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ABSTRACT. We have demonstrated previously that activation of thrombin receptors causes increased Ga,
coupling to thromboxane A, receptors and increased thromboxane A, receptor ligand affinity. These results led
to the hypothesis that thrombin receptor activation stimulates Ge,, redistribution to thromboxane A, receptors,
thereby shifting them to a higher affinity state. The present study investigated three questions regarding this
inter-receptor signaling phenomenon: (i) does activation of thrombin receptors cause a redistribution of
thromboxane A, receptor subpopulations; (ii) does inter-receptor signaling require that participating receptors
couple to the same family of G-protein a-subunits; and (iii) does inter-receptor signaling occur in cell types other
than platelets? It was found that thrombin receptor activation caused a shift in the thromboxane A, receptor
binding data from a one-site model to a two-site model (K; = 0.5 uM vs K, = 10 nM and 1.1 pM for the
antagonist 4-[2-[[(4-chlorophenyl)sulfonyllamino]ethyl]benzeneacetic acid (BM13.505) and K, = 2.5 pM vs K;
=29.5 nM and 2.6 pM for the agonist 9,11-dideoxy-9a,11a-methanoepoxy prostaglandin F,, (U46619). It also
was found that activation of prostaglandin D, receptors also caused a shift of prostacyclin receptor binding data
from a one-site model (ICs, = 10.1 nM) to a two-site model (IC5, = 3.3 and 12.5 nM). The physiological
manifestation of this inter-receptor signaling between prostacyclin and prostaglandin D, receptors was a
synergistic inhibition of human platelet aggregation. Finally, the present results established that activation of
endothelial cell thrombin receptors shifts thromboxane A, receptor affinity from K; = 0.8 pM (control) to K;
= 0.2 uM (thrombin receptor-activating peptide), indicating that cells other than platelets have the capability
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to signal between seven-transmembrane receptors.
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Cells process information from their environment through
activation of different membrane receptors. One major
group of receptors constitutes the family of seven-trans-
membrane G-protein§-coupled receptors. Stimulation of
such receptors by an agonist will lead to activation of their
associated G-protein(s) and propagation of the signal
through heterotrimer dissociation into a Ga subunit and a
GBy dimer. Each of these subunits can then activate
specific effector sites [1-4]. Whereas different receptors
seem to function through distinct signal transduction path-
ways, it is also apparent that activation of a single pathway
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can modulate one or more other signaling cascades. For
example, activation of adenosine A, receptors in guinea-pig
cerebral cortex potentiates inositol phosphate accumula-
tion induced by histamine H; receptors through phospho-
lipase C activation by G+ released from Ge; subunits [5,
6]. Other results have demonstrated that m2- and m4-
muscarinic, «,-adrenergic, or D,-dopaminergic receptor
activation increases ATP-induced arachidonic acid release
in a protein kinase C-dependent mechanism [7].

In addition to these downstream “cross-talk” events, we
recently identified a novel mechanism by which seven-
transmembrane receptors can communicate directly via a
redistribution of their G-protein(s) [8]. Specifically, it was
found that activation of platelet thrombin receptors [9—-12]
causes an increase in Ga, association to TXA, receptors
[13-15] and an increase in average TXA, receptor ligand
affinity. However, this previously observed increase in
average affinity could have derived from either an increase
in affinity of all TXA, receptors or a redistribution in
affinities within pre-existing TXA, receptor subpopula-
tions. In the present study, competition-binding experi-
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ments were performed to further investigate these separate
possibilities. Our results demonstrated that TRAP [9-12,
16-18] causes the appearance of new high-affinity binding
sites, providing evidence that there is indeed a redistribu-
tion of affinities within the TXA, receptor pool.

Next, experiments were performed to investigate
whether coupling to a common G-protein family is a
requirement for the ability of one activated receptor to
increase the affinity of a separate receptor. This study
evaluated two separate receptor pairs, i.e. those that are
G,-coupled (PGD, [19, 20]:PGI, [21-24] receptors) and
those that are G -coupled (thrombin:TXA, [25-28] recep-
tors). It was found that inter-receptor signaling occurs only
between receptors that share a common G-protein, i.e.
between PGD, and PGI, receptors or between thrombin
and TXA, receptors. As was observed for the TXA,:
thrombin receptor pair [8], inter-receptor signaling between
PGD, and PGI, receptors was associated with a synergistic
effect on platelet aggregation.

