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Hormone and neutrotransmitter receptor systems regulate 
both the activity and expression of GTP-binding proteins (G- 
proteins). However, relatively little is known about the mech- 
anism by which this regulation occurs. One G-protein sub- 
type, Gia,, is expressed primarily in neuronal cells. Here, we 
demonstrate the selective regulation of G,a, mRNA and pro- 
tein levels by CAMP. Treatment of PC1 2 cells with forskolin 
increases G,a protein levels. Similarly, incubation of PC12 
cells with agents that increase intracellular levels of CAMP, 
including forskolin, dibutyryl-CAMP, and 8-bromo-CAMP, in- 
duce a two- to fourfold increase in G,a, mRNA levels. Fur- 
thermore, the effect of increased intracellular CAMP is spe- 
cific for G,a, mRNA expression: the levels of mRNA encoding 
other G-protein subtypes remain unaltered. CAMP-stimulat- 
ed G,a, expression occurs within hours of treatment and is 
sustained for days. Increasing intracellular CAMP by acti- 
vation of cell surface adenosine receptors also increases 
G,cc, mRNA levels. Treatment of PC12 cells with phorbol 
esters, NGF, or depolarizing concentrations of KCI did not 
increase G,a, mRNA expression, demonstrating that G,a, 
expression is specifically regulated by CAMP. Guanine nu- 
cleotide-mediated inhibition of adenylate cyclase activity 
was measured in order to determine if the change in G,ar 
protein expression was accompanied by a change in G-pro- 
tein function. Adenylate cyclase activity in PC1 2 cells treat- 
ed with an adenosine analog and therefore expressing high- 
er levels of G,a protein is more sensitive to inhibition by 
guanine nucleotides than in nontreated PC1 2 cells. De nova 
mRNA synthesis, but not protein synthesis, is required for 
the increase in G,a, mRNA expression. The rates of mRNA 
degradation of G,a, mRNA in control and CAMP-treated cul- 
tures are indistinguishable, suggesting that the increase in 
G,a, mRNA is due to an increased rate of synthesis, rather 
than a decreased rate of degradation. This may represent a 
neuronal-specific regulatory mechanism to increase selec- 
tively the expression and function of Gia, by neurotrans- 
mitters and synaptic activity. 
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G-proteins are a large family of closely related polypeptide com- 
plexes responsible for signal-effector coupling. G-protein com- 
plexes are composed of cr-, &, and y-subunits. Each distinct 
G-protein is defined by its a-subunit, one of several polypeptides 
of 39-52 kDa. The a-subunit contains the site for ADP-ribo- 
sylation by bacterial toxins (cholera toxin and/or pertussis toxin) 
as well as the GTPase activity required for the deactivation of 
a G-protein following hormone binding to its receptor and con- 
sequent activation of the G-protein by GTP. Each a-subunit is 
coupled to a &complex composed of either a 35 or 36 kDa 
P-subunit and a -r-subunit of M, 8000 (for review, see Spiegel, 
1987; Casey and Gilman, 1988). 

G-proteins couple membrane receptors to many effector sys- 
tems involved in physiological signaling, such as the regulation 
of the activity of phospholipases (Cockcroft, 1987; Jelsema and 
Axelrod, 1987) ion channels (Pfaffinger et al., 1985; Yatani et 
al., 1987), retinal phosphodiesterase (Stryer, 1986), and adenyl- 
ate cyclase (Gilman, 1987). Adenylatecyclase activity is directly 
modulated by stimulatory (G,) and inhibitory (Gi) G-proteins 
that act as signal transducers between hormone receptors and 
adenylate cyclase (Gilman, 1987). Three distinct G,cu subunits 
have been described, Gicu,, G,al*, and G,LY~. Of the three, G,(Y, 
is more selectively neuronal in its expression than either of the 
other two (Jones and Reed, 1987). 

Although it is well established that G-proteins function as 
couplers in these effector systems to regulate signal transduction, 
the regulation of G-protein expression is less well understood. 
The expression of G-proteins is regulated through development, 
by hormones, and by transmitters. The amounts and types of 
G-protein subunits found in heart are differentially regulated 
through development (Luetje et al., 1987). Reithmann et al. 
(1990) have shown that stimulation of P-adrenergic receptors 
in rat heart results in upregulation of G,cr, and G,a, proteins 
and a concommitant decrease in adenylate cyclase activity. 
Stimulation of adenylate cyclase activity of mouse S49 lym- 
phoma cell induces an increase in G,cY* mRNA and a decrease 
in the amount of G,LY (Hadcock et al., 1990). In rat adipocytes 
Al-adenosine receptor agonists regulate G,(Y~ and G,a3 expres- 
sion (Green, 1987; Longabaugh et al., 1989) and glucocorticoids 
regulate G,mRNA levels (Ros et al., 1989), while in smooth 
muscle cells A 1 -adenosine agonists regulate both G,(Y* and p-ad- 
renergic receptor expression (Hadcock et al., 199 1). 

