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A set of early response genes has been identified whose transcription in fibroblasts is rapidly induced in 
response to growth factors. Prototype members of this group, c-fos and c-jun, encode products that form a 

heterodimer and have been implicated in the regulation of gene expression and cell growth. It is thought that 
other early response genes also encode critical mediators of the cell's response to external stimuli. We have used 

PC12 pheochromocytoma cells as a model system to test the hypothesis that different extracellular signals 

induce distinct patterns of expression of early response genes. Our results indicate that membrane 

depolarization, induced either by potassium chloride or by the neurotransmitter analog nicotine, activates a 

program of gene expression distinct from that activated by nerve growth factor or epidermal growth factor. 

Notably, c-fos and c-jun activation can be dissociated; whereas c-jun is coinduced with c-fos and jun-B after 
growth factor stimulation, membrane depolarization activates c-fos and jun-B without stimulating c-jun. Fos 

may therefore form transcription complexes with alternative cofactors under different stimulation conditions. 

nur/77 and zif/268, which encode putative transcription factors, also show markedly different responses to 

growth factors and depolarization. We conclude that multiple nonconvergent signal transduction pathways 
control early response gene expression. Our findings also indicate that the diversity and specificity of cellular 

response to environmental change can be accounted for by the differential combinatorial induction of a 
relatively small number of early response genes. 
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transduction] 
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A class of cellular genes, termed early response or imme- 
diate early genes, has been identified whose transcrip- 
tion is rapidly and transiently activated when quiescent 
fibroblasts are stimulated by growth factors to re-enter 
the cell cycle (Cochran et al. 1983; Greenberg and Ziff 
1984; Lau and Nathans 1985, 1987; Lim et al. 1987; 
Sukhatme et al. 1987; Almendral et al. 19881. Recent ex- 
periments indicate that several members of the early re- 
sponse gene family encode putative transcription factors 
that may be critical mediators of the cell's response to 
growth factors {Chavrier et al. 1988; Chiu et al. 1988; 
Christy et al. 1988; Hazel et al. 1988; Joseph et al. 1988; 

Lemaire et al. 1988). The c-los and c-jun proto-onco- 
genes are the most extensively studied of these genes. 
cqun, the cellular counterpart of the transforming gene 
of avian sarcoma virus 17 {Maki et al. 1987}, encodes a 

4Corresponding author. 

DNA-binding protein that is the major polypeptide 
present in purified preparations of the transcription 
factor AP-1 {Bohmann et al. 1987; Angel et al. 1988b). 
Jun/AP-1 binds specifically to a phorbol ester-responsive 
sequence (5'-ATGACTCAT-3'), first identified in the 
SV40 and human metallothionein IIA enhancers {Angel 
et al. 1987; Lee et al. 19871. Recent evidence indicates 
that the c-jun protein forms a complex with the product 

of the c-fos proto-oncogene {Rauscher et al. 1988b; Sas- 
sone-Corsi et al. 1988a; for review, see Curran and 
Franza 1988}. As a heterodimer, c-fos and c-jun proteins 
bind to the AP-1 site with high affinity and regulate 
transcription of genes containing this DNA element 
(Halazonetis et al. 1988; Kouzarides and Ziff 1988; Na- 

kabeppu et al. 1988, Rauscher et al. 1988a; Sassone- 

Corsi et al. 1988b). 
Two other early response genes, jun-B and jun-D, have 

sequence similarity to c-jun and may form transcription 
complexes with c-fos {Nakabeppu et al. 1988; Ryder et 
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al. 1988). Additional members of the early response gene 
family appear to encode transcription factors of other 
classes. These include zif/268 and Krox-20, two closely 
related genes with zinc-finger DNA-binding domains 
(Chavrier et al. 1988; Christy et al. 1988; Sukhatme et 
al. 1987, 1988), and nur/77, an early response gene with 
sequence similarity to the glucocorticoid receptor (Hazel 
et al. 1988; Milbrandt 1988). 