Finally, experiments were conducted to determine
whether inter-receptor signaling is limited only to platelets
or whether it extends to other cell types as well. To address
this issue, signaling between thrombin and TXA, receptors
was measured in HPAEC [29-32]. The results from these
studies demonstrated that activation of thrombin receptors
leads to increases in TXA, receptor ligand affinity. These
findings, therefore, indicated that endothelial cells also
have the capacity for signaling between separate receptor
pathways.

MATERIALS AND METHODS
Materials

Outdated platelet concentrates were obtained from
Heartland Blood Services. HPAEC, modified MCDB 131
medium, and trypsin 0.025%/EDTA 0.01% were pur-
chased from the Clonetics Corp. [PH][1S-[1x, 2B, 4x]]-7-
[3-[ [2-[(phenylamino]-carbonyl]hydrazino]methyl]-7-ox-
abicyclo[2.2.2]-hept-2-yl]-5-heptenoic  acid  ([PH]SQ29,
548) was purchased from DuPont/NEN. 9,11-Dideoxy-
9a,1la-methanoepoxy prostaglandin F,, (U46619) and
SQ29,548 were obtained from Cayman Chemicals. [*H]I-
loprost and iloprost were purchased from Amersham Life
Science. 4- [2-[[(4-Chlorophenyl]sulfonyl]amino]ethyl]ben-
zeneacetic acid (BM13.505) was supplied by Dr. K. Steg-
meier, Boehringer Mannheim GmbH. TRAP refers to the
first 6 amino acids of the new amino terminus revealed after
thrombin cleavage, i.e. SFLLRN (TRAP [42-47]; this
peptide was purchased from Research Genetics. CHAPS,
EDTA, FBS, PGI,, PGD,, and indomethacin were pur-
chased from the Sigma Chemical Co.

[’H]SQ29,548 Binding to Solubilized Platelet
Membranes

Platelet membranes were prepared from outdated platelet
concentrates and solubilized in 10 mM CHAPS as previ-
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ously described [15]. The CHAPS concentration was ad-
justed to 2 mM, and [PH]SQ29,548 binding was performed
by using a filtration-binding assay procedure [15, 33, 34].
Nonspecific binding was determined by using a 1000-fold
molar excess of the unlabeled SQ29,548 (2 uM).

Competition of [’H]SQ29,548 Binding to Solubilized
Platelet Membranes

Solubilized platelet membranes were treated with vehicle or
50 uM TRAP for 3 min and then incubated until equilib-
rium was reached (20 min) with 2 nM [’H]SQ29,548 in the
presence of various concentrations of BM13.505 (1 nM to
50 pM) [35] or U46619 (0.1 nM to 100 pM) [36].
Nonspecific binding was determined using a 1000-fold
molar excess of unlabeled SQ29,548 (2 uM) and was
typically 5-10% of the total binding. The data were
analyzed for one- and two-site fits using the program
PRIZM (Graphpad). The two-site model was accepted only
if it was statistically a significantly (P < 0.05) better fit
than the single site. The following parameters were derived:
the 1C5, (concentration of ligand that competes for 50% of
the specifically bound [?H]SQ29,548) and the Hill coeffi-
cients. The K, values for BM13.505 and U46619 were
calculated from their 15, values by the method of Cheng
and Prusoff [37].

[’H]Iloprost Binding to Platelet Membranes

Platelet membranes were prepared as described [15] from
outdated platelet concentrates. Binding of the PGI, recep-
tor agonist [*Hliloprost [22, 23] was assessed by using a
filtration-binding assay procedure [15]. Nonspecific binding
was determined by using a 10,000-fold molar excess of the
unlabeled iloprost (10 wM), and specific binding was
typically 66 = 3% (N = 16) of total binding.

