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SUMMARY

This report is a comprehensive examination of the regulation of N18TG2 neuroblastoma
adenylate cyclase by physiological prostaglandins. Cyclic AMP accumulation in situ was

provoked by prostaglandin (PG) E2, PGI2, and 6-keto-PGE,. These agonists exhibited the
same intrinsic activity as PGE1 toward stimulation of adenylate cyclase in membranes
from these cells. The potency order was PGI2 > PGE1 > 6-keto-PGE, > PGE2. The
stimulation was consistent with a hormone-mediated mechanism in that each agonist
increased the capacity of GTP to activate adenylate cyclase and increased the rate of

activation by a nonhydrolyzable GTP analogue. In addition, the Mg2� requirement was

reduced by these prostanoids. The prostaglandin receptor(s) was down-regulated by
incubating the cells with either PGE, or 6-keto-PGE1. The refractory state produced

extended equally to each of the prostanoid agonists. PGE2 and the stable endoperoxide
analogues were poor agonists, and neither PGF2� nor 6-keto-PGFi� stimulated adenylate
cyclase in this system.

INTRODUCTION

PG’ E, was originally shown by Gilman and Nirenberg
( 1) to stimulate adenylate cyclase in neuroblastoma cells.
Brunton et al. (2) extensively examined PGE1 binding to
a membrane site and correlated this receptor with stim-

ulation of adenylate cyclase in neuroblastoma and other
cultured cells. Since those studies were performed, PGI2

(prostacyclin) and its metabolites have been shown to
alter the cyclic nucleotide content in platelet (3-5), my-
ometrium (6), gut (7), and liver (8), systems in which the
effects of arachidonic acid metabolites are believed to be

mediated at least in part by cyclic AMP. Demonstrations
that PGD2 and PGI2 activate adenylate cyclase in certain
neuroblastoma cell lines have appeared in the recent
literature (9-11).

It is the goal of the present investigation to examine

more comprehensively the regulation of neuroblastoma

adenylate cyclase by prostaglandins metabolically de-
rived from arachidonic acid, the predominate C20 unsat-

urated fatty acid in mammalian cell membranes. Evi-
dence is presented that certain of these physiologically

This work was supported in part by a Pharmaceutical Manufacturers

Association Foundation Research Starter Grant and by United States

Public Health Service Grant NS 16513.

I The abbreviations used are: PG, prostaglandin; GBSS, Gey’s bal-

anced salt solution (12); IBMX, 3-isobutyl-1-methylxanthine; RO2O-

1724, 4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone; Gpp(NH)p,

guanosine 5’-(fl,-y-imino)-triphosphate; Kact, activation constant, n�, Hill

coefficient; U-44069, (15S)-hydroxy-9a,1 la-(epoxymethano)prosta-

5Z,13E-dienoic acid; U-46619, (15S)-hydroxy-lla,9a-(epoxymethano)-

prosta-5Z,13E-dienoic acid.
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relevant prostaglandins stimulate adenylate cyclase in a
manner consistent with current models of hormone-re-

ceptor regulation of a guanine nucleotide-binding com-
ponent of the enzyme. The possibility of subtypes of
prostaglandin receptors in a single cell is addressed.

MATERIALS AND METHODS

Cell culture. Neuroblastoma cell stock (C-1300 clone
N18TG2, Passage 25) was obtained from A. G. Gilman.
Cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% heat-inactivated calf serum un-
der an atmosphere of 5% CO2. Cells intended for in situ

studies and membrane preparations were plated at 106

cells per 150-cm2 flask. Confluent cells were harvested on
day 4 following a change of media on day 3. Fresh stock
was thawed from storage at intervals of 50-60 days.

