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Platelet responses to thrombin are at least partly me-
diated by a G-protein-coupled receptor whose NH, ter-
minus is a substrate for thrombin. In the present studies
we have examined the location of thrombin receptors in
resting platelets and followed their redistribution dur-
ing platelet activation. The results reveal several new
aspects of thrombin receptor biology. 1) On resting
platelets, approximately two-thirds of the receptors
were located in the plasma membrane. The remainder
were present in the membranes of the surface connect-
ing system. 2) When platelets were activated by ADP or
a thromboxane analog, thrombin receptors that were
initially in the surface connecting system were exposed
on the platelet surface, increasing the number of detect-
able receptors by 40% and presumably making them
available for subsequent activation by thrombin. 3)
Platelet activation by thrombin rapidly abolished the
binding of the antibodies whose epitopes are sensitive to
receptor cleavage and left the platelets in a state refrac-
tory to both thrombin and the agonist peptide, SFLLRN.
This was accompanied by a 60% decrease in the binding
of receptor antibodies directed COOH-terminal to the
cleavage site irrespective of whether the receptors were
activated proteolytically by thrombin or nonproteolyti-
cally by SFLLRN. 4) The loss of antibody binding sites
caused by thrombin was due in part to receptor inter-
nalization and in part to the shedding of thrombin re-
ceptors into membrane microparticles, especially under
conditions in which aggregation was allowed to occur.
However, at least 40% of the cleaved receptors remained
on the platelet surface. 5) Lacking the ability to synthe-
size new receptors and lacking an intracellular reserve
of preformed receptors comparable to that found in en-
dothelial cells, platelets were unable to repopulate their
surface with intact receptors following exposure to
thrombin. This difference underlies the ability of endo-
thelial cells to recover responsiveness to thrombin rap-
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idly while platelets do not, despite the presence on both
of the same receptor for thrombin.

In its proteolytically active form, thrombin evokes responses
from a number of cells located in and around the vascular
space, including endothelial cells, vascular smooth muscle, and
platelets. Although the existence of an unknown second throm-
bin receptor in mouse platelets has recently been inferred from
knockout studies (1), many of the responses of human platelets
to thrombin are thought to be mediated by a previously iden-
tified G-protein-coupled receptor whose NH, terminus is a
substrate for thrombin (2). The evidence that this receptor is
responsible in part for thrombin responses in human platelets
is compelling: RNA encoding the receptor is present in platelets
and in megakaryoblastic cell lines (2); antibody binding studies
show that it is expressed on the platelet surface (3, 4); and
peptide agonists based on the receptor’s tethered ligand do-
main are able to activate human platelets, mimicking many of
the effects of thrombin (e.g. 2, 5—8). This is in contrast to mouse
platelets, which respond to thrombin but not to the agonist
peptides (9, 10).

One of the properties that sets thrombin receptors apart
from most other G-protein-coupled receptors is their inability
to be activated by thrombin more than once. This is thought to
be due in part to receptor phosphorylation and in part to the
apparent inability of thrombin to reactivate cleaved receptors
(11-14). Therefore, for cells to recover responsiveness to throm-
bin, cleaved thrombin receptors have to be replaced with intact
receptors, a process that is usually preceded by the clearance of
at least some of the cleaved receptors from the cell surface (15).
Recent studies in cells other than platelets have demonstrated
two general mechanisms for accomplishing this. In the
megakaryoblastic HEL and CHRF-288 cell lines, where >90%
of the cleaved thrombin receptors are internalized within 5
min, recovery is a slow process dependent on the synthesis of
new receptors (13, 14, 16). Endothelial cells and fibroblasts, on
the other hand, contain a large intracellular reserve of pre-
formed receptors (17—19). These receptors can quickly repopu-
late the cell surface after the addition of thrombin, allowing
recovery to occur more rapidly than it can when dependent
upon receptor synthesis alone.

Platelets normally need to respond to thrombin only once, in
contrast to endothelial cells, which may encounter thrombin
repeatedly. We were interested in determining whether this
difference between platelets and endothelial cells would be
reflected in differences in thrombin receptor biology between
the two cell types. We were particularly interested in deter-
mining the distribution of thrombin receptors on resting plate-
lets, identifying any intracellular pools of receptors which
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Fic. 1. Antibodies directed against defined epitopes within the thrombin receptor NH, terminus. The figure shows the sequence of
the human thrombin receptor between residues 19 and 69, including the site of cleavage between Arg*! and Ser*? (2). The numbered lines indicate
the sequences of the peptides used to prepare the antibodies, and except for the polyclonal antibody (1047), the labels mark the approximate

location of the antibody epitopes.

might exist and tracing the movements of thrombin receptors
when platelets are activated, either by thrombin or by agonists
that activate platelets via receptors other than the thrombin
receptor. Information about the distribution of thrombin recep-
tors on human platelets is limited, in part because of the small
size of platelets and the small number of receptors per cell.
Based upon antibody binding, resting platelets express 1,500—
2,000 copies of the thrombin receptor per cell on the cell surface
(3, 4). Data on the redistribution of thrombin receptors follow-
ing platelet activation is limited to a study in which Norton and
co-workers (4) found no decrease in the binding to cleaved
receptors of at least one antithrombin receptor antibody, lead-
ing them to propose that in contrast to endothelial cells and the
megakaryoblastic cell lines, cleaved thrombin receptors on
platelets remain on the platelet surface.