Regulation of neuronal G-protein expression has been studied 
in neuroblastoma x glioma (NG108-15) cells. When exposed 
to CAMP analogs, these cells “differentiate” by extending neu- 
ritelike processes (Mullaney et al., 1988). Upon differentiation, 
levels of G,a proteins decrease and levels of G,cr protein increase 
(Mullaney et al., 1988; Mullaney and Mulligan, 1989). Asano 
et al. (1989) also reported an increase in levels of G,a protein, 
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but relatively small changes in G,cu, protein levels, when NGl08- 
15 or PC 12 cells were exposed to either NGF or forskolin. Cell 
density has been reported to influence the effect of NGF on G, 
mRNA levels in PC12 cells (Tjaden et al., 1990). What remains 
unclear, however, is the molecular mechanism responsible for 
the regulated expression of G-protein subunits. 

Rat pheochromocytoma (PC 12) cells serve as a useful model 
system in which to study regulation of neuronal G-protein ex- 
pression. PC 12 cells were isolated from an adrenal chromaffin 
tumor (Greene and Tischler, 1976). When exposed to NGF or 
cAMP,.PCl2 cell differentiate into cells with a neuronal phe- 
notype, sending out neurites (Greene and Tischler, 1976) and 
increasing the expression of a set of overlapping (but not iden- 
tical) neuronal genes (Leonard et al., 1987; Kalman et al., 1990). 
As described below, CAMP also selectively regulates the function 
and expression of the neural-specific G-protein G,(Y,. 

Materials and Methods 
Materials. Forskolin was purchased from CalBiochem. &Bromo-CAMP, 
dibutyryl-CAMP, cycloheximide, actinomycin D, and ( -)Nb(2-phenyl- 
isopropyl)adenosine (PIA), and sodium citrate were obtained from Sig&a 
Chemicals. ‘5S-UTP and ‘H-UTP were from New Eneland Nuclear-Du 
Pont; c@P-ATP and ‘H-CAMP were from ICN. SP6 aid T7 polymerase 
were purchased from Promega. RPM1 1640 medium, fetal bovine se- 
rum, and horse serum were obtained from GIBCO/Bethesda Research 
Labs or Hazeltine. 2.5s NGF, purified by the method of Longo et al. 
(1980), and AS7 antiserum were the generous gifts of M. Bothwell 
(University of Washington) and A. Spiegel (National Institutes of Health), 
respectively. 

After denaturing in buffer containing 2.2 M formaldehyde and 50% 
formamide, the samples were subjected to electrophoresis on a 1% aga- 
rose gel, transferred to nitrocellulose, baked, and hybridized under con- 
ditions of moderately high stringency to 3ZP-labeled, nick-translated 
probes (10’ cpm/ml). [The hybridization conditions were 50% formam- 
ide, 6 x saline-sodium citrate @SC, 1 X SSC: 0.15 M NaCl, 0.0 15 M), 

50 mM NaHPO, pH 7.4, 5.0 mM EDTA, 0.1% SDS, 0.1% BSA, 0.1% 
polyvinylpyrrolidone, 0.1% Ficoll, 100 pg/ml salmon sperm DNA, at 
37°C. The filters were washed in 2X SSC, 0.5% SDS, 0.1% sodium 
pyrophosphate at room temperature followed by washing at 42”C.l 

Solution hybridization analysis of total cellular RNA. To obtain quan- 
titative information on changes in mRNA levels, solution hybridization 
analysis was used. RNA was isolated from treated or co&o1 cultures 
and incubated overnight with ?S-labeled antisense riboprobes made by 
standard procedures (Melton et al., 1984). Briefly, cDNA fragments were 
subcloned into pGEM-3Z plasmids that contain both T7 and SP6 pro- 
motor sequences. Single-stranded, 35S-labeled RNA probes were gen- 
erated by transcription of linearized plasmids using either SP6 or T7 
polymerase and 35S-UTP. Radiolabeled probes (2500-4500 cpm) were 
then incubated with cellular RNA (7.0 r(gj under stringent hybridization 
conditions according to M&night et al. (1988). Nonhybridized single- 
stranded RNA was then digested with RNases A and T 1; samples were 
trichloroacetic acid (TCA) precipitated, filtered over glass-fiber filters 
(Whatman GFQ and counted in a scintillation counter. Standard curves 
weregenerated by hybridization with 3H-labeled sense riboprobes. Back- 
ground was determined by incubating probe without additional RNA 
and RNase and by including 7.0 rg of yeast RNA as an additional 
control. The standard curve was linear in the range of 6 x IO5 to 3 x 
lOa molecules of G,o~, mRNA per assay. Sample signals were typically 
2-10 times higher than background, and increased linearly as cellular 
RNA was varied from 2-10 fig per assay. 