Competition of [PH]Iloprost Binding to Platelet
Membranes

Platelet membranes were treated with vehicle or 10 nM
PGD, for 3 min and then incubated until equilibrium was
reached (30 min) with 1 nM [PH]iloprost in the presence of
various concentrations of iloprost (0.01 nM to 1 pM) [22,
23]. Nonspecific binding was determined using a 10,000-
fold molar excess of unlabeled iloprost (10 uM) and was
typically 25-30% of the total binding. The data were
analyzed for one- and two-site fits using the program
PRIZM (Graphpad). The two-site model was accepted only
if it was statistically a significantly (P < 0.05) better fit
than the single site. The following parameters were derived:
the 1C5, (concentration of ligand that competes for 50% of
the specifically bound [*Hliloprost) and the Hill coeffi-
cients. Since the binding experiments were performed at a
ligand concentration well below the published K; of ilo-
prost [22, 23], the K; value for iloprost can be estimated to
be equal to its 1Csq.
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Platelet Aggregation

Platelet-rich plasma was prepared from citrate—phosphate—
dextrose-anticoagulated human blood as described [38].
The platelet-rich plasma was incubated for 3 min with 10
M indomethacin to prevent endogenous TXA, produc-
tion. Aggregation was stimulated with TRAP at a concen-
tration that yielded approximately 80% of the maximal
aggregation response (submaximal dose), and the aggrega-
tion response was measured by the turbidimetric method
[39] using a model 400 Lumi-aggregometer (Chronolog
Corp.). PGI, and PGD, (1-3 nM) were added 1 min prior
to the addition of TRAP.

[?H]SQ29,548 Binding to Intact HPAEC

HPAEC, used between passages four and six, were grown in
modified MCDB 131 medium supplemented with 10% FBS
in 12-well tissue culture plates. The wells were washed
twice with PBS (0.15 M NaCl, 10 mM sodium phosphate,
pH 7.4) and treated with vehicle or 50 uM TRAP for 3
min. The wells were washed, and the binding reagents were
added: 2 nM [’H]SQ29,548 plus vehicle (total binding) or
plus 2 uM SQ29,548 (nonspecific binding). After 20 min
of equilibration at room temperature, the plates were
washed once with PBS to remove unbound ligand, and the
cells were harvested using trypsin/EDTA. The suspended
cells were then filtered on Whatman GF/C filters, washed
twice with ice-cold PBS, and counted for PH]SQ29,548.
The counts were normalized for cell number in each well.
Typically, the percentage of specific binding was 55 = 7%
(N = 8).

Competition of [’H]SQ29,548 Binding to Intact
HPAEC

HPAEC, used between passages four and six, were grown in
modified MCDB 131 medium supplemented with 10% FBS
in tissue culture flasks to 80-90% confluence. The cells
were harvested using 2.5 mM EDTA in PBS, washed to
remove residual EDTA, and resuspended in PBS containing
5 mM MgCl, to a final concentration of 10° cells/mL. The
cell suspension (100 wL) was treated with vehicle or 50 pM
TRAP for 3 min, and the binding reagents were added: 2
oM [PH]|SQ29,548 plus vehicle (total binding), or plus
various concentrations of U46619 (1 nM to 10 uM). After
20 min of equilibration at room temperature, the cells were
filtered on Whatman GF/C filters, washed twice with
ice-cold PBS, and counted for ["H]SQ29,548. Nonspecific
binding was determined using a 1000-fold molar excess of
unlabeled SQ29,548 (2 M), and the percentage of specific
binding was 30 = 3% (N = 7). The data were analyzed for
one- and two-site fits using the program PRIZM (Graph-
pad). The two-site model was accepted only if it was
statistically a significantly (P < 0.05) better fit than the
single site. The following parameters were derived: the 1C5
(concentration of ligand that competes for 50% of the
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FIG. 1. Effect of TRAP on the competition of [*H]SQ29,548
binding to solubilized platelet membranes by BM13.505. Solu-
bilized platelet membranes were incubated with vehicle (®) or
50 uM TRAP (O) for 3 min, and [?’H]SQ29,548 binding was
measured in the presence of increasing concentrations of
BM13.505, as described in Materials and Methods. The percent-
age of specific binding is plotted as a function of the added
BM13.505 concentration. Each point represents the mean =+
SEM of three separate experiments done in triplicate (when
error bars do not appear, they are smaller than the symbol). B =
[HISQ29,548 specific binding at a given BM13.505 concen-
tration. B, = [PH]SQ29,548 specific binding in the absence of
BM13.505.

specifically bound [PH]SQ29,548) and the Hill coefficients.
The K; value for U46619 was calculated from its 1C5, value
by the method of Cheng and Prusoff [37] using 7 nM as K|,
for SQ29,548 [15].

