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SUMMARY

Prostaglandins E;, I, and D, (PGE,, PGl,, and PGD,) all stimulate
and desensitize platelet adenylate cyclase, giving rise to peak
and plateau effects in the time course of cyclic AMP metabolism
in the intact cell. The peak and plateau effects vary with prosta-
glandin concentration to a different extent for each prostaglandin.
However, at high concentrations, all prostaglandins give rise to
the same time course of cyclic AMP formation. Differences in the
extent of activation and desensitization can be modeled in terms
of distinct stimulatory and slow-acting inhibitory receptors that
differ in affinity for each prostaglandin but lead to the same
maximum extent of activation and desensitization for all prosta-
glandins. The affinity for the stimulatory receptor is in the order
PGl > PGE, > PGD,; the affinity for the inhibitory receptor is in
the order of PGE, > PGl, > PGD.. In addition, the inhibitory
receptor binds PGE, more tightly than the stimulatory receptor,

whereas in the case of PGl, or PGD,, the stimulatory receptor
binds agonist more tightly than the inhibitory receptor. It is shown
that the model gives rise to heterologous desensitization such
that PGE; readily inhibits PGl,- and PGD,-stimulated cyclic AMP
formation, because it has high affinity for the inhibitory receptor.
At the same time, because the final steady state concentration
of cyclic AMP depends on the fractional occupancy of both the
stimulatory and inhibitory receptors, PGE, can cause either a
rise or fall in cyclic AMP level, depending on the concentration
of PGl, or PGD, used to challenge the platelets before PGE,
addition. The presence of a distinct inhibitory receptor may
represent a general mechanism of autocoid desensitization, buff-
ering cellular response against transient localized increases in
agonist concentration that may occur when agonists are pro-
duced close to their sites of action.

Desensitization of adenylate cyclase is commonly observed
in many cell types in response to hormones or autocoids.
Desensitization can be observed in intact cells in the time
course of cyclic AMP formation, where it is manifested as a
peak and plateau effect (1, 2) distinct from the rise to a simple
plateau in the absence of desensitization that represents the
steady state between cyclic AMP formation and hydrolysis.
Based on observations of the time course of cyclic AMP for-
mation in platelets, we have suggested a mechanism of desen-
sitization involving separate stimulatory and inhibitory pros-
taglandin receptors (3-7). Hence, prostaglandins induce a time-
dependent inhibition of their own rapid activation of platelet
adenylate cyclase that shows a different prostaglandin concen-
tration dependence from activation (3-7).

The mechanism is supported by radioligand binding studies
from other laboratories that indicate that there are two classes
of prostaglandin binding sites on platelet membranes (8-10).
The mechanism is further supported by our ability to model
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cyclic AMP metabolism in intact platelets as a function of
prostaglandin concentration (6) using KINSIM, a powerful
kinetic simulation program (11). Time courses could be simu-
lated over a wide range of prostaglandin concentrations by use
of a simple scheme involving rapid activation of adenylate
cyclase, followed by slow reversible transition of adenylate
cyclase to an inactive form (desensitization) through a distinct
inhibitory receptor (6). Time-dependent activation of phospho-
diesterase activity is not involved in desensitization (6).

We further concluded that, whereas the stimulatory receptor
is linked to adenylate cyclase through the G protein G,, the
putative inhibitory receptor acts though G; to bring about time-
dependent inhibition, possibly by time-dependent re-
arrangement of the equilibrium between the subunits of the G
proteins and the catalytic unit of adenylate cyclase (7). In most
cells, the role of G; can be probed by use of pertussis toxin;
however, the toxin is not effective against intact platelets.
Jakobs and associates (12-14) showed that phorbol ester treat-
ment of intact platelets leads to protein kinase C-mediated
phosphorylation of G; and impairment of its function. We have

ABBREVIATIONS: G protein, GTP-binding protein; G,, stimulatory GTP-binding protein; G, inhibitory GTP-binding protein; PGE,, prostaglandin E;;

PGl;, prostaglandin I; PGD,, prostaglandin D,.
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shown (4) that phorbol ester also abolishes time-dependent
inhibition induced by prostaglandins, indicating the involve-
ment of G;.

