBcAMP enhances this component
of GAP-43 induction. In addition, the greater induction by NGF
than by dBcAMP, and their synergistic effect argue strongly for
at least one cAMP-independent pathway of GAP-43 induction
by NGF. This pathway might involve activation of another
protein kinase, such as the recently described, NGF-regulated
kinase N (Rowland et al., 1987) or an increase in eicosanoid
production (DeGeorge et al., 1988). Our results suggest that an
increase in intracellular Ca?* levels also might be contributing
since KCl, which causes opening of voltage-sensitive Ca?* chan-
nels in PC12 cells (Meldolesi et al., 1984; Freeman et al., 1988),
also induces GAP-43. In any case, definitive information on the
involvement of cAMP will require specific inhibition of kinase
A. Such an approach, using PC12 sublines that are deficient in
kinase A activity, has substantiated earlier suggestions based on



additivity data that NGF induction of omithine decarboxylase
is cCAMP-independent (Van Buskirk et al., 1985).

GAP-43 appears to be important in neuronal growth. Its
expression is regulated in a fashion very similar to that of another
neuronal gene designated SCG10 (Stein et al., 1988). Both are
induced by NGF in PC12 cells with a time course that is in-
termediate between the rapid response genes, which represent
a common response of diverse cell types to both proliferative
and differentiative signals, and the slower response genes, such
as intermediate filament proteins, many of which, by analogy
with gene expression in regenerating neurons (Perry et al., 1987),
may represent structural components of growing neurites. In
contrast, genes such as GAP-43 and SCG10 are likely to be
involved in processes that are uniquely important to neuronal
differentiation. Studying the molecular processes underlying
expression of these and other coordinately regulated genes will
provide insight into determination of neuronal phenotype.
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