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interactions between the extracellular environ-

ment containing the agonists and the intracellu-
lar milieu in which the biochemical reactions respon-
sible for cellular activation are located. These activation
events are common to all agonists and include calcium
mobilization, phosphorylation, formation of second
messengers, and discharge of storage granules. Platelet
receptors are externally oriented membrane proteins,
accessible in the intact cell, that interact reversibly with
specific agonists to form a complex, and then, in turn,
initiate measurable intracellular responses. This review
focuses on receptors for physiologically important ag-
onists that stimulate intact platelets, including ADP,
collagen, epinephrine, prostaglandin endoperoxides (or
thromboxane A;), and thrombin. This definition of a
receptor implies that it binds the agonist reversibly and
that the rate of binding must be consistent with the
interaction of the cell with the agonist. The cellular
response should be proportional to the concentration
of receptor-agonist complex. Because the number of
receptors is finite, binding to receptors should follow
saturation kinetics. Finally, the receptor should display
limited specificity.

Aggregin: An ADP Receptor Mediating Platelet
Activation

The first agonist recognized for platelets was ADP.
In 1972, Born (1) found that at low concentrations
(0.1-0.5 uM) ADP induces human platelets to change
shape from disks to spiculated spheres. At higher con-
centrations (2-5 u M), ADP induces platelet aggregation
and secretion. An additional action of ADP was discov-
ered 1 year later when Haslam (2) observed that ADP
also antagonizes the stimulation of adenylate cyclase

The platelet plasma membrane is the focus of the
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by prostaglandin E,. This enzyme converts ATP to
cAMP, an intracellular compound which inhibits plate-
let shape change, adhesion, aggregation, and release of
granule contents (3). By inhibiting stimulated adenylate
cyclase, ADP reduces cAMP, facilitating activation.The
most traditional method of studying a receptor is to
directly measure the binding of radiolabeled ADP to
intact platelets. However, because ADP is hydrolyzed
by platelet membrane phosphatases, the assumption
that this represents equilibrium binding is not valid.
More recently, studies by Jefferson et al. (4) have meas-
ured radiolabeled ADP binding to platelets fixed with
formaldehyde. The results of these studies are not easily
correlated with functional charges, however. Measuring
the binding of ADP to isolated membranes is also not
valid since it fails to distinguish proteins that were
originally externally oriented and proteins that are usu-
ally found on the cytoplasmic face.

In 1978, we reported that the affinity labeling re-
agent 5’-p-fluorosulfonylbenzoy! adenosine (FSBA) la-
bels a single ADP receptor protein, aggregin, and inhib-
its shape change in intact platelets (5). The structure of
FSBA is similar to the structure of ADP and ATP in
that it contains an adenosine group linked to an ex-
tended side chain through the 5 position of the ribose.
Sulfonyl fluoride, the reactive group, forms covalent
bonds with nucleophilic amino acids with elimination
of fluoride ion. Furthermore, [*H]JFSBA labels more
than 40 proteins in adenosine nucleotide binding sites.
When intact platelets are incubated with FSBA, only
aggregin is labeled. FSBA inhibits ADP-mediated plate-
let shape change measured both spectrophotometrically
and morphometrically (5, 6). In contrast, the corre-
sponding guanosine analog had no effect, demonstrat-
ing the specificity of FSBA. The presence of ADP or
ATP, but not of adenosine or GDP, completely pre-
vented the radiolabeling.

On exposure to ADP, '**I-fibrinogen at low con-
centrations bind to platelets proportionally to the con-
centration of fibrinogen (7, 8). When platelets are prein-
cubated with FSBA and then exposed to ADP and



fibrinogen, no fibrinogen is bound, and shape change
and aggregation are totally inhibited (9).

The identification of the ADP receptor that me-
diates platelet activation as a 100-kDa protein, aggregin,
raised two important questions. Was aggregin related
to glycoprotein (GP) Illa, also a 100-kDa protein, or to
the receptor mediating the effect of ADP on adenylate
cyclase?

The evidence indicates that GPIIla and aggregin
are different proteins. First, thrombasthenic platelets
change shape normally in response to ADP (10). Sec-
ond, FSBA incorporation was similar both qualitatively
and quantitatively in thrombasthenic platelets lacking
GPIIb/Illa, as was the dose-dependent inhibition of
ADP-induced shape change. Third, aggregin was not
precipitated by murine monoclonal antibodies directed
against the GPIIIb/Illa complex or against GPIlla, by
a monospecific rabbit polyclonal antibody to immu-
nopurified GPIIla, or by a human antibody directed
against an epitope present on GPIIIa (11, 12). Finally.
it is known that aggregin and GPIlla differ in molecular
architecture because on reduction the electrophoretic
migration of GPIla decreases, whereas that of aggregin
remains unchanged. These results indicate that these
two receptors are distinct entities.

Aggregin is also not the receptor responsible for
inhibition of adenylate cyclase (5). Preincubation with
various concentrations of FSBA had no effect on the
inhibition of prostaglandin (PG) I,-stimulated aden-
vlate cyclase by ADP. Neither the basal nor the stimu-
lated levels of cAMP are affected by FSBA. Further-
more, 2-methylthio ADP is, on a molar basis, 75-fold
more potent as an inhibitor of stimulated adenylate
cyclase than as a stimulator of platelet aggregation.
When platelets were incubated with 25 times the con-
centration of FSBA needed to block aggregation, no
change in the number of binding sites for 2-methylthio
ADP was detected. Moreover, the nonpenetrating thiol
reagent, p-chloromercuribenzenesulfonate (pCMBS),
failed to inhibit shape change induced by ADP, but
reversed the effect of ADP in inhibiting cAMP accu-
mulation (13).