CeN culture. Rat pheochromocytoma (PC 12) cells were obtained from 
the laboratory of Dr. M. Bothwell (University of Washington) and were 
cultured according to Greene and Tischler (1976). Briefly, cells were 
cultured in 85% RPMI, 10% horse serum, 5% fetal bovine serum, and 
penicillin-streptomycin (100 U/ml and 100 &ml final concentrations, 
resnectivelvj at 5% CO,. Cells were sulit 1:4 everv 5-7 d. For all ex- 
pehments,-cells were plated on poly-L-lysine (50 ;g/ml)-coated tissue 
culture plates, cultured overnight, and treated with agents for the in- 
dicated amount of time. With extended time in culture (20-25 passages), 
PC12 cells became less responsive to forskolin stimulation and dem- 
onstrated more morphological variants than did cells from younger 
cultures (Greene and Tischler, 1976). Early passages resulted in a three- 
to fourfold stimulation of G,a, mRNA, whereas later passages showed 
only a twofold stimulation. Therefore, after 3-4 months in culture, new 
cells were routinely thawed. The level ofG,cu, mRNA varied significantly 
for different batches of thawed cells but remained quite consistent for 
parallel cultures and for cells cultured from the same batch of thawed 
cells. 

strongly with G,cu, and G,cu,, but only weakly with G,oI~. 
Northern blot analvsis of total celhlar RNA. Total cellular RNA was 

Immunoblot analysis. Immunoblot analysis of G,o~ was performed 
according to Luetje et al. (1987). Membranes were prepared from treated 
and control cell and subjected to SDS-PAGE, and immunoblot analysis 
was performed using the antiserum AS7 (obtained from Dr. Allen Spie- 
gel, National Institutes of Health). This antiserum, raised against a 
decapeptide corresponding to the C-terminus of transducin, reacts 

Adenylate cyclase activity assays. Inhibition of adenylate cyclase ac- 
tivity by guanyl-5’-yl imidodiphosphate (GppNHp) was measured as 
previously described (Halvorsen and Nathanson. 1984). Brieflv. PC 12 
cells were-cultured overnight on poly-L-lysine-coated plates, 10;;~ PIA 
was added to half of the cultures, and cells were harvested 48 hr later. 
Cells were homogenized by 20 passes through a glass-glass tissue grinder 
in 1 .O mM dithiothreitol (DTT), 200 mM sucrose, and 10 mM HEPES 
(pH 7.4). Membranes were pelleted, washed twice, and resuspended in 
the same buffer. The adenylate cyclase assay buffer contained 0.25 mM 
c+P-ATP (14-22 Ci/mmol), 10 mM creatine phosphate, 50 U/ml cre- 
atine phosphokinase, 1 mM 2-mercaptoethanol, 1 mM EDTA, 5 mM 
theophylline, 0.1% BSA, 5 mM MgCl,, 0.05 mM sodium ascorbate, 75 
mM NaCl, 80 mM sucrose, and 0.4 mM DTT in 10 mM HEPES (pH 
7.4). A 2 mM concentration of ‘H-CAMP (to monitor recovery) and 
GppNHp (10m9-10-5 M) were added to a final assay volume of 0.25 ml. 

Adenylate cyclase activity was initiated by the addition of 50 ~1 mem- 
branes (-2 mg/ml) to assay tubes preequilibrated to 30°C. Activity was 
assayed in triplicate for 5 min at 30°C and stopped by the addition of 
0.75 ml 6.7% TCA followed by heating to 100°C for 2 min. CAMP was 
isolated by the method of Salomon et al. (1974), as modified by Hal- 
vorsen and Nathanson (1984). 

described above. To measure the jnhibition of protein-synthesis by 
cvcloheximide. ‘H-leucine was included for the duration of the 8 hr 

Measurement of inhibition ofprotein synthesis. To determine whether 
protein synthesis was required for the increase in G,cu, mRNA expres- 
sion, cycloheximide (12 &ml) and forskolin (10 PM) were added si- 
multaneously to PC12 cell cultures. After 8 hr, cells were harvested, 
total RNA isolated, and solution hybridization analvsis Derformed as 

isolated by the method 0; Peppel and Baglioni (1990) or by homoge- 
nization in 0.0 1 Nsodium acetate, pH 4.5, plus 0.5% SDS. Homogenates 
were extracted twice with phenol at 50°C for 5 min prior to isopropanol 
precipitation. RNA was size fractionated under denaturing conditions 
on agarose-formaldehyde gels and hybridized to cDNA probes for 
G-protein a- and @-subunits as described by Uhler et al. (1986) and 
Luetie et al. (1988). 

incubation. Ceils were harvested, washed, TCA precipitated, and filtered 
(Whatman GF/C). ‘H-leucine incorporated was determined by liquid 
scintillation counting and compared with forskolin-treated PC12 cell 
cultures that were incubated in the absence of cycloheximide. 