Statistical Analysis

Data were analyzed according to Student’s paired t-test

(P < 0.05).

RESULTS
Redistribution of TXA, Receptor Affinities upon
Thrombin Receptor Activation

To elucidate further the effects of thrombin receptor
activation on TXA, receptor affinity, we first performed
SQ29,548 [33, 34] competition-binding studies using the
TXA, receptor antagonist BM13.505 [35] as a competing
agent. In these experiments, solubilized platelet mem-
branes, which were pretreated with either vehicle or 50 uM
TRAP [9-12, 16-18], were incubated with [PH]SQ29,548
and increasing concentrations of BM13.505. It can be seen
in Fig. 1 that BM13.505 effectively competed for SQ29,548
binding in both vehicle- and TRAP-treated solubilized
platelet membranes. In the absence of TRAP, nonlinear
regression analysis of the binding data resolved only a single
binding site with an 1C5y of 0.7 = 0.2 puM (K; = 0.5 = 0.1
pwM) and a Hill coefficient of —1.00 = 0.01 (N = 3). In
contrast, TRAP treatment shifted the Hill coefficient to
—0.48 = 0.13 (N = 3), indicating the presence of more
than one binding site. On this basis, these latter binding
data best fit a two-site model (P < 0.05), which described
one binding site with an 1Csq of 13.4 = 6.6 nM (K, =
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FIG. 2. Effect of TRAP on the competition of [?H]SQ29,548
binding to solubilized platelet membranes by U46619. Solubi-
lized platelet membranes were incubated with vehicle (®) or 50
pM TRAP (O) for 3 min, and [?H]SQ29,548 binding was
measured in the presence of increasing concentrations of
U46619, as described in Materials and Methods. The percentage
of specific binding is plotted as a function of added U46619
concentration. Each point represents the mean + SEM of three
separate experiments done in triplicate (when error bars do not
appear, they are smaller than the symbol). B = [’H]SQ29,548
specific binding at a given U46619 concentration. B, =
[PH]SQ29,548 specific binding in the absence of U46619.

10.0 = 4.9 nM) and the second binding site with an 1C5y of
1.4+ 04 pM (K; = 1.1 = 0.3 pM). The appearance of new
high-affinity antagonist binding sites after TRAP treatment
is consistent with our previous observation describing an
increase in average TXA, receptor affinity upon thrombin
receptor activation [8].

We next evaluated whether TRAP induced a similar
redistribution in TXA, receptor affinities for the agonist
U46619 [36]. In these experiments, SQ29,548 competition-
binding studies were performed using U46619 as a compet-
ing agent. Solubilized platelet membranes, which were
pretreated with either vehicle or 50 uM TRAP, were
incubated with [PH]SQ29,548 and increasing concentra-
tions of U46619. It can be seen in Fig. 2 that U46619 also
competed for SQ29,548 binding in both vehicle- and
TRAP-treated preparations. In the absence of TRAP, the
binding data best fit a one-site model with a Hill coefficient
of —0.90 = 0.25 (N = 3) and an 1C5, of 3.2 = 0.9 uM (K,
= 2.5 = 0.7 uM). On the other hand, it can also be seen
(Fig. 2) that TRAP treatment shifted the competition-
binding curve to the left, indicating that thrombin receptor
activation caused an increase in TXA, receptor affinity for
the agonist U46619. This increased affinity was evidenced
by a shift in the 1C5y from 3.2 WM (vehicle) to 1.5 = 0.4
wM (TRAP). Furthermore, analysis of the binding data also
revealed that TRAP caused a shift in the Hill coefficient
from —0.90 (one site) to —0.48 *= 0.13 (N = 3) (multi-
site). On this basis, these latter binding data fit a two-site
model, which described one binding site with an 1c5, of
37.9 nM (K; = 29.5 nM) and the second binding site with
an IC5o of 3.4 uM (K; = 2.6 uM). Therefore, with both
BM13.505 and U46619, TRAP produced a redistribution of
receptor affinities within the TXA, receptor pool such that
new higher affinity sites were generated.
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FIG. 3. Effect of TRAP on [*Hliloprost binding to platelet
membranes and [*H]SQ29,548 binding to solubilized platelet
membranes. Platelet membranes and solubilized platelet mem-
branes were pretreated with 50 uM TRAP for 3 min. Binding
was performed as described under Materials and Methods, and
the results are expressed as the percentage variation in [*Hlilo-
prost (solid bar) or [P’H]SQ29,548 (open bar) specific binding
relative to unstimulated platelet membranes. Experiments were
done at least four times in triplicate, and the values represent
means = SEM of all results. The average [*Hliloprost and
[’HISQ29,548 specific binding values in the absence of agonist
pretreatment were 65 * 7 and 298 * 40 fmol/mg protein,
respectively. Statistical analyses measuring the effect of TRAP
on [*Hliloprost binding to platelet membranes and on
[PH]SQ29,548 binding to solubilized platelet membranes com-
pared with their controls were performed using a two-sample
Student’s t-test (*P < 0.05).