In the present studies we have used electron microscopy and
flow cytometry to examine the initial distribution of thrombin
receptors on and within human platelets and follow the redis-
tribution that occurs when platelets are activated. Since throm-
bin can interact with more than one protein on the platelet
surface (20—22), peptide-directed monoclonal and polyclonal
antibodies were used to detect the receptor. The results show
that in resting platelets only two-thirds of the total number of
thrombin receptors are located on the plasma membrane. The
remainder are initially present in the membranes of the intra-
cellular surface connecting system, a structure contiguous with
the platelet plasma membrane that is exposed during platelet
activation. In the case of platelet activation by ADP and the
thromboxane A, analog U46619, this leads to a net increase in
the number of cell surface thrombin receptors by exposing
receptors that were initially in the surface connecting system.
Platelet activation by thrombin or the peptide agonist
SFLLRN, on the other hand, caused a net decrease in the
number of receptors that could be detected by all of the anti-
bodies that were tested. When platelet aggregation occurred,
this decrease appeared to be at least partly due to receptor
internalization and the shedding of thrombin receptors into
membrane microparticles. We found no evidence, however, for
an intracellular reserve of thrombin receptors in platelets com-
parable to that found in endothelial cells and no evidence that
platelets could mobilize intact receptors from sites other than
the surface connecting system. This accounts for the observed
inability of platelets to recover responsiveness to thrombin or
SFLLRN following an initial exposure to thrombin.

EXPERIMENTAL PROCEDURES

Antibodies—Monoclonal antibodies SPAN11, SPAN12, ATAP2, and
WEDE15 were prepared against peptides corresponding to overlapping
regions of the human thrombin receptor NH, terminus (Fig. 1) (3, 14,
16). Antibody 1047 is the purified IgG fraction from a polyclonal anti-
body prepared in rabbits immunized with the peptide YEPF-
WEDEEKNESGLTEYC conjugated via the cysteine to keyhole limpet
hemocyanin (23). Monoclonal antibody A2A9 is directed against the
platelet glycoprotein IIb-IIla (integrin oy, [B;) complex (24). EH1, an
IgG1 antibody reactive with the human immunodeficiency virus type I
nef protein, was used as an isotype-matched control in the flow cytom-

etry experiments (14). When indicated, the antibodies were purified
using a protein A column (Bio-Rad).

Flow Cytometry—Blood (60 ml) was obtained from healthy volun-
teers and anticoagulated with acid-citrate-dextrose (8.6 ml). Platelet-
rich plasma was prepared by centrifugation for 15 min at 169 X g with
the centrifuge brake off and incubated with prostaglandin E; (1 um) for
5 min at room temperature. Afterwards, the platelets were sedimented
at 1,200 X g for 15 min, resuspended in 10 ml of HEPES-Tyrode buffer
(129 mm NaCl, 2.8 mm KCl, 0.8 mm KH,PO,, 8.9 mm Na,HCO,, 0.8 mMm
MgCl,, 5.6 mM glucose, 10 mm HEPES, pH 7.4) supplemented with 1 um
prostaglandin E; and 1 mm EGTA, sedimented a second time at 1,200 X
g for 15 min, and then resuspended at 2 X 10° platelets/ml in HEPES-
Tyrode buffer. RGDS (200 puMm) was added to inhibit platelet aggrega-
tion. When indicated, the platelets were incubated with thrombin,
SFLLRN, ADP, or U46619 for 15 min at room temperature, after which
the desired monoclonal antibody was added (10 ug/ml of purified pro-
tein), and the platelets were incubated for a further 15 min at 4 °C.
Afterwards, 1 ml of HEPES-Tyrode buffer containing 2 mm EGTA and
2 mMm EDTA was added, and the platelets were sedimented (1,200 X g
for 5 min) and resuspended in 50 ul of fetal calf serum plus 50 ul of a
1:40 dilution of fluorescein isothiocyanate-labeled goat anti-mouse IgG
(BioSource International, Camarillo, CA). After a 15-min incubation
with the secondary antibody at 4 °C, the platelets were diluted with 500
ul of HEPES-Tyrode buffer containing 2 mmM EGTA and 2 mm EDTA,
sedimented at 1,200 X g for 5 min, resuspended in 500 ul of HEPES-
Tyrode buffer, and analyzed on a FACScan flow cytometer (Becton
Dickinson, Mountain View, CA).