Cellular cyclic AMP determinations. Cells were har-
vested by gentle pipetting with a dissociation medium

(137 mM NaCl, 2.7 nmi KC1, 8 mi� Na2HPO4, 1.0 m�
glucose, and 0.625 mi�i EDTA). Cells were sedimented,

rinsed once, and resuspended at 2 x 106 cells/mi in GBSS
(12) in which carbonate and phosphate buffers were
replaced with 10 mM sodium glycylglycine (pH 7.4 at
37#{176}). Following a 30-mm incubation at 37#{176}with a cyclic
nucleotide phosphodiesterase inhibitor (either IBMX or
RO2O-1724), cells (450 �tl) were added to 50 1il of GBSS
containing the designated agonist. When PGI2 was the
agonist, dilutions were made in GBSS adjusted to pH 9.0
and were kept on ice until the addition of cells. After 4
mm at 37#{176},the incubation was terminated by addition of
50 �d of 500 mM sodium acetate (pH 4.5) and boiling for
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4 min. The particulate matter was sedimented, and pro-

tein was determined according to the method of Lowry
et al. (13). The cyclic AMP content of the supernatant
was assayed by the modification of Brostrom and Kon

(14) of the protein kinase-binding method of Gilman (15).
Adenylate cyclase in membranes. Cells were harvested

as above and a plasma membrane fraction was prepared
according to the method of Ross et al. (16). Unless
otherwise described, adenylate cyclase activity was de-
termined in a reaction mixture containing 50 mM sodium
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (pH
8.0), 1 mM EDTA, 10 m1�i MgC12, 1 �LM GTP, 0.1 m�i
RO2O-1724, bovine serum albumin (0.1 mg/nil), pyruvate

kinase (10 �ig/m1), 1.5 m�i potassium phosphoenolpyru-
vate, 0.5 mM ATP, and [32P]ATP (1-5 MCi). Maximal
adenylate cyclase activity occurred between pH 8 and 8.5
for stimulation by NaF, Gpp(NH)p, PGE,, or PGI2. The
reaction was initiated by the addition of 10 �tg of mem-
brane protein to the reaction mixture such that the final
volume was 100 �i1. The reaction progressed for 15 mm at
30#{176},and 32P-labeled cyclic AMP was isolated by the
procedure of Salomon et al. (17). Ethanol concentrations
in the reaction mixture, as the prostaglandin vehicle
(maximally 0.7%), did not alter the rates of basal,

Gpp(NH)p-, or NaF-activated enzyme.

Chromatography ofprostaglandins. Thin-layer chro-
matographic analysis of PGE, and metabolites was per-
formed in solvent systems A IV and A III of Angg#{226}rd
and Samuelsson (18).

Materials. Tissue culture media and serum were ob-
tamed from either KC Biologicals (Kansas City, Mo.) or

Flow Laboratories (Rockvffle, Md.). Reagent-grade
chemicals were obtained from standard sources. ATP
was Sigma A2383 and GTP was Sigma G5881. [32P]ATP
and [3H]PGE1 were purchased from Amersham Corpo-
ration (Arlington Heights, Ill.). The prostaglandins were
generous donations from Upjohn (Kalamazoo, Mich.),

and RO2O-1724 from Hoffmann-La Roche (Nutley, N.
J.). PGI2 and 6-keto-PGF1a were stored in 10 mi�vi potas-
sium phosphate (pH 9.2), and other prostaglandins were

stored in 95% ethanol at 1 mg/nil at -15#{176}.The PGE2 was
dissolved at 5 mg/nil for the experiments shown in Fig.
2.

RESULTS

Intact N18TG2 cells were examined for their ability to

synthesize cyclic AMP in response to PGI2 and prosta-
glandins of the E type (Table 1). The maximal response
to 2-Cl-adenosine is shown for comparison. PGI2 stimu-

lated cyclic AMP accumulation to the same maximal
value as PGE1; however, the ED�,o of PG!2 was 10-fold

lower than PGE,. 6-Keto-PGF,a, the chemical breakdown
product of PGI2, did not increase cellular cyclic AMP

significantly above basal values. However, 6-keto-PGE,,
an enzymatic derivative of PGI2 (19), stimulated cyclic

AMP accumulation to the same maximal value as PGE,.
At 10 /LM, PGE2 did not produce a maximal response. Log

dose-response curves (not shown) demonstrate that this
is so because PGE2 is less potent than PGE,. The 15-
methyl analogue ofPGE, appeared to be more efficacious

than PGE1, possibly because the latter is not subject to

the same metabolic pathways as other prostaglandins,
although there is no evidence that N18TG2 cells have 15-
OH-dehydrogenase activity (see below).