G-Protein Specificity of Inter-Receptor Signaling

To investigate the specificity of this redistribution of
receptor affinities, we conducted experiments to test the
effect of thrombin receptor activation on ligand binding to
a separate receptor population, i.e. PGI, receptors [21-24].
It might be expected that if inter-receptor signaling only
occurs between receptors that couple to the same class of
Ga subunits, there should be no G-protein signaling
between these receptor classes, since thrombin receptors
couple to Gy, [25, 26] and PGI, receptors couple to Gay
[23, 24]. To examine this notion, the effect of TRAP on the
binding of the PGI, agonist iloprost [22, 23] to platelet
membranes was measured. It was found that whereas TRAP
produced a 50% increase in [PH]SQ29,548 binding to
TXA, receptors (Fig. 3, open bar), it had no significant
effect on specific ["Hliloprost binding to PGI, receptors
(solid bar). These findings, therefore, provide evidence that
thrombin receptors do not appear to modulate PGI, recep-
tor affinity, presumably because they share different G-
protein a-subunits, i.e. Gaq versus Ga.

On the other hand, our hypothesis would predict that
PGD, receptors [19, 20] indeed should communicate with
PGI, receptors, since they share a common G protein
a-subunit, i.e. Ga,. This possibility was tested in a separate
series of experiments that measured iloprost binding to
platelet membranes treated with either vehicle or PGD;. It
can be seen in Fig. 4 that 10 nM PGD, produced a
significant increase (=~40%) in [*Hliloprost specific bind-
ing. The specificity of this increase next was examined by
measuring the effect of PGD, on SQ29,548 binding to
TXA, receptors. However, it was found that unlike its
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FIG. 4. Effect of PGD, on [*Hliloprost binding to platelet
membranes and [*H]SQ29,548 binding to solubilized platelet
membranes. Platelet membranes and solubilized platelet mem-
branes were pretreated with 10 nM PGD, for 3 min. Binding
was performed as described under Materials and Methods, and
the results are expressed as the percentage variation in [*Hlilo-
prost (solid bar) or [?’H]SQ29,548 (open bar) specific binding
relative to unstimulated platelet membranes. Experiments were
done at least seven times in triplicate, and the values represent
means = SEM of all results. The average [*Hliloprost and
[’HISQ29,548 specific binding values in the absence of agonist
pretreatment were 65 * 7 and 298 * 40 fmol/mg protein,
respectively. Statistical analyses measuring the effect of PGD,
on [’Hliloprost binding to platelet membranes and on
[’H]SQ29,548 binding to solubilized platelet membranes com-
pared with their controls were performed using a two-sample
Student’s t-test (*P < 0.05).

effect on binding to PGI, receptors, 10 nM PGD, did not
increase ligand binding to TXA, receptors significantly
(Fig. 4, open bar).