Electron Microscopy—For the studies on resting platelets, 10 ml of
human blood was dripped directly from intravenous tubing into a
beaker containing 90 ml of 4% paraformaldehyde in McLean and Na-
kane’s buffer for 1 h (25). The mixture was spun at 150 X g for 20 min
at 20 °C (26). The supernatant was then spun at 1,000 X g for 10 min,
producing a cell pellet that was embedded in 2.1 M sucrose, frozen, and
stored in liquid nitrogen. Frozen thin sections were processed as de-
scribed previously (27-29). The primary antibody (1047) was used at a
dilution of 1:100. This was followed by the gold label, protein A-10,
obtained from the Department of Cell Biology, University of Utrecht
(Utrecht, the Netherlands) at 1:50 dilution. The grids were then stained
with uranyl acetate and embedded in methyl cellulose. As a control,
normal rabbit serum was also tested. For the studies of activated
platelets, washed platelets were prepared from human blood anticoag-
ulated with citrate as described previously (30) then activated with
thrombin (1 unit/ml) and processed in the same way as the resting
platelets.

Cytosolic Calcium—Washed platelets were resuspended at 3 X
10%/ml in HEPES-Tyrode buffer with 1 um prostaglandin E; and incu-
bated with 5 um Fura-2/AM for 20 min at 37 °C. Afterwards, 2 mMm
EGTA and 1 uM prostaglandin E; were added, and the platelets were
sedimented and resuspended in HEPES-Tyrode buffer containing 1 mm
CaCl, at 1 X 10%/ml. Changes in the cytosolic free Ca®* concentration
were measured using a SLM/Aminco AB-2 spectrophotometer (31).

Microparticle Studies—Washed platelets were resuspended at 2 X
10%/ml in the presence of 200 uM RGDS and stimulated for 15 min at
room temperature with either 0.25 unit/ml thrombin or 100 um
SFLLRN without stirring. Platelets were sedimented by centrifugation
at 1,200 X g for 15 min. The supernatants were then recentrifuged at
27,000 X g for 30 min. Both fractions were resuspended and processed
as follows. Samples were stained for 15 min at 4 °C with either the
thrombin receptor antibodies or EH1, washed with HEPES-Tyrode
containing 2 mM EGTA and 2 mMm EDTA, resuspended in fetal calf
serum, and stained with a 1:40 dilution of a fluorescein isothiocyanate-
labeled anti-mouse secondary antibody for 15 min at 4 °C. After a
further wash samples were incubated under the same conditions with
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Fic. 2. Electron microscopy of rest-
ing platelets. Transmission electron mi-
croscopy of human platelets illustrates
the presence of the thrombin receptor on
the plasma membrane and in the surface
connecting canalicular system (SC). The
a-granules and other organelles are only
rarely labeled, consistent with back-
ground (magnification, X 50,000).

biotinylated AP-1, a monoclonal antibody that recognizes glycoprotein
Ib, (a kind gift from T. Kunicki, Scripps Research Institute, La Jolla,
CA), washed again, incubated with a 1:400 dilution of phycoerythrin-
labeled streptavidin, washed, and analyzed by flow cytometry. Micro-
particles were gated as AP-1-positive events (red fluorescence) smaller
than platelets and analyzed for the binding of thrombin receptor anti-
bodies (green fluorescence). In the studies in which aggregation was
allowed to occur, RGDS was omitted, and the platelets were stirred and
activated in the presence of 2 mm CaCl,. Samples were then immedi-
ately stained with fluorescein isothiocyanate-labeled AP-1 and the
number of microparticles determined without washing.

Other Methods and Materials—Human a-thrombin (3,000 units/mg)
was provided by J. Fenton (New York State Department of Health,
Albany, NY). ADP and U46619 were obtained from Sigma.

RESULTS

Distribution of Thrombin Receptors on Resting Platelets—We
have shown previously that monoclonal antibodies directed
against the thrombin receptor NH, terminus can be used as
probes to detect thrombin receptor cleavage and internaliza-
tion and to discriminate between receptor recycling and recep-
tor replacement (14, 16-18, 32, 33). Four such antibodies were
used in the present studies. Two, designated SPAN11 and
SPAN12, are directed at the site of cleavage and were selected
for their ability to recognize intact receptors but not cleaved
receptors (Fig. 1). A third antibody, ATAP2, is directed against
an epitope within the tethered ligand domain and has been
shown to recognize cleaved as well as intact thrombin recep-
tors, as does antibody WEDE15, which is directed against the
domain of the receptor NH,, terminus thought to interact with
the thrombin anion-binding exosite. The fifth antibody shown
in Fig. 1, 1047, is a rabbit polyclonal antibody that was raised
against a peptide that partially overlaps the peptide used to
prepare antibody WEDE15 (23).

Fig. 2 is an electron micrograph of human platelets that were
fixed and then stained with polyclonal antibody 1047. The
results show that on resting platelets thrombin receptors are
present on the both the plasma membrane and the membranes
of the surface connecting system (SC in the figure). Receptors
were not detectable in a-granule membranes, nor was there a
detectable intracellular pool of thrombin receptors within a
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self-contained organelle such as is present in endothelial cells
and transfected fibroblasts (17, 18). Previous studies using
radioiodinated monoclonal antibodies have shown that there
are 1,500-2,000 copies of the thrombin receptor on the surface
of resting human platelets (3, 4), a number similar to the
number of moderate affinity 2°I-thrombin binding sites (34,
35). Data presented below suggest that the exposure of recep-
tors within the surface connecting system can increase this
number by as much as 40% during platelet activation, which
means that in resting platelets approximately two-thirds of the
thrombin receptors are on the plasma membrane and one-third
are in the surface connecting membrane system.