PGE,, PGI;, and PGD; all stimulate platelet adenylate cy-
clase; however, the time course of cyclic AMP formation in
intact platelets is different for each prostaglandin (15-17). Peak
and plateau effects are observed at all concentrations of PGE,,
whereas low concentrations of PGI; (or its stable analog ilo-
prost) give little desensitization and high concentrations of
PGI.; give more desensitization. PGD; gives a pattern of cyclic
AMP formation similar to that of PGI;, except that the highest
level of cyclic AMP attained is much lower in the case of PGD,.
The two-receptor model may explain the difference in response
in terms of differences in affinity of the stimulatory and inhib-
itory receptors for each prostaglandin.

Desensitization is generally divided into two major types;
homologous desensitization refers to cases in which only stim-
ulation to the desensitizing agonist is attenuated, whereas
heterologous desensitization refers to diminished responsive-
ness to other agonists as well. Because our model is based on
the idea that desensitization occurs through turn-on of G;, it
would be expected to be a mechanism of heterologous desensi-
tization towards all receptors linked to stimulatory agonists,
because G;-mediated inhibition should act to inhibit all G,-
stimulated events. Hence, treatment with PGE, should lead to
an attenuated response to both PGI, and to PGD,. However,
previous work by Miller and Gorman (15) indicated that this
does not occur. These authors concluded that, whereas PGE,
desensitizes towards PGI,, it does not desensitize towards
PGD,; similarly, PGD, appears to desensitize towards itself but
not towards PGE, or PGI;,. They described the phenomenon as
“cross-desensitization,” which is different from either homolo-
gous or heterologous desensitization, and suggested that it
arises because PGI, and PGE, share a common binding site,
whereas PGD; binds to a separate site. Similar conclusions
were reached by Mills and Macfarlane (16).

In this paper, we have reexamined the question of cross-
desensitization of prostaglandins in platelets and we show that
PGE, does indeed desensitize to PGD, in a heterologous fashion
and that high concentrations of PGD, can desensitize towards
PGI,. In place of PGI,;, we have used its chemically stable
analog iloprost. Similar results were obtained with authentic
PGL. Our criteria for desensitization are that either a prosta-
glandin leads to an attenuated response to a second prostaglan-
din when added some time before the second prostaglandin or
the desensitizing prostaglandin causes a fall in the steady state
level of cyclic AMP when added to a prostaglandin-stimulated
time course already in progress. These are essentially the same
criteria used by Miller and Gorman (15) to define cross-desen-
sitization by prostaglandins. We show that the idea of separate
stimulatory and inhibitory prostaglandin receptors, each with
different affinities for different prostaglandins, offers a clear
explanation for the discrepancy between our findings and those
of Miller and Gorman (15) and Mills and Macfarlane (16) and
that heterologous desensitization can be observed among all of
the prostaglandins at certain concentrations predicted by the
model.

Experimental Procedures

Materials. [2,8-°H])Adenine (31 Ci/mmol) and [**C]cAMP (44 Ci/
mmol) were obtained from ICN Biomedicals (Costa Mesa, CA). The
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stable PGI; analog iloprost was a gift of Berlex Laboratories, Inc.
(Cedar Knolls, NJ). PGE, and PGD; were obtained from Sigma.

Preparation of platelets. Platelets were isolated and washed as
previously described (6). Platelets were isolated from fresh human
blood collected into acid/citrate/dextrose anticoagulant. Platelet-rich
plasma was treated with 1 mM aspirin, to prevent interference from
endogenously produced prostaglandins and thromboxanes, and was
made 2 mM in EDTA before centrifugation at 100 X g for 10 min to
remove contaminating red and white cells. The platelets in the super-
natant were pelleted by centrifugation at 1000 X g for 15 min and
washed by resuspension in Tris-buffered saline (40 mM Tris- HCI, pH
7.4, with 0.15 M sodium chloride) containing 2 mM EDTA, followed by
centrifugation. Platelets were suspended in the same buffer at a con-
centration of 3 X 10° platelets/ml. Platelet count was determined on a
Coulter counter.