Many antagonists of cell function may also serve
as partial agonists, but require much higher concentra-
tions, have incomplete effects, or both. We found that
ADP induced shape change with a median effective
concentration (ECsg) of 0.4 uM, whereas FSBA induced
platelet shape change with an ECsy of 220 uM (14). A
competitive antagonist of ADP, ATP inhibited FSBA-
induced shape change. Thus, prior noncovalent binding
of FSBA to platelets resulted in platelet activation,
whereas covalent binding inhibited platelet response.
Phosphorylation of the myosin light chain has been
shown to correlate with ADP-induced shape change
(15). High concentrations of FSBA that induce shape
change also induce myosin phosphorylation (14), with

a time course paralleling shape change. FSBA (50-200
uM) has also been demonstrated to increase platelet
intracellular Ca**, confirming that it serves as a weak
agonist (13). The inhibition of this response by pCMBS
and the inhibition of ADP-induced Ca?* mobilization
by pCMBS but not FSBA (13) indicates that the action
of FSBA to raise calcium is mediated by the adenylate
cyclase receptor, strengthening the two-receptor hy-
pothesis.

Collagen Receptors

No fewer than nine receptors on the platelet surface
have been promulgated as the platelet collagen receptor.
The first reason for these diverse conclusions is the
polymorphic nature of collagen. There are at least 13
genetically distinct types of collagen, but not all of them
react with platelets. The second difficulty is defining
the functional event in platelet activation that is related
to the putative collagen receptor. Early studies of the
properties of collagen required to initiate platelet aggre-
gation or secretion concluded that the collagen had to
be in its native triple helical state (16, 17). Further
studies showed that monomeric collagen molecules had
to polvmerize into fibrils to aggregate platelets (18, 19,
20, 21). Brown et al. (22) found that this requirement
held for the earliest event of shape change induced by
collagen. However, collagen-induced shape change, ag-
gregation, and secretion are all secondary to induction
of the release reaction, because collagen, like most
agents that are capable of inducing platelet aggregation,
will also cause the release of ADP from dense granules.
We have utilized FSBA to inhibit ADP effects on
platelets at the receptor level in an attempt to define
the involvement of ADP in platelet activation by other
eftectors, including collagen.

The activation of platelets of collagen is thought to
require both ADP and prostaglandin synthesis (23).
When platelets were incubated with FSBA, the rate of
aggregation by collagen was inhibited progressively over
time. The result was not due to an effect of FSBA on
prostaglandin synthesis. FSBA also inhibited fibrinogen
binding stimulated by collagen. These results suggest
that ADP is essential for platelet aggregation and fibrin-
ogen binding is stimulated by collagen (24). Moreover,
the amount of prostaglandin formed as a result of
stimulation by collagen is not sufficient to cause shape
change in the absence of ADP.

The search for the platelet receptor must, therefore,
involve study of an earlier event than platelet shape
change, namely, platelet adhesion to collagen. When
vascular injury occurs, the platelets are observed to
adhere to the collagen-containing basement membrane.
One candidate is GPIV (I1lIb). an 88-kDa major mem-
brane glycoprotein. Tandon ¢ al. (25) recently showed
that this protein, previously identified as a receptor for
thrombospondin (26), inhibits aggregation, secretion,
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and shape change stimulated by collagen, without in-
hibiting platelet aggregation stimulated by thrombin,
ADP, epinephrine, or arachidonate. Moreover, GPIV
binds to type I collagen fibrils with a K, value of 0.34
uM. The antigen binding fragments of monospecific
polyclonal antibody to GPIV inhibited platelet adhe-
sion to collagen in a microtiter plate assay. However,
there is a second GPIV-independent mechanism that
mediates subsequent anchorage of these adherent plate-
lets to collagen.

Another candidate for a collagen receptor is a 65-
kDa protein purified from detergent extracts of platelets
by affinity chromatography on collagen by Chiang and
Kanz (27). The isolated receptor, or an antibody to it,
inhibits the binding of radiolabeled «l (I} chain of
collagen to platelets and inhibits the aggregation of
platelets by type I collagen (28). Recently, these same
investigators have shown that the antibody cross-reacts
with two other proteins in solubilized platelet mem-
branes with molecular masses of 90 kDa and 58 kDa
(29). A monoclonal antibody to the 90-kDa protein
also inhibited cleavage and ADP-induced aggregation,
but not a-thrombin or epinephrine. The relationship of
the 90-kDa protein to the 88-kDa GPIV is unknown,

Nieuwenhuis et al. (30, 31) recently described a
patient with a mild bleeding disorder, an impaired
collagen-induced platelet aggregation and adhesion,
and a normal response to other agonists whose platelets
had a deficiency of GPIla. The platelets failed to adhere
and spread on exposed endothelium or on type III
collagen at both low and high shear forces. A similar
case has been reported by Kehrel er a/. (32). In contrast,
Rao et al. (33) have reported the case of a patient with
immune thrombocytopenia whose platelets did not ag-
gregate or secrete in response to collagen stimulation,
but had normal responses to other agonists. The pa-
tient’s serum immunoprecipitated an 88-kDa protein
from '**I-surface-labeled normal platelets identical to
GPIV.