Changes in Receptor Distribution When Platelets Are Activat-
ed—The effect of platelet activation on the distribution of
thrombin receptors was studied with platelets incubated with
thrombin, SFLLRN, ADP, or the thromboxane analog U46619.
In the initial studies, platelet aggregation was inhibited by
removing Ca®>* and adding RGDS to inhibit fibrinogen binding
to the oy, B5 integrin (glycoprotein IIb-IITa). Antibody binding
to the platelet surface was detected by flow cytometry. Incuba-
tion with thrombin caused a >90% loss of binding sites for the
cleavage-sensitive antibodies, SPAN11 and SPAN12, and a
60% decrease in the binding of the cleavage-insensitive anti-
bodies, WEDE15 (Figs. 3 and 4) and ATAP2 (see Fig. 8). The
decrease in SPAN12 binding was maximal within 5 min of the
addition of thrombin. The decrease in WEDE15 binding was
maximal within 15 min (Fig. 3). These results suggest that
thrombin rapidly cleaves all of its receptors on the platelet
surface and causes a net decrease in the number of detectable
receptors by as much as 60% (see below). Notably, incubating
the platelets with SFLLRN caused a 60% decrease in the bind-
ing of both the cleavage-sensitive and the cleavage-insensitive
antibodies (Fig. 4). Although it has been proposed that throm-
bin receptor cleavage can decrease the binding of antireceptor
antibodies by allowing the insertion of the tethered ligand
domain into a protected environment (4), this explanation
alone would not readily account for the decrease in antibody
binding seen when the receptors were activated by SFLLRN.
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FiG. 3. Time course of the loss of antibody binding sites from
platelets incubated with thrombin. Platelets were incubated with
thrombin (0.25 unit/ml) at room temperature without stirring for the
times indicated after which hirudin (2 units/ml) was added, and the
samples were placed on ice. Antibody binding was determined by flow
cytometry. The results shown are the mean + S.E. for three studies and
are expressed as a percent of the mean fluorescence intensity in the
absence of thrombin.
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Fic. 4. Binding of thrombin receptor antibodies to human
platelets. Washed human platelets were incubated without stirring for
10 min at room temperature with the agonists shown. Antibody binding
was measured by flow cytometry. Antibodies WEDE15 and SPAN12 are
directed against the thrombin receptor NH, terminus (see Fig. 1).
Antibody A2A9 binds to the integrin oy, 3; complex. The final agonist
concentrations were: thrombin (0.25 unit/ml), SFLLRN (100 um), ADP
(10 um), and U46619 (10 um). The results shown are the mean * S.E. of
three studies and are expressed as a percent of control after subtracting
EH1 fluorescence. Mean fluorescence intensity values were: 99 for
WEDE15, 51 for SPAN12, 255 for A2A9, and 6 for EH1.

A different result was obtained when the platelets were
activated with ADP or U46619 rather than thrombin. Both of
these agonists caused an increase, rather than a decrease, in
thrombin receptor antibody binding (Fig. 4). This increase av-
eraged approximately 40% and was similar in magnitude to the
increase observed in the binding of an antibody, A2A9, which
recognizes the integrin oy, Bs (Fig. 4). oqy,B3 complexes, like
thrombin receptors, are initially present in both the platelet
plasma membrane and the surface connecting system. Previous
studies have shown that platelet activation increases the
amount of a;,Bs on the platelet surface in part by exposing
complexes that were initially within the surface connecting
system (36-38) (for review, see Ref. 39). By extension, this
suggests that the increase in WEDE15 and SPAN12 binding
seen in Fig. 4 following the addition of ADP and U46619 is due
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to the exposure of thrombin receptors that were initially in the
surface connecting system. It also suggests that the net de-
crease in WEDE15 and ATAP2 binding caused by thrombin
and SFLLRN occurs despite the exposure of additional recep-
tors from the surface connecting system. If so, then the near
complete loss of binding sites for SPAN12 further suggests that
the newly exposed receptors must also be cleaved by thrombin.*

Fate of the Activated Thrombin Receptors—We have shown
previously that thrombin receptor activation on endothelial
cells, fibroblasts, and several megakaryoblastic cell lines is
followed by receptor internalization. This process was shown by
colocalization studies and electron microscopy in the
megakaryoblastic cell lines to involve coated vesicles and en-
dosomes (16). Coated vesicles have been observed in platelets
(40, 41) and could provide a mechanism for thrombin receptor
internalization in platelets, but other alternatives were consid-
ered as well.