c-los has become a model gene for the study of induc- 
ible expression. Transcription of c-fos is barely detect- 
able prior to growth factor addition, but within minutes 
after treatment its transcription is elevated >100-fold 
(Cochran et al. 1984; Greenberg and Ziff 1984; Kruijer et 

al. 1984; Muller et al. 1984). c-los activation occurs in a 
wide range of cell types in response to a diverse set of 
agents including specific polypeptide growth factors, 
serum, phorbol esters, neurotransmitters, and agents 
that elevate intracellular calcium and cAMP (Greenberg 
et al. 1985, 1986J. The regulation of c-jun and other early 
response genes by extracellular stimuli is less well char- 
acterized. An important question is whether the jun 
family and the other early response genes are always 
coinduced with c-los, as they are in fibroblasts stimu- 
lated with serum (Lamph et al. 1988; Quantin and 
Breathnach 1988; Ryder and Nathans 1988; Ryseck et al. 
1988), or whether these genes are regulated differentially 
under some conditions. An attractive hypothesis is that 
the different effects of various extracellular stimuli on 

cell physiology are mediated by the activation of distinct 
subsets of early response genes. 

The rat pheochromocytoma PC12 cell line is well 
suited for testing this hypothesis because it can be stim- 

ulated by an array of agents that have disparate effects 
on the cells' phenotype (Greene and Tischler 1976; for 
review, see Greene and Tischler 1982). For instance, 
nerve growth factor (NGF) has an initial mitogenic effect 
on PC12 cells but then causes growth arrest and differ- 
entiation into sympathetic neuron-like cells (Greene 
and Tischler 1976, 1982; Boonstra et al. 1983). Epi- 

dermal growth factor (EGF) is also mitogenic for PC12 
cells, but in contrast to NGF it does not induce growth 
arrest or neuronal differentiation (Boonstra et al. 1983). 
PC12 cells also provide a good system for studying the 
effects of electrical signals on neuronal gene expression 
because they have excitable membranes that can be de- 
polarized by specific neurotransmitters or elevated 
levels of KC1 (for review, see Greene and Tischler 1982). 

We describe experiments demonstrating that stimula- 
tion of PC12 cells with membrane depolarizing agents 
induces a program of early response gene transcription 
that is distinct from the pattern observed upon treat- 

ment with growth factors. Although c-los, c-jun, and 
jun-B transcription are all activated by growth factors, 
membrane depolarization stimulates c-los and jun-B but 
fails to activate c-jun. A differential response of other 
early response genes is also observed. These results lead 
to two important conclusions. First, multiple noncon- 
vergent pathways must exist to transduce cell-surface 
signals to promoters of early response genes in the nu- 
cleus. Second, the different effects of growth factors and 

neurotransmitters on cell physiology may be mediated 
by the action of distinct combinations of early response 
genes, including c-los and members of the jun family. 

Results 

Regulation of c-jun, jun-B, and c-fos mRNA in 
PC12 cells 

PC12 cells can be stimulated by a wide array of agents 
including NGF, EGF, cAMP analogs, and neurotrans- 
mitters (Greene and Tischler 1982). Although these 
various stimuli elicit distinct cellular responses in PC12 
cells, all of the agents activate c-fos transcription 
(Curran and Morgan 1985; Greenberg et al. 1985, 1986; 
Kruijer et al. 1985; Morgan and Curran 1986). The recent 
finding that the c-fos gene product forms a complex with 
c-jun and jun-B proteins raises the possibility that the 

action of c-fos might be modulated by the relative abun- 
dance of c-jun, jun-B, or other jun-related genes. There- 
fore, we asked whether c-jun and jun-B are activated in 
concert with c-fos when PC12 cells are stimulated with 
these different agents. 

Using Northern blot analysis, we find that both NGF 
and EGF cause a marked increase in c-jun and jun-B 
mRNAs within 30 min after their addition to PC12 cells 
(Fig. 1). The induction is similar to that seen for c-los, 
but the relative increase is not as dramatic, perhaps due 
to higher constitutive expression of the jun genes. In ad- 
dition, induction of jun-B mRNA appears to follow 
slightly slower kinetics than that of c-fos or c-jun 
mRNA. Of interest is the observation that two jun-B 
mRNA species are detected that differ in size by -200 
bp (Fig. 1). The 2.1-kb jun-B mRNA is induced within 15 

min and decays rapidly. The smaller jun-B mRNA accu- 
mulates with slower kinetics. The 1.9-kb species could 
be a degradation intermediate of the longer transcript, 
but the data do not exclude the possibility that it is a 
product of alternative transcriptional initiation, 

splicing, or poly(A) addition. The 2.7- and 3.4-kb c-jun 
mRNAs detected in PC12 cells upon induction with 
growth factors (Fig. 1) most likely differ at their 3' ends, 
as has been shown recently for the c-jun mRNAs in fi- 
broblasts (Ryseck et al. 1988). 