Measurement of cyclic AMP formation. Cyclic AMP formation
in intact platelets was measured by incubating platelet-rich plasma for
1 hr with 2 uCi of [*H]adenine before washing. Time courses were
generated at 25° by addition of prostaglandins to a suspension of
radiolabeled washed platelets, withdrawing 0.5-ml samples at appro-
priate times into 0.5 ml of stopping solution containing 0.6 M HCIO,
and 2% sodium dodecyl sulfate, with [**C]JcAMP as a recovery standard.
In some experiments, a second prostaglandin was added to the platelet
suspension 2 min after addition of the first prostaglandin. Sampling
was continued to examine the modified time course. Time courses
obtained at different concentrations in the same experiment were
obtained simultaneously by sampling from separate reaction mixtures
at 10-sec intervals. The cyclic AMP content of each sample was
determined by the method of Salomon (18). Results are expressed as
percentage of total radioactivity appearing as cyclic AMP. As indicated
previously (4), little cyclic AMP leaked from the cells during the time
course of the experiments reported here.

Computer simulation of cyclic AMP time courses. Simulations
were performed on a MicroVAX computer (Digital Equipment Corpo-
ration) using the program KINSIM (11), which was kindly provided by
Dr. Carl Frieden, Washington University School of Medicine (St. Louis,
MO).

We have previously described a model of prostaglandin regulation of
platelet adenylate cyclase (6). We have extended the model to incor-
porate the following features.

1. Prostaglandins act through stimulatory receptors coupled to G,
to activate adenylate cyclase. All prostaglandins are full agonists,
causing the same maximal extent of activation of adenylate cyclase.

2. The affinity of the stimulatory receptor for agonists varies with
the prostaglandin. In order of descending affinity, PGI; (iloprost) >
PGE, > PGD,.

3. Prostaglandins act through receptors distinct from the stimula-
tory receptor to bring about time-dependent inhibition (desensitiza-
tion) of adenylate cyclase. The inhibitory receptor is coupled to aden-
ylate cyclase inhibition through G;, converting adenylate cyclase to an
inactive form in a reversible manner. All prostaglandins cause the same
maximal extent of inhibition.

4. The affinity of the inhibitory receptor varies with the prostaglan-
din. In order of descending affinity, PGE, >»> PGI,; (iloprost) > PGD,.

5. Binding of prostaglandins to either stimulatory or inhibitory
receptors shows an apparent 50-fold decrease in agonist affinity
throughout the binding curve, perhaps reflecting the steady state con-
centration of the receptor-G protein complex responsible for effects on
adenylate cyclase activity (6, 19).

6. Time-dependent activation of phosphodiesterase activity is not
involved in generating the peak and plateau effect (6).

The mechanism is presented formally in the Appendix, together with
a table of equilibria describing the mechanism and the values of
constants used in simulations. It is important to note that, in simulating
the response to the three prostaglandins, PGE,, PGI; (iloprost), and
PGD,, the only parameters that are altered are the binding constants
for the stimulatory and inhibitory receptors. All other constants, in-
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cluding maximum rate constants for cyclic AMP formation and desen-
sitization, are the same for all prostaglandins.

The model provides a mechanism of heterologous desensitization
among the prostaglandin as follows. The ratio of active to inactive
adenylate cyclase depends on the fractional occupancy of the stimula-
tory and inhibitory receptors as well as the time of exposure to the
agonist. After a long enough period of time (several minutes), the ratio
depends solely on fractional occupancy of the two receptors. At satu-
ration of both types of receptor, all prostaglandins give rise to the same
level of adenylate cyclase activity, which is reflected in the steady state
level of cyclic AMP. At other concentrations of prostaglandins, the
shape of the time course and the final steady state level of cyclic AMP
depend on the affinity of individual prostaglandins for the stimulatory
and inhibitory receptors. When two prostaglandins are added to the
same reaction mixture, either at the same time or at separate times,
the shape of the time course and the final steady state level of cyclic
AMP represent contributions from each prostaglandin. Hence, incu-
bation of platelets with a prostaglandin that binds tightly to the
inhibitory receptor will lead to apparent desensitization to a second
prostaglandin because adenylate cyclase is already inhibited. The clear-
est way to see the effect of combinations of prostaglandins added
together or separately is through simulations using the model described
in the Appendix and developed in detail in Ref. 6. The following results
describe real data obtained with various combinations of prostaglan-
dins, together with simulations based on the two-receptor model.