One such alternative is that activated thrombin receptors
are shed from the platelet surface in membrane microvesicles.
Several studies have shown that membrane microparticles are
formed when platelets are activated, particularly if they are
activated by strong agonists such as thrombin or collagen un-
der conditions in which aggregation is allowed to occur (e.g.
42—-45). These microparticles include not only platelet mem-
brane lipids, but also integral membrane proteins such as
glycoprotein Ib. To test whether loss of thrombin receptors into
microparticles could account in part for the observed decrease
in antibody binding sites on activated platelets, platelets were
incubated with thrombin or SFLLRN under the same condi-
tions in which both agonists caused a decrease in antibody
binding to the platelets. Microparticles were detected by flow
cytometry and defined by size and by the presence of glycopro-
tein Ib using the glycoprotein Ib, antibody, AP-1. Thrombin
receptors were detected with antibody WEDE15. In the initial
experiments, RGDS was included to prevent platelet aggrega-
tion and limit microparticle formation (45). The results show
that thrombin receptors are present in the membrane micro-
particles and that the addition of thrombin under these condi-
tions causes a decrease in WEDE15 binding to platelets but
has no effect on the binding of the antibody to microparticles
(Fig. 5A).

This suggests that thrombin receptors are present in micro-
particles, but since there was no apparent change in the num-
ber of receptors per microparticle, this would not account for
the decrease in receptor number on activated platelets unless
there were also an increase in microparticle number under the
conditions in which the platelets were activated. To determine
if this is the case, platelets were activated with thrombin or
SFLLRN, and the number of microparticles was counted. Un-
der conditions in which aggregation was prevented, micropar-
ticles represented less than 5% of total particles counted and
increased little in number upon platelet activation (Fig. 5B).
On the other hand, when platelet aggregation was allowed to
occur, both thrombin and SFLLRN caused a substantial in-
crease in microparticle number (Fig. 5C). These results suggest
that microparticle formation could account for part of a de-
crease in receptor number when platelets are activated by
thrombin or SFLLRN, but only if aggregation is allowed to
occur.

! This conclusion derives from the following calculation. If there were
originally 100 thrombin receptors on the platelet surface and an addi-
tional 40 in the surface connecting system, then activated platelets
would have (transiently) a total of 140, as was observed with ADP and
U46619. If all of the original surface receptors were cleaved, but the
newly exposed receptors were not, then 40 intact receptors would re-
main on the platelet surface, which would leave 40% of the original
number of SPAN12 binding sites, not the 10% that was observed.
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Fic. 5. Flow cytometry analysis of thrombin receptors on mi-
croparticles. Panel A, platelets were incubated with thrombin (0.25
unit/ml) or the agonist peptide SFLLRN (100 puM) 15 min at room
temperature without stirring in the presence of 200 um RGDS. After-
wards, platelet and membrane microparticles were separated and
stained with the thrombin receptor antibody WEDE15, as described
under “Experimental Procedures.” The results shown are the mean *
S.E. for four studies. Panel B, platelets were stimulated with thrombin
or SFLLRN without aggregation and stained with the glycoprotein Ib,,
antibody, AP-1. The number of microparticles present in the platelet
suspension was determined and is expressed as a percent of total
“particles” counted (mean = S.E., n = 6). Panel C, platelets and micro-
particles were prepared and analyzed as in panel B, except that aggre-
gation was allowed to occur by omitting RGDS, adding Ca®*, and
stirring the samples (average of two studies).

Electron Microscopy of Thrombin-activated Platelets—To ex-
amine directly the distribution of thrombin receptors in acti-
vated platelets, platelets were incubated with thrombin and
allowed to aggregate before being studied by immunoelectron
microscopy using the cleavage-insensitive polyclonal antibody
1047. The results are shown in Fig. 6. Compared with the
resting platelet shown in Fig. 2, there was a marked decrease
in the staining of the plasma membrane (pm in the figure),
presumably in part because of loss of thrombin receptors into
microparticles under these conditions. The surface connecting
system, which evaginates during platelet activation by throm-
bin, was no longer detectable. Instead, large vacuoles were
present which have been shown previously to contain the con-
tents of fused a-granules (30). In addition, occasional smaller
intracellular vesicles were seen which were stained sparsely
with the thrombin receptor antibody. These vesicles were not
present in resting platelets, and no gold labeling was seen
when normal rabbit serum was substituted for the thrombin
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Fic. 6. Electron microscopy of platelets activated with throm-
bin. Shown is an aggregate of platelets from a sample stimulated with
thrombin (1 unit/ml) and then immunolabeled as in Fig. 2. The platelets
(P) have degranulated and formed long interdigitating extensions or
filopodia (f). Most remarkable is the marked decrease in gold labeled on
the plasma membrane (pm) compared with the resting platelets shown
in Fig. 2, as well as the presence of particles within intracellular
vesicles (arrows) of varying sizes. A few gold particles are also present
on the plasma membrane (arrowheads). The large intracellular vacu-
oles (v) seen in platelet P’ have been shown previously to contain the
contents of fused a-granules, some of which are in contact with the
extracellular space (30). Magnification, X 65,000.

receptor antibody as a control.