No significant differences are evident when NGF in- 
duction of c-jun and jun-B is compared with EGF stimu- 

lation of these genes (Fig. 1). This suggests that the dif- 
ferent effects of NGF and EGF on PC12 cell physiology 
are not a consequence of differential induction of the 

constituents of Fos/Jun complexes. 
Exposure of PC 12 cells to elevated extracellular levels 

of KC1 results in membrane depolarization, followed by 
an influx of extracellular calcium. Depolarization of 
PC12 cells causes the rapid induction of c-fos transcrip- 
tion via a signal transduction pathway that is distinct 
from the pathway by which growth factors activate c-fos 
(Sheng et al. 1988). In contrast to c-los, which is induced 
at least 50-fold by membrane depolarization, we find 
less than a 3-fold change in the level of c-jun mRNA 
upon treatment with elevated KC1 (Fig. 1). This slight 
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Figure 1. Induction of c-jun, jun-B, and c-los mRNA in PC12 
cells stimulated by growth factors or membrane depolarization. 
Samples of cytoplasmic RNA (15 ~g) from cells at specified 
times (0-240 min), after stimulation with 50 ng/ml NGF, 3 
ng/ml EGF, or 60 mM KC1, were assayed by Northern blot anal- 
ysis as described in Materials and methods. The same filters 
were stripped successively and hybridized with oligoprimed 
a2p-labeled eDNA probes specific for c-jun, jun-B, and c-los. Po- 
sitions of 28S and 18S ribosomal mRNAs are indicated. 

increase is slow and persistent, unl ike the typical 

m R N A  response of early response genes. Like c-fos, 

jun-B m R N A  accumulates rapidly and dramatically 

when  the PC12 cell membrane  is depolarized (Fig. 1}. 

EGTA abrogates c-fos and jun-B activation (data not 

shown), consistent with induction depending on influx 

of extracellular Ca 2+. These results, summarized in 

Table 1, indicate that membrane  depolarization induces 

T a b l e  1. Fold induction of los and jun mRNA levels in PC12 
cells by specific stimuli 

Gene NGF EGF KC1 

c-jun 8 18 <3 
jun-B 8 10 23 
c-los 31 43 56 

The levels of c-jun, jun-B, and c-los mRNAs before and after 
stimulation with the indicated agents were quantitated by 
scanning laser densitometry of the autoradiographs in Fig. 1. 
The values represent the ratio of the peak poststimulation 
mRNA level to the basal prestimulation mRNA level. Densi- 
tometry of blots stripped and rehybridized with a raf probe 
served to normalize for RNA content between lanes. 

a program of gene expression that is distinct from that 

seen with growth factors and may  not involve c-jun. 

The observation that membrane  depolarization stimu- 

lates jun-B expression but activates c-jun only mini-  

mal ly  prompted us to examine the induction of these 

genes in NGF-differentiated PC12 cells by the nicotinic 

cholinergic receptor agonist nicotine. Upon exposure to 

NGF for several days, PC12 cells acquire many  proper- 

ties of sympathet ic  neurons, including the expression of 

increased levels of the nicotinic cholinergic receptor 

{Jumblatt and Tischler 1982; Amy and Bennett 1983}. 

Treatment  of NGF-differentiated PC12 cells with nico- 

t inic receptor agonists causes membrane  depolarization, 

generating a sodium action potential and the release of 

neurotransmit ter  at the axon terminus (Dichter et al. 