Results 
The G-protein cDNA probes were obtained as follows: full-length 

cDNA clone for rat G,a, and a near full-length clone for G,cu were 
obtained from Drs. H. Itoh and Y. Kaziro (University of Tokyo; Itoh 
et al., 1986); a 0.6 kilobase XbaI-EcoRI fragment was isolated from a 
full-length clone for rat G,a,, and a 0.4 kb BamHI fragment was isolated 
from a full-length clone for rat G,cu, [full-length G,cu, and G,(Y~ clones 
were obtained from Dr. R. Reed (Jones and Reed, 1987)]; a full-length 
cDNA clone for bovine G/3-1 was obtained from Dr. J. Hurley (Uni- 
versitv of Washington: Fonr! et al.. 1986). All DNA fraclments were 
subcl&ed into pGiMi3Z. - 

CAMP has previously been shown to alter the expression of G, 
proteins in a number of cell systems (e.g., Green, 1982; Lon- 
gabaugh et al., 1989; Hadcock et al., 1990). The diterpine for- 
skolin directly activates adenylate cyclase and is an efficient 
means by which to increase intracellular levels of CAMP max- 
imally. In order to determine the effect of CAMP on G,-protein 
expression in PC1 2 cells, immunoblot analysis was performed 
using a polyclonal antiserum specific for G,cu. Incubation of 
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Figure 1. Regulation of G,CX protein expression by forskolin. PC12 
cells were incubated in the presence (+) or absence (-) of 10 PM for- 
skolin. After 18 hr, cells were harvested. Total cellular protein (25 mg) 
was subjected to immunoblot analysis as described in Materials and 
Methods. Data are representative of at least four separate experiments. 
Standards (Bio-Rad) are shown on the left as 110 kDA, 47 kDA, 33 
kDa, 24 kDa, and 16 kDa. 

PC12 cells with forskolin (10 fin) increases the level of G,a 
protein (Fig. 1). This increase occurs within the first l-2 d of 
exposure to forskolin. 

A common mechanism by which CAMP increases protein 
expression is through regulation of gene transcription. Northern 
blot analysis of total RNA isolated from control or forskolin 
treated cells was performed to determine if forskolin treatment 
also caused an increase in the levels of G,cu mRNA. Figure 2 
demonstrates that CAMP selectively increases G,(Y, mRNA ex- 
pression; the levels of the other G,-protein subtypes remain 
unaltered, as do levels of G,cu and GP mRNA. To quantitate 
the changes in mRNA expression, solution hybridization 
analysis was performed (Table 1). Forskolin treatment of PC1 2 
cells increases G,cw, mRNA to a far greater extent (three- to four- 

Table 1. Selectivity of increase of G, (Y, mRNA expression as 
measured by solution hybridization analysis 

Treatment G.ff, G,& G.% G”U 8, 

10 PM forskolin 384% 1061 123% 117% 118% 
50 &ml NGF 99% 84% 76% 84% 94% 

PC 12 cells were cultured in the presence of forskolin (for 8 hr) or NGF (for 48 
hr) at the indicated concentrations. Total RNA was isolated and solution hybrid- 
ization analysis performed with 3Wabeled RNA probes specific for each G-protein 
subtype. Dam are the average of three experiments each performed in duplicate 
or triplicate. Data are presented as the percentage of control (PC12 cells cultured 
without additions). SD was always less than 12% of the mean, with the exception 
of Gp, (123 + 28). 
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Gial Gia2 Gia3 Goa Gf31 
Figure 2. Specificity of increase of G+Y, mRNA expression as deter- 
mined by Northern blot analysis. PC12 cells were incubated in the 
presence (+) or absence (-) of 10 PM forskolin for 12 hr. Total RNA 
was isolated and Northern blot analysis performed with )*P-labeled nick- 
translated probes specific for each G-protein subtype. Data are repre- 
sentative of at least three separate experiments. Exposure times are for 
24 hr. 

fold) than that G,q, G,+, G,a), or G/I mRNA, thereby confirm- 
ing the data obtained by Northern analysis (Fig. 2) and 
demonstrating that increased intracellular CAMP selectively reg- 
ulates G,q mRNA expression. 

Treatment of PC12 cells with NGF also induces neuronal 
differentiation and alters gene expression (Leonard et al., 1987). 
Therefore, it was important to determine whether NGF affected 
G-protein expression in PC1 2 cells. NGF (50 rig/ml) was added 
to the culture medium and G,a, mRNA levels were measured 
by solution hybridization. In contrast to forskolin-treated cells, 
NGF-treated PC1 2 cells do not exhibit an increase in GIq mRNA 
levels (Table l), even after 72 hr of exposure (data not shown). 

Table 2. Regulation of Gi a, expression by increased intracellular 
CAMP 

Treatment 
G,a, expression 
(96 control) 

1 .O mM dibutyryl-CAMP 325 (+62) 
1 .O mM 8-bromo-CAMP 148 (+ 19) 

10 PM forskolin 384 (+59) 
10 PM PIA 358 (+35) 
50 &ml NGF 99 (t-0.5) 
0.1 PM PMA 90 (k6.4) 

PC1 2 cells were cultured with the indicated concentrations of additions for 8 hr. 
Total RNA was isolated and solution hybridization analysis performed with ‘IS- 
labeled RNA probes specific for Gp,. Data are the average of two or three ex- 
periments, each performed in triplicate. Data are presented as the percentage of 
control G,a, mRNA expression (PC12 cells without additions; * SD). The level 
ofGp, mRNA expression in control cells was 2.75 (kO.20) x 10J molecules G,a, 
mRNA/ng total RNA. 