Since the above results indicated that PGD, receptor
activation could increase PGI, ligand binding, we next
performed iloprost self-competition studies [23] to investi-
gate the effect of PGD, on PGI, receptor affinity distribu-
tion. In these experiments, platelet membranes that were
pretreated with either vehicle or 10 nM PGD, were
incubated with [HJiloprost and increasing concentrations
of iloprost. It can be seen in Fig. 5 that iloprost efficiently
competed for its own binding in both vehicle- and PGD,-
treated membranes. In the absence of PGD,, nonlinear
regression analysis of the binding data favored a single
binding site with an 1c5; of 10.1 * 2.3 nM and a Hill
coefficient of —0.80 = 0.17 (N = 5). In contrast, when
membranes were treated with PGD,, a multi-site model was
favored, i.e. the Hill coefficient shifted to —0.58 * 0.10
(N = 5). On this basis, these latter binding data best fit a
two-site model (P < 0.05), which described one binding
site with an 1C5o of 3.3 £ 1.5 nM and the second binding
site with an 1C5q of 12.5 = 5.9 nM. These results, therefore,
provide evidence that activation of PGD, receptors causes
the appearance of new high-affinity PGI, receptors. In
contrast, when platelet membranes were treated with 50
pM TRAP, no significant change in i1Csq (13.7 = 3.7 nM,
N = 3) or Hill coefficient (—0.86 * 0.22, N = 3) could be
detected. Taken together, these results demonstrate that
inter-receptor signaling can occur between PGD, receptors
and PGI, receptors, but not between thrombin receptors
and PGI, receptors.
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FIG. 5. Effect of PGD, on the competition of [*Hliloprost
binding to platelet membranes. Platelet membranes were incu-
bated with vehicle (®) or 10 nM PGD, (O) for 3 min, and
[*Hliloprost binding was measured in the presence of increasing
concentrations of iloprost, as described under Materials and
Methods. The percentage of specific binding is plotted as a
function of added iloprost concentration. Each point represents
the mean = SEM of five separate experiments done in triplicate.
B = [PHliloprost specific binding at a given iloprost concentra-
tion. B, = [*Hliloprost specific binding in the absence of
iloprost.

Since the above results demonstrated signaling between
PGI, and PGD, receptors, experiments were performed to
investigate a possible physiological consequence of such
communication. In these experiments, the inhibitory ef-
fects of PGI, and PGD, were measured on TRAP-induced
platelet aggregation [38, 39]. It was found (Fig. 6) that the
combination of 1 nM PGI, with 1.5 nM PGD, (trace f)
caused a greater inhibition than twice the concentration of
either PGI, (2 nM, trace d) or PGD, (3 nM, trace e). This
inhibition produced by combining PGI, and PGD,, there-
fore, conforms to the rigorous definition of synergism that
requires the biological effect caused by two agonists added
together to exceed the response caused by twice the dose of
either agonist added alone.

Taken together, the above results demonstrated that
there is inter-receptor signaling between receptors that
share a common G-protein but no such signaling between
receptors that do not. This relationship has been shown for
thrombin, TXA,, and PAF [8] receptors, all of which
couple to Ga, [5-28, 40]. It has also been shown in the
present study for the two Ga,-coupled receptors, PGI, and
PGD;.

Inter-Receptor Signaling in HPAEC

The final series of experiments were performed to investi-
gate whether the phenomenon of communication between
seven-transmembrane receptors is limited to platelets or
whether it occurs in other cell types as well. In the first
experiments, SQQ29,548 binding to intact HPAEC treated
with either vehicle or TRAP was measured. Figure 7
illustrates that pretreatment with 50 wM TRAP caused a



1526
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FIG. 6. Synergistic inhibitory effect of PGI, and PGD, on
platelet aggregation. Platelet-rich plasma was incubated for 1
min with vehicle (trace a), 1 or 2 nM PGI, (traces b and d,
respectively), 1.5 or 3 nM PGD, (traces c and e, respectively),
or 1 nM PGI, plus 1.5 nM PGD, (trace f), and aggregation was
stimulated (at arrow) with 40 pM TRAP. The aggregation
traces are representative of three separate experiments.

substantial increase in [PH]SQ29,548 specific binding. The
average of eight such experiments revealed that the mag-
nitude of this increase in [?H]SQ29,549 specific binding
was ~60% (Fig. 7, inset).

To further elucidate the effects of thrombin receptor
activation on endothelial cell TXA, receptor affinity dis-
tribution, we performed SQ29,548 competition-binding
studies using the TXA, receptor agonist U46619 as a
competing agent. In these experiments, HPAEC that were
pretreated with either vehicle or 50 uM TRAP [9-12,
16-18] were incubated with [?H]SQ29,548 and increasing
concentrations of U46619. It can be seen in Fig. 8 that
U46619 effectively competed for SQ29,548 binding in both
vehicle- and TRAP-treated intact endothelial cells. In the
absence of TRAP, nonlinear regression analysis of the
binding data revealed a Hill coefficient of —0.25 * 0.65
(N = 7), indicating the existence of multiple binding sites.
This finding is consistent with the reported presence in
endothelial cells of two separate TXA, receptor isoforms
[41]. Upon TRAP treatment, there was no significant shift
in the Hill coefficient, i.e. -0.25 (vehicle) versus -0.40 =+
0.40 (TRAP). However, it can be seen (Fig. 8) that TRAP
did shift the competition-binding curve to the left, indicat-
ing that thrombin receptor activation caused an increase in
TXA, receptor affinity for the agonist U46619. This

increased affinity was evidenced by a significant (P <
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FIG. 7. [’H]SQ29,548 binding to intact HPEAC. HPEAC
grown in modified MCDB 131 medium supplemented with 10%
FBS were treated with vehicle (open bar) or 50 phM TRAP
(solid bar) for 3 min. Binding was performed as described under
Materials and Methods, and results are expressed as
[’PH]SQ29,548-specific binding (fmol/10° cells). Experiments
were done eight times in triplicate, and the values represent
means = SEM of all results. The average specific binding in the
absence of agonist pretreatment was 0.34 = 0.06 fmol/10° cells.
Statistical analysis measuring the effect of TRAP on
[’HISQ29,548 binding to HPEAC was performed using a
two-sample Student’s t-test (*P < 0.05). (Inset) Average
TRAP-induced percentage increase in [°H]SQ29,548 binding
to HPEAC (*P < 0.05).

0.001) decrease in average ICso from 1.2 = 0.5 pM (K, =
0.8+ 0.3 uM) t0 0.3 = 0.1 pM (K; = 0.2 = 0.1 uM), for
vehicle- and TRAP-treated, respectively. These results,
therefore, provide evidence that thrombin receptor activa-
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FIG. 8. Effect of TRAP on the competition of [?H]SQ29,548
binding to intact HPAEC by U46619. HPEAC grown in
modified MCDB 131 medium supplemented with 10% FBS
were treated with vehicle (@) or 50 pM TRAP (O) for 3 min,
and [*H]SQ29,548 binding was measured in the presence of
increasing concentrations of U46619, as described under Ma-
terials and Methods. The percentage of specific binding is
plotted as a function of added U46619 concentration. Each
point represents the mean = SEM of seven separate experiments
done in triplicate. B = [’H]SQ29,548 specific binding at a given
U46619 concentration. B, = [PH]SQ29,548 specific binding in
the absence of U46619.
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tion causes a change in TXA, receptor affinity in
endothelial cells. Whether this change in receptor affin-
ity is due to the emergence of a new subpopulation of
TXA, receptors or an increase of the affinity of all TXA,
receptors is not known. However, these results are
consistent with our findings in platelets indicating a
redistribution of receptor affinities upon thrombin recep-
tor activation.

DISCUSSION

We have previously described a communication pathway,
termed inter-receptor signaling, between platelet thrombin
and TXA, receptors [8]. In this signaling process, activation
of thrombin receptors causes increased Ge, coupling to
TXA, receptors, shifting them to a higher affinity state.
When fitted to a single binding site model, treatment with
TRARP resulted in a 25% increase in average TXA, receptor
affinity. This increased affinity, in turn, was used as a basis
to explain the synergism that occurs during activation of
these two separate receptors [8]. However, our earlier results
did not differentiate between two possibilities, i.e. increased
affinity for all TXA, receptors or increased affinity for a
receptor subpopulation. This issue was investigated in the
present report by performing competition-binding experi-
ments in platelets using separate ligands, i.e. BM13.505 and
U46619, as competing agents. It was found that with both
ligands, TRAP caused a shift in the TXA, receptor binding
profile from a single-site model (Hill coefficient equals —1)
to a multi-site model (Hill coefficient equals —0.48). These
findings therefore provide evidence that thrombin receptor
activation induces a redistribution of affinities within the
TXA, receptor pool, suggesting that TXA, receptors can
exist in a dynamic equilibrium between single and multiple
affinity states. The occurrence of such equilibrium is sup-
ported by growing evidence indicating that seven-trans-
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membrane receptors coexist in at least two distinct states,
i.e. high-affinity receptors that are G-protein coupled, and
low-affinity receptors that are uncoupled [42-46]. Indeed,
such a dynamic equilibrium may explain why it has been
difficult to definitively establish whether TXA, receptor
ligand binding follows a single or multi-site model. There-
fore, depending on the ligands, the preparations, and the
experimental conditions, different affinity profiles have
been observed [34, 47-51]. A similar dynamic equilibrium
presumably exists with another platelet receptor, i.e. the
PGI, receptor. Thus, our results demonstrated that activa-
tion of PGD, receptors causes a redistribution of PGI,
receptor affinities. In summary, it appears that the affinity
distribution of seven-transmembrane receptors can be mod-
ulated by the activation of separate seven-transmembrane
receptors.