Results

Time course of cyclic AMP formation in response to
various concentrations of PGE,, iloprost, or PGD;. Time
courses of cyclic AMP formation at four different concentra-
tions each of PGE,, iloprost, or PGD; are shown in Fig. 1A. In
the case of PGE,, the shape of the time course was the same at
all concentrations, although the initial rate, peak maximum,
and final steady state level of cyclic AMP formation all in-
creased as a saturable function of PGE, concentration. In the

case of iloprost, the initial rate increased as a function of
prostaglandin concentration but time-dependent inhibition
also increased to the point that the curves crossed each other.
PGD, showed a less marked increase in initial rate with pros-
taglandin concentration and a less marked increase in time-
dependent inhibition. At a concentration of 30 uM of each
prostaglandin, the time courses of cyclic AMP formation were
similar to each other.

We have previously postulated that the difference in response
to PGE, and iloprost reflects differences in affinity of stimu-
latory and inhibitory receptors for the two prostaglandins (6).
We now apply the same argument to the pattern of curves
obtained with PGD,. We suggest that PGD, can stimulate and
inhibit platelet adenylate cyclase to the same maximal extent
as both PGE, and iloprost but the affinity of the prostaglandin
receptors for PGD; is much weaker than for the other prosta-
glandins. Evidence to support this suggestion comes from the
simulations in Fig. 1B, showing that the families of curves may
be modeled by this mechanism. Further support comes from
the observation that a high concentration of PGD, gave a time
course similar to that of high concentrations of PGE, or ilo-
prost.

The values of the stimulatory and inhibitory receptor binding
constants used in the simulations for the three prostaglandins
are indicated in Table 1. Other constants are given in the
Appendix, in Table 2.

We examined the consequences of the model on the pattern
of cyclic AMP formation obtained with combinations of pros-
taglandins added some minutes appart. Our findings extend the
work of Miller and Gorman (15) and provide us with data to
analyze within the framework of our model.

Addition of PGE, at various concentrations to a PGD,-
stimulated cyclic AMP progress curve. PGD, (1 uM) was
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TABLE 1

Apparent dissociation constants for binding of prostaglandins to
the stimulatory and inhibitory receptors

The constants given in the table are apparent dissociation constants for the tight
binding forms of the stimulatory and inhibitory receptors. The model elaborated in
Ref. 6 requires two binding constants for each receptor. The first binding constant
represents tight binding to a receptor-G protein complex; the second binding
constant (about 50 times weaker binding) represents binding to the receptor
uncoupled from activated G protein. The idea of high and low affinity states stems
from the work of Stadel et al. (19). It is tempting to describe each binding constant
as a true thermodynamic equilibrium constant for binding to the two receptor
states, especially because the constants used in the simulations turn out to be
very similar to those determined from radioligand binding studies (8-10). However,
reoeptorcwphgisaeompbx.nulﬁstepevemwiﬁrw*mwnsmmwd
interaction between receptors and G proteins, so that the apparent dissociation
constants represent complex constants.

Apparent dissociation constant
Stimulatory receptor Inhibitory receptor
. um
PGE, 0.03 0.02
lioprost (PGl,) 0.02 0.1
PGD. 0.8 2.0
1.0
PGE4 A
PGE4
] . . uM
t -
0.5 2 7 0
1 o 10
2 1.0
1 uM PGD2 0.1
0 2 4 6 8
Time (min)

Cyclic AMP (% total radioactivity)

0 2 4 6

Time (min)

Fig. 2. Effect of addition of PGE, at various concentrations to a PGD,-
stimulated cyclic AMP progress curve. A, Real data were obtained as
described in Experimental Procedures, with reactions being initiated by
addition of 1 um PGD.. After 2 min, PGE, was added at the concentrations
indicated. B, Simulations were performed as described in the Appendix,
using the constants given in Tables 1 and 2.