Control experiments (not shown) demonstrated that
cellular cyclic AMP accumulation in response to PGE,,
PGI2, or 2-Cl-adenosine increased linearly for 5 mm in
the presence of either IBMX or RO2O-1724 as a phos-
phodiesterase inhibitor. Thereafter, cyclic AMP levels

were constant for at least 15 mm. Cellular metabolism of
PGE, is negligible under these assay conditions. This was

determined by incubating 5 x 10� cells/mi in GBSS
containing 1 /.LM [3H]PGE, for 30 mm at 37#{176}.The medium
was extracted with ethyl acetate containing 1% acetic

acid and analyzed by thin-layer chromatography as de-
scribed under Materials and Methods. Over 98% of the
3H-labeled counts per minute traveled with a PGE, peak

visualized by phosphomolybdic acid reagent spray. The
two solvent systems chosen adequately separate PGE,

from its less polar metabolites that result from transfor-

mation by lung tissue. Therefore, any significant trans-
formation of PGE1 by N18TG2 cells would have been
detected. Maintenance of the PGI2 concentration during
the assay is impossible owing to its chemical instability
in an aqueous medium. Interpolating from data of Cho
and Allen (20), the t,12 for nonenzymatic hydrolysis of

PGI2 in 30 mi�i sodium phosphate buffer (pH 7.4) taken

TABLE 1

Cyclic AMP accumulation (means ± standard devi ation) in NJ8TG2 cells

Agonist
Cyclic AMP ED�

Expt. 1� h Expt. 2” b Expt. 3’ d

pmoles/mg protein

Expt. 4h Expt. 3’

n M

Expt. 5(

None 23±2 19±3 44±17 56±12

PGE 570 ± 112 511 ± 40 531 ± 67 441 ± 59 410 160

15CH:i-PGE, 900 ± 87 789 ± 87

PG!2 679 ± 76 473 ± 25 617 ± 76 - 30 16

6-Keto-PGF,a - - - 47 ± 10

6-Keto-PGE, 709 ± 76 536 ± 43 - -

PGE2 262 ± 30 216 ± 33 - -

2-Cl-Adenosine - - 141 ± 11 -

(, The phosphodiesterase inhibitor was 0.2 mM IBMX.
h All agonists were at a final concentration of 10 jiM. Three determinations were made and each was assayed in duplicate.
‘. The phosphodiesterase inhibitor was 0.1 mM RO2O-1724.

‘I Concentrations of agonists were 10 jiM 2-Cl-adenosine and 1 jiM PGE1 and PGI2. Two determinations were made, and each was assayed in

duplicate.
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to ionic strength 0.5 M with NaC1 at 37#{176},is 3.1 mm.
During the assay period (1.3 x t112), the PGI2 concentra-
tion can be expected to decline logarithmically to 40%.
Thus, the ED�o values for PGI2 given in Table 1 overes-
timate the true value. If an average concentration during
the assay of 65% of the initial value is assumed, the ED�,o
values become 20 and 10 nr�vi, respectively, for Experi-

ments 3 and 4. Although a more acid medium signifi-
cantly increases the rate of PGI2 hydrolysis, the time
course of cyclic nucleotide accumulation at pH 7.2 is
similar to that at pH 7.6. This suggests that the cell’s
ability to respond is a more significant determinant of
the time course than is the degradation of the agonist.

Adenylate cyclase in membranes. A similar pattern of
response to prostaglandins is observed when adenylate

cyclase activity is examined in membranes prepared from
N18TG2 cells (Fig. 1). At 10 �M, maximal activity was
achieved by PGE1, 15-methyl-PGE1, PGI2, and 6-keto-

PGE1. This represents a stimulation of >6-fold over that
with GTP alone. The rank order of activation was PGE1
> PGA1 > PGB1 > PGF10 for the eicosatrienoic acid

series. Of the arachidonic acid metabolites, PGE2 and
PGD2 stimulated 4.5- and 1.75-fold over basal at 10 �.tM,

and PGF2a did not stimulate at all. In contrast to the
maximal activity observed with PGI2 and 6-keto-PGE1,
6-keto-PGF1(, had no ability to activate adenylate cyclase.
Two stable endoperoxide analogues, U46619 and U44069,
exhibited a small stimulation at 10 ELM.