Santoro (34) observed that Mg®* increased the
adhesion of platelets to collagen 4- to 5-fold over that
observed in the absence of divalent cations. Affinity
chromatography vielded GPla/Ila, a member of the
superfamily of heterodimer adhesion receptors (35),
VLA family. GPlIa, a single component under reducing
conditions, is actually two proteins separated under
nonreducing conditions, GPla and GPla*. GPla* is
only surface labeled in activated platelets and appears
to be a granule protein expressed on the activated
platelet surface and in the supernatant of activated
platelets (36). It is this glycoprotein that is missing in
the two patients whose platelets failed to interact with
collagen. This finding raises serious questions about
whether GPIla or GPIa* 1s really a colalgen receptor.
Thus, the nature of the collagen receptor remains un-
settled at the present time.
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Thromboxane A, Receptors

Thromboxane (TX) A, and its precursor, PGH2,
are predominant metabolites of arachidonic acid in
platelets (37) and potent inducers of activation, inter-
acting with the same receptor (38). The identification
of putative receptors has been difficult because antag-
onists of TXA,, which induced activation of platelets,
were also thromboxane synthetase inhibitors, and the
participation of other agonists in the activation of TXA,
confused the issue. For example, the role of released
ADP in the action of TXA, has been controversial. In
TXA, transfer experiments, ADP appeared to be im-
portant in the observed responses (39). Further evidence
is provided by the inhibition of platelet aggregation by
the endoperoxide analogues U46619 and azo-PGH, by
FSBA (40); however, neither FSBA nor ADP-metabo-
lizing enzymes could block shape change induced by
prostanoid derivatives, a response most proximate to
binding to the receptor.

Three separate developments will allow a closer
approach to the eventual identification and isolation of
the TXA, and prostaglandin endoperoxide receptor.
First, a competitive antagonist, 9,1 1-dimethylmethano-
11,12-methano-16-(3-10do-4-hydroxyphenyl)-13, 14-
dihydro-13aza-15a8-w-tetranor-TXA, (PTA-OH) (41),
has been developed and labeled with '?°I. Scatchard
analysis of equilibrium binding vielded a B, of 1.8
pmol/mg protein and a K, value of 30 uM. Second, a
series of TXA,/PGH, antagonists inhibit the binding
of PTA-OH with a potency correlated with their action
as inhibitor of platelet aggregation. A related photo-
affinity analogue, a diazonium salt of PTA-OH, on
photolysis decreased the total binding by PTA-OH
without affecting the K, (42). FInally, an extremely
specific TXA; receptor antagonist, S-145, (£)-5(Z-7-[3-
endo-phenylsulfonylamino[2.2.1]bicyclohept-2-exo-yl]
-heptanoic acid, suppresscd U46619 shape change as
well as collagen-induced shape change (43). The latter
has been shown to absolutely require TXA, because,
although low azo-PGH,; requires ADP (as shown by
FSBA inhibition), at high concentrations azo-PGH; can
overcome FSBA inhibition of shape change (40). For-
mation of TXB; is not affected by S-145, but has a K,
of 2.5 nM for inhibition of the binding of [*H]-U46619
to human platelet membranes. These compounds
should ultimately allow characterization of this impor-
tant receptor.

ar-Adrenergic Receptor

Interaction of platelets with epinephrine results in
several responses, including platelet aggregation, expo-
sure of fibrinogen receptors (7), and inhibition of aden-
vlate cyclase activity (44). These responses are coupled
with the increase in Ca®* uptake (45) with a concomi-
tant rise in intracellular ionized calcium. Responses to
epinephrine by the platelets are mediated by «r-adre-



nergic receptors (46), one of four subtypes of adrenergic
receptors. Like 8,- and §,-adrenergic receptors, «; is
linked to adenylate cyclase, but unlike them, it inhibits
the enzyme and is coupled to the N; type of G protein
that is regulated by the balance between guanosine 5’-
triphosphates and guanosine 5’-diphosphates. The a.-
receptors are distinguished from the B-receptors by a
much greater reactivity to epinephrine and norepineph-
rine than to isoproternol. The «,-receptors have yohim-
bine as a specific antagonist (47). Thus, binding of *H-
methyl-yohimbine (48) has been used to measure the
number of az-receptors (Bmax = 270/platelet) and the
dissociation constant (K; = 2.5 nM). The platelet «,-
adrenergic receptor has been purified 80,000-fold to
homogeneity (49) and is a single polypeptide, M, =
64,000. Verification of the identity of the receptor was
achieved by covalently labeling it with the alkylating
affinity analog [*H]phenoxybenzamine and demon-
strating that the proper order of the potency of both
agonists and antagonists was obtained. The receptor
has an essential thiol group because it can be inhibited
by phenylmercuric chloride and reactivated by dithio-
threitol. Using a partial amino acid sequence from the
purified receptor as a guide, the receptor was cloned
from a human genomic library (50). Like the other
adrenergic receptors, no introns existed in the aj-adre-
nergic gene. The gene coded for a 450-amino acid
protein with seven clusters of hydrophilic residues that
probably represent the membrane spanning domains.
The amino terminus and three loops extend extracel-
lularly, whereas the carboxy terminus and three addi-
tional loops are cytoplasmic. The third cytoplasmic
loop contains a consensus sequence for phosphoryla-
tion of a serine or threonine by protein kinase A. Mehta
et al. (51) correlated the ECs of epinephrine to induce
a primary wave of aggregation and the ECs, of epineph-
rine to inhibit yohimbine binding. There was no rela-
tionship of the Bnay or K; of yohimbine binding itself.

