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Exposure of GH-3 cells to epidermal growth factor 
for 4 consecutive days induced the expression of  both 
D-2(415) and D-2(444) dopamine-receptor isoforms. 
Epidermal growth factor also promoted a remarkable 
increase in the content of Gi3 protein, which is respon- 
sible for receptor-induced activation of potassium 
channels in GH-3 cells. D-2 receptors in this model 
apparently activate a specific transducing pathway, 
leading to opening of potassium channels and inhibi- 
tion of prolactin release by  CAMP-independent mech- 
anisms. This is shown by: 1) the selective D-2 agonist 
quinpirole, while  inactive on vasoactive intestinal pep- 
tide-induced prolactin release, strongly inhibited the 
hormone secretion induced  by neurotensin; 2) quinpi- 
role, up to 100 NM, did  not inhibit cAMP  production 
evoked by vasoactive intestinal peptide both in intact 
cells and in broken cell membrane preparations; and 
3) quinpirole and other D-2 agonists strongly poten- 
tiated Rb+ efflux when measured in a nominally cal- 
cium-free reaction solution containing 100 mM potas- 
sium (voltage-dependent component), but  did  not  mod- 
ify Rb’ efflux  if measured in a reaction solution 
containing 1 mM calcium and 5 mM potassium (calcium- 
activated, CAMP-dependent component). 

The clonal strain  GH-3, which secretes  both growth hor- 
mone  (GH)’  and  prolactin  (PRL)  (1,2)  appears  to provide an 
excellent model for studying  the regulation of hormone  secre- 
tion in anterior  pituitary.  PRL  secretion from GH-3 cells 
responds, indeed, to a variety of neurotransmitters which 
physiologically regulate the  hormone release  by lactotrophs 
(3).  The  main difference  between lactotrophs  and  the  GH-3 
clone is that  the  latter  lacks  receptors for dopamine  (DA),  the 
release of PRL being insensitive  to DA agonist  inhibition (4- 
8). 

* The  costs of publication of this  article were  defrayed in  part by 
the  payment of page charges. This  article  must  therefore be hereby 
marked  “advertisement”  in accordance with 18 U.S.C. Section 1734 
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’ The  abbreviations used are:  GH, growth hormone;  PRL,  prolactin; 
NT,  neurotensin;  EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic 
acid; EBSS: Earle’s balanced  salt  solution;  PCR, polymerase chain 
reaction; VIP, vasoactive intestinal  peptide; DA, dopamine;  HEPES, 
4-(2-hyroxyethyl)-l-piperazineethanesulfonic acid;  SDS,  sodium  do- 
decyl sulfate; F-10+, Ham’s F-10 medium; GJ, Gi2,  Gi3, G,, guanine 
nucleotide binding  proteins  named according to  the  nomenclature 
proposed by Gilman  (49). 

We have  recently found  that epidermal growth factor 
(EGF),  in  addition  to  changing  the  proliferation  rate,  mor- 
phology, and  hormone  production (9), induces the reexpres- 
sion of  DA D-2  receptors involved in the  control of PRL 
secretion  in  the  GH-3 cells, thus providing  a pure cell clone 
endowed with  D-2 DA receptors (8). 

From a  molecular point of  view D-2  receptors have  been 
characterized  as two  isoforms  produced by alternative splicing 
of primary  transcripts of the  same gene (10-13). 

Multiple  transmembrane  signaling  pathways  are  activated 
by D-2  receptors  both  in  the  brain  and  pituitary (14-20). All 
of the effects of  DA on  the  different signaling systems involve 
the  activation of the G,/Gi family of guanine nucleotide- 
binding  proteins  (G  proteins);  at  present,  three  forms of Gia 
subunits  have been  isolated  which are  distinct gene products 
(21-26) and which couple with D-2  receptors with different 
affinities  (27). 

In  the  present  study we examined  the expression of the  D- 
2  receptor  isoforms in response to  EGF in the  GH-3 clone 
and  investigated  the  intracellular  pathways involved in  D-2 
receptor activation  and  the final biological effect. For  this 
purpose,  inhibition of cAMP  formation (14, 20),  activation of 
calcium-activated, CAMP-dependent potassium  channels 
(18), and  inhibition of vasoactive intestinal peptide (VIP)- 
induced PRL release  (15,  28)  have  been  measured as indices 
for D-2  receptors  associated with inhibition of adenylate 
cyclase. On  the  other  hand,  activation of voltage-dependent 
potassium  channels (16-18) and  inhibition of neurotensin 
(NT)-stimulated  PRL  secretion (15) have  been taken  as  par- 
adigms for adenylate  cyclase-independent  D-2 receptors. 

The  results suggested that  both  the “long” and  the  “short” 
receptor forms  are induced by EGF  in  the  GH-3 clone and 
that  both  are  apparently  associated with the  activation of 
voltage-dependent  potassium  channels  and with the  inhibi- 
tion of PRL  secretion by CAMP-independent mechanisms.  A 
EGF-directed  change  in  Gi  protein  subtype  content  appears 
to be responsible  for the selective D-2  activation of the  potas- 
sium  channel-coupled  transmembrane signaling pathway. 

EXPERIMENTAL  PROCEDURES 

Cell Culture-The GH-3 cell clone  used in  this  study was derived 
from  the  rat  MtT/W5  tumor  (1,2)  and was obtained by the American 
Type  Culture Collection  (Rockville, MD). 

The cells from a  single donor  culture were plated  and grown at  
37 “C  under a humidified atmosphere of 5%  COY, 95% Oy in Ham’s 
F-10 medium (GIBCO,  Milano,  Italy)  supplemented with 15% horse 
serum  (GIBCO,  Milano,  Italy), 2.5% fetal calf serum  (GIBCO, Mil- 
ano,  Italy), 40 mM glutamine  and 100 units/ml  penstrepto (F-10’) as 
previously  described (8). 