A pharmacological characterization of the arachidonic

acid derivatives compared with PGE1 is shown in Fig. 2.
These data were linearized according to the Hill equation
to obtain the Kact and Hill coefficients shown in the inset.

Hill coefficients approximated 1.0 for each agonist, con-
sistent with an absence of cooperative interactions. As
was true in situ, PGI2 was one order of magnitude more

potent than PGE1 in stimulating adenylate cyclase activ-
ity. The apparent Kact values for PGI2 and PGE1 were

FIG. 2. Log dose-response curves forprostaglandin-stimulated ad-

enylate cyclase

The points on each curve represent the mean percentage stimulation

for the number of experiments (n) shown in the inset. For PGE2, n =

2. Coefficients of variation were less than 10% for each point. The

maximal stimulation for each experiment was defmed as the activity

obtained with 30 jiM PGE,. The inset gives activation constants (Ka,�t)

and Hill coefficients (nH ) (mean ± standard error of the mean) for the

data shown.

similar to the ED50 values shown in Table 1. The true
Kact for PGI2 must be estimated because of hydrolysis
during the assay. According to the data of Cho and Allen
(20), inactivation in an organically buffered (50 mM)

saline solution (ionic strength 0.5 M), pH 8.1 at 30#{176},
occurs with a ti,2 = 22 mm. Under the conditions of
adenylate cyclase assay, PGI2 decays with a t1,2 � 35 mm.
Evidence suggests that the bovine serum albumin present
in the reaction may stabilize the conformation of PGI2 as
has been shown for other prostanoids (21). Using the
latter value, the PGI2 would decline to 75% of the initial

concentration during the 15-mn assay period, giving an
average concentration of 86% during the assay. Thus, the
Kact value is overestimated by less than 0.2 log unit.

6-Keto-PGE1 was less potent than PGE1 but exhibited
maximal efficacy. PGE2 was tested at concentrations less
than 0.1 mM in order to avoid any membrane perturba-
tions by a higher concentration of the lipophiic agonist
and to keep the ethanol concentration in the assay less

than 0.7%. If one assumes that the maximal PGE2-stim-
ulated value is the same as the maximal PGE1 response

(as the data have been plotted), then the apparent Kact

for PGE2 is 15.3 ± 0.5 j�M and nH = 0.76 ± 0.02.

� � The alternative that PGE2 is a partial agonist in this
system was ruled out by examining the additivity of
PGE2 with either PGE1 or PGI2. This is shown in Fig. 3.

Log dose-response curves were determined for PGE1 in
the absence or presence of 3 �LM PGE2 (Fig. 3A). Similar
plots were obtained for PGI2 in the absence or presence
of 3 /tM (Fig. 3B) or 10 �zM (Fig. 3c) PGE2. The data were
plotted over computer-generated curves that describe
the behavior expected of PGE2 as either a full agonist at

the same or different receptors or as a partial agonist at

the same or different receptors (22, 23). The parameters
of Kact and intrinsic activity used were taken from within
the same experiment to eliminate variability between
experiments. In each case, the data points for PGE1 or

FIG. 1. Prostaglandin-stimulated adenylate cyclase activity in

NJ8TG2 membranes

The adenylate cyclase assay was described in the text. All agents

were tested at lOjiM. The concentration of ethanol was 0.3-0.4% in all

determinations except PG!2 and 6-keto-PGF1a. Data are represented as

a percentage of PGE,-stimulated activity (minus basal). Specific activ-

ities (picomoles of cyclic AMP per minute per milligram of protein)

were 42 for basal (+GTP) and 260 for PGE,-stimulated. The coefficient

of variation was less than 10% for each agent. This experiment is

representative of three separate experiments using different membrane

preparations.
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FIG. 3. Additive interactions ofPGE2 with PGE, or PGI2