1842 Morton et al. l Regulation of Neuronal G-Protein Expression 

-10.0 -9.0 -8.0 -7.0 -6.0 -5.0 
log [GPPNHPI, M 

Figure 3. Regulation of GppNHp-mediated inhibition of adenylate 
cyclase activity by increased G,a, mRNA expression. PC12 cells were 
cultured in the absence (solid symbols) or in the presence (open symbols) 
of 10 PM PIA [(-)N6(2-phenylisopropyl)adenosine] for 48 hr. Cells were 
harvested, membranes prepared, and adenylate cyclase activity mea- 
sured as described in Materials and Methods. Data are presented as the 
percentage of control (no GppNHp) adenylate cyclase activity and are 
the average of four separate experiments (+SEM), each performed in 
triplicate. In a typical experiment, the basal adenylate cyclase activity 
was 46.4 (k2.7) and 48.1 (k4.0) pmol cAMP/mg protein15 min (*SD), 
for P&treated and control cultures, respectively. 

Indeed, there was comparatively little effect on overall G-pro- 
tein expression of any of the other G-protein mRNAs examined 
in PC1 2 cells cultured in the presence of NGF (Table 1). 

To determine if the effects of forskolin on G,cu, mRNA levels 
were directly related to increases in CAMP, other methods of 
increasing intracellular CAMP levels were used. Addition of 1 .O 
mM dibutyryl-CAMP or 1.0 mM 8-bromo-CAMP to cultured 
PC 12 cells also increases G,ol, mRNA levels (Table 2), although 
8-bromo-CAMP is less effective. 

In addition to forskolin and CAMP analogs, hormone recep- 
tor-mediated increases in CAMP levels also increase G,cu, mRNA 
expression. The addition of the adenosine analog PIA [(-)W(2- 
phenylisopropyl)adenosine] to PC1 2 cells has been shown pre- 

Figure 4. Time course of regulation 
of Gio, mRNA expression by forskolin 
or by stimulation of the adenosine re- 
ceptor. PC 12 cells were incubated in the 
presence of 10 PM PIA [(-)W(2-phe- 
nylisopropyl)adenosine] (sofid squares), 
10 FM forskolin (open squares), or 0.1 
PM PMA (solid diamonds) for the in- 
dicated times. Total mRNA was iso- 
lated and solution hybridization anal- 
ysis was performed with %-labeled 
RNA probes specific for G,cu,. Data are 
the average of three experiments (&SD), 
each performed in triplicate. Data are 
presented as the percentage of control 
(PC12 cells cultured without addi- 
tions). The level of G,q mRNA ex- 
pression in control cells was 2.75 
(kO.20) x lo5 molecules G,(Y, mRNA/ 
pg total RNA. 

viously to stimulate the adenosine receptor to rapidly increase 
CAMP levels (Gatti et al., 1988). Activation of adenylate cyclase 
by this mechanism is as effective as forskolin at increasing levels 
of G,cr, mRNA (Table 2). 

In order to determine if the increase in G,ol, resulted in an 
alteration of G-protein function in PC 12 cells, adenylate cyclase 
activity was measured. Seamon and Daly (1982) demonstrated 
that at relatively low concentrations and over short incubation 
periods the nonhydrolyzable GTP analog GppNHp will activate 
G, to cause inhibition of adenylate cyclase activity in a receptor- 
independent fashion. Higher concentrations of GppNHp cause 
an increase in adenylate cyclase activity by activating G, (Sea- 
mon and Daly, 1982; Subers and Nathanson, 1989). As shown 
in Figure 3, PC12 cells cultured in the presence of PIA (and 
therefore expressing higher levels of G, a) are more sensitive to 
inhibition of adenylate cyclase by GppNHp. Concentration- 
response curves for GppNHp demonstrate that the maximal 
inhibition of adenylate cyclase activity is slightly greater for PIA- 
treated cells as compared to control cells (18% f 6 and 6% & 
3, respectively; percent control inhibition +- SEM). PIA-treated 
PC12 cells expressing higher levels of inhibitory G,a are also 
less sensitive to the stimulation of adenylate cyclase activity 
that occurs at high concentrations of GppNHp. The maximal 
stimulation of adenylate cyclase activity by high concentrations 
of GppNHp is significantly less for PIA-treated cultures as com- 
pared to control (110% + 8 and 18 1% + 8, respectively; percent 
control stimulation + SEM; Fig. 3). 

Solution hybridization analysis was performed to quantitate 
changes in mRNA levels of G,a, over time. CAMP levels in 
PC1 2 cells were stimulated by treatment with 10 WM forskolin, 
and levels of G,cr, mRNA measured and compared to control 
(nontreated) cells. As demonstrated in Figure 4, G,cu, mRNA 
levels in CAMP-induced PC 12 cells rapidly increase three- to 
fourfold as compared with control cells; new steady state levels 
of G,cY, mRNA are reached within 6-8 hr of treatment (Fig. 4). 
Higher concentrations of forskolin do not increase the magni- 
tude of induction or alter the kinetics of induction; concentra- 
tions of forskolin ranging from 1 .O PM to 100 PM all increase 
G,ol, mRNA expression to the same extent (data not shown). 
The increased expression of G,ol, mRNA persists for at least 72 
hr (data not shown). . 