Cells were grown for 4 days  in  the presence or  in  the absence of 
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0.5 nM EGF as previously described (8). On the  5th day cells were 
used for biochemical experiments. 

Measurement of PRL Release-Cells were rinsed twice at 37 “C for 
10 min with 500  pl Earle’s balanced salt solution containing 0.2% 
bovine serum albumin (EBSS)  and 10 units/ml penstrepto. Cells were 
then incubated at 37 “C for 10 min with 500 p1 EBSS for basal PRL 
release; the  supernatants were collected and transferred into plastic 
tubes. The same cells were then incubated at  37 “C for  10 min in 
EBSS containing quinpirole or  other dopaminergic drugs (0.1-100 
nM); VIP (1-100  nM) or N T  (0.1-100  nM) were then added to plates, 
cells were incubated at  37 “C for an  additional 10 min, and  the 
supernatants were collected. After this, cells were rinsed (10 min at 
37 “C) with EBSS  and  then incubated for 4  h a t  37 “C in F-IO’ either 
with or without 0.5 nM EGF. After this period, cells were washed 
twice at 37 “C for 10 min with 500 pl EBSS  and  then incubated at 
37 “C for 10 min for basal PRL release, The cell preparations were 
then added with VIP (1-100  nM)  or NT (0.1-100  nM) and incubated 
a t  37 “C for 10 min; the  supernatants were collected for VIP-  or NT- 
stimulated PRL release. 

The amount of PRL in the  supernatants was determined by a 
double antibody radioimmunoassay method using materials and pro- 
tocols kindly supplied by NIADDK rat pituitary hormone program, 
The radioimmunoassay standard was rat  PRL  (NIADDK-rPRL-RP- 
3 )  and was used over the range of  0.5-32  ng. The variation coefficient 
was less than 5% and  the assay sensitivity was 0.3 ng. 

~ u b ~ d i u m  E ~ ~ L L X  Measurement-The F-10’ medium  was replaced 
with 10 ml  of the “loading solution,” the cells were scraped out from 
the plates  and incubated at  37 “C for 1 h. After this, cells were 
centrifuged at  2000 rpm for 10 min and  the pellet.  was resuspended 
in the “loading solution” containing  tracer “Rb’  (100-200 Ci/ml) and 
0.1 mM unlabeled RbCl to give 10‘ cells/ml. The suspension was 
incubated for 60 min at  30 “C. “Rb’ efflux was measured as previously 
described (18) according to  the manual quench method of Bartschat 
and BIaustein (29). Briefly, aliquots of  “Rb’ loaded cells (5 X 10“ 
cells/sample) were pipetted into wells of a  filtration apparatus (Hoef- 
fer Scientific Apparatus)  containing  2 ml  of a “wash solution’’ and 
vacuum was immediately applied. The filters (Whatman GF/B) were 
then washed five times with 4 ml of the same solution. When the 
effects of drugs were tested, the appropriate drug concentration was 
added to the wash solution to facilitate equilibrium of the drug with 
the cells. Measurement of %b+ efflux was started 10 min later a t  
addition of 2 ml of the “reaction solution” to  the filters followed by 
the rapid addition of 2 mi  of the “stopping solution’’ 5 s later. Vacuum 
was then applied, and  the  filtrate was collected into plastic vials. The 
amount of  =Rb’ in both filter and  filtrate was determined by scintil- 
lation spectroscopy. *Rb’ efflux was expressed as  the percentage of 
the total %Rb’ appearing in the filtrate from the following equation. 

Percentage Rb‘ efflux = 
Rb’ in filtrate 

Rh’ in  filtrate + Rb’ in filter 
x 100 

The “loading solution” was 145 mM NaCI, 5 mM KCI, 2 mM MgCI,, 
0.02 mM CaC12, 0.1. mM RbCI, 10 mM glucose, 10 mM HEPES buffer 
titrated  to  pH 7.4 with NaOH. The “wash solution” was 145 mM 
NaCl, 5 mM KCl, 2 mM MgCln, 0.1 mM RbC1, 10 mM giucose, 10 mM 
HEPES,  pH 7.4. The “reaction solution’’  was  0-145 mM NaCI, 5-150 
mM  KC1 (NaCl -+ KC1 = 150 mM), 2 mM MgCI,, 0.1 mM RbCI, 10 
mM glucose,  10 mM HEPES, pH 7.4. In some experiments Ca”  was 
substituted mole for mole for Mg2+. The “stopping solution” was: 145 
mM tetraethylammonium, 1 mM tetrabutylammonium,  5 mM RbCt, 
5 mM MgC12, 10 mM NiCl,,  20 mM HEPES, pH 7.4. 

Adenylate Cyclase  Activity-The culture medium  was aspirated  and 
cells were washed twice with EBSS. Cells were then scraped from the 
plates with 10 ml  of EBSS  and lysed by suspension and vortex mixing 
in 5 mM Tris-HC1, pH 7.4, and 5 mM MgCk for 20 min at  4 “C. 
Aliquots of the suspension (5 X lo5 original cells/sample) were incu- 
bated for 20 min at 30 “C in a 500-pI reaction mixture containing 80 
mM Tris-HC1, 16 mM MgSO,, 0.5 mM 3-isobutyl-l-methylxanthine, 
0.6 mM EGTA, 0.02% ascorbic acid, pH 7.4, 5 mM phosphocreatine, 
50 unitslml  creatine phosphokin~se,  53 p M  GTP, 2 mM ATP, 100 nM 
VIP, or 10 p M  forskolin with or without various concentrations (1- 
100 p M )  of quinpirole. The reaction was stopped by placing samples 
in boiling water for 5 min and  then in ice. Samples were centrifuged 
a t  3000 rpm for 10 min and  the cAMP  in the supernat.ant was 
measured by radioimmu~oassay using the commercial kit provided 
by  Du Pont-New England Nuclear (Firenze, Italy). 