1977}. We have shown previously that s t imulat ion of 

NGF-differentiated PC12 cells with nicotine results in 

the rapid activation of c-fos transcription (Greenberg et 

al. 1986; see also Fig. 2). The reduction signal is trans- 

duced through the nicotinic cholinergic receptor and is 

dependent on an influx of calcium ions through voltage- 

gated calcium channels. As shown in Figure 2, nicotine 

s t imulates  jun-B m R N A  levels in parallel wi th  c-los but 

has no effect on c-jun expression. The activation of both 

c-los and jun-B is dependent on the influx of extracel- 

lular calcium inasmuch as the induction of these two 

mRNAs is completely blocked by the presence of EGTA 

in the med ium {Fig. 2). Similar results are obtained fol- 

lowing membrane  depolarization of NGF-differentiated 

cells by KC1 addition (data not shown}. The relative in- 

crease in jun-B m R N A  in NGF-differentiated PC12 cells 

Figure 2. Analysis of jun and los mRNA in NGF-differentiated 
PC12 cells following voltage-gated Ca 2+ influx. PC12 cells al- 
lowed to differentiate for 3 days in the presence of 50 ng/ml 
NGF were depolarized with 0.10 mM nicotine or O. 10 mM nico- 
tine plus 3.0 mM EGTA. Northem analysis of cytoplasmic RNA 
from cells 0, 30, and 60 rain after stimulation was carried out as 
described in Fig. 1. Positions of 28S and 18S ribosomal mRNAs 
are indicated. 
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is lower than that in undifferentiated cells and may be a 

consequence of the higher basal level of jun-B mRNA 

that is present after NGF-induced differentiation {data 

not shown). The findings with nicotine extend the re- 

suits obtained with KC1. They indicate that membrane 

depolarization by either a neurotransmitter receptor ago- 

nist or KC1 induces a program of gene expression that 

differs from that seen with growth factors. Furthermore, 

the experiments demonstrate that induction of c-los and 
c-jun can be dissociated. 

Using a nuclear run-on transcription assay, we estab- 

lish that the differential response of c-jun and c-los 
mRNA to membrane depolarization reflects a difference 

in the transcription of these two genes. In these experi- 

ments membrane depolarization induces c-los and jun-B 
transcription significantly within 15 rain, but has no de- 

tectable effect on the level of c-jun transcription (Fig. 

3A). Previously, we have shown that membrane depolar- 

ization fails to activate transcription of 13-actin, another 

growth-factor-inducible gene (Greenberg et al. 1986; see 

also Fig. 3AI. The effects of NGF and EGF on c-jun and 

jun-B transcription correlate with the transient increase 

in mRNA of these two genes {Figs. 1 and 3A). 
The low c-jun signals observed in the run-on tran- 

scription assay shown in Figure 3A contrasts with the 

strong c-jun signals observed by others when quiescent 

fibroblasts are stimulated to re-enter the cell cycle by 

the addition of calf serum (Quantin and Breathnach 

1988; Ryder and Nathans 1988; Ryseck et al. 1988). To 

rule out the possibility that the lower c-jun run-on tran- 

scription signal in PC12 cells is due to poor hybridiza- 

tion of rat c-jun transcripts to the human c-jun plasmid 

DNA used in the run-on assay, an experiment was car- 

ried out with quiescent rat 208F fibroblast cells stimu- 

lated by serum addition. In contrast to the results ob- 

tained in PC12 cells, the c-jun and jun-B transcription 

signals are comparable in rat fibroblasts after serum 

stimulation (Fig. 4), confirming the validity of our run- 

Figure 3. Nuclear run-on transcription analysis of early response genes in PC12 cells stimulated with growth factors or KC1 mem- 
brane depolarization. Plasmids containing early response gene cDNAs were spotted onto nitrocellulose filters and hybridized with 
a2P-labeled run-on transcripts from nuclei obtained from the same cells harvested for Northern analysis in Fig. 1. pUC19 and raf serve 
as a negative and a constant internal control, respectively {Greenberg and Zitf 1984). (A) Hybridization of run-on transcripts to jun, los, 
13-actin, and control plasmids; (B) run-on transcript hybridization to the other early response gene cDNAs. Each filter in B was 
hybridized and washed, together with the corresponding filter in A. 
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on transcription analysis using these plasmids. Indeed, 

c-jun transcription appears significantly greater in 
serum-stimulated fibroblasts than in PC12 cells acti- 

vated by growth factors (Fig. 3A) or by serum (data not 

shown). This apparent cell type difference is evident 
both before and after stimulation. It results in at least a 

fivefold difference between the two cell types in the 

ratio of c-jun to jun-B transcription signals (Figs. 3A and 
4). 