500 
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Figure 5. Effects of depolarization on G,q expression in PC12 cells. 
PC12 cells were incubated in the presence of 44 mM KC1 + 10 PM 

forskolin (F’) for 8 hr. Total RNA was isolated and solution hybridiza- 
tion analysis was performed with JsS-labeled RNA probes specific for 
G,a,. Data are the average of two experiments, each performed in trip- 
licate. Data are presented as the percentage of control (PC1 2 cells with- 
out additions; *SD). The level of G,(Y, mRNA expression in control 
cells was 3.43 (kO.27) x 10’ molecules G,o, mRNA/pg total RNA. 

The time course of G,a, mRNA expression stimulated by 
activation of the adenosine receptor with PIA was also deter- 
mined. As demonstrated in Figure 4, the kinetics of induction 
of G,a, mRNA levels by PIA are indistinguishable from those 
induced by forskolin. The level ofG,a, mRNA begins to increase 
within 1 hr, becomes maximal by 6 hr, and persists for days. 

In addition to regulation of gene expression by CAMP, pre- 
sumably through the CAMP-dependent protein kinase pathway, 
at least two other protein kinase cascades are involved in the 
regulation of gene expression, protein kinase C and calcium/ 
calmodulin kinase. To measure the effect of the stimulation of 
protein kinase C on G,cu, mRNA expression, the phorbol ester 
phorbol 12-myristate 13-acetate (PMA) was added to cultures 
of PC12 cells and solution hybridization analysis was per- 
formed. Even at high concentrations of PMA (0.1 FM), there 
was no effect on G,cu, mRNA expression (Fig. 4, Table 2). Sim- 
ilarly, depolarization of cells by KC1 to open voltage-gated cal- 
cium channels had no effect (Fig. 5), demonstrating that in- 
creasing intracellular calcium levels was ineffective at increasing 
G,cu, mRNA levels in PC1 2 cells. Membrane depolarization has 
been shown previously to act synergistically with forskolin to 
increase expression of the c-fos gene in PC 12 cells due to in- 
creased levels of intracellular calcium (Sheng et al., 1990). Even 
when depolarizing concentrations of KC1 and forskolin are add- 
ed simultaneously to PC12 cultures, there is little additional 
effect of membrane depolarization of G,cr, mRNA expression 
(Fig. 5). Therefore, G,cr, appears to be induced specifically by 
CAMP. 

Models of the regulation of gene expression due to activation 
of protein kinases suggest a mechanism that relies on phos- 
phorylation of previously synthesized nuclear proteins. These 
models predict that de nova protein synthesis is not required 
for the increase in G,(Y, mRNA. In support of this prediction, 
concentrations of cycloheximide that inhibit 97% of total pro- 
tein synthesis in PC12 cells do not inhibit the forskolin-stim- 
ulated increase in G,a, mRNA (Fig. 6). 

Increases in G,cu, mRNA levels can be the result of either 
increased mRNA synthesis or decreased mRNA degradation. 
Because CAMP-induced changes in mRNA levels are most often 

forsk cyclohex cyclohex + forsk 

Figure 6. Effects of cycloheximide on forskolin-stimulated Gp, mRNA 
expression in PC 12 cells. PC 12 cells were incubated in the presence of 
cycloheximide (10 mg/ml) + forskolin (10 PM) for 8 hr. Total RNA was 
isolated and solution hybridization analysis performed with Y3-labeled 
RNA probes specific for G,o,. Data are the average of two experiments, 
each performed in triplicate. Data are presented as the percentage of 
control (PC12 cells incubated without additions; +-SD). Ninety-seven 
percent of total PC12 cell protein synthesis was inhibited by 10 mg/ml 
cycloheximide. The level of G,o, mRNA expression in control cells was 
3.43 (t0.27) x lo5 molecules G,a, mRNA/pg total RNA. 

achieved through increased synthesis and G,LY, mRNA levels 
rapidly reach new steady state levels (Fig. 4) one would predict 
that increased synthesis is the mechanism by which CAMP alters 
G,oc, expression. As shown in Figure 7, mRNA synthesis is 
required for the CAMP-induced G,a, mRNA levels measured. 
When the potent inhibitor of mRNA synthesis actinomycin D 
(16 PM) is added simultaneously with forskolin to PC1 2 cell 
cultures, the increased levels of G,cr, mRNA are abolished (Fig. 
7). 