For the determination of intracellular CAMP cells were scraped 

out from the plates, gently suspended in EBSS, and incubated at 
37 “C for 20 min. Aliquots of the suspension (5 X lo5 cells/sample) 
were incubated for 10 min at 37 “c with 100 nM VIP or 10 p M  
forskolin with or without various concentrations (0.1-100 pM) of 
quinpirole. The reaction was stopped by placing samples in boiling 
water for 5 min and  then in ice. Samples were then sonicated at  50 
watts for 30 s and centrifuged at  3000 rpm for 10 min. The CAMP in 
the  supernatant was measured as previously described. 

~ e ~ r a n ~  Preparation, ~ D S - P o l ~ ~ a c ~ l a m i d e  Gel Elec~rop~res~s ,  
and Immunoblotting-Cont.ro1 and EGF-treated  GH-3 cells were 
washed with 10 ml of ice-cold PBS  and scraped into 2 mi  of 40 mM 
Tris-HC1 pH 7.5 containing  10 mM EDTA and 150 mM NaCI. After 
low speed centrifugation at  1500  rpm for 5 min, cells were resuspended 
in 1 mi  of lysk buffer containing 10 mM Tris-HC1, pH 7.5, 5 mM 
EDTA, 1 mM phenylmethylsulfonyl fluoride, 10  pg/ml leupeptin, and 
10 gg/ml pepstatin and broken with a  tight fitt.ing homogenizer (15 
strokes). Nuclei and debris were  removed  by centrifugation at 6500 
rpm for 5 min in a Sorvall SS34 rotor. The  supernatant was centri- 
fuged at 35,000  rprn for 30 min at 4 “C in  a Beckman TI50 rotor. The 
pelleted membranes were resuspended in 10 mM Tris-HC1, pH 7.5, 
containing  5 mM EDTA and 1 mM phenylmethylsulfonyl fluoride and 
frozen at -80 “6. 

Protein content of the membrane fractions were determined as 
described by Bradford (30). Membranes were dissociated in the load- 
ing buffer containing 62.5 mM Tris-HC1, 1% SDS, 5% 2-mercapto- 
ethanol, 10% glycerol, 0.02% bromphenol blue, pH 7.5, and subjected 
to electrophoresis in a 10% SDS-polyacrylamide gel (31). The proteins 
were then transferred electrophoretically onto Hybond nylon mem- 
branes (Amersham). The blotted proteins were immunorea~ted with 
antibodies directed to various G protein IY subunits (Du Pont-New 
England Nuclear) at 1:200 dilution for 2  h using standard conditions. 
Immunoreaction was revealed by 2-h incubation with 0.5  pCi/ml of 
iodinated protein A (Amersham Corp.). Autoradiography was per- 
formed on Kodak X-OMAT AR films with intensifier screen at 
-80 “C. 

RNA E~~ract ion,  Polymerase Chain ~eact ion,  and ~ y b r i d i z a t ~ n  
Conditions-Total RNA was isolated (32) from control and EGF- 
treated GH-3 cells and 1 pg  of each sample was transcribed into 
cDNA by standard methods (33) using avian myeloblastosis virus 
reverse t.ranscriptase (Boehringer ~ a n n h e i m )  and oligo(dT)ia as 
primer. Of each cDNA, 5 ng were  used as template  in  a PCR (34) (50 
pl final volume, 250 p M  of each deoxinucleoside t.risphosphate, 50 mM 
KCI, 10 mM Tris-HC1, pH 3.0,  2.5 mM MgCL, 0.01% gelatin) with 40 
pmol each of oligos PCR I (5’-TCCTGCCCACTGCTCTTCGGACT 
‘2-3’ encoding rat D-2 receptor residues SCPLLFGL within TM4) 
and PCR TI (5’-GAGAGTGAGCTGGTGGTGACTGGG-3’, comple- 
mentary to a sequence encoding residues PSHHQLTL located in the 
rat D-2 receptor C-terminal to exon 5) (13) as primers and 2.5 units 
of Ampti-Taq (Cetus, Emeryville, CAI. Reactions were started  at 
94 “C and performed for 30 cycles  (94 “C, 0.5 min; 60 “C, 0.5 min; 
72 “C, 1 min) in a t.hermocycler (Techne Corp., Princeton, NJ), within 
the linear range of amplification. 

Aliquots (10 pl) of t.hese reactions were resolved on 1.5% agarose 
gels (Sigma) and  the gel-alkali blotted onto Hybond membrane 
(Amersham). Blots were  t.hen hybridized with oligo A  (5”GTTCAC 
TGGGAAACTCCCATTAGACTTCATGATAACGGTGCAGAG-3’ 
complementary to a sequence encoded by exon 5 of the  rat D-2 gene) 
or  a cDNA probe encoding for the complete D-2(415) receptor (10). 

Oligo(A) was 5’ end ““P-labeled to a specific activity of 5 X lo7 
cpm/pg using T4 polynucleotide kinase (Amersham) according to 
Maniatis et al. (33). Filter hybridization was  in 30% formamide, 5 x 
SSC at  37 “C and excess probe washed  from membranes in 2 X SSC 
for 15 min at 65 “C. 