added to radiolabeled platelets and the time course of cyclic
AMP was monitored over 8 min (Fig. 2A). In parallel experi-
ments, various concentrations of PGE, were added to the
platelet suspension 2 min after initiation of the reaction with
PGD; and the time course of cyclic AMP formation was again
monitored (Fig. 2A). Addition of 0.1 uM PGE, resulted in a
rapid drop in cyclic AMP to a new steady state level. Addition
of 1.0 uM PGE, led to a transient increase in cyclic AMP
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followed by a fall to a steady state level above that observed
with 0.1 uM PGE,. Similarly, 10 uM PGE, gave a transient
increase followed by a fall to a steady state level above that
observed at 1.0 uM PGE,. Clearly, PGE, inhibits PGD,-stimu-
lated cyclic AMP formation but inhibition is more pronounced
at low rather than high concentrations of PGE,. It is obvious
that PGE, cannot be simply acting as a partial agonist at the
stimulatory PGD, receptor, because the degree of inhibition
would then increase with PGE, concentration. The observed
result can be readily explained by tight binding of PGE, to a
distinct inhibitory receptor to lower the cyclic AMP level,
together with weaker PGE, binding to the stimulatory receptor
to raise the steady state level. The family of curves can be
simulated using the two-receptor model (Fig. 2B).

Addition of PGE, to an iloprost-stimulated cyclic AMP
progress curve. Addition of 0.1 uM iloprost to intact platelets
resulted in a rapid increase in cyclic AMP formation followed
by a slow decline (Fig. 3A). Addition of 10 uM PGE, several
minutes after 0.1 uM iloprost led to a rapid decline in the cyclic
AMP level to a plateau level well below that observed in the
presence of iloprost alone. In contrast, addition of 0.003 uM
iloprost to platelets led to a small rise in cyclic AMP to a
plateau level, whereas addition of PGE, after 2 min resulted in
a rapid rise in the cyclic AMP level to a peak followed by a
decline to a stable plateau level that was higher than that
observed in the presence of 0.003 uM iloprost alone. The two
sets of curves can be simulated using the two-receptor model
(Fig. 3B).

Addition of PGD; to an iloprost-stimulated cyclic AMP
progress curve. Miller and Gorman (15) indicate that,
whereas PGE, can inhibit PGI; (iloprost)-stimulated cyclic
AMP formation, PGD, cannot. We have shown here that the
pattern of cyclic AMP formation reflects the affinity of separate
stimulatory and inhibitory receptors for each prostaglandin.
Because PGD; causes inhibition of its own stimulation, it would
be expected to inhibit iloprost-stimulated cyclic AMP forma-
tion as well. Fig. 4A shows that high concentrations of PGD,
do inhibit. The curves are simulated in Fig. 4B. In contrast to
PGE, inhibition observed in Fig. 2, the extent of inhibition
increased with PGD, concentration. This is because the stim-
ulatory receptor is already virtually saturated with iloprost, so
that PGD, makes little contribution to stimulation, but high
concentrations of PGD; do bind to the inhibitory receptor.

Addition of PGD; to a PGE;-stimulated cyclic AMP
progress curve. Addition of PGD, after 2 min to a reaction
mixture initiated by PGE, resulted in a different response to
PGD; from that observed when PGD, was added alone (Fig. 5).
PGD; added alone gave a marked rise to a peak followed by a
fall to a plateau level. In contrast, PGD, added to the PGE,
curve showed no peak but a rise to the same steady state level
observed with PGD; alone. The response to PGD, was clearly
desensitized by prior treatment with PGE,, in terms of a
reduced initial rate of PGE,-stimulated cyclic AMP formation.

It should be noted that we cannot simulate this case using
the two-receptor model as formulated in the Appendix. The
reason for this follows. In order to obtain a workable model
with a reasonable number of steps, we treated the receptor/G
protein/adenylate cyclase complexes as a single enzyme species,
with a stimulatory site and an inhibitory site for prostaglandins,
so that stimulation and inhibition appear as linked equilibria.
Consequently, in the simulation, addition of PGD, not only

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

50 Ashby

2 10 uM PGE
A
— 0.1 uM
E' lloprost
% 10 uM PGE4
8
© 0.003 uM
o lloprost
T Fig. 3. Effect of addition of PGE, to cyclic AMP progress curves
‘; described in Experimental Procedures, with reactions being
S initiated by addition of either 0.003 or 0.1 um iloprost. After 2
o 2 min, 10 um PGE, was added. B, Simulations were performed as
= 10 uM PGE;4 B described in the Appendix, using the constants given in Tables
< 1and 2.
(3 g e, 0.1M
5‘ lloprost
1 7] '+,
10 uM PGE4
0.003 uM
T lloprost
- T T T T
0 2 4 6 8

Time (min)

gives activation through a direct effect on the stimulatory site
but also shifts the equilibrium between active and inactive
forms of the enzyme, leading to a time-dependent increase in
active enzyme and a further increase in cyclic AMP level. In
reality, the shift from inactive to active enzyme does not occur,
because stimulation and inhibition represent separate G pro-
tein-mediated pathways.