To determine if the G,cr, mRNA in forskolin-treated cells has 
an altered half-life, rates of G,a, mRNA degradation were mea- 
sured and compared between forskolin-treated and control cul- 

Control Control + A Forsk Forsk + A 

Figure 7. Inhibition of forskolin-induced stimulation of G,o, mRNA 
expression by actinomycin D. PC1 2 cells were cultured in the presence 
of 16 ELM actinomycin D (A) + 10 PM forskolin (For&) for 8 hr. This 
concentration of actinomycin D has been shown previouslv to inhibit 
RNA synthesis in PC12 cells (Edgar and Thoenen, 1978). After 8 hr, 
cells were harvested and total RNA was isolated. Solution by hybrid- 
ization analysis was performed with YS-labeled RNA probes specific 
for G,(Y,. Data are the average of three experiments, each performed in 
triplicate. Data are presented as the percentage of control (PC12 cells 
without additions; *SD). The level ofG,ol, mRNA expression in control 
cells was 5.84 (kO.59) x lo6 molecules G,a, mRNA/rg total RNA. 
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Figure 8. Degradation rates of G,cu, mRNA. PC 12 cells were cultured 
in the presence (solid symbols) or absence (open symbols) of forskolin 
(10 PM) for 12 hr. Actinomycin D (16 PM) was then added to treated 
and control cultures for the indicated amount of time. Cells were sub- 
sequently harvested and total RNA isolated. Solution hybridization 
analysis was performed with 35S-labeled RNA probes specific for G,cu,. 
Each time point is the average of three to five experiments, each per- 
formed in triplicate. Data are presented as the percentage of control 
(PC12 cells without actinomycin D; *SD). The level of G,oc, mRNA 
expression was 1.66 (+0.08) x 10’ and 6.75 (kO.53) x lo6 molecules 
G,(Y, mRNA/rg total RNA in forskolin treated and control cultures, 
respectively. 

tures. After 12 hr of forskolin treatment to permit maximal 
induction of G,cu, mRNA, actinomycin D was added to treated 
and control cultures of PC 12 cells. Cells were harvested, total 
RNA isolated, and samples analyzed by solution hybridization 
at the indicated times. As demonstrated in Figure 8, the rates 
of degradation of G,a, mRNA in forskolin treated and control 
cultures are indistinguishable. Because of the toxic effects of 
actinomycin D treatment that appear after 8 hr of drug treat- 
ment, the relatively long apparent half-life of approximately 40- 
45 hr may not be an accurate measure of the true half-life of 
the G,a, mRNA. These data do, however, suggest that increased 
intracellular CAMP raises levels of G,a, mRNA by increasing 
the rate of gene transcription. 

Discussion 

Regulation of G-protein expression in neuronal systems has 
been investigated only recently (Mullaney et al., 1988; Asano 
et al., 1989; Mullaney and Mulligan, 1989; Tjaden et al., 1990). 
Here we demonstrate the selective upregulation of G,LY, gene 
expression by CAMP in PC 12 cells. When these cells are cultured 
in the presence of agents that stimulate intracellular CAMP lev- 
els, G,cr, mRNA levels are increased three- to fourfold in a 
relatively short time period. This increase is selective for G,(Y, 
and is induced by CAMP-dependent protein kinase activation, 
but not by activation of other protein kinase pathways. Direct 
activation of adenylate cyclase by forskolin, use of permeable 
CAMP analogs, or activation of cell surface receptors that stim- 
ulate cyclase activity through G, are all effective in upregulating 
G,(Y, mRNA expression. 

Increased levels of intracellular CAMP stimulate G,a protein 
expression in PC 12 cells. Immunoblot analysis using polyclonal 
antisera to G,(Y protein demonstrates a substantial increase in 
G,a protein (Fig. 1). Because G,cu, mRNA levels, but not the 
levels of other G-protein mRNAs (Fig. 2, Table l), are increased 
by forskolin treatment, the increase in G,a protein expression 
is most likely a reflection of increased G,cx, protein levels relative 

to G,cx, and G,a,. This is consistent with the results of Asano 
et al. (1989), who found relatively little change in the levels of 
G,oc, protein when PC 12 cells were exposed to forskolin. 

The ability of guanine nucleotides to inhibit adenylate cyclase 
activity in membrane homogenates was measured to determine 
if the increase in G,LY, expression was accompanied by increased 
functional activity. It has been demonstrated that overnight 
treatment of cells in culture with forskolin can result in an 
increase in basal adenylate cyclase activity, which was suggested 
to be due to an inability to remove the lipophilic forskolin 
completely from membranes prior to assay (Hadcock et al., 
1990). We therefore used the adenosine analog PIA instead of 
forskolin to stimulate intracellular CAMP levels to increase ex- 
pression of G,LY. The basal activity of PIA-treated PC12 cells 
was not significantly different from nontreated, control cells 
(101% f 2.2; percent control basal activity +- SEM, n = 4). 
However, the CAMP-induced increases in Gioc protein levels in 
PC 12 cells result in significant changes in the sensitivity of ad- 
enylate cyclase to G,-mediated inhibition of enzyme activity 
(Fig. 3). Thus, the increase in G,(Y, expression results in altered 
G-protein function. 