Whether epinephrine by itself can aggregate plate-
lets or simply potentiates the effects of other agonists
has been controversial. The increase of Ca’* and antag-
onism of adenylate cyclase activity are not sufficient to
induce aggregation. When platelets were washed in the
presence of prostacyclin and albumin and resuspended
in a buffer containing apyrase, no response was elicited
by 1-10 pM epinephrine (52), indicating the require-
ment for ADP. Shattil et al. (53) found that diluted
blood in the presence of hirudin and apyrase still
showed a response to epinephrine as assessed by flow
cytometry, although it was decreased by 50%. Because
the K, of apyrase is about 0.1 mA/ for ADP, it is hard
to remove small concentrations (<0.1 uAM) of ADP that
are known to synergize the response to epinephrine.
Accordingly, our laboratory (54) employed FSBA to
render the platelet insensitive, even to submicromolar
quantities of ADP. When platelets were incubated with

FSBA, epinephrine-induced aggregation and exposure
of fibrinogen binding sites were progressively inhibited
until epinephrine produced no response even at 10 p.
These results indicated the absolute dependence of
epinephrine-induced platelet aggregation on the ADP
receptors. In contrast, FSBA did not change the number
or affinity of as-adrenergic receptors as measured by
[*H]yohimbine binding. Although epinephrine did not
alter the number of ADP binding sites as measured by
SH-FSBA, it did increase the affinity of binding of ADP
by a factor of 10.

Alteration in the number or affinity of «,-adrener-
gic receptors of platelets has been documented in essen-
tial thrombocythemia (55). Decreased «,-adrenergic re-
ceptors have been documented in congestive heart fail-
ure and coronary artery disease (56), and «,-adrenergic
receptors are increased in anorexia nervosa (57). It is
not clear, however, whether a decrease in the number
or affinity of receptors for epinephrine is due to actual
decreased regulation or merely represents retained ag-
onist (58). Recently, we described a family (59) whose
members had selective impaired aggregation and secre-
tion responses to epinephrine. The number of «r-adre-
nergic receptors measured by [*H]yohimbine binding
was 13-36% of normal. Despite the impaired aggrega-
tion response to epinephrine, the platelets for this fam-
ily showed normal inhibition by epinephrine of PGI,-
stimualted adenylate cyclase, indicating that fewer re-
ceptors are needed for this response than that of platelet
aggregation.

Thrombin Receptors

Thrombin can activate platelets by multiple path-
ways. At low concentrations of thrombin (< | nM),
secretion of ADP, serotonin, and fibrinogen from plate-
let dense and a-granules may contribute to its action.
At moderate concentration (2 nM), thrombin, unlike
collagen, epinephrine, and prostaglandin endoperox-
ides, stimulates platelets by an ADP-independent mech-
anism (60). There are two corresponding types of recep-
tors (61), each coupled to different platelet responses.
The first type (R1) is mediated by a small number (50
sites/platelet) of high affinity (K; = 0.3 nM) (62), and
mediates the inhibition of stimulated adenylate cyclase,
the secretion of acid hydrolases, and the activation of
phospholipase A,. Responses coupled to R1 require
continuing occupation of the receptor (63, 64), but only
low concentrations of thrombin (0.5-1 nM), which are
probably dependent on Na*/H™ exchange. This de-
pendency leads to cytoplasmic alkalinization because
the pathways are blocked by amilorides (65, 66). This
pathway is not mediated by y-thrombin, seems to have
the characteristics of an agonist-receptor equilibrium,
and may involve binding to GPIb, since in Bernard-
Soulier platelets, thrombin binding is diminished (67)
and monoclonal antibodies to GPIb also block throm-
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bin binding (68). The stoichiometry of the reaction
remains in doubt because only 50 molecules of throm-
bin bind to the high affinity site, yet 34,000 molecules
of GPIb exist on the intact platelet (69).

The second type (R2) is mediated by an interme-
diate number of binding sites (1,700/platelet) with
moderate affinity (K; = 11 nM). This receptor is linked
to phospholipase C, which cleaves phosphatidyl bis-
phosphate to diacetylglycerol and inositol triphosphate.
Diacetylglycerol stimulates protein kinase C and is
closely linked to secretion, whereas inositol triphos-
phate plays a major role in increasing intracellular
calcium, These responses require only transient expo-
sure to thrombin (10-20 sec) in moderate concentra-
tions (greater than 2 nM) and result in platelet aggre-
gation and exposure of fibrinogen binding sites. These
responses are more typical of an enzyme-catalyzed re-
action and can be mediated by y-thrombin.

We have detected a platelet membrane protein (100
kDa) that is cleaved after exposure of washed intact
platelet to thrombin: aggregin, an ADP receptor (60).
If thrombin is incubated with platelet membranes con-
taining aggregin that has been labeled by *H-FSBA, or
if intact platelets are depleted of ATP, no cleavage
occurs (70), unlike GPV, which is directly cleaved by
thrombin on platelet membranes. These findings sug-
gest that thrombin may act indirectly by activating
some other intracellular proteolytic enzyme to hydro-
lyze aggregin. This response was not blocked by a
variety of serine protease inhibitors, but was inhibited
by thiol protease inhibitors, leupeptin, and antipain, at
a concentration (20 umol) that does not inhibit throm-
bin enzymatic activity. These results suggested that a
thiol protease cleaved aggregin. We showed that puri-
fied platelet calpain (a calcium-activated thiol protease),
unlike thrombin, is able to cleave aggregin in the plate-
let membrane or in intact platelets, because thrombin
can raise intracellular calcium and thus activate calpain.
Calpain will aggregate washed platelets in the presence
or absence of FSBA if fibrinogen is added, suggesting
that the thrombin-induced platelet aggregation and the
exposure of fibrinogen binding sites are mediated
through the activation of calpain (70), independent of
ADP. Consistent with the hypothesis that calpain me-
diates thrombin-induced platelet activation, high mo-
lecular weight kininogen (HK), the most potent plasma
inhibitor of platelet calpain (71), was found to inhibit
thrombin-induced aggregation and cleavage of aggregin
(72). The inhibition was a function of the concentration
of HK, and occurred in platelets modified by FSBA.
Calpain is exposed on the surface of platelets stimulated
by thrombin, as shown recently by immunofluorescent
studies (73).

About 10 times as much thrombin is needed to
stimulate platelets in plasma as washed platelets. This
difference has now been attributed to the presence of
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HK, because plasma deficient in HK behaves similarly
to washed platelets, and HK can itself increase the
requirement for thrombin over that of normal plasma.
Thus, HK appears to modulate thrombin action in
normal plasma (72), both by inhibiting calpain and by
preventing thrombin binding to platelets. This inhibi-
tion displays specificity since HK inhibits both «- and
v-thrombin but fails to inhibit aggregation by ADP,
collagen, a calcium ionophore, A23187 (without added
Ca®"), the protein kinase C stimulator, phorbol myris-
tate acetate, a combination of the latter two, or the
stable prostaglandin endoperoxide, U46619. Moreover,
HK does not affect platelet cAMP levels or inhibit
thrombin enzymatic activity. The nature of the inter-
mediate affinity receptor is not clear, but additional
sites on GPIb is a reasonable, working hypothesis.

Summary

This review highlights the increasing knowledge of
the biochemistry, pathology, and cell and molecular
biology of platelet receptors. A receptor for ADP has
been identified using the affinity label FSBA as aggre-
gin, a 100-kDa membrane protein responsible for shape
change, aggregation, and exposure of fibrinogen binding
sites. A variety of putative receptors for collagen have
been described, with GPIa/Ila and GPIV receiving the
most attention recently. A thromboxane A, receptor
has been identified using receptor antagonists and
photoaffinity labels. The «j-adrenergic receptor has
been cloned and expressed. The platelet thrombin re-
ceptor has been tentatively identified as GPIb. Follow-
ing binding of thrombin to this receptor, activation of
calpain occurs, with cleavage of aggregin leading to
exposure of GPIIb/IIl« and platelet aggregation. Isola-
tion, expression, or both of the ADP, collagen, and
thrombin receptors as single gene products of the hu-
man platelet responsible for activation, and more com-
plete understanding of stimulus-response coupling,
should allow for greater specificity of drugs with selec-
tive therapeutic actions.

Note added in proof. Since this review was sub-
mitted, the human platelet thrombin receptor has been
identified by expression cloning (74) and belongs to the
family of peptide receptors.

This review was supported by NIH Grant HL 36579-05.

1. Born GVR. Human Blood Coagulation. Haemostasis and
Thrombosis. London: Blackwell Scientific Publications, pp159-
175, 1972,

2. Haslam RJ. Interactions of the pharmacological receptors of
blood platelets with adenylate cyclase. Semin Hematol 6:333-
343, 1973.

3. Hawiger J, Parkinson S, Timmons S. Prostacyclin inhibits mo-



10.

L.

13.

19.

20.

21.

bilization of fibrinogen binding sites on human ADP and throm-
bin-treated platelets. Nature 283:195-197, 1980.

. Jefferson JR, Harmon JT, Jamieson GA. Identification of high

affinity (Kd = 0.35 pmol/L) and low affinity (Kd = 7.9 umol/L)
platelet binding sites for ADP and competition by ADP ana-
logues. Blood 71:110-116, 1985.

. Bennett JS, Colman RF, Colman RW. Identification of adenine

nucleotide binding proteins in human platelet membranes by
affinity labeling with 5’-p-fluorosulfonylbenzoyl adenosine. J
Biol Chem 253:7346-7354, 1978.

. Mills DCB, Figures WR, Scearce LM, Colman RF, Colman RW.

Two mechanisms for inhibition of ADP-induced platelet shape
change by 5’-p-fluorosulfonylbenzoyl adenosine: Conversion to
adenosine and covalent modification at an ADP binding site
distinct from that which inhibits adenylate cyclase, J Biol Chem
260:8078-8083, 1985.

. Mustard JF, Packham MA, Kinlough-Rathbone RL, Perry DW,

Regoeczi E. Fibrinogen and ADP-induced platelet aggregation.
Blood 52:453-466, 1978.

. Marguerie GA, Edgington TS, Plow EF. Human platelets possess

an inducible and saturable receptor for fibrinogen. J Biol Chem
255:154-161, 1979.

. Figures WR, Niewiarowski S, Morinelli TA, Colman RF, Colman

RW. Affinity labeling of a human platelet membrane protein
with 5’-p-fluorosulfonylbenzoyl adenosine. J Biol Chem 256:
7789-7795, 1981.

Levy-Toledano S, Maclouf J, Bryan P, Savarian E, Hardisty RM,
Caen JP. Human platelet activation in the absence of aggregation:
A calcium-dependent phenomenon independent of thromboxane
formation. Blood 59:1078-1085, 1982.

Niewiarowski S, Kornecki E, Hershock D, Tuszynski GP, Ben-
nett JS, Soria C, Soria S, Dunn F, Pidard D, Kieffer N, Nurden
AT. Aggregation of chymotrypsin-treated thrombasthenic plate-
lets is mediated by fibrinogen binding to glycoprotein IIb and
IITa. J Lab Clin Med 106:651-660, 1985.

. Kornecki E, Chung S-Y, Holt JC, Cierniewski CS, Tuszynski

GP, Niewiarowski S. Identification of P1A1! alloantigen domain
on a 66 kDa protein derived from glycoprotein IIla of human
platelets. Biochim Biophys Acta 818:285-290, 1985.

Rao AK, Kowalska MA. ADP-induced platelet shape and mo-
bilization of cytoplasmic ionized calcium are mediated by distinct
sites on platelets: 5’-p-Fluorosulfonylbenzoyl adenosine is a weak
agonist. Blood 70:751-756, 1987.

. Figures WR, Scearce LM, DeFeo P, Stewart G, Zhou F, Chen J,

Daniel J, Colman RF, Colman RW. Direct evidence for the
interaction of the nucleotide affinity analog 5’-p-fluorosulfonyl-
adenosine with a platelet ADP receptor. Blood 70:796-803, 1987.

. Daniel JL, Molish IR, Rigmaiden M, Stewart G. Evidence for a

role of myosin phosphorylation in ADP-induced platelet shape
change. J Biol Chem 259:9826-9831, 1984.

. Wilner GD, Nossel HL, LeRoy EC. Aggregation of platelets by

collagen. J Clin Invest 47:2616-2621, 1968.

. Chesney C, Harper E, Colman RW. Critical role of the carbo-

hydrates side chain of collagen in platelet aggregation. J Clin
Invest 51:2693-2701, 1972.

. Jaffe R, Deykin D, Evidence for a structural requirement for the

aggregation of platelets by collagen. J Clin Invest 53:875-883,
1974,

Muggli R, Baumgartner HR. Collagen-induced platelet aggrega-
tion: Requirement for tropocollagen multimers. Thromb Res
3:715-728, 1973,

Harper E, Somons ER, Chesney CM, Cohen RW, The effect of
chemical or enzymatic modifications on the ability of collagen
to form multimers and to initiate platelet aggregation. Thromb
Res 7:113-122, 1975.

Simons ER, Chesney CM, Colman RW, Harper E, Sanberg E.

22.

23.

24,

25.

26.

27.

28.

29.

30

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

The effect of the conformation of collagen on its ability to
aggregate platelets. Thromb Res 7:123-139, 1975.

Brown J, Jiminez S, Colman RW. Collagen-induced platelet
shape change: The role of collagen quarternary structure. J Lab
Clin Med 95:90-98, 1980.

Kinlough-Rathbone RL, Packham MA, Mustard JF. Synergism
between platelet-aggregating agents: The role of the arachidonate
pathway. Thromb Res 11:567-580, 1977.

Colman RW, Figures WR, Scearce LM, Strimpler AM, Zhou F,
Rao AK. Inhibition of collagen-induced platelet activation by 5'-
p-fluorosulfonylbenzoyl adenosine. Evidence for an ADP re-
quirement and a synergistic influence of prostaglandin endoper-
oxides. Blood 68:565-570, 1986.

Tandon NN, Kralisz V, Jamieson GA. Identification of glyco-
protein IV (CD36) as a primary receptor for platelet collagen
adhesion. J Biol Chem 264:7576-7583, 1989.

Asch AS, Barnwell J, Silverstein RL, Nachman RL. Isolation of
the thrombospondin membrane receptor. J Clin Invest 79:1054-
1061, 1987.

Chiang TM, Kang AH. Isolation and purification of collagen
a1(I) receptor from human platelet membrane. J Biol Chem
257:7581-7586, 1982.

Chiang TM, Kang AH, Dale JB, Beachey EH. Immunochemical
studies of the purified human platelet receptor for the «1(I) chain
of chick skin collagen. J Immunol 133:872-876, 1984.

Chiang TM, Jin A, Hasty KA, Kang A. Collagen-platelet inter-
action: Inhibition by a monoclonal antibody which binds a
90,000 dalton platelet glycoprotein. Thromb Res 53:129-143,
1989.

Nieuwenhuis KH, Akkerman JWN, Houdijk WPM, Sixma JJ.
Human platelets showing no response to collagen fail to express
surface glycoprotein Ia. Nature 318:470-472, 1985.
Nieuwenhuis KH, Sakariassen KS, Houdijk WPM, Nievelstein
PFEM, Sixma JJ. Deficiency of platelet membrane glycoprotein
Ia associated with a decreased platelet adhesion to subendothe-
lium: A defect in platelet spreading. Blood 68:692-695, 1986.
Kehrel B, Ballersen L, Kokott R, Mesters R, Stenzinger W,
Clemetson KJ, van de Loo J. Deficiency of intact thrombospon-
din and membrane glycoprotein Ia in platelets with defective
collagen-induced aggregation and spontaneous loss of disorder.
Blood 71:1074-1078, 1988.

Rao AK, Kowalska MA, Karczewski J, Tuszynski GP. Human
antibody against an 88-kilodalton platelet membrane glycopro-
tein and impaired platelet response to collagen. Circulation
11:620, 1988.

Santoro SA. Identification of a 160,000 dalton platelet membrane
protein that mediates the initial divalent cation-dependent adhe-
sion of platelets to collagen. Cell 46:913-920, 1986.

Hynes RO. Integrins: A family of cell surface receptors. Cell
48:549-554, 1987.

Bienz D, Clemetson KJ. Human platelet glycoprotein Ia. One
component is only expressed on the surface of activated platelets
and may be a granule component. J Biol Chem 264:507-514,
1989.

Hamberg M, Svensson J, Samuelsson B. Thromboxanes: A new
group of biologically active compounds derived from prostaglan-
dins endoperoxides. Proc Natl Acad Sci USA 72:2994-2998,
1975.

Macintyre DE, Platelets in Biology and Pathology II. Amsterdam:
Elsevier North Holland, pp211-247, 1984.

Rao AK, Willis J, Holmsen H. A major role of ADP in throm-
boxane transfer experiments: Studies in patients with platelet
secretion defects, J Lab Clin Med 104:116-126, 1984,

Morinelli TA, Niewiarowski S, Kornecki E, Figures WR, Wacht-
fogel Y, Colman RW. Platelet aggregation and exposure of fi-
brinogen receptors by prostaglandin endoperoxide analogues.
Blood 61:41-49, 1983.

PLATELET AGONIST RECEPTORS 247



41.

42,

43,

44.

45.

46.

47.

48.

49,

50.

51

52

53.

54.

55.

56.

57.

248

Saussy DL Jr, Mais DE, Burch RM, Haluska PV. Identification
of a putative thromboxane A2/prostaglandin H2 receptor in
human platelet membranes. J Biol Chem 261:3025-3029, 1986.
Mais DE, Burch RM, Oatis JE Jr, Knapp DR, Haluska PV.
Photo-affinity labeling of a thromboxane A2/prostaglandin H2
antagonist binding site in human platelets, Biochem Biophys Res
Commun 140:128-133, 1986.

Hanasaki K, Hitoshi A. Characterization of a new compound S-
145 as a specific TXA; receptor antagonist in platelets. Thromb
Res 50:365-376, 1988.

Bienz D, Schnippering W, Clemetson KJ. Glycoprotein V is not
the thrombin activation receptor on human blood platelets.
Blood 68:720-725, 1986.

Owen NE, Feinberg H, LeBreton GC. Epinephrine induces Ca**
uptake in human blood paltelets. Am J Physiol 239:H483-H4388,
1980.

Grant JA, Scrutton MC. Novel aj-adrenoreceptors primarily
responsible for inducing human platelet aggregation. Nature
277:659-660, 1979.

Lefkowitz RJ, Caron MC, Stiles GL. Mechanisms of membrane-
receptor regulation. Biochemical, physiological and clinical in-
sights derived from studies of the adrenergic receptors. N Engl J
Med 310:1570, 1984.

McFarlane DE, Wright BL, Stump DC. Use of (methyl-*H]
yohimbine as a radioligand for alpha-2 adrenoreceptors on intact
platelets. Comparison with dihydroergocryptine. Thromb Res
24:31-43, 1981,

Regan JW, Nakata H, DeMarinis RM, Caron MG, Lefkowitz
RJ. Purification and characterization of the human platelet of
as-adrenergic receptor. J Biol Chem 261:3894-3900, 1986.
Kobilka BK, Matsui H, Kobikla TS, Yang-Feng TL, Francke U,
Caron MG, Lefkowitz RJ, Regan JW. Cloning, sequencing and
expression of the gene coding for the human platelet as-adrener-
gic receptor. Science 238:650-656, 1987.

Mehta J, Mehta P, Krop I, Lawson D. The primary wave of
epinephrine-induced paltelet aggregation represent alpha,-adre-
noceptor status. Thromb Res 49:531-537, 1988,

Lanza F, Cazenave J-P. Studies of «;-adrenergic receptors of
intact and functional washed human platelets by binding of *H-
dihydroergocryptine and *H-yohimbine. Correlation of *H-yo-
himbine binding with the potentiation by adrenaline of ADP-
induced aggregation. Thromb Haemost 54:402-408, 198S.
Shattil SJ, Budzynski A, Scrutton MC. Epinephrine induces
platelet fibrinogen receptor expression, fibrinogen binding and
aggregation in whole blood in the absence of other excitory
agonists. Blood 73:150-158, 1989.