Discussion

We have previously proposed a two-receptor model to explain
prostaglandin regulation of platelet adenylate cyclase (6). In
this paper, we have shown that the model readily explains the
difference in response of platelets to various prostaglandins in
terms of differences in affinity of the stimulatory and inhibitory
receptors for each prostaglandin. Qur studies indicate that all
prostaglandins are full agonists at both the stimulatory and
inhibitory receptors. Consequently, the model predicts that
saturating levels of all prostaglandins should give rise to the
same time course and, in fact, curves obtained at high concen-
trations of prostaglandins tend towards the same pattern. The
putative inhibitory receptors have an apparent affinity for
prostaglandins lower than that of the stimulatory receptors in
the case of PGI; and PGD, and a higher affinity than that of
the stimulatory receptor in the case of PGE,. The difference in
apparent effectiveness among prostaglandins arises from dif-
ferences in affinity for the two receptors and the ability of

PGE, to turn off adenylate cyclase more readily at low concen-
trations due to the higher affinity of the inhibitory receptor for
PGE,. The model provides an explanation for mixed agonist/
antagonist behavior and explains the partial agonist behavior
of PGE, and PGD; in terms of affinities for the two receptors,
rather than differences in the maximum evoked effect of each
agonist.

We have demonstrated the versatility of the model in ex-
plaining the complex patterns of cyclic AMP formation ob-
tained when two prostaglandins are added consecutively, some
minutes apart. It is shown that the model gives rise to heter-
ologous desensitization among all prostaglandins. Heterologous
desensitization is a manifestation of binding of prostaglandins
to the inhibitory site. Hence, because PGE, binds most tightly
to the inhibitory site, it gives rise to the most striking degree
of desensitization. In contrast, PGD, binds weakly to the in-
hibitory site and gives little desensitization.

Both Miller and Gorman (15) and Mills and Macfarlane (16)
have used the fact that different prostaglandins have different
effects on the time course of cyclic AMP formation to argue
that PGE, and PGI; bind to a common receptor on platelets,
whereas PGD, binds to a distinct receptor. We show here that
such distinctions are not sufficient to describe a separate stim-
ulatory binding site for PGD, but merely reflect weak binding
of PGD; to the putative inhibitory site. On the other hand, it
is not essential for our model that any of the prostaglandins
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Fig. 4. Effect of addition of PGD; at various concentrations to an iloprost-
stimulated cyclic AMP progress curve. A, Real data were obtained as
described in Experimental Procedures, with reactions being initiated by
addition of 0.1 um illoprost. After 2 min, PGD, was added at the concen-
trations indicated. B, Simulations were performed as described in the
Appendix, using the constants given in Tables 1 and 2.
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& Cyclic AMP

8. Effect of addition of PGD; to cyclic AMP progress curves initiated
addition of PGE,. Data were obtained as described in Experimental
Procedures, with reactions being initiated by addition of 10 um PGE,.
After 2 min, 2 um PGD, was added. The experiment was repeated by
addition of vehicle at zero time, instead of PGE,, and addition of PGD,
again after 2 min.

g

bind to the same receptors, merely that the prostaglandins
affect G, and G; to the same extent. In fact, the main purpose
of the work described here was to show that the two-receptor
model is a generalized mechanism of heterologous desensitiza-
tion, operating at the G protein level.
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QFPA

QFA

QFQA

QEP QEPA

QE QEA

QEQ

PEP PEPA

PE PEA

PEQ PEQA

PFPA

PFA

PFQA

Fig. 8. Scheme describing regulation of platelet adenylate cyclase in
terms of competition between two prostaglandins (P and Q) for binding
to separate stimulatory and receptors. Curved arrows, catalytic
steps leading to the formation of cyclic AMP from ATP (A); E, Adenylate
cyclase/receptor complex; P, first prostaglandin; Q, second

din; EP or EQ, prostaglandin bound to a stimulatory site; PE or QE,
prostaglandin bound to an inhibitory site; F, desensitized adenylate
cyclase.

The clearest way to distinguish between receptors for indi-
vidual prostaglandins is through studies with selective antago-
nists. In comparing antagonist effects on the action of various
prostaglandins, however, it is necessary to consider that PGD,
binds much more weakly to both its stimulatory and inhibitory
receptors than either PGE, or PGI;. For this reason, appropri-
ately high concentrations of antagonist must be used to over-
come the high affinity of PGE, or PGI;, in order to make a
valid comparison with PGD; antagonism. In this regard, the
compound BW A868C, described by Trist et al. (20), appears
to fulfill the criteria of a selective PGD, antagonist on platelets.
Overall, it seems that PGE, and PGI, may share a common
stimulatory receptor, whereas PGD, appears to bind to a dis-
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TABLE 2

Reactions and constants used to simulate curves in Figs. 1-4

=, Rapid equilibrium steps; = =, kinetically determined steps. Values given in units of percentage represent cyclic AMP concentrations expressed as a percentage of
total adenine nucieotides, so that simulations were directly comparable to real data. ATP level was maintained at 100%, simulating the ability of the cell to repienish ATP
through celiular metabolism. The K., of the cyclase was set at 0.1%, a rather arbitrary value, the crucial point being that the cyclase is always saturated in substrate and
cyclic AMP is generated in a zero-order manner. The concentration of adenylate cyclase (E) was set at 1 X 10~ um so that depletion of free A, P, or Q by binding to £
was negligible; the rate of cyclic AMP formation is the product of E and the rate constant so that the latter was muitiplied by 10° to compensate for the enzyme
concentration. Once formed, cyclic AMP (C) is removed by phosphodiesterase (D) through the enzyme-substrate complex DC to give AMP (N). The concentration of
phosphodiesterase was set at 1 x 10~ um. The K., for phosphodiesterase activity was set at 1% of total adenine nucieotides, corresponding to a cyclic AMP concentration
of about 75 um (6). Apparent dissociation constants for binding to the stimulatory receptor (K,) and inhibitory receptor (K) are given. When

prostaglandins are bound to
either the stimulatory or inhibitory receptors, K, and K, increase by about 50-fold, giving rise to apparent negative cooperativity, as discussed in detail in Ref. 6.
Equibrium Description of rate/equilbrium Value of rate/equilibrium

A+E = EA Kn for ATP 0.1%
A +EP = EPA
A+EQ = EQA
E+P = EP K, for binding of P to stimulatory See Table 1

receptor
E+P = PE K; for binding of P to inhibitory See Table 1
EA+P = PEA receptor (K,,)
EP +P = PEP K; for binding of P to inhibitory 50 times K,
EPA + P = PEPA receptor when stimulatory re-
EQ+P = PEQ ceptor is occupied
EQA+P = PEQA
E+Q = EQ K, for binding of Q to stimula- See Table 1

tory receptor
E+Q = QE K, for binding of Q to inhibitory See Table 1
EA+Q = QEA receptor (K,
EQ+Q = QEQ K; for binding of Q to inhibitory 50 times K,
EQA+Q = QEQA receptor when stimulatory re-
EP+Q = QEP ceptor is occupied
EPA +Q = QEPA
PEPA == PFPA Forward and backward rate Forward rate, 1.0 min™
PEA == PFA constants for desensitization Backward, 0.25 min™'
QEQA == QFQA
QEA == QFA
PEQA == PFQA
QEPA == QFPA
EPA == EP+C Maximum rate constant for 3 x 10° min~" (backward rate is zero)
PEPA == PEP +C cyclic AMP formation
EQA == EQ+C
QEQA == QEQ +C
PEQA == PEQ+C
QEPA == QEP +C
D+C = DC K for phosphodiesterase 1.0%
DC == D+N Rate constant for phosphodies- 2.5 x 10®* min™

terase

tinct stimulatory receptor; at the same time, all of the prosta-
glandins interact with one or more inhibitory receptors to bring
about heterologous desensitization, which occurs at the level of
common G proteins.

The physiological relevance of dual regulation of adenylate
cyclase by a single agonist acting on the same cell type perhaps
can be explained in terms of the difference between endocrine
and autocrine hormones (autocoids). Endocrine hormones are
generally produced by cells distant from their site of action, so
that they are diluted in the blood stream to an elevated but
stable concentration by the time they reach their target cells.
In contrast, autocoids are produced by the same cell type on
which they act (or, in the case of platelets, by the intimately

related endothelial cells), forming a localized feedback mecha-
nism. Consequently, autocoids may reach transiently high lev-
els at their sites of action. The presence of a second type of
receptor that negates the action of the first receptor would tend
to buffer cellular responses to transient extremes of agonist
concentration. The slow onset of inhibition would also allow
for time-dependent buffering, providing additional control over
autocoid release and effect. The rapid desensitization of aden-
ylate cyclase caused by prostaglandins can then be distin-
guished from slower and more complex forms of desensitization
observed with, for example, 8-adrenergic agonists (21). Hence,
prostaglandin or autocoid desensitization may simply represent
a relatively rapid response to localized transient concentrations
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of agonist, maintaining cellular responsiveness within reason-
able bounds, whereas desensitization to endocrine hormones
represents true desensitization and down-regulation to long
term agonist exposure.
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Appendix

Computer simulation of cyclic AMP time courses. Sim-
ulations were performed on a MicroVAX computer (Digital
Equipment Corporation) using KINSIM (11), a program writ-
ten in FORTRAN, that was kindly provided by Dr. Carl Frie-
den, Washington University School of Medicine (St. Louis,
MO). Mechanisms are written as a series of chemical reactions
represented either by a dissociation constant for rapid equilib-
rium steps or by forward and backward rate constants for
kinetically determined steps. The computer generates a table
of differential equations and performs numerical integration to
yield the concentration of the designated species as a function
of time, either as graphical output or as numerical values.

Model of prostaglandin regulation of platelet aden-
ylate cyclase. Our original model of desensitization (6) in-
volved binding of a prostaglandin to a stimulatory receptor to
bring about rapid activation of adenylate cyclase, together with
binding to a separate inhibitory receptor to induce slow revers-
ible transformation of the enzyme to an inactive form. The
current work extends the model to include a second prostaglan-
din competing for both the stimulatory and inhibitory recep-
tors. The model is indicated by the scheme in Fig. 6 and by the
series of reactions presented in Table 2. The receptor/G pro-
tein/adenylate cyclase complex is represented as a single en-
zyme species E. The enzyme E has a binding site for substrate
ATP (A) as well as two distinct binding sites for the first
prostaglandin (P). The species EA represents the enzyme sub-
strate complex, which has negligible activity; binding of P to a
stimulatory binding site gives rise to EP and subsequently to
EPA, which is active, generating EP and cyclic AMP (C), a
reaction that is represented by the curved arrow in Fig 6. P can
also bind to a separate inhibitory binding site to give PEA.
PEA can slowly and reversibly convert to PFA, generating the
inactive enzyme species FA. A second prostaglandin () can
compete with P for both the stimulatory and inhibitory binding
sites, giving rise to the enzyme species indicated in Fig 6 and
Table 2.

Simulations were performed as follows. In the case of a single
prostaglandin, curves of cyclic AMP formation were generated
by setting equilibrium and kinetic constants as indicated in
Tables 1 and 2, with cyclic AMP at an initial concentration of
zero and all of the enzyme in the active form E. When we
wished to simulate the effect of a second prostaglandin added
2 min after the first prostaglandin, we stopped the simulations
after 2 min and obtained numerical values for the concentration
of cyclic AMP as well as the total concentration of the E species
and the total concentration of the F species. We used these
values to set the initial conditions for simulations involving
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two prostaglandins. (The total E species could be entered as
any one of the various liganded forms, because it rapidly
equilibrates among the other forms; the same is true of the F
species.) The subsequent simulation then represented the sum
of contributions from both prostaglandins following 2-min ex-
posure to the first prostaglandin. The curves could be moved 2
min along the time axis to generate the figures used in the
main body of the paper.
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