Loss and Recovery of Thrombin Receptor Function—Throm-
bin receptor activation typically precludes a subsequent re-
sponse to either thrombin or SFLLRN unless resensitization or
replacement of the receptors occurs in the interim. However,
recent studies have shown that the extent of thrombin receptor
desensitization varies among cell types, as does the rate of
recovery. In the studies shown in Fig. 7, human platelets were
loaded with Fura-2, and changes in the cytosolic free CaZ"*
concentration were measured. Thrombin and SFLLRN both
caused a transient rise in cytosolic Ca2" and, as was seen with
the megakaryoblastic cell lines, a subsequent addition of either
agonist elicited little or no response when added within a few
minutes of the first stimulus (Fig. 7, A and B), although re-
sponses to other agonists such as U46619 did occur (not
shown). To determine whether recovery would occur after the
passage of a longer period of time, platelet responses to
SFLLRN were measured 4 h after briefly incubating them with
thrombin. Despite the passage of time, control platelets showed
a full response to SFLLRN. Thrombin-treated platelets, on the
other hand, continued to show no response. By comparison,
HEL cells and endothelial cells recover 40—60% of their initial
response to SFLLRN over the same time period, due, respec-
tively, to receptor recycling (14) and receptor mobilization (18).
Thus, in human platelets receptor activation by either throm-
bin or SFLLRN is followed by desensitization to both which
lasts at least 4 h. Antibody binding studies with ATAP2 and
SPAN11 performed under the same conditions show that there
was a continued gradual loss of cleaved receptors from the
platelet surface during this period (Fig. 8). There was no evi-
dence for either the appearance of new intact receptors (caus-
ing a parallel increase in ATAP2 and SPAN11 binding) or
recycled receptors (causing an increase in ATAP2 binding with-
out a corresponding increase in SPAN11 binding). These re-
sults suggest that the platelets fail to recover their ability to
respond to thrombin because they are unable to replace cleaved
receptors with intact ones.
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Fic. 7. Thrombin receptor response and desensitization in hu-
man platelets. The tracings show the changes in cytosolic Ca?* which
occurred following the addition of 1 unit/ml thrombin, 50 um SFLLRN,
or 5 units/ml hirudin at room temperature without stirring. Panels A
and B, previously untreated platelets at time zero. Panel C, platelets
were incubated with thrombin for 10 min, after which hirudin was
added. The tracing shows the response when SFLLRN was added 4 h
later. Panel D, the response of previously untreated platelets to
SFLLRN 4 h after the start of the experiment. The results are typical of
those obtained in five such studies.

DISCUSSION

In contrast to most G-protein-coupled receptors, thrombin
receptor activation by proteases involves an irreversible pro-
teolytic event. This means that to engender a new round of
thrombin-responsiveness, cells must bring new receptors to
their surface while clearing the old ones. Several strategies
appear to have evolved to accomplish this. In megakaryoblastic
HEL and CHRF-288 cells, essentially all of the cleaved recep-
tors are rapidly removed and then gradually replaced over a
period of hours by new receptors as they are synthesized (14).
In human umbilical vein endothelial cells and transfected fi-
broblasts, receptor replacement initially occurs via a pool of
preformed receptors, and only later do freshly synthesized re-
ceptors emerge (17, 18).

The present studies examine the distribution of thrombin
receptors on resting platelets and the redistribution that occurs
when platelets are activated. In several respects the results are
different from those obtained with other types of cells. In rest-
ing platelets, thrombin receptors were detectable in the plasma
membrane and the membranes of the surface connecting sys-
tem, but not in the membranes of the a-granules. In contrast to
endothelial cells and fibroblasts, there was no evidence for the
existence of an intracellular pool of thrombin receptors. How-
ever, the number of thrombin receptors initially within the
surface connecting system appears to be substantial since the
addition of ADP and U46619, which expose the surface con-
necting system, increased the number of binding sites for
thrombin receptor antibodies by 40%. Using the average of

Platelet Thrombin Receptors
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Fic. 8. Lack of recovery of thrombin receptors on the surface
of platelets activated with thrombin. Platelets were incubated with
0.25 unit/ml thrombin for 5 min after which 1 unit/ml hirudin was
added. The binding of antibodies ATAP2 and SPAN11 was measured by
flow cytometry at each of the times shown and is expressed as a percent
of antibody binding to untreated platelets (mean = S.E., n = 3).

1,500-2,000 plasma membrane thrombin receptors per platelet
previously determined with radioiodinated antibodies (3), this
suggests that resting platelets have 600—800 thrombin recep-
tors per cell in the surface connecting system. Receptors in the
surface connecting system are not accessible to antibodies be-
fore platelet activation, but they are also not in a self-contained
organelle since the surface connecting system opens on to the
plasma membrane even in resting platelets. The exposure of
the surface connecting system by agonists other than thrombin
provides a mechanism by which such agonists may increase the
number of activable thrombin receptors present on the platelet
surface. Since thrombin receptor responses are directly related
to the number of thrombin receptors activated (32), this may be
partially responsible for the synergism between ADP and
thrombin reported 30 years ago by Niewiarowski and Thomas
(46).