NGF treatment of PC12 cells induces extensive neurite out- 
growth (Greene and Tischler, 1976), indicative of neuronal dif- 
ferentiation. The mechanism by which NGF alters gene ex- 
pression and neuronal differentiation remains unclear (for review, 
see Halegoua et al., 199 l), as does the role of CAMP in NGF 
signaling. CAMP as a second messenger for NGF action has 
been proposed by many groups (e.g., Schubert and Whitlock, 
1977; Schubertet al., 1978), although others have failed to detect 
rises in CAMP following NGF treatment (Frazier et al., 1973; 
Hatanaka et al., 1978; Lakshmanan et al., 1978; for review, see 
Halegoua et al., 199 1). Recently, Kalman et al. (1990) dem- 
onstrated that both NGF and CAMP increase the expression of 
voltage-gated sodium channels in PC 12 cells. In contrast, our 
data indicate that G,cu, mRNA expression is regulated by CAMP, 
but not by NGF (Table 1). Therefore, the increase in G,a mRNA 
expression does not appear to be a secondary effect of the mor- 
phological differentiation that occurs following CAMP treat- 
ment. 

The results of the actinomycin D experiments suggest that 
CAMP increases G,a mRNA levels by increasing the rate of gene 
transcription. While transcriptional nuclear runoff assays are 
required to confirm this conclusion, these experiments are com- 
plicated by the very long half-life for G,CX mRNA and the con- 
commitant very low rate of RNA synthesis. The increase in G,(Y, 
mRNA by CAMP suggests the involvement of a transcriptional 
element regulated by CAMP. Recently, a number of c&acting 
elements have been described that are responsible for the reg- 
ulation of gene expression by CAMP. The CAMP regulatory 
element (CRE) was first identified as a regulatory region of the 
rat PEPCK gene (phosphoenolpyruvate carboxykinase). Sub- 
sequently, this 8 base pair sequence [T(G/T)ACGTCA] was 
demonstrated to act as a functional CRE in a number of other 
genes (for review, see Roesler et al., 1988). The second CAMP- 
responsive element described was the activator protein 2 (AP-2) 
binding site (consensus sequence CCCCAGGC). Like CRE, this 
c&-acting element can act as a basal enhancer of gene transcrip- 
tion and as an inducer of gene transcription when stimulated 
by CAMP. In addition, AP-2 increases gene expression in the 
presence of phorbol esters (Imagawa et al., 1987). Furthermore, 
there are a number of additional elements that mediate tran- 
scriptional regulation by CAMP, including sites that bind the 



The Journal of Neuroscience, May 1992, U(5) 1845 

factor PEA-2 and NF- 1 related proteins (Albanese et al., 199 1; 
Bowlus et al., 1991; Chu et al., 199 1). 

The involvement of potential CAMP-induced regulatory el- 
ements in G-protein expression has only recently been exam- 
ined. Transcription of the G,ol, gene has been shown to be reg- 
ulated by CAMP in S49 mouse lymphoma cells (Hadcock et al., 
1990) and the G,ol, gene contains a potential AP-2 binding site 
(Weinstein et al., 1988, 1990) but not a CRE. Long-term ex- 
posure of PC 12 cells to NGF has been shown to alter protein 
levels of G,cr (but not affect amounts of G,cr, protein; Asano et 
al., 1989); other G-protein subtypes and mRNA levels had not 
been studied previously. The isolation and characterization of 
the genomic sequence of rat G,(Y, have not been published, 
although both the bovine and human G,cr, genes contain se- 
quences similar (but not identical) to a CRE (Itoh et al., 1988). 
Because membrane depolarization of PC1 2 cells has been shown 
to mimic the effects of CAMP on gene induction by calmodulin 
kinase activation of CRE binding protein (CREB) and because 
PMA should cause activation of AP-2, the lack of effect of 
membrane depolarization (Fig. 5) or PMA treatment (Fig. 4, 
Table 2) on G,cr, expression suggests that the effects of CAMP 
are not mediated by CREB at a CRE or by AP-2 at its response 
element. 

Regulation of a neural-specific G-protein, G,a,, presumably 
by protein kinase A, but not by Ca2+ or protein kinase C, presents 
an intriguing model for the molecular mechanism of regulation 
of G-protein expression by neurotransmitters and hormones. 
The specific upregulation of G,cu, by increased mRNA expres- 
sion will occur when surface receptors that couple to G, are 
stimulated, but not by other receptor or ion channel subtypes. 

Furthermore, this mechanism represents an increasingly com- 
plex theme in signal transduction pathways-the cross-regula- 
tion between related families of proteins. Recently, Morris et 
al. (1991) demonstrated the upregulation of cw,-adrenergic re- 
ceptors by activation of &-adrenergic receptors. Cross-regula- 
tion of G-proteins has also been reported. Hadcock et al. (1990) 
reported the increased expression of G,cu, by stimulation of the 
G,cr pathway in S49 mouse lymphoma cells. The regulation of 
G,cu, by CAMP may be cell specific, since we are unable to detect 
changes in G,a, mRNA levels in PC12 cells treated with for- 
skolin or CAMP analogs (Fig. 2, Table 1). The regulation of the 
expression and function of G,(Y, by CAMP may represent a se- 
lective mechanism for the regulation of a neural-specific G-pro- 
tein in response to neurotransmitters and synaptic activity. 
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