Figures WR, Scearce LM, Wachtfogel Y, Chen J, Colman RF,
Colman RW. Platelet ADP receptor and a,-adrenoreceptor in-
teraction: Evidence for an ADP requirement for epinephrine-
induced platelet activation and an influence of epinephrine on
ADP binding. J Biol Chem 261:5981-5986, 1986.

Kaywin P, McDonough M, Insel PA, Shattil SJ. Platelet function
on essential thrombocythemia. Decreased epinephrine respon-
siveness associated with a deficiency of platelet «,-adrenergic
receptors. N Engl J Med 299:505-509, 1978.

Smith CB, Hollingsworth PJ, Garcia-Sevilla JA, Athanaseisis P.
Platelet «;-adrenoreceptors are decreased in number after anti-
depressant therapy. Prog Neuropsychopharmacol Biol Psychiatry
7:241-247, 1983.

Luck DP, Mikhailidis MR, Dashwood MA, Barrados MA, Sever

PLATELET AGONIST RECEPTORS

58.

59.

60.

6l

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

PS, Dadona P, Wakeling A. Platelet hyperaggregability and in-
creased a-adrenoreceptor density on anorexia nervosa. J Clin
Endocrinol Metab 57:911-914, 1983.

Karliner JS, Motulsky HJ, Insel PA. Apparent “down regulation”
of human platelet a,-adrenergic receptors is due to retained
agonist. Mol Pharmacol 21:36-43, 1981.

Rao AK, Willis J, Kowalska MA, Wachtfogel YT, Colman RW.
Differential requirements for platelet aggregation and inhibitors
of adenylate cyclase by epinephrine. Studies on a familial platelet
az-adrenergic receptor defect. Blood 71:494-501, 1988.

Figures WR, Colman RF, Niewiarowski S, Morinelli TA, Wacht-
fogel Y, Colman RW. New evidence for an ADP-independent
mechanism of thrombin-induced platelet activation. Thromb
Haemost 46:94, 1981.

Jamieson GA. Platelet Membrane Receptors: Molecular Biology,
Immunology, Biochemistry and Pathology. New York: Alan R.
Liss, pp137-158, 1988.

Harmon JT, Jamieson GA. Thrombin binds to a high affinity
-900,000 dalton site on human platelets. Biochemistry 24:58-64,
1985.

Holmsen H, Dangelmaier CA, Holmsen AK. Thrombin-induced
platelet responses differ in requirement for receptor occupancy.
J Biol Chem 256:9393-9396, 1981.

Holmsen H, Dangelmaier CA, Rongved S. Tight coupling of
thrombin-induced acid hydrolase secretion and phosphatide syn-
thesis to receptor occupancy in human platelets. Biochem J
222:157-167, 1984,

Sweatt JD, Johnson SL, Cragoe EJ, Limbird LE. Inhibitors of
Na*/H* exchange block stimulus-provoked arachidonic acid re-
lease in human platelets. J Biol Chem 260:12,910-12,919, 1985.
Sweatt JD, Connolly Tm, Cragoe EJ, Limbird LE. Evidence that
Na*/H* exchange regulates receptor-mediated phospholipase A,
activation in human platelets. J Biol Chem 261:8867-8873, 1986.
Jamieson GA, Okumura T. Reduced thrombin binding and
aggregation in Bernard-Soulier platelets. J Clin Invest 61:861-
864, 1978,

Yamamoto N, Kitgawa H, Tanoue K, Yamazaki H. Monoclonal
antibody to glycoprotein I, inhibits both thrombin and ristocetin-
induced platelet aggregation. Thromb Res 39:751-759, 1985.
Montgomery RR, Kunicki TJ, Taves C, Pidard D, Corcoran M.
Diagnosis of Bernard-Soulier syndrome and Glanzmanns throm-
basthenia with a monoclonal assay on whole blood. J Clin Invest
71:385-389, 1983.

Puri RN, Zhou F, Bradford H, Hu C-J, Colman RF, Colman
RW. Thrombin-induced platelet aggregation involves an indirect
proteolytic cleavage of aggregin by calpain. Arch Biochem Bio-
phys 271:346-358, 1989.

Schmaier AH, Bradford H, Silver LD, Farber A, Scott CF,
Schutsky D. High molecular weight kininogen is an inhibitor of
platelet calpain. J Clin Invest 77:1565-1573, 1986.

Puri RN, Zhou F-X, Hu C-J, Colman RF, Colman RW. High
molecular weight kininogen inhibits thrombin-induced platelet
aggregation and cleavage of aggregin by inhibiting binding of
thrombin to platelets. Blood 77:500-507, 1991.

Schmaier AH, Bradford H, Lundberg D, Farber A, Colman RW,
Membrane expression of platelet calpain. Blood 75:1273-1281,
1990.

Vu T-K, Hung DT, Wheaton VI, Coughlin SR. Molecular clon-
ing of a functional thrombin receptor reveals a novel proteolytic
mechanism of receptor activation. Cell 64:1057-1068, 1991.