Following the addition of thrombin, there was a >90% loss of
binding sites for two antibodies whose epitopes are removed
when thrombin cleaves the receptor. There was also a 60% loss
of binding sites for two monoclonal antibodies whose epitopes
are located COOH-terminal to the thrombin cleavage site. The
first of these observations suggests that thrombin rapidly
cleaves all of its available receptors on platelets, just as it does
on other cells. It also suggests that the newly exposed receptors
that were originally in the surface connecting system have also
been cleaved. The net loss of receptors requires further expla-
nation. We have shown previously in cells other than platelets
that the loss of binding sites for antibodies that bind COOH-
terminal to the thrombin receptor cleavage site can be due to
receptor internalization. However, although coated vesicles
have been observed in platelets, they have never been seen in
great numbers (40, 41), and the study by Norton and co-work-
ers (4) which was cited earlier concluded that cleaved thrombin
receptors remain on the platelet surface. In that study, the
insertion of the tethered ligand domain into a protected envi-
ronment following receptor cleavage was offered as the expla-
nation for the observed decrease in the binding of some throm-
bin receptors antibodies when platelets are activated by
thrombin.

The present studies suggest that the fate of activated throm-
bin receptors on human platelets is at least as complex as it is
in other cells. The fact that nonproteolytic activation of the
receptors with SFLLRN caused the same 60% decrease in
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antibody binding to the platelet surface as did activation of the
receptors with thrombin argues against occlusion of the teth-
ered ligand domain as the sole cause of the reduction in anti-
body binding. Nevertheless, at least 40% of the receptors
clearly remain on the platelet surface after activation. Of the
remainder, some appear to be internalized, and some appear to
be shed into microparticles along with other integral mem-
brane proteins, at least under aggregating conditions. As was
suggested previously (4), some of the others may remain in the
plasma membrane but be inaccessible to any of the antibodies.
Whether the 40% of receptors which remain on the platelet
surface following exposure to thrombin are primarily those that
were originally within the surface connecting system cannot be
determined from the present data, but it seems unlikely since
these receptors do become cleaved as they emerge.

In cells other than platelets, thrombin receptor function is
restored over time following an initial exposure to thrombin. In
HEL and CHRF-288 cells this is accomplished by synthesizing
new receptors that are then moved to the cell surface. On
endothelial cells and fibroblasts, cleaved receptors are initially
replaced from a large intracellular store that is eventually
replenished by synthesizing additional receptors. In either
case, the return of receptor function parallels the return to the
cell surface of intact receptors. Unlike the megakaryocytes
from which they arise, platelets have only a limited capacity to
synthesize proteins, and we were unable to detect an intracel-
lular receptor reserve other than the surface connecting sys-
tem, which would be exposed to thrombin too rapidly to provide
a useful reserve for future use. This leaves platelets without
evident means of restoring thrombin responsiveness. Concep-
tually, this makes sense. Platelets apparently need to respond
to thrombin only once, after which they are incorporated into a
growing hemostatic plug. The structure of the one currently
known thrombin receptor appears to be the same in all cells.
However, in platelets strategies have been adopted which max-
imize responses to thrombin while minimizing the cost to the
cell of maintaining pathways to produce fresh, but perhaps
unneeded, receptors on the cell surface.

Finally, the existence of additional types of thrombin recep-
tors has recently been inferred from knockout studies in mice
(1, 47). Those receptors may or may not ultimately prove to
exist on human platelets. However, their mechanism of activa-
tion is likely to involve proteolysis by thrombin. Whether their
location preceding activation and their redistribution following
activation are the same as for the one thrombin receptor that
has been identified remains to be determined, but many of the
same limitations and issues inherent in a “single-shot” receptor
that is activated by an irreversible event are likely to apply to
them as well on whatever cell they are expressed.

Acknowledgments—We thank N. Blanchard and Yvonne Jacques for
technical assistance.

REFERENCES

1. Connolly, A. J., Ishihara, H., Kahn, M. L., Farese, R. V., Jr., and Coughlin, S.
R. (1996) Nature 381, 516-519

2. Vu, T.-K. H., Hung, D. T., Wheaton, V. I., and Coughlin, S. R. (1991) Cell 64,
1057-1068

3. Brass, L. F., Vassallo, R. R., Jr., Belmonte, E., Ahuja, M., Cichowski, K., and
Hoxie, J. A. (1992) J. Biol. Chem. 267, 13795-13798

4. Norton, K. J., Scarborough, R. M., Kutok, J. L., Escobedo, M.-A., Nannizzi, L.,
and Coller, B. S. (1993) Blood 82, 2125-2136