Activation of additional early response genes in PC12 

cells 

The experiments described above indicate that members 

of the jun family respond differently to growth factors 
and membrane depolarizing agents. We next asked 
whether other early response genes are also differentially 

regulated by these stimuli. NGF, EGF, and elevated 

levels of KC1 were tested for their ability to activate the 
transcription of six additional early response genes. 

These early response genes were shown previously to be 

induced with kinetics similar to that of c-los when qui- 

escent fibroblasts are stimulated by growth factors. Two 
of these early response genes, zif/268 and nur/77, are be- 

lieved to encode DNA-binding proteins that function as 

regulators of transcription. Sequencing of the other four 
early response genes has not yet given obvious clues as 

to their function (L.F. Lau, unpubl.). 
Initially, we employed a nuclear run-on transcription 

assay to measure the response of the early response 

genes to NGF, EGF, and membrane depolarization, be- 

cause this method allows the analysis of the transcrip- 

tion of many genes in a single experiment (Greenberg 
and Ziff 1984). We find that the patterns of transcrip- 

tional activation of the six additional early response 

genes are identical whether PC12 cells are treated with 

EGF or with NGF (Fig. 3B). In contrast, membrane depo- 
larization by elevated levels of KC1 results in a different 
pattern of gene induction than that observed with the 

growth factors. As shown in Figure 3B, the glucocorti- 

coid receptor-related gene nur/77 is induced only mod- 
estly upon the addition of NGF or EGF (2-fold) but is 

induced markedly by membrane depolarization (15-fold). 
Clone 134 also appears relatively unresponsive to 

growth factors in PC12 cells, but like nur/77, this gene is 
stimulated by membrane depolarization. The response 

of zif/268, a gene with zinc-finger motifs, is quite dif- 
ferent. Both NGF and EGF activated zif/268 transcrip- 

tion -50-fold, whereas the effect of elevated KC1 on 
zif/268 was more modest (10-fold) (Fig. 3B). The run-on 
transcription results were confirmed and extended by re- 
probing the Northern blots of Figure 1 to measure the 

level of induction of zif/268 and hurl77 mRNA (Fig. 5). 
The 3.1-kb zif/268 mRNA is induced dramatically 

(> 100-fold) by NGF and EGF but only to a limited extent 

by membrane depolarization (20-fold). The rat homolog 

of zif/268, termed NGFI-A, has been characterized pre- 
viously in PC12 cells stimulated by NGF (Milbrandt 
1987). The experiments described here indicate that 

Figure 4. Transcriptional induction of early response genes in 
rat fibroblasts stimulated by serum. Nuclei were isolated from 
serum-deprived 208F rat fibroblasts at different times after ad- 
dition of 20% calf serum. Run-on transcripts were then assayed 
as described in the legend to Fig. 3. 

zif/268 (NGFI-A) induction is not specific to NGF acti- 

vation of PC12 cell differentiation but also occurs when 

these cells are stimulated by EGF, an agent that does not 

induce the differentiation of PC12 cells. 
In contrast to c-jun and zif/268, the 2.6-kb nur/77 

mRNA is stimulated much more by membrane depolar- 

ization (350-fold) than by NGF and EGF (15-fold). The 

induction of the nur/77 mRNA by NGF in PC12 cells 

has been reported previously (Milbrandt 1988). A novel 

finding in the present study is that the nur/77 mRNA is 

considerably more responsive to membrane depolariza- 
tion than it is to growth factors. In these experiments, 

the differential regulation of early response gene mRNA 
levels is not a reflection of variability in cell stimulation 
by a given agent because the results in Figures 1 and 5 

were obtained by successive reprobings of the same 

Northern blots. 
The differential response of genes such as c-jun, 

zif/268, and nur/77 to membrane depolarization and 

growth factors indicates that their signal transduction 
pathways are distinct and do not converge. Furthermore, 

the different physiological responses of PC12 cells to 

NGF and EGF cannot be accounted for by differences in 
the expression of the known early response genes, be- 
cause the patterns of early response gene transcription 
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Figure 5. Induction of nur/77 and zif/268 mRNA in PC12 
cells, following growth factor addition or membrane depolariza- 
tion. Northern blots in Fig. 1 were stripped and rehybridized 
with oligoprimed 32P-labeled probes specific for nur/77 and 
zif/268. Positions of 28S and 18S ribosomal mRNAs are indi- 
cated. 

were indistinguishable when NGF treatment was com- 
pared with EGF in all cases examined. 

Comparison of the transcription of early response 
genes in fibroblasts and PC12 cells reveals that the acti- 

vation of clone 61 is cell type specific. Clone 61 tran- 
scription is highly responsive to serum stimulation in 

rat fibroblasts (Fig. 4), but is not detectable in PC12 cells 

stimulated by NGF, EGF, or membrane depolarization 

(Fig. 3B). Similar results were obtained for Krox-20 (data 

not shown), an early response gene with zinc-finger 
motifs. Clone 61 and Krox-20 were also not expressed in 
PC12 cells that were starved and then stimulated with 

calf serum (data not shown). Therefore, the inability of 

these genes to be activated in PC12 cells is likely to re- 

flect a true cell type difference rather than a difference 
between growth factors and serum. 

D i s c u s s i o n  

c-los and c-jun activation can be dissociated 

In this paper, we describe experiments demonstrating 
that the c-jun proto-oncogene and jun-B are induced co- 

ordinately with c-fos when PC12 cells are stimulated 
with purified growth factors. Our results show that, as 

for c-los, activation of c-jun and jun-B occurs in a variety 
of cell types in response to extracellular signals. Growth 

factors not only induce c-jun when quiescent fibroblasts 

are stimulated to re-enter the cell cycle but also when an 
asynchronously growing population of PCI2 cells is 
stimulated by EGF to divide, or by NGF to differentiate 
along a neuronal pathway. Nevertheless, c-jun, jun-B, 

and c-fos activation can be dissociated under some cir- 

cumstances. We find that transcription of c-jun is not 

stimulated in PC12 cells following KCl-induced mem- 

brane depolarization or treatment with the specific neu- 

rotransmitter receptor agonist nicotine, cAMP analogs 

also stimulate c-fos and jun-B transcription but not 
c-jun transcription (D.P. Bartel and M.E. Greenberg, un- 

publ.}. Although c-jun is not induced by these agents, it 

is possible that the c-jun gene product still functions in 
stimulated cells because a basal level of c-jun mRNA is 

detectable. We have yet to determine the levels of the 

c-jun protein under various stimulation conditions, but 
we suspect that stimulus-specific quantitative differ- 

ences in c-jun mRNA levels will be paralleled by biolog- 

ically relevant differences in the expression of the c-jun 

protein. In addition, it seems likely that the interaction 

of c-jun and c-fos proteins will also be influenced by 
changes in the relative availability of products of the 

other members of the jun and los families. 

NGF and EGF activate indistinguishable patterns of 

gene expression 

The distinct effects of NGF and EGF on PC12 cell physi- 
ology cannot be accounted for by differential induction 

of any of the 10 early response genes examined. It is pos- 
sible that these genes are important for both growth and 

differentiation but that other early response genes re- 

main to be identified that are NGF or EGF specific. Al- 
ternatively, the same set of early response genes could 

be transcriptionally activated by NGF and EGF, but 

their protein products modified differently, in a growth- 
factor-specific manner. Such post-translational modifi- 

cations might control the activity of the Fos/Jun com- 
plexes, or other transcription factors, so that a differen- 

tiation-specific gene program results in the presence of 

NGF, whereas a mitogenesis-specific program is acti- 
vated upon stimulation with EGF. Indeed, examination 

of anti-c-fos immunoprecipitates reveals that Fos and its 
associated proteins are differentially modified in PC12 

cells stimulated by NGF compared to cells stimulated 
by EGF or membrane depolarization (Kruijer et al. 1985; 

Curran and Morgan 1986; Morgan and Curran 1986). 

Growth factors and membrane depolarization activate 

distinct patterns of early response gene expression in 

PC12 cells 

The patterns of early response gene activation that occur 

when PC12 cells are membrane depolarized or exposed 

to cAMP analogs are quite different from those seen 

upon treatment with NGF or EGF. Most striking is the 
finding that these agents markedly induce jun-B and 
c-los mRNA levels but have minimal effect on c-jun ex- 

pression. Similarly, zif/268 transcription is stimulated 

greatly by growth factors, but to a much lesser extent by 

membrane depolarization. Conversely, within the same 
experiment, nur/77 is stimulated greatly by membrane 
depolarization, but to a much lesser extent by growth 
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factors. Differences in the cell's long-term response to 

the initial stimulus may be due, at least in part, to these 

stimulus-specific programs of early response gene acti- 

vation. The distinct pattern of gene activation that 

occurs upon membrane depolarization of PC12 cells 

may be related to adaptive changes that take place in 

mature neurons in response to synaptic signals. The ob- 

servation that transcription of c-fos and several other 

early response genes is activated in the central nervous 

system as a consequence of electrical excitation sup- 

ports this possibility (Morgan et al. 1987; Saffen et al. 

1988; Sagar et al. 1988). 

In addition to differential regulation within the same 

cell type, we have found differences between PC12 cell 

and 208F fibroblast expression of c-jun, clone 61, and 

Krox 20. Similar cell-type differences have also been 

noted in the expression of other early response genes, 

TIS 10 (Kujubu et al. 1987) and fra-1 (Cohen and Curran 

1988). The cell type difference we observe in c-jun tran- 

scription correlates with the lower levels of p39/AP-1 

detected in PC 12 cells relative to fibroblasts, as analyzed 

by two-dimensional protein electrophoresis (Franza et 

al. 1987). This lower expression of c-jun in PC12 cells 

also correlates with lower quantities of p39/AP-1 coim- 

munoprecipitated with c-los antibodies (Franza et al. 

1987). 

Multiple signal transduction pathways regulate early 
response gene expression 

The finding that early response genes can be regulated 

differentially by growth factors and membrane depolar- 

ization within the same cell type implies that the bio- 

chemical pathways through which these agents act must 

be at least partly distinct. NGF and EGF activation of 

c-los in PC12 cells is mediated through a serum response 

element (SRE; Treisman 1985) located -300  bp up- 

stream of the mRNA initiation site (Sheng et al. 1988). 

The dyad symmetry element within the SRE binds a 

protein, serum response factor (SRF), that is present in 

nuclear extracts of PC12 cells (Sheng et al. 1988) and is 

believed to regulate growth factor induction of c-los 
transcription (Gilman et al. 1986; Prywes and Roeder 

1986; Treisman 1986; Greenberg et al. 1987). Similar 

dyad symmetry elements present upstream of two other 

early response genes, f~-actin (Greenberg et al. 1987; 

Mohun et al. 1987) and zif/286 (Christy et al. 1988; M. 

Thompson and M.E. Greenberg, unpubl.), recently have 

been shown to bind SRF and may be important for the 

growth factor response. It is unclear at present whether 

all growth-factor-inducible genes use this SRF-mediated 

pathway or whether other promoter regulatory elements 

are involved (Angel et al. 1988a). 

Recent studies have identified a second distinct 

pathway for c-los induction that is independent of the 

SRE (Buscher et al. 1988; Gilman 1988; Sassone-Corsi et 

al. 1988c; Sheng et al. 1988). This alternative pathway is 

activated by membrane depolarization or cAMP analogs 

and uses an element located - 6 0  bp upstream of the 

c-los mRNA initiation site, which bears sequence ho- 

mology to the cAMP response element (CRE) (Sheng et 

al. 1988). The family of early response genes that are ac- 

tivated by elevated KC1, nicotine, and cAMP also may 

use a regulatory element similar to the - 6 0  element of 

c-fos. Recent evidence that a CRE-like sequence is 

present upstream of zif/268 (Christy et al. 1988), one of 

the early response genes that is responsive to membrane 

depolarization, supports this idea. 
The observation that growth factors and membrane 

depolarization have dissociable effects on a number of 
early response genes confirms the conclusion derived 

from studies of c-fos promoter mutants that independent 

pathways exist for the transduction of these signals to 

the nucleus. The existence of nonconvergent pathways 

for early response gene activation provides the proteins 

encoded by these genes with greater versatility as nu- 

clear mediators of extracellular signals. Distinct combi- 

nations of early response genes can be activated in re- 

sponse to different stimuli, providing an explanation as 

to how a relatively small number of regulatory genes 

may control a diverse set of responses. Furthermore, if 

the early response gene products are involved in hetero- 

meric transcription regulatory complexes, as is the case 

with los and jun, then an even greater level of combina- 

torial complexity could be generated. We speculate that 

such combinatorial control mechanisms may account 

for both the diversity and specificity of cellular re- 

sponses to environmental change. 

M a t e r i a l s  and  m e t h o d s  

Plasmid DNA 

Cloned immediate early gene cDNAs used for hybridization 
probes in Northern blot analysis and nuclear run-on transcrip- 
tion assays were obtained as follows: jun-B (Ryder et al. 1988, a 
gift from D. Nathans), c-fos (Halazonetis et al. 1988), zif/268, 
nur/77, 3CH 61, 3CH 92, 3CH 96, and 3CH 134 were derived 
from a eDNA library from serum-induced mouse fibroblasts 
(Lau and Nathans 1985, 1987). Probes c-jun(1) and c-jun(2)were 
derived from partial human c-jun eDNA clones, which were 
kindly provided by M. Karin (Angel et al. 1988b). Krox-20 was a 
gift from P. Charnay (Lemaire et al. 1988). ~-Actin and raf 
clones have been described previously (Greenberg and Ziff 
1984). 

Cell culture and stimulation 

PC12 cells were plated on tissue culture dishes coated with rat 
tail collagen and grown as described previously (Sheng et al. 
1988). Rat 208F fibroblasts were grown in Dulbecco's modified 
Eagle's medium (DMEM) containing 10% calf serum in 10% 

CO2. 
PC12 cells were stimulated as described in the figure legends 

with EGF (3 ng/ml), NGF (50 ng/ml), or nicotine (0.10 mivl) 
(Sigma, St. Louis, Missouri). KC1 depolarization was achieved 
by adding potassium chloride and calcium chloride to the cul- 
ture medium to a final concentration of 60 mM and 10 mM, 
respectively, except for the depolarization of NGF-differen- 
tiated PC12 cells (Fig. 2), where calcium chloride was omitted. 

Rat 208F fibroblasts were made quiescent by incubation in 
DMEM containing 0.5% calf serum for 2 days and stimulated 
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by the addition of fresh medium containing 20% fetal calf 
s e r u m .  

The sources of cell culture and cell stimulation reagents have 
been described previously (Sheng et al. 1988). 

Northern blot analysis 

Total cytoplasmic RNA was isolated (Greenberg and Ziff 1984; 

Greenberg et al. 1986) and 15-~g samples fractionated by elec- 

trophoresis through 1 lvi formaldehyde/1.2% agarose gels. The 

RNA was transferred to GeneScreen membranes (NEN Re- 

search Products, Boston, Massachusetts) and cross-linked to the 

nylon by UV irradiation. Prehybridization and hybridization 

conditions were as recommended by the manufacturer. After 
hybridization, the membranes were washed in 2x  SSC/I% 

SDS for 30 min at 65~ and, subsequently, in 0.1 x SSC for 30 

min at room temperature. When more than one blot was probed 
for the same RNA species (Figs. 1 and 5), hybridization and 

washing conditions were identical between blots. 

Gene-specific DNA probes were prepared by the random oli- 

gonucleotide priming method, using gel-purified eDNA frag- 

ments and an Oligo-Labeling Kit (Pharmacia LKB Biotech- 
nology, Piscataway, New Jersey). 

After autoradiography, membranes were stripped of radioac- 
tivity by boiling in 10 ~ Tris (pH 7.5), 1 mM EDTA, and 1% 

SDS before reprobing. 

Nuclear run-on transcription assay 

Experimental procedures for the in vitro nuclear run-on tran- 

scription assay have been described in detail previously (Green- 
berg and Ziff 1984). 
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