The D-2(415) receptor cDNA probe was  labeled with :12P to a 
specific activity of at least 5 X 10’ cpm/pg DNA using a  mukiprime 
labeling system (Amersham). Hybridization was performed in  50% 
forrnamide, 5 X SSC at  42 “CI  and filters were  washed to a stringency 
of 0.1 X SSC, 0.1% SDS  at 55 “C. All blots were then exposed to 
Kodak X-Omat films and autoradiograms scanned using an ultrascan 
laser densitometer (LKB 2202). 

Amplification of the cyclophilin fragment was obtained by 25 PCR 
cycies under conditions analogous to those described for the D-2 
receptor utilizing 40  pmol of oligo PCR 111 (5”TGCCATCCAGCCA 

and oligo PCR IV (5’-TGCCATCCAGCCACTCAGTCTTGG-3’ 
CTCAGTCTTGG-3’ encoding rat cyclophilin residues MVNPTVFF) 

complementary to  rat cyclophilin residues AKTEWLDG) (35). Blot- 
ting, labeling, and hybridization conditions of the cyclophilin cDNA 
probe were as described for the D-2(415) receptor cDNA probe. 
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Statistical Analysis-The analysis of variance followed  by a two- 

tailed  Student's t test was used for statistical evaluation of the data. 
~ ~ ~ e r ~ a ~ - E p i d e r m a l  growth factor, neurotens~n, VIP, 3-isobutyl- 

1-methylxanthine, forskolin, ATP, GTP, EGTA, EDTA, and phenyl- 
methyIsuIfony1 fluoride were from Sigma; phosphocreatine and crea- 
t.ine phosphokinase were from Boehringer Mannheim; qu~npirole, 
haloperidol, dopamine, D-butaclamol, L-butaclamol were  from Re- 
search Biomedicals Inc. (Wayland, MA); bromcriptine was from 
Sandoz (Milano, Italy); (+I- and f-)-sulpiride were from Ravizza 
(Muggib, Italy); oIigofA) and the cDNA probe for D-2 receptors were 
kindly provided by Dr. P. Seeburg (Heidelberg, Germany); antibodies 
to  various G protein CY subunits, 86Rb+, and "%PRL were from 
Dupont-New England NucIear (Firenze, Italy). 

R ~ S ~ L ~ S  

Effect of ~ - ~ - ~ e C e ~ t o r  Act~vation on PRL Release-The 
effects of VIP  and NT on PRL release were studied in both 
GH-3 cells and EGF-treated GH-3 cells. As shown  in Fig. LA 
VIP stimulated PRL secretion from GH-3 cells and from the 
cell population exposed to 0.5  nM EGF for 4 days by the same 
extent ( + 3 1 6 ~ )  and with the same potency (EDso = 2.5 f 
0.41 nM in GH-3 cells and EDso = 2.0 rt 0.44  nM in EGF- 
treated  GH-3 cells). Similar results were obtained with NT. 
The effect of NT on PRL secretion was dose-dependent in 
both cell populations approaching maximum at 10 nM (+275% 
in GH-3 cells  exposed to EGF  and +250% in  GH-3 cells). The 
NT half- maxima^ st i~ulatory concentrations were 0.8 & 0.24 
nM in GH-3 cells and 0.5 f 0.16  nM in EGF-treated GH-3 
cells (Fig. 1B). 

The D-2 agonist quinpirole (100 nM) did not inhibit PRL 
secretion induced by both 100 nM VIP and 100 nM NT in 
control GH-3 cells (VIP  70 f 6.5 ng of PRL/Z X lo5 cells, 
VIP + quinpirole:  64 f 4.3 ng of PRL/Z X lo" cells;  NT: 65 
+- 5.1  ng  of PRLfZ X lo5 cells, NT + quinpirole: 55 t 3.3  ng 
of PRL/2 x lo6 cells). 

As shown in Fig. 2A,  quinpirole over the range of 0.1 nM to 
100 nM did not inhibit VIP-stimulated PRL release in EGF- 
treated  GH-3 cells; the dose-response curves for VIP-elicited 
PRL secretion measured in  the absence or in  the presence of 
100 nM quinpirole were also superimposab~e (Fig. 2B). The 
same results were obtained with GH-3 cells grown  for an 
additional 4 days in the presence of  0.5  nM EGF (data  not 
shown). 

Fig. 3A shows that 100 nM quinpirole strongly prevented 
PRL release  induced  by increasing concentrations of NT  in 
EGF-treated CH-3 cells. The dose-response curve  for quin- 
pirole-induced inhibition of ~T-s t imu~ated  PRL release is 
reported in  Fig.  3B; the drug, over the range of  0.1 to 100  nM, 
dose-dependently inhibited the hormone  release  induced by 
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FIG. 1. Effects of VIP and neurotensin  on  prolactin  release 
in GH-3 cells grown  in  the  absence or in  the  presence of EGF. 
The  data are the means 4 S.E. of three independent  experiments 
with each point measured in quad~plicate.  GH-3 (0); EGF-treated 
GH-3 (0). The calculated EDSO values were 2.5 4 0.41 nM and 2 4 
0.44 nM for VIP effects in  control and EGF-treated GN-3 cells, 
respectively, and 0.8 C 0.24  ntd and 0.5 C 0.16 nM for NT effects in 
the two cell preparations. 
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FIG. 2. Effects of  quinpirole on VIP-induced PRL release  in 
GH-3 cells grown  in  the  presence of EGF. A,  PRL release was 
measured with 100 nM VIP in the absence or  in  the presence of 
various concentrations (0.1-100  nM) of quinpirole. 23, PRL release 
was measured with various concentrat~ons (1-100  nM)  of VIP in the 
absence (0) or  in the presence (0) of 100 nM quinpirole. Values are 
the means c S.E.  of four independent  experiments with each point 
measured in quadruplicate. 
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FIG, 3. Effects of quinpirole  on  neurotensin-induced  prolac- 
tin  release  in GH-3 cells exposed  to EGF. A, PRL release was 
measured with various concentrations (0.1-100  nM)  of NT in the 
absence (0) or  in the presence (0) of 100 nM quinpirole. €3, PRL 
release was measured with 100 nM NT in the absence or in the 
presence of various concentrations (0.1-100  nM)  of quinpirole. Values 
are  the means -t S.E.  of three independent experiments with each 
point measured in  qua~upiicate. *p < 0.001 versus the control value. 
The statistical analysis was applied to  the points corresponding to 
individual NT concentrations. **p < 0.001 versus NT. 

100 nM NT with half-maximal inhibitory concentration of 1.8 
f 0.25  nM. 

The pharmacological characterization of this effect  with D- 
2 agonists and antagonists is  given in Figs. 4 and 5. The dose- 
response curves for various DA agonists as inhibitors of NT- 
induced PRL secretion revealed an order of potency (bromo- 
criptine > quinpirole > DA > RU  24213)  which is typical of 
a D-2-mediated phenomenon. DA inhibited NT-induced PRL 
secretion with an ICjo value of 15 f 2.8  nM; the values 
for the selective D-2 agonists bromocript~ne, quinpirole? and 
R u  24213 were 0.4 zk 0.12 nM,  1.5 -i- 0.21 nM, and 30 5 5.2 
nM, respectively. As reported in Fig.  5, D-2 receptor antago- 
nists prevented the inhibitory effect of quinpirole on NT- 
induced PRL secretion in EGF-treated GH-3 cells. In partic- 
ular, sulpiride antagonized the effects of 100 nM quinp~roie 
stereospecifically with (-)-sulpiride very active and  the  phar- 
macologically inactive enantiomer (+)-sulpiride virtually 
uneffective. Similarly, ha~operidol, at the concentration of 1 
PM also prevented the effects of quinpirole almost completely. 

0-2 Receptor ~ t i m ~ ~ t i o n  Does Not inhibit CAMP Forma- 
tion in EGF-treated GH-3 Cells-Fig. 6 and Table I show the 
data obtained by measuring CAMP formation in both mem- 
brane preparations and  intact GW-3 cells  exposed to EGF. As 
reported in Fig. 6, quinpirole up to 100 PM did not inhibit the 
formation of CAMP elicited either by 10 PM forskolin  (Fig. 
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100 nM NT 
90 

-10 -9  -8 -7 -6 

Drug concentration ( log M) 
FIG. 4. Effects of  dopamine and various dopamine agonists 

on neurotensin-induced prolactin release in GH-3 cells grown 
in the presence of EGF. Data  are  representative of one of three 
independent  experiments with each  point measured  in  quadruplicate. 
The  standard  error for  each  value was less than 10%. The calculated 
ICso values were: 0.4 f 0.12 nM for bromocriptine (A), 1.5 f 0.21 nM 

for RU 24213 (0). 
for quinpirole (O), 15 f 2.8 nM for dopamine (A), and 30 -+ 5.2 nM 

FIG. 5. Effect of dopaminergic antagonists on quinpirole 
inhibtion of neurotensin-induced prolactin release in EGF- 
treated GH-3  cells. Each bar is the mean f S.E. of three  independ- 
ent experiments  run in  quadruplicate. ‘ p  < 0.001 uersus basal. 

x 4 4  I 

-6  - 5  - 4  

Pulnplrole  concentration (log fl) Quinpirole  concentration (log n) 
FIG. 6. Effects of quinpirole on forskolin-induced ( A )  and 

VIP-induced ( B )  cAMP formation in membranes from  EGF- 
treated GH-3 cells. Data  are  the  means f S.E. of five independent 
experiments with  each point measured  in triplicate. 

6 A )  or by 100 nM VIP (Fig. 6 B )  in  broken cell membrane 
preparations.  The  results  obtained  with  intact GH-3 cells are 
reported  in  Table I. 10 WM forskolin induced  a 4-fold increase 
in  intracellular  cAMP  accumulation,  an effect  which was 
inhibited by quinpirole over the  range of 100 nM to 100 WM. 
In  contrast,  cAMP  formation elicited  by 100 nM VIP was not 
modified by up  to 100 pM quinpirole. 

Effects of 0 - 2  Receptor Activation on Rubidium  Fluxes- 
Two  components of rubidium efflux, measured  as  an index of 
potassium  channel  activity (18, 29), were identified in GH-3 

TABLE I 
Effects of quinpirole  on  forskolin-  and  VIP-induced cAMP formation 

in  intact  EGF-treated GH-3 cells 
cAMP  formation  in  intact cells  was  measured as described under 

“Experimental Procedures” with 10 p~ forskolin  or 100 nM VIP. 
Data  are  the  means f S.E. of three  independent  experiments with 
each  point measured  in triplicate.  The  basal  cAMP  formation was 
2.3 f 0.18 ~mo1/5  X lo5 celldmin. 

CAMP 
Drugs Forskolin VIP 

(10 PM) (100 nM) 

prnol/5 X IOs celk/rnin 
None  9.3 f 1.0 7.4 & 0.81 
Quinpirole 
100 nM 6.5 f 0.70’ 6.8 & 0.63 

1 PM 4.3 f 0.51’ 7.1 f 0.78 
10 p M  3.1 f 0.28’ 7.7 f 0.80 
100 fiM 3.2 + 0.33* 6.5 f 0.72 

* p < 0.001 uersus forskolin. 

FIG. 7. Effect of quinpirole on “Rb+ efflux in control GH-3 
cells. XfiRb+ efflux was measured  in GH-3 cells grown in F-10’ as 
described under  “Experimental Procedures.” The calcium-dependent 
component was measured in a  reaction  solution containing 5 mM K‘ 
and 1 mM Ca2+ and  the voltage-dependent  one  in  a  nominally  calcium- 
free  reaction  solution containing 100 mM K’. Cells were incubated 
for 5 s with buffer (01, 10 nM quinpirole (a), and 100 nM quinpirole 
(IMI). Each bar represents  the mean f S.E. of three  independent 
experiments  run in triplicate. 

K - 100 100 mM K+ ~ C P  frer 

FIG. 8. Effects of quinpirole on “Rb+ efflux in GH-3 cells 
grown in the presence of EGF. The calcium-dependent component 
was measured  in  a  reaction solution  containing 5 mM K’ and 1 mM 
Ca”, while the  voltage-dependent Rb’ efflux was defined in a  nomi- 
nally  calcium-free  reaction  solution containing 100 mM K’. Cells 
were incubated for 5 s with buffer (0), 10 nM quinpirole (0 )! and 
100 nM quinpirole (H). Each bar represents  the mean f S.E. of three 
independent  experiments  run in  triplicate. ‘ p  < 0.001 uersus basal. 

cells: one, calcium-dependent, which was measured  in a  re- 
action  solution  containing 1 mM Ca2+  and 5 mM K’, and  one, 
calcium-independent  and voltage-sensitive, which was deter- 
mined  in a nominally calcium-free reaction  solution  contain- 
ing 100 mM K’; both  components were insensitive  to  quinpi- 
role, the  fractional Rb’ efflux  being similar  under  basal  con- 
ditions  and  in  the  presence of two different  concentrations of 
the  drug (10 and 100 nM) (Fig. 7). The  data  obtained by 
measuring Rb’ efflux in GH-3 cells  exposed for 4 days  to 0.5 
nM EGF  are  reported in Fig. 8. Quinpirole, up  to 100 nM, did 
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not  change  the Rb' efflux measured  in  the  presence of 5 mM 
K' and 1 mM  Ca"; in  contrast,  quinpirole markedly poten- 
tiated Rb' efflux (45% without versus 80% with  quinpirole) 
in a  nominally  calcium-free reaction  solution  containing 100 
mM K'. Pharmacological studies  on  the  voltage-dependent 
component were performed with  agonists selective for D-2 
receptors. As reported in Fig. 9, bromocriptine  and  RU 24213 
and DA itself induced  a stimulation of  Rb' efflux comparable 
to  that  produced by quinpirole. The  involvement of a D-2 
receptor was further confirmed by the  results  obtained  with 
DA antagonists (Fig. 10). 1 PM (-)-sulpiride, unlike (+)- 
sulpiride, was able  to completely prevent  the effects of quin- 
pirole on Rb' efflux; similarly, 1 PM haloperidol and 1 p M  D- 
butaclamol reversed the Rb' efflux stimulation elicited  by 
quinpirole. 

EGF Selectively  Changes G Protein N Subunit  Content  of 
GH-3 Plasma  Membrane-The expression of Go and Gi pro- 
teins in GH-3 cells was evaluated by Western  blot  analysis 
with specific antibodies  to  the CY subunits of Go, Gil-2, and 
Gi3. As shown  in Fig. 11, antibodies  directed to  the various CY 

subunits recognize three major  polypeptides with  an  apparent 
molecular mass of 42, 40, and 30 kDa (36). 

Different amounts of each  immunoreactive polypeptide spe- 
cies were present  in naive GH-3 cell membranes  with  Gial- 
2, Gia3  and  Goa  present, respectively, at high, low, and  un- 

FIG. 9. Effects of different dopamine agonists on the  volt- 
age-dependent component of RRRb+ efflux in EGF-treated GH- 
3 cells. Rb' efflux was measured in a  nominally calcium-free  reaction 
solution  containing 100 mM K'. Cells were incubated for 5 s with 
buffer (n), 100 nM quinpirole (m), 100 nM bromocriptine (81, 100 nM 
RU 24213 (R), and 100 nM dopamine (0). Each bar is  the  mean -C 
S.E. of three  independent  experiments  run  in  triplicate. *p < 0.001 
versus basal. 

100 nM Puinpirole 
T 
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FIG. 10. Pharmacological characterization of the effects of 
quinpirole on RRRb+ efflux in EGF-treated GH-3 cells with 
dopamine antagonists. '"Rb' efflux was measured  in a  nominally 
calcium-free  reaction solution  containing 100 mM K'. Cells  were 
incubated for 5 s with  buffer, 100 nM quinpirole,  100 nM quinpirole 
with 1 p M  (-)-sulpiride, 1 p M  (+)-sulpiride, 1 p M  haloperidol, 1 p M  
D-butaclamol. Each bar represents  the  mean +. S.E. of three  inde- 
pendent  experiments  run in triplicate. *p < 0.001 uersu.9 quinpirole. 

Ab to: Goa 6311-2a Gi3a C KD 

- 110 
-84 

EGF - + - +  - +   - +  
FIG. 11. EGF-induced differences in G protein CY subunit 

content of GH-3 cell membrane. Membrane  proteins from GH-3 
cells grown for 4 days with (+) or without (-) EGF were loaded in 
quadruplicate  on a 10% SDS-polyacrylamide gel (15  pgllane)  and 
separated electrophoretically. Western  blot  analysis of three  sets of 
samples was  performed  using separately  antibodies ( A b )  to Go subunit 
(G,,cu) and  to Gi subtypes (Gal-2  and G,n3).  One  set of samples  and 
the molecular mass  markers that  were stained with  Coomassie Blue 
after electrophoresis, are shown on  the right side of the figure as 
reference. 

TABLE I1 
Induction of D-2-receptor isoforms by EGF in GH-3 cells 

Quantification of D-2-receptor  probe  and cyclophilin hybridization 
bands  in Fig. 12 by optic  density  measurement expressed in arbitrary 
units. 

Cells D-2(415) D-2(444) Cyclophilin 

Controls 0.05 0.28 1.57 
EGF-treated 0.32* 1.97*  1.62 

~ 

* p < 0.001 uersu.9 controls. 

detectable levels. Exposure  to  EGF (0.5 nM) for 4  days did 
not modify the  amount of Go protein N subunit associated 
with  GH-3  membranes.  In  contrast,  Gi  subunit  subtypes were 
strongly  and selectively changed by EGF  treatment. As deter- 
mined by optical  densitometry of autoradiograms, antibodies 
anti-Gia3  detected a %fold increase of the 42-kDa polypeptide 
in  GH-3  plasma  membrane following EGF  treatment.  The 
relative amount of Gia1-8 was less  affected by EGF  treatment; 
a 50% decrease of the 42-kDa band was  indeed observed (Fig. 
11). 

Induction of 0-2(444)- and  D-2(415)-Receptor Isoforms by 
EGF-PCR products derived  from both  controls  and  EGF- 
treated  GH-3 cells, resolved on agarose gel, comprised two 
DNA fragments of 336 and 423 base  pairs  in  length  consistent 
with two D-2 receptor  mRNA  species  differing in a 87-nu- 
cleotide insert between TM5  and  TM6.  Both receptor  forms 
were present in control  GH-3 cells; as judged  by the relative 
abundance of PCR-generated DNAs, the mRNA  encoding the 
longer receptor form  was  expressed at approximately 6-fold 
higher levels than  the  mRNA for the  shorter form (Table 11). 
Both isoforms appeared  to be highly induced (at  least 7-fold) 
by EGF  treatment  as measured by the optical density of the 
hybridization bands using either oligo(A) specific for the D- 
2(444) form  or  the D-2(415)  cDNA  probe which hybridizes to 
both  forms (Fig. 12 and  Table 11). The  ratio D-2(444)/D- 
2(415)  was not modified by the  treatment.  PCR amplification 
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FIG. 12. Induction of  D-2-receptor  isoforms by EGF in GH- 
3 cells.  Cells  were  grown  in  F-10+  containing 0.5 nM EGF for 
4 days. PCR  fragments amplified with D-2-receptor specific primers 
(PCR I and PCR 11) from either  controls ( C )  or EGF-treated (7') 
GH-3 cells  were  blotted on nylon filters and hybridized with either 
D-2  oligo(A), specific for the D-2(444) isoform, or the D-2 probe, 
which recognizes both D-2(444) ( A )  and D-2(415) ( R )  isoforms.  PCR 
fragments amplified with cyclophilin  specific primers (PCR 111 and 
I'CR IV) were hyhridized with cyclophilin cDNA probe. 

of control  and  EGF  treated cells with cyclophilin primers (25 
cycles)  showed that  the relative abundance of this  mRNA was 
not significantly modified by EGF  treatment (Fig. 12), indi- 
cating a differential pattern of transcriptional  activation  in- 
duced by the growth  factor. 

DISCUSSION 

The  study of D-2 receptor  characteristics  has been so far 
limited by the lack of a convenient  experimental cell model; 
the  present knowledge of D-2 receptor biochemistry and  phar- 
macology derived,  indeed,  from studies  carried  out  on  pitui- 
tary,  brain tissues, and  primary  culture  preparations (14-20) 
which have the  limitation of being not homogeneous cell 
systems. 

The  GH-3 cell line, which is widely used to  study  the 
regulation of PRL secretion,  has  the  advantage of being a 
homogeneous cell population,  but lacks D-2 receptors (4-8). 
Recently, we have developed a pure cell clone  endowed with 
D-2 receptors;  exposure to  EGF for 4 days induced,  indeed, 
the  GH-3 cells to reexpress D-2 receptors  as  shown by the 
appearance of a  high affinity  binding for  [''Hlspiroperidol and 
by the  fact  that selective D-2 agonists recovered the  property 
to inhibit  PRL  secretion induced by depolarizing concentra- 
tions of potassium (8). 

D-2 dopamine  receptors  are known to  inhibit  adenylate 
cyclase (14, 20, 28) as well as  to  activate  potassium  channels 
(16-19). The  interpretation of these  results, however, remains 
questionable  since  it  has  not been conclusively defined 

whether a  single  receptor entity  activates different  intracel- 
lular signals  or multiple D-2 receptor subtypes  are involved. 
Indeed, pharmacological studies have so far provided only 
preliminary evidence for D-2 receptor subtypes  (37)  and  the 
molecular biology approach  has revealed that two D-2 receptor 
isoforms  may exist (10-13). These molecules, which appear 
to be generated by alternative splicing of primary  transcripts 
of a  single  gene,  differ from each  other in the insertion of a 
stretch of 29 amino acids  in the  third cytoplasmic loop (10- 
13). Whether  or  not  the "short" and  the "long" molecular 
forms  represent functionally distinct receptor subtypes re- 
mains  to be determined. 

In  the  present  study we investigated the biochemical and 
molecular properties of D-2 receptors and  their effector-cou- 
pling mechanisms  in  GH-3 cells treated with  EGF. Both  the 
D-2(444) and  the D-2(415) receptor  isoforms are induced 
severalfold by EGF, with no  changes in the relative abundance 
ratio.  It should  be noted  that,  despite  the absence of a  meas- 
urable D-2 receptor  binding, low levels of both D-2 receptor 
related  mRNAs  are  detectable in  naive GH-3 cells. Whether 
a defect in mRNA  translation  mechanisms in the  GH-3 clone 
is involved, or  whether  the  different  sensitivities of the  meth- 
ods used to measure mRNA levels and  the receptor  biochem- 
istry may be  invoked to explain this finding, cannot be estab- 
lished  from our  present  data. 

Exposure of EGF-treated  GH-3 cells to quinpirole blunted 
the  secretion of PRL induced by NT.  The detailed pharma- 
cological analysis of this response was fully consistent with 
the involvement of a  receptor  indistinguishable from the 
dopamine D-2 receptor. Interestingly,  the picture was com- 
pletely different when  quinpirole was tested  on VIP-induced 
PRL release. The D-2 agonist was,  indeed,  virtually ineffective 
on  this response,  suggesting that  EGF induced the expression 
of a D-2 receptor  population which lacks  coupling to  the 
inhibition of CAMP-mediated  responses. It  is known,  indeed, 
that  VIP  and  NT  stimulates  PRL release by lactotrophs by 
activating  different  intracellular signals, the effects of VIP 
being  CAMP-dependent (14, 20, 28) and  those of NT inde- 
pendent of the  adenylate cyclase system (15, 38). 

D-2 receptors  in  pituitary  lactotrophs  appear  to be directly 
associated with  openings of voltage-dependent  potassium 
channels  and with  openings of Ca"-activated potassium 
channels  through  inhibition of cAMP  formation (16-19, 29). 
Electrophysiological studies  demonstrated  both voltage-de- 
pendent  and Ca"-activated potassium currents in GH-3 cells 
(39, 40); similar  results  have been obtained with the neuro- 
chemical approach in the  present study. 

Quinpirole  did not affect R"Rb' efflux occurring through 
Ca"-activated, CAMP-dependent  potassium channels in 
EGF-treated  GH-3 cells; in contrast,  the D-2 agonist was very 
active in potentiating "Rb+ efflux through  the voltage-de- 
pendent  component.  This effect was reproduced by other D- 
2 agonists  and was prevented by selective D-2 antagonists, 
thus  confirming  the involvement of a D-2 receptor. 

In  line  with  these  results  are  the  data  obtained by measuring 
cAMP  formation in both  intact cells and cell membrane 
preparations. Quinpirole failed indeed to  inhibit adenylate 
cyclase activation induced by both forskolin and  VIP in the 
membrane  preparation  obtained from EGF-treated  GH-3 
cells. Quinpirole  did not modify cAMP formation  elicited by 
VIP in intact cells as well; in contrast  the  drug did inhibit 
forskolin-induced activation of the  cAMP  generating system 
in  the  latter  preparation.  The  simplest  interpretation of this 
effect is that it is related  to quinpirole-induced  openings of 
potassium  channels; it could be inferred that  the cell hyper- 
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polarization impairs the capability of forskolin to  stimulate 
adenylate cyclase. 

Taken all together the  data here reported are  apparently at 
variance with those obtained with cDNA transfection exper- 
iments. Transfection of either the "short" or the Yong'' cDNA 
into human embryonic kidney 293 cells resulted, indeed, in 
the expression of D-2 receptors both associated with inhibi- 
tion of adenylate cyclase (10). On the  other hand, the  cbar- 
acterization of the effector systems coupled to  the  short D-2 
receptor transfected into  the GH-3 related clone GH4Cl 
demonstrated that  this molecule can  transduce with similar 
efficiency at least two distinct responses: the  inhibition of 
adenylate cyclase (41-43) and a K' c h a n n e l - d e ~ ~ d e n t  hy- 
perpolarization (44). 

The  data obtained by measuring G protein  content  in GH- 
3 cells after exposure to EGF may contribute to give insight 
into  this matter. A marked increase in  the amount of Gi3 
associated with cell membranes was indeed found in EGF 
treated cell membranes; Gil-2 immunoreact~vity was less 
modified by the  treatment causing a  slight decrease in the 42- 
kDa band. Gi3 is responsible for muscarinic and  somatostatin 
receptor-induced stimulation of potassium channels in GH-3 
cells (45-48); purified D-2 receptors from bovine pituitary, on 
the other  hand, couple with higher affinity to Gi2 than  to Gi3, 
Gi3 being maximally activated at  a 10-fold higher G protein/ 
receptor ratio (27). The high increase in  the amount of Gi3 in 
GH-3 cells exposed to EGF may raise the Gi3/D-2 receptor 
ratio  to  the appropriate value to promote the maximal acti- 
vation of Gi3. The imbalance of the Gi2/Gi3 ratio produced 
by EGF in GH-3 cells could thus account for the preferential 
coupling of D-2 receptors with Gi3 leading to a selective 
activation of potassium channels. 

In conclusion, EGF has two major effects on GH-3 cells: 1) 
i t  promotes the expression of both the  short  and  the long D- 
2 receptor isoforms and 2) it markedly increases the amount 
of Gi3 subunit associated with the plasma membrane. These 
effects  result in the appearance of a D-2 receptor protein 
which activates  a specific transmembrane signaling system 
opening potassium channels  and  inhibiting PRL release by 
CAMP-independent mechanisms. The relative amounts of the 
different Gi proteins  present  in the cell membrane, rather 
than  the specific subtype by itself, may thus influence the 
choice of the effector system by an individual D-2 receptor 
molecule. 
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