Theoretical curves were plotted by an Apple Il-plus desk-top com-

puter to describe the following relationships ofPGE2 with a full agonist:

in the absence of PGE2 (-); PGE2 as a full agonist competing at the

same receptor ( ); PGE2 as a full agonist acting at a distinct

receptor ( . _ . _.); PGE2 as a partial agonist at the same receptor (“);

or PGE2 as a partial agonist at a distinct receptor (- - -). Equations are

those ofAridns and Simonis (22, 23). The values ofK’.�� were determined

from the same experiment by least-squares fit to a linear Hill plot and

were as follows: PGE2 as a full agonist: intrinsic activity = 1.0, K’.�
9.5 jiM; PGE2 as a partial agonist: intrinsic activity = 0.47, � = 1.1 jiM;

PGE (A): intrinsic activity = 1.0, � = 174 nM; PGI2 (B and C):

intrinsic activity = 1.0, � = 21.9 nibs. PGE2 was absent (closed

symbols) or present (open symbols) at 3 jiM in A and B and 10 jiM in C.

The symbols represent actual data points from the experiment.

PGI2 fall accurately on curves generated for that agonist

using the Kact obtained by least-squares fit of the data.

Similarly, in each case the data points in the presence of
PGE2 most closely resemble the behavior of a full agonist.
In the experiment shown, theoretical plots were obtained
for PGE2 as a partial agonist having an intrinsic activity
of 0.47, the percentage of maximal activity of 10 ,.LM PGE2
in this experiment. However, similar plots obtained for

PGE2 having an intrinsic activity of 0.77 (see Fig. 2)
evoke similar conclusions. These were not shown in the

diagram for the sake of clarity.
Characterization of a receptor-mediated response.

Because of the numerous examples of lipid influences on
adenylate cyclase (see ref. 24 and references contained

therein), it is important to establish that stimulation of
the enzyme results from an interaction of prostaglandins

with a receptor moeity rather than from membrane lipid
bilayer perturbations due to the hormone or the solvent.

The following experiments were performed to determine
whether the stimulation by these arachidonic acid me-

tabolites is consistent with a receptor-mediated mecha-
nism. Guanine nucleotides are essential regulators of
receptor-mediated adenylate cyclase activity in mam-
malian cells. According to current concepts (for review,
see ref. 25), GTP binds to a regulatory component that
subsequently activates the catalytic protein. Concurrent

with hydrolysis of GTP, the activity of the catalytic
protein returns to a basal rate. The hormone-receptor
complex interacts with the guanine nucleotide regulatory
component, possibly by altering the affinity for bound
GDP, thereby permitting rebinding of GTP. Thus, the
hormone would provide the stimulus for guanine nucleo-

tide-promoted activation. Figure 4A demonstrates that
PGE1 and the arachidonic acid metabolites increase the
capacity of GTP to activate adenylate cyclase. GTP half-
maximally activated at 0.1 �M for each agonist, including
PGE2. The maximal stimulation was 8- to 10-fold over

hormone alone for PGE1, 6-keto-PGE1, and PGI2 when
tested at fully activating concentrations. The GTP de-
pendence of PGD2 is difficult to assess because PGD2 is
a relatively poor stimulator of adenylate cyclase at any
GTP concentration. In this experiment, stimulation by
20 �M PGD2 was 51% above basal in the absence of

exogenous nucleotide; however, at 1 /LM GTP the hor-

monal effect increased to 84% above GTP alone.
The ability of the agonist to facilitate a receptor-me-

diated alteration in guanine nucleotide-dependent activ-
ity can also be assessed using Gpp(NH)p, a nonhydrolyz-
able GTP analogue. In Fig. 4B, the agonists present at
their maximally stimulating concentrations facilitated

activation ofadenylate cyclase by Gpp(NH)p to the same
extent (2- to 3-fold). Enhancement of activation by PGE2
(at its estimated half-maximal concentration) was nearly
as great. These results, using Gpp(NH)p as the activating
nucleotide, suggest that PGD2 also facilitates guanine
nucleotide exchange. In contrast, 6-keto-PGF1,,, a pros-

taglandin having essentially no agonist potential in the
presence of GTP (Fig. 1), was unable significantly to
enhance Gpp(NH)p activation.