We next investigated the specificity of inter-receptor
signaling between different receptor types. Our proposed
mechanism states that agonist activation of one receptor
causes redistribution of its Ga subunit(s) to a different
receptor class. Since it is also clear, however, that cells need
to maintain a certain integrity in their separate signaling
pathways, there must be a selection process by which Ga
subunit redistribution is limited to certain receptor types.
Based on this consideration, experiments were performed to
investigate whether inter-receptor signaling only occurs
between receptors that couple to the same Ga subunit. This
was tested by evaluating communication between receptors
that couple to G, and receptors that couple to G,. It was
found that whereas activation of Ga,-coupled PGD, recep-
tors does increase specific ligand binding to another Ga-
coupled receptor (PGI, receptor), it does not increase
ligand binding to TXA, receptors, which are Ga-coupled.
Conversely, while TRAP increases binding to TXA, recep-
tors, it does not increase binding to Ga,-coupled receptors
(PGIL, receptor). Taken together, these results provide
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FIG. 9. Inter-receptor G-protein signaling model. R, low-affinity receptor; R*, high-affinity receptor; L, receptor agonist. R, and R *

represent one receptor class, Rg and Rg* a separate one.
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evidence that inter-receptor signaling requires that recep-
tors couple to a common family of G-proteins. The exis-
tence of such G-protein specificity would provide cells with
a mechanism to integrate only those signaling pathways
leading to similar intracellular effects. Thus, upon activa-
tion of a given receptor, redistribution of its associated
G-proteins would sensitize other receptors that activate a
common signal transduction cascade. For example, in
normal hemostasis, low concentrations of thrombin
could sensitize platelets to TXA, and thereby amplify the
aggregation response at a site of vascular injury [52].
Alternatively, this signaling phenomenon may be in-
volved in platelet sensitization between different ago-
nists, e.g. thrombin, TXA,, and PAF, in thromboembolic
disorders [53, 54].

Collectively, these findings can be presented in a model
(Fig. 9) to describe the dynamic equilibrium that may exist
between receptors sharing common Ga subunits. In this
model, receptors exist in two different states: uncoupled low
affinity and G-protein-coupled high affinity. Upon agonist
binding to high-affinity receptors, Ga subunits dissociate
and interact with their effectors. The signal is terminated
by GTP hydrolysis followed by reassociation of the Ga
subunit, the GBvy dimer, and a receptor. During this
reassociation process, the heterotrimer may or may not
recouple to its original receptor partner. Rather, mass
action, i.e. the availability and affinity of a given receptor
for the heterotrimer complex, will determine reassociation.
This model, therefore, implies that there can be a cycling of
G-proteins not only within a specific receptor class but also
between receptors that share common Ga subunits. This
cycling process would, in turn, provide a mechanism by
which cells can respond to external perturbations, dynam-
ically integrate separate signaling pathways that share
common effector targets, and thereby reprioritize their
physiological responsiveness.

In summary, the present results demonstrate in plate-
lets that activation of one seven-transmembrane recep-
tor can shift the affinity distribution of a separate
seven-transmembrane receptor. Preliminary results sug-
gest that endothelial cells may also share this adaptive
mechanism.

This work was supported, in part, by National Institutes of Health
Grant HL-24350 and was conducted under the auspices of the
Association for U.S.-French Biomedical Cooperation.
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