5. Vassallo, R. R., Jr., Kieber-Emmons, T., Cichowski, K., and Brass, L. F. (1992)

6017

J. Biol. Chem. 267, 6081-6085
6. Scarborough, R. M., Naughton, M. A., Teng, W., Hung, D. T., Rose, J., Vu, T.-K.
H., Wheaton, V. I., Turck, C. W., and Coughlin, S. R. (1992) J. Biol. Chem.
267, 13146-13149
7. Chao, B. H., Kalkunte, S., Maraganore, J. M., and Stone, S. R. (1992) Bio-
chemistry 31, 6175-6178
8. Sabo, T., Gurwitz, D., Motola, L., Brodt, P., Barak, R., and Elhanaty, E. (1992)
Biochem. Biophys. Res. Commun. 188, 604—610
9. Bednar, B., Condra, C., Gould, R. J., and Connolly, T. M. (1995) Thromb. Res.
77, 453—463
10. Derian, C. K., Santulli, R. J., Tomko, K. A., Haertlein, B. J., and Andrade-
Gordon, P. (1995) Thromb. Res. 78, 505-519
11. Ishii, K., Chen, J., Ishii, M., Koch, W. J., Freedman, N. J., Lefkowitz, R. J., and
Coughlin, S. R. (1994) J. Biol. Chem. 269, 1125-1130
12. Vouret-Craviari, V., Auberger, P., Pouysségur, J., and Van Obberghen-
Schilling, E. (1995) J. Biol. Chem. 270, 4813—-4821
13. Brass, L. F. (1992) J. Biol. Chem. 267, 6044—6050
14. Brass, L. F., Pizarro, S., Ahuja, M., Belmonte, E., Blanchard, N., Stadel, J., and
Hoxie, J. A. (1994) J. Biol. Chem. 269, 2943-2952
15. Brass, L. F., Woolkalis, M. J., and Hoxie, J. A. (1995) Trends Cardiovasc. Med.
5, 123-128
16. Hoxie, J. A., Ahuja, M., Belmonte, E., Pizarro, S., Parton, R., and Brass, L. F.
(1993) J. Biol. Chem. 268, 13756-13763
17. Hein, L., Ishii, K., Coughlin, S. R., and Kobilka, B. K. (1994) J. Biol. Chem.
269, 27719-27726
18. Woolkalis, M. J., DeMelfi, T. M., Jr., Blanchard, N., Hoxie, J. A., and Brass, L.
F. (1995) J. Biol. Chem. 270, 98689875
19. Horvat, R., and Palade, G. E. (1995) J. Cell Sci. 108, 1155-1164
20. Jamieson, G. A. (1988) in Platelet Membrane Receptors: Molecular Biology,
Immunology, Biochemistry, and Pathology (Jamieson, G. A., ed) pp.
137-158, Alan R. Liss, New York
21. Greco, N. J., Tandon, N. N., Jones, G. D., Kornhauser, R., Jackson, B.,
Yamamoto, N., Tanoue, K., and Jamieson, G. A. (1996) Biochemistry 35,
906-914
22. McGowan, E. B., Ding, A., and Detwiler, T. C. (1983) J. Biol. Chem. 258,
11243-11248
23. Hung, D. T\, Vu, T.-K. H., Wheaton, V. L., Ishii, K., and Coughlin, S. R. (1992)
J. Clin. Invest. 89, 1350-1353
24. Bennett, J. S., Hoxie, J. A., Leitman, S. S., Vilaire, G., and Cines, D. B. (1983)
Proc. Natl. Acad. Sci. U. S. A. 80, 2417-2421
25. McLean, I. W., and Nakane, P. K. (1974) J. Histochem. Cytochem. 22,
1077-1083
26. Stenberg, P. E., Shuman, M. A., Levine, S. P., and Bainton, D. F. (1984)
Histochem. J. 16, 983-1001
27. Bainton, D. F., Miller, L. J., Kishimoto, T. K., and Springer, T. A. (1987) J. Exp.
Med. 166, 1641-1653
28. Tokuyasu, K. T. (1983) J. Histochem. Cytochem. 31, Suppl. 1A, 164-167
29. Griffiths, G., McDowall, A., Back, R., and Dubochet, J. (1984) J. Ultrastruct.
Res. 89, 65-78
30. Stenberg, P. A., Shuman, M. A., Levine, S. P., and Bainton, D. F. (1984) J. Cell
Biol. 98, 748-760
31. Brass, L. F., Manning, D. R., Williams, A. G., Woolkalis, M. J., and Poncz, M.
(1991) J. Biol. Chem. 266, 958965
32. Ishii, K., Hein, L., Kobilka, B., and Coughlin, S. R. (1993) J. Biol. Chem. 268,
9780-9786
33. Zacharias, U., He, C.-J., Hagege, J., Xu, Y., Sraer, J.-D., Brass, L. F., and
Rondeau, E. (1995) Exp. Cell Res. 216, 371-379
34. Harmon, J. T., and Jamieson, G. A. (1988) Biochemistry 27, 2151-2157
35. De Marco, L., Mazzucato, M., Masotti, A., and Ruggeri, Z. M. (1994) J. Biol.
Chem. 269, 6478—6484
36. Woods, V. L., Jr., Wolff, L. E., and Keller, D. M. (1986) <J. Biol. Chem. 261,
15242-15251
37. Hourdille, P., Benabdallah, S., Belloc, F., and Nurden, A. T. (1985) Br. J.
Haematol. 59, 171-182
38. