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D 1 dopamine receptors on NS20Y neuroblastoma cells stimulate adenylate cyclase activity, whereas muscarinic receptors on the same cells 
negatively regulate adenylate cyclase. To determine the mechanisms which underlie these processes, cyclic AMP accumulation was measured 
in intact cells following either cholera or pcrtussis toxin treatment. Pretreatment with pertussis toxin (100 ng/ml), which ribosylated >95% of 
inhibitory guanine nucleotide binding protein (Gi) , caused the complete loss of muscarinic induced inhibition. Conversely, pertussis toxin did 
not affect the ability of dihydrexidine (1 #M, a full efficacy D 1 agonist), PGE 1 (100 nM), or forskolin (1 ~M, a direct activator) to stimulate 
cAMP accumulation. Both the dihydrexidine-induced stimulation and the carbachol-induced inhibition of cyclic AMP accumulation were 
unaffected by either removal of extracellular calcium, or increased intracellular calcium caused by the addition of the calcium ionophore 
A23187. Cholera toxin dose- and time-dependently induced large accumulations of cAMP. At low cholera toxin concentrations, the effects of 
dihydrexidine (300 nM) were additive with those of cholera toxin. At cholera toxin concentrations > 100 ng/ml, dihydrexidine became ineffective 
in stimulating further cAMP synthesis. Conversely, forskolin (1 ~M) still caused marked increases in cAMP accumulation after all cholera toxin 
treatments. Dihydrexidine-stimulated cAMP accumulation was additive with forskolin-stimulated cAMP accumulation at low forskolin 
concentrations (10 riM-3 #M), but synergistic at high concentrations (3-100 #M). Additionally, forskolin was much more potent after cholera 
toxin treatment, suggesting that an activated stimulatory guanine nucleotide binding protein (G~) may be required for full activation of adenylate 
cyclase by forskolin in this cell type. Together, these data suggest that adenylate cyclase activity in NS20Y cells is regulated by both stimulatory 
G-protein(s) linked to D l dopamine receptors and inhibitory G-protein(s) linked to muscarinic receptors. 

INTRODUCTION 

Guanine nucleotide binding proteins (G-proteins) are 
known to transduce both stimulatory and inhibitory 
signals elicited by receptors for a wide variety of 
hormones,  neurotransmitters,  and other messenger mol- 
ecules (for review see ref. 15). The demonstration that a 
particular receptor interacts with, or is dependent on, 
G-proteins can yield a great deal of  information about 

how that receptor can be regulated as well as the 
messenger systems with which that receptor can interact. 
It has been hypothesized that in the mammalian brain D 1 
receptor activation of  adenylate cyclase is mediated by a 
stimulatory G-protein. This hypothesis is based on two 
findings. The first is that GTP is required for activation 

of adenylate cyclase in washed brain membrane  pre- 
parations 6'27'28. The second is that, in brain membranes,  

GTP shifts D 1 agonist binding to lower affinity, suggest- 
ing an interaction with a G-protein 12'16,29. While both 

lines of  evidence support the contention that D1 receptors 

interact with stimulatory G-protein (Gs), there are, 
however, other  considerations. 

It has been proposed that there are multiple subtypes 
of D 1 receptors which have similar ligand binding 
domains, but have different coupling to effector systems. 

For example, D 1 binding sites in the amygdala demon- 
strate no coupling to adenylate cyclase 2a. Interestingly, 
the presence of  GTP has been reported to shift agonist 
binding in human amygdala f rom high to low affinity 12. 

In an opposite manner,  D 1 receptors stimulate adenylate 
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cyclase in the  f ronta l  cor tex  2°, whe reas  G T P  does  not  

shift agonist  affinity in membranes  f rom this structure 1°'11. 

T h e r e f o r e ,  it wou ld  be  useful  to unders tand  the mecha-  

nism of  ac t iva t ion  o f  adeny la te  cyclase by D 1 recep tors  in 

an isola ted  sys tem,  such as a cu l tu red  cell l ine. A n  

isola ted  sys tem can be  m a n i p u l a t e d  to dupl ica te  and 

ident i fy  the  causes  of  h e t e r o g e n e o u s  types of  G T P /  

r e c e p t o r  in te rac t ions  in d i f ferent  brain tissues, g iven that  

the  recep to r s  themse lves  are  similar.  

NS20Y n e u r o b l a s t o m a  cells have  been  shown to be  an 

in te res t ing  m o d e l  sys tem for  the  study of  D 1 d o p a m i n e  

recep to r s  which are  l inked  in a s t imula tory  m a n n e r  to 

adeny la t e  cyclase 3"24. We have  prev ious ly  shown that  

these  cells a ccumula t e  c A M P  in response  to D 1 r ecep to r  

agonists  22, and  that  this r e sponse  is inhibi ted  by musca-  

rinic r ecep to r  agonists .  T h e  p resen t  s tudy was u n d e r t a k e n  

to de f ine  s o m e  of  the  regu la to ry  mechan i sms  invo lved  in 

the  D 1 m e d i a t e d  ac t iva t ion  of  adeny la te  cyclase,  and to 

p rov ide  da ta  tes t ing the  hypothes is  that  D 1 recep to r s  

s t imula te  adeny la t e  cyclase th rough  a direct  Gs-type 

mechan i sm.  In  addi t ion ,  the  w o r k  sought  to d e t e r m i n e  if, 

in this sys tem,  musca r in ic - induced  inhibi t ion of  adenyla te  

cyclase act ivi ty occurs  d i rec t ly  via an inhibi tory  G - p r o t e i n  

(Gi) - type  mechan i sm ,  as has been  shown in o the r  

systems.  

MATERIALS AND METHODS 

Materials 
Dihydrexidine was synthesized as previously published 5. NS20Y 

cells were generously provided by Dr. Marshall Nirenberg (NIH, 
Bethesda, MD). Pertussis toxin and cholera toxin were purchased 
from List Biological Labs (Campbell, CA). Carbamylcholine, 
forskolin, and isobutylmethylxanthine were purchased from Sigma 
Chemical Co. (St. Louis, MO). All other reagents were from 
standard commercial sources. 

Cell culture 
Cells were grown and passaged in Dulbecco's Modified Eagles 

Medium supplemented with glucose (4.5 g/l), sodium pyruvate (1 
mM), fetal bovine serum (10%), HEPES (10 raM), penicillin/ 
streptomycin. The cells were maintained at 37 °C in 95% 02/5% 
CO 2. For cAMP measurements, cells from passage 17-35 were 
plated and grown in 24-well plates (Coming) at a final density ca. 
= 3 x lO s cells/well. 

cAMP accumulation 
cAMP was measured by radioimmunoassay with kits from Incstar 

(Stillwater, MN) based on the procedure of Steiner e t  al. 31, or using 
a manual assay following the same procedure. Briefly, cells were 
incubated with assay buffer (HEPES, 25 raM; NaCI, 145 mM; 
glucose, 19 mM; KCI, 6 raM; CaCI 2, 1.8 mM; MgSO4, 0.8 raM) for 
30 min prior to drug treatments ~3. For experiments in which cholera 
toxin or pertussis toxin were used, the cells were incubated with the 
toxins for 2 h or 6 h, respectively, prior to drug treatments. The cells 
were then incubated for 2 rain in the presence or absence of drugs 
which included the phosphodiesterase inhibitor isobutylmethyixan- 
thine (IBMX, 500/aM). Following the incubation, the media was 
removed and the cells were lysed with 0.5 ml ice-cold HCI (0.1 N). 
After 10 min on ice, ceils were scraped and collected in microfuge 
tubes. The wells were rinsed with an additional 0.5 ml of HC1 which 

was added to the first lysate. The lysates were pelleted in a Beckman 
microfuge, after which 20/,1 of the supematant was neutralized with 
20/A of 0.1 N NaOH and then diluted in 460/~1 of sodium acetate 
(50 mM, pH 6.2). These samples were acetylated with 25 gl of 
triethylamine/acetic anhydride (2:1). An aliquot of the acetylated 
sample was then assayed by RIA with the kits. 

Cells in control wells were detached with 0.1% trypsin-EDTA and 
viable cells were counted using the Trypan blue dye exclusion 
method. All results are expressed as either pmol cAMP/106 cells or 
% control where control equals the accumulation of cAMP in the 
absence of drugs. All experiments were performed in triplicate and 
data shown is representative of at least 3 individual experiments. 

Biochemical measurement of pertussis toxin-catalyzed A DP ribosyl- 
ation 

Cells were grown to near confluence after which the media was 
replaced with media containing pertussis toxin (100 ng/ml) or 
sodium phosphate vehicle. The incubation was for 6 h at 37 °C and 
was followed by two washes with ice-cold PBS. Cells were then 
scraped in ice-cold PBS, pelleted and immediately frozen and stored 
at -80 °C until protein ADP ribosylation was measured. 

Measurement of ADP ribosylation was done according to 
published procedures 25. Briefly, cell pellets were sonicated in 
ice-cold 'homogenization buffer' (50 mM Tris, pH 8, 6 mM MgCI 2, 
1 mM EDTA, 3 mM benzamidine, 1 mM dithiothreitol, 5% (w/v) 
sucrose, 1/*g/ml of soybean trypsin inhibitor). Homogenates were 
centrifuged for 10 min at 10,000 g at 4 °C in a microfuge. Pellets 
were resuspended by sonication in the original volume of ice-cold 
'ADP ribosylation buffer' (100 mM Tris, pH 8, 10 mM thymidine, 
10 mM isoniazide, 5 mM MgCI 2, 2.8 mM dithiothreitol, 2.4 mM 
benzamidine, 0.8 mM EDTA, 2.5 mM ATE 2 mM GTP, 4% (w/v) 
sucrose, 0.8 /*g/ml soybean trypsin inhibitor, 0.5% (v/v) Triton 
X-100). Aliquots (80/~1) of these suspensions were incubated with 
1/~g of purified pertussis toxin and 10/tM [32p]NAD (30 Ci/mmol) 
in 1.5 ml microfuge tubes for 1 h at room temperature in a final 
volume of 100 /A. Reactions were terminated with 0.75 ml of 
ice-cold homogenization buffer followed by centrifugation at 10,000 
g for 10 min. The pellets were vigorously resuspended in 30/,1 of a 
solution containing 40 mM Tris, pH 6.8, 1 mM dithiothreitol, 2% 
(w/v) SDS (sodium dodecyl sulfate). The samples were incubated 
for 5 min at 75 °C after which 20/~1 of 100 mM N-ethylmaleimide 
were added. The samples were further incubated for 15 min at room 
temperature. Fifty/A of a solution containing 40 mM Tris, pH 7.8, 
1% (w/v) SDS, 50% (v/v) glycerol and 6% fl-mercaptoethanol were 
then added followed by 2 min of boiling. The samples were then 
subjected to one-dimensional SDS-polyacrylamide gel electropho- 
resis as described by Laemmli 21 with 9% (w/v) acrylamide-0.25% 
(w/v) bisacrylamide in the resolving gels. Gels were dried and 
autoradiographed; the amount of radioactivity incorporated into 
individual G-proteins was determined by a Betagen Betascope blot 
analyzer. 

Biochemical measurement of cholera toxin-catalyzed A D P  ribosyl- 
ation 

Cells were grown to near confluence after which the media was 
replaced with media containing cholera toxin (100 or 10,000 ng/ml) 
or sodium phosphate vehicle for 2 h at 37 °C. After two washes with 
ice-cold PBS, cells were scraped in ice-cold PBS, pelleted and 
immediately frozen and stored at -80 °C until protein ADP 
ribosylation was measured. 

Measurement of ADP ribosylation was done according to Tamir 
and Gill 32 as modified by Saito et al. 26. Briefly, cell pellets were 
homogenized in 10 vols of an ice-cold solution (50 mM "Iris, pH 7.4, 
2 mM MgCl 2, 1 mM EDTA, 10% (w/v) sucrose). Homogenates 
were centrifuged for 10 rain at 10,000 g at 4 °C in a microfuge. 
Pellets were rehomogenized in one half the original volume of the 
following buffer: 150 mM potassium phosphate, pH 7, 10 mM 
thymidine, 10 mM dithiotreitol, 20 mM isonicotinic acid hydrazide, 
1 mM 3-acetylpyridine adenine dinucleotide, 0.1% (v/v) Triton 
X-100. Aliquots (80/~l) of the suspensions were incubated with 10 
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Fig. 1. Cells were incubated with pertussis toxin (100 ng/ml) or 
vehicle for 6 h in culture medium. Following a 30 rain wash in assay 
buffer and a 2-rain drug exposure, cellular cAMP was measured. 
Results are expressed as a percent of cAMP accumulation in the 
absence of drugs. DHX, dihydrexidine (1 #M); CB, carbachol (100 
#M), FSK, forskolin (1/~M). Shown are the results of one of 3 
identical experiments yielding similar results. Values are mean + 
S.E.M. of triplicate samples in a single experiment. 

#g of activated cholera toxin and 20 #M [32p]NAD (30 Ci/mmol) in 
1.5 ml microfuge tubes for I h at room temperature. Reactions were 
terminated and samples were prepared for electrophoresis as 
described above. The samples were then subjected to one-dimen- 
sional SDS-polyacrylamide gel electrophoresis as described by 
Laemmli 21. 32P-labeled G~ subunits were identified by autoradio- 
graphy, and quantified as described above. 

RESULTS 

Effects of pertussis toxin on muscarinic regulation of 
cAMP synthesis 

NS20Y cells accumulated  c A M P  (5-fold and 4-fold, 
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Fig. 2. Cells were incubated with cholera toxin (100 ng/ml) or 
vehicle for 2 h in culture medium. Following a 30 min wash in assay 
buffer and a 2 min drug exposure, cellular cAMP was measured. 
Results are expressed as cAMP accumulation during the 2 rain 
treatment. Solid bars represent cAMP accumulation in the absence 
of dihydrexidine. Hatched bars represent additional cAMP accu- 
mulation due to addition of dihydrexidine. Shown are the mean + 
S.E.M. of triplicate samples in a single experiment. Other identical 
experiments yielded similar results. 
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Fig. 3. Experimental design similar to Fig. 2. The left abscissa shows 
cAMP accumulation after cholera toxin treatment (solid bars). The 
right abscissa shows cAMP accumulation in control cells (hatched 
bars). Shown are the mean + S.E.M. of triplicate samples in a single 
experiment. Other identical experiments yielded similar results. 

respectively) in response to the novel  D 1 recep tor  agonist  

dihydrexidine (1 /~M) or  forskolin (1 /~M). Carbachol  

(100/~M) inhibi ted these responses  by about  65% (Fig. 1, 

open bars).  Af t e r  cells were t rea ted  with pertussis toxin 

for 6 h, the responses to d ihydrexidine  or  forskolin are 

not  changed,  whereas  the  inhibi tory effects of carbachol  

were comple te ly  reversed (Fig. 1, ha tched bars).  It was 

de te rmined  that  the pertussis toxin t rea tment  resul ted in 

a greater  than 95% A D P  r ibosylat ion of  Gi, as deter-  

mined by a ' b a c k - A D P  r ibosyla t ion '  exper iment .  

Incubat ion of  the cells with a buffer  containing E G T A  

and no calcium had no effect on the abil i ty of  dihydre-  

xidine to s t imulate or  carbachol  to inhibit  c A M P  accu- 

mulat ion.  The  calcium ionophore ,  A23187 (1 /~M), 

likewise had no effect on ei ther  d ihydrexidine-s t imulated-  

or  carbachol- inhibi ted c A M P  accumulat ion (data  not 

shown). 

Effects of cholera toxin on D 1 receptor-stimulated cAMP 
accumulation 

Treatment  of  cells for 2 h with cholera  toxin resulted 

in a dose-dependent  increase in c A M P  levels (Fig. 2, 

solid bars).  Dihydrexid ine  s t imulated addi t ional  accumu- 

lation of  c A M P  at all cholera  toxin concentrat ions  except  

100 ng/ml (Fig. 2, ha tched bars).  As  would be expected,  

addi t ional  exper iments  also demons t ra ted  that  dihydrex- 

idine cannot  cause further  accumulat ion of  c A M P  at 

higher  cholera  toxin concentra t ions  ( i .e . ,  1000 ng/ml). 

' B a c k - A D P  r ibosyla t ion '  exper iments  of  control  and 

cholera toxin- t rea ted  cell membranes  show that  at 100 

ng/ml cholera  toxin,  only  18% of  available sites were 

A D P  ribosylated.  This does not  direct ly corre la te  with 

the observat ion that  the d ihydrexid ine-s t imula ted  re- 

sponse is comple te ly  lost at 100 ng/ml cholera  toxin. In 
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Fig. 4. Cells were incubated with forskolin for 30 min in assay 
buffer, followed by a 2 min drug exposure. Cellular cAMP was 
measured and expressed as pmol/10 ~ cells. DHX, dihydrexidine (1 
/aM); FSK, forskolin. Shown are the results of one of three identical 
experiments yielding similar results. Values are mean + S.E.M. of 
triplicate samples in a single experiment. 

fact, even when cells were t rea ted  with 10,000 ng/ml 

cholera  toxin, only 36% of  available sites were A D P  

ribosylated.  

Effects of cholera toxin on forskolin-stimulated cAMP 
accumulation 

To show that  the loss of s t imulatory effect at high 

cholera  toxin concentrat ions was not due to a loss of 

available substrate,  forskolin was added  to cells t reated 

with cholera  toxin (100 ng/ml). This resulted in a massive 

accumulat ion of  c A M P  which was much greater  than the 

sum of ei ther  cholera  toxin or  forskolin alone. When 

added  to control  cells, forskolin (1/~M) induces accumu- 

lation of  c A M P  equal  to that  of  dihydrexidine (Fig. 3, 

hatched bars).  When  added  to cholera  toxin- t reated cells, 

however ,  forskolin induced a 16-fold greater  than normal  
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Fig. 5. Cells were incubated with forskolin for 30 min in assay 
buffer, followed by a 2 min drug exposure. Cellular cAMP was 
measured and expressed as pmol/106 cells. PGE1, prostaglandin El 
(1/~M); FSK, forskolin. Values are mean + S.E.M. of triplicate 
samples in a single experiment. 
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Fig. 6. Cells were incubated with for PGE~ 30 min in assay buffer, 
followed by a 2 min drug exposure. Cellular cAMP was measured 
and expressed as pmol/I0 ~ cells. PGEI, prostaglandin El; DHX, 
dihydrexidine (300 nM). Values are mean + S.E.M. of triplicate 
samples in a single experiment. 

accumulat ion of c A M P  (Fig. 3, solid bars).  

Effects of forskolin on D 1 receptor-stimulated cAMP 
accumulation 

Cells were incubated  for 2 min with various concen- 

trat ions of forskolin in the presence of  e i ther  dihydrexi-  

dine or  P G E  1. A t  high concentra t ions  of  forskolin,  cells 

accumulated c A M P  to a degree  greater  than the sum of 

ei ther agent  alone (Figs. 4 and 5). This synergistic action 

was similar to that  seen be tween cholera  toxin and 

forskolin. When  dihydrexidine was added  in combinat ion 

with PGE1, the accumulat ion of c A M P  was addit ive (Fig. 

6). 

DISCUSSION 

D 1 dopamine  receptors  have been  shown to activate 

adenylate  cyclase in NS20Y neurob las toma cells 3'22. In 

the present  study, D~ receptor  activation and muscarinic 

receptor  inhibit ion of adenyla te  cyclase in NS20Y cells 

was a l tered by pre t rea t ing  cells with cholera  toxin and 

pertussis toxin, respectively.  The  da ta  presented  are 

consistent with the hypothesis  that  D 1 receptors  activate 

adenylate  cyclase via a Gs-like pro te in  and that  musca- 

rinic receptors  inhibit  adenyla te  cyclase through a Gi-like 

protein  in NS20Y cells. 
Al though we have previously shown that  muscarinic 

receptors  present  on NS20Y cells can inhibit  D I receptor-  

s t imulated c A M P  accumulat ion,  the mechanism of  in- 

hibit ion in this cell line was not  known. Studies in 

cul tured cells have shown that  at least  two mechanisms 

exist for the inhibit ion of  c A M P  accumulat ion by mus- 
carinic receptors .  Evans  et a l J  4 found that  in 1321N1 

as t rocytoma cells, muscarinic recep tor  s t imulat ion results 



in the activation of calcium-dependent phosphodiesterase 
activity which results in the attenuation of cAMP levels. 
Conversely, in NG108-15 neuroblastoma cells, musca- 
rinic receptors directly inhibit adenylate cyclase though a 
GTP-dependent mechanism which can be blocked by 
pertussis toxin 17. 

In order to determine the mechanism present in 
NS20Y cells, we measured the effect of both pertussis 
toxin and calcium on muscarinic receptor-mediated in- 
hibition of cAMP accumulation. We found that pretreat- 
ment of NS20Y cells with pertussis toxin blocked the 
ability of the muscarinic agonist, carbachol, to inhibit 
cAMP accumulation. The same concentration of per- 
tussis toxin was found to ADP ribosylate >95% of G i 
under the same experimental conditions. Conversely, we 
found that neither the removal of calcium from the 
extracellular media, nor the calcium ionophore A23187, 
had any effect on the stimulatory or inhibitory effects of 
dihydrexidine or carbachol, respectively. In addition, 
since all experiments were conducted in the presence of 
the phosphodiesterase inhibitor IBMX, it was not likely 
that activation of a phosphodiesterase was the mechanism 
by which the inhibitory effects of muscarinic agonists 
occurred. Therefore we conclude that the muscarinic 
induced inhibition of adenylate cyclase in NS20Y cells is 
through an inhibitory guanine nucleotide binding protein 
identical or similar t o  G i. 

Monsma et al. 24 have shown that GTP shifts D 1 
receptor agonist binding curves to the right in NS20Y cell 
membranes. This finding suggests that the agonist- 
occupied state of the D 1 receptor may be interacting with 
a G-protein. Since D1 receptor activation results in the 
stimulation of adenylate cyclase, it is generally assumed 
that a stimulatory G-protein such as G~ is involved. We 
attempted to address this issue by measuring whole cell 
D1 receptor function after chemically altering G~ with 
cholera toxin. When cells are treated with cholera toxin 
for 2 h, they accumulate a large amount of cAMP in a 
concentration-dependent fashion. We hypothesized that 
as the cholera toxin concentration was increased, more 
Gs would be activated, and therefore unavailable for 
interactions with D 1 receptors. When all of the G~ is 
activated, the effects of D~ agonists should be ineffective 
if they are mediated by G~. As expected, we found that 
when the cholera toxin concentration reached 100 ng/ml 
there was a complete loss of agonist efficacy. Since 
forskolin could still cause dramatic increases in cAMP 
accumulation, the cholera toxin treatments were neither 
causing a lack of availability of precursor ATP, nor 
inactivating the cyclase catalytic unit. 

Interestingly, when cell membranes were measured for 
the ADP ribosylation state of Gs, it was found that at 100 
ng/ml, cholera toxin resulted in only an 18% ADP 
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ribosylation of G s. While the state of ADP ribosylation 
does not correlate with the loss of agonist function, it may 
be explained by one of several alternative hypotheses. D 1 

receptors may interact only with a subpopulation or pool 
of G s in whole cells. Since the 'back-ADP ribosylation' 
experiments are carded out in broken cells, the prepa- 
ration of the tissue may uncover G s ADP ribosylation 
sites which were unavailable to the toxin in whole cells. 
Likewise, since the density of D 1 receptors is low in these 
cells, this response may be easily eliminated by concen- 
trations of cholera toxin much lower than those necessary 
to ADP ribosylate all of the cellular Gs. Another 
intriguing hypothesis is that the presence of high levels of 
cAMP, presumably via cAMP-dependent protein phos- 
phorylation, result in the loss of D 1 receptor function or 
coupling to the G-protein. One way to address this would 
be to duplicate the high levels of cAMP without altering 
Gs. Attempts to accomplish this using forskolin have 
proven difficult to interpret. Experiments in which cells 
were treated for 30 min with forskolin and then subse- 
quently washed for 30 min to remove the forskolin still 
resulted in increased levels of cAMP (ca. 5-fold). 
Addition of dihydrexidine after the washout results in an 
increase in cAMP equal to that of dihydrexidine in 
control cells (data not shown). Initially, it would appear 
that the elevated cAMP levels did not affect the ability of 
dihydrexidine to activate adenylate cyclase. In light of the 
subsequently described experiments showing a synergism 
between forskolin and dihydrexidine, however, it would 
be hasty to make definitive conclusions. It should be 
noted that 10 ng/ml cholera toxin elicited significant 
increases in cAMP levels, yet did not result in a loss of 
agonist function. This observation supports the hypoth- 
esis that cAMP was not responsible for the lost agonist 
efficacy at 100 ng/ml cholera toxin. 

As noted earlier, to demonstrate that cholera toxin 
was not preventing agonist-induced adenylate cyclase 
activation by depletion of substrate, we used forskolin to 
activate directly adenylate cyclase after treatment. Sur- 
prisingly, in cholera toxin-treated cells, forskolin elicited 
a massive increase in the accumulation of cAMP over a 
short period of time (2 min) compared to its effects in 
untreated cells. It has been previously hypothesized that 
an activated G~-subunit is required to observe the full 
effects of forskolin s'9'3°. In addition, synergism between 
forskolin and both hormone- and cholera toxin-stimu- 
lated adenylate cyclase in whole cells has been demon- 
strated previously 2,7,3°. The observation that dihydrexi- 
dine and forskolin are synergistic in a manner similar to 
cholera toxin and forskolin suggests that dihydrexidine 
and cholera toxin may act through a common mecha- 
nism, namely activating G~. This observation is particu- 
larly interesting because it is similar to an earlier finding 
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in rat striatal membranes in which forskolin potentiated 
D~ receptor-stimulated adenylate cyclase 4. We have 

previously demonstrated that NS20Y cells have D~ 
receptors which functionally resemble striatal D~ re- 
ceptors 22. Thus, these results provide further evidence 

for the study of  NS20Y cell D 1 receptors as a functional 

model for striatal adenylate cyclase-linked D~ receptors. 

To show that cholera toxin was not altering D1 
receptor response through direct interaction with the 

receptor,  we tested the effects of  cholera toxin on other 

receptor-linked adenylate cyclase systems. PGE~, which 
is thought to stimulate adenylate cyclase through a 

Gs-dependent activation, exhibits a similar synergistic 

response with forskolin. Pretreatment of cells with 
cholera toxin also greatly dampens the adenylate cyclase 
response to PGE~. The observation that dihydrexidine 

and PGE 1 are additive indicates that they are either 
acting through distinct mechanisms or through similar 

mechanisms in which neither is rate-limiting. For exam- 
ple, these compounds  may either activate distinct pools 

of  G s, or the commonly available Gs may be sufficient to 
supply both receptor populations. The latter idea is 

supported by the observation that only a small amount of  
G~ is A D P  ribosylated by high concentrations of cholera 

toxin and that this is enough to eliminate both dihydre- 

xidine- and PGE-stimulated cAMP accumulation. 
The evidence presented here provides direct data in 

support of the hypothesis that D~ receptor stimulated 

adenylate cyclase in NS20Y cells is mediated by the 
guanine nucleotide binding protein G s. In addition, the 
data indicate that muscarinic receptors on NS20Y cells 

negatively regulate adenylate cyclase by a Gi-dependent 
mechanism. The D~ receptors on NS20Y cells share many 
of  the characteristics of D~ receptors in the mammalian 
striatum as previously reported 2e. Since D 1 receptor 

function in rat striatum has been shown to be regulated 
by muscarinic receptors ~s'~9, it is tempting to speculate, 

in light of the current study, that NS20Y cells may be 

useful for elucidating one aspect of D~-dopaminergic- 
cholinergic interactions. While it must be emphasized 
that NS20Y cells are not of striatal origin, they exhibit 
several properties associated with striatal cholinergic cells 
(e.g., high choline acetyltransferase and acetylcholines- 

terase activity) ~, and therefore may warrant attention as 
a model of striatal cells to study some of the more 

detailed biochemical interactions between D~-dopamine 
and muscarinic cholinergic receptors. Taking into account 
the suggested association of D~ receptors with aspects of 

the patch matrix architecture of the striatum, NS20Y cells 
may be a useful system for understanding aspects of this 

interaction. 
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