The initial rate of Gpp(NH)p activation is particularly
influenced by the presence of hormones, possibly reflect-

ing a hormone receptor-mediated release of bound nu-

cleotide or a hysteretic modification of the protein. As
shown in Fig. 4C, the rate of adenylate cyclase activity
increased with time when Gpp(NH)p activated in the

absence of hormone. However, the addition of maximally
stimulating concentrations or PGE1 and PGI2 permitted
nearly linear activity from the earliest time point (30 sec

at 30#{176}). PGE2 at its half-maximally stimulating concen-
tration partially precluded the lag.

A modification in the requirement for the divalent
cation Mg2� is also associated with hormonal stimulation
of adenylate cyclase (for review see ref. 26). The MgCl2

concentration required for half-maximal activation in the
presence of 1 �LM GTP was 2.5 � Upon addition of
maximally stimulating concentrations of either PGE1 or
PGI2, the ED�,o was reduced to 1 mM MgCl2 (data not
shown). For both hormones, 90% of maximal activity was
attained at 5 mi�i MgC12 and the plateau in activity
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FIG. 4. Guanine nucleotide requirement for prostanoid agonists

A. Adenylate cyclase activity was measured as described in the text at the GTP concentrations indicated. The agonists were present at 10 jiM

with the exception of PGD2 (20 jiM) and PGI2 (1 jiM).

B. Adenylate cyclase activity was measured as above except that GTP was omitted and the Gpp(NH)p concentration was varied. The assay

proceeded for 10 mm at 30#{176}.All agonists were present at 10 jiM.

C. Time-course of Gpp(NH)p activation. Gpp(NH)p (1 jiM) and agonists were present in a reaction mixture warmed to 30#{176}.At 0 min, 0.1

volume of protein, also warmed to 30#{176},was added. Aliquots were removed and placed in stopping solution at the times indicated. Agonists were

present at 10 jiM PGE2, 1 jiM PGE,, and 0.2 jiM PG!2.

extended beyond 15 rn�i. In contrast, activity peaked
sharply at 1.5 mM MnC12 for either PGE1 or PGI2, and
the ED�o decreased from 0.95 mM to 0.69 mi�i Mn2� in the
presence of prostanoid agonist. Thus, for both agonists,
divalent cations are required at a concentration some-
what greater than equimolar to ATP.

Desensitization of response. Some insight into the

question of identity of receptors was provided by exam-
ining the refractory state that develops in response to
exposure in situ to an agonist. Cells were incubated with
PGE1 until a subsequent exposure to PGE1 would not
promote the accumulation of cyclic AMP. Membranes
were fractionated so that hormone stimulation of cyclic

AMP synthesis could be determined in the absence of

TABLE 2

Adenylate cyclase activity in membranes from refractory cells

Confluent cells on 150-cm2 plates were rinsed twice and subsequently incubated with 10 ml of medium (minus serum) with or without 1 jiM

PGE, or 1 jiM 6-keto-PGE, . After 150 mm at 37#{176},the cells were rinsed and then removed from the plate with the dissociation medium as

described under Materials and Methods. Cells were rinsed twice by sedimentation, and a membrane fraction was prepared as described except

that the sucrose gradient step was omitted and adenylate cyclase activity was determined immediately. Concentrations of activators were as

follows: 1 jiM GTP, 100 jiM Gpp(NH)p, 10 jiM 2-Ci-adenosine, 10 jiM prostaglandins, and 10 mr�i NaF. Values are means of triplicate determinations.

The coefficient of variation was less than 10% for each value.

Activator

Adenylate cyclas e desensitized by

PGE, 6-Keto-PGE,

Control Treated % Decrease Control Treated % Decrease

GTP

Gpp(NH)p

GTP + 2-Cl-Adenosine

GTP + PGE

GTP + PGI2

GTP + 6-keto-PGE,

NaF

19.4

70.2

32.7

136.4

125.8

116.0

79.8

pmoles/min/mg protein

12.9 34

33.8 52

24.3 26

18.7 86

16.3 87

12.6 89

78.5 2

14.0

62.0

23.9

148.8

102.2

145.1

86.2

pmoles/min/mg protein

12.3 12

52.0 16

26.1 8

52.3 65

33.3 67

46.8 68

87.1 0
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the contribution of soluble phosphodiesterase induced by
cyclic AMP. A parallel experiment was performed in
which cells were made refractory with 6-keto-PGE1.2 The
results are shown in Table 2. When compared with
adenylate cyclase from cells incubated in the absence of

hormone, the NaF response in membranes from refrac-
tory cells remained unaltered. In contrast, the responses
to all hormonal stimuli and guanine nucleotides were
reduced in the PGE1-desensitized cell membranes. This
is consistent with the occurrence of a “heterologous”
desensitization such as reported for other cell types fol.

lowing exposure to PGE1 (6, 27, 28). Nevertheless, the
responses to the prostanoid agonists shown here were
reduced more than the responses to guanine nucleotides
or to 2-Cl-adenosine. Similarly, the adenylate cyclase
responses to prostaglandins but not to NaF were reduced
in cells made refractory to 6-keto-PGE1. In this case, the

2-Cl-adenosine activity was not significantly reduced.
These results suggest a strong functional association, if
not identity, of the receptors for PGE1, 6-keto-PGE1,
PGE2, and PGI2.

DISCUSSION

This study was undertaken to develop a better under-
standing of the prostaglandin-stimulated adenylate cy-
clase of N18TG2 neuroblastoma cells. This clone was
chosen because the adenylate cyclase response and a
[3H]PGE� binding activity associated with it had been
previously described by Brunton et al. (2). Numerous

studies have demonstrated that several arachidonic acid
metabolites stimulate cyclic AMP production in specific
organ systems (3, 4, 6-10). The experiments communi-
cated here confirm earlier reports that PGI2 stimulates
adenylate cyclase activity in neuroblastoma cells (10, 1 1).
In contrast, cyclic AMP accumulation in response to

PGD2, reported for two neuroblastoma clones (9), could
not be demonstrated in N18TG2. The present studies are
the first to report neuroblastoma cell adenylate cyclase
stimulation by 6-keto-PGE1.

This investigation has pharmacologically compared

the arachidonic acid metabolites to PGE1 and determined
that PGE2, PGI2, and 6-keto-PGE1 stimulate adenylate
cyclase with the same intrinsic activity. Although each is
a full agonist, the potencies differ over several orders of
magnitude. A very similar pattern was observed in a
second C1300 clone, N4TG1.3

The receptor(s) characterized in this investigation ex-

hibits properties typical of receptors for other hormones
that stimulate adenylate cyclase. Maximally activating
prostanoid agonists augment the response to GTP and
Gpp(NH)p. This is consistent with a mechanism of more

rapid occupancy of the GTP site by a nonhydrolyzable
analogue. In addition, the prostanoid agonists reduce the
requirement for free divalent cation.

The notion of prostaglandin receptor subtypes is sug-
gested by studies in a variety of systems characterized
by a differential functional response to prostaglandins (5,

7, 8). The singularity of a prostaglandin receptor associ-

2 PG!2 was ineffective in producing a refractory state, probably

because a sufficiently high concentration could not be maintained for

a prolonged period of time under the protocols used.
., A. C. Howlett, unpublished observations.

ated with adenylate cyclase is neither intuitively obvious
nor previously established by pharmacological investi-

gations. Certainly the steric structure and charge distri-
bution of prostacyclin should differ from that of PGE2 or
PGD2, suggesting different binding requirements in a
receptor molecule (29, 30). In this study, the subject of
multiplicity of receptors has been approached indirectly

by the examination of down-regulation of the response.
Others have also observed that desensitization to PGE1
or PGE2 induced a concomitant desensitization to PGI2
(5, 31). A single receptor for these arachidonic acid me-
tabolites could have been made refractory by exposure
either to PGE1 or to 6-keto-PGE1 in the N18TG2 cells.
Alternatively, distinct prostanoid receptor types, each
associated with adenylate cyclase, may be present. How-
ever, these receptors as a class could be more sensitive to
the effects of a prostanoid agonist than are receptors for
structurally unrelated agonists. Because we do not un-
derstand the mechanism by which the desensitization
occurs, this latter explanation is highly speculative. Re-
ceptor binding analyses are necessary before a definitive
statement can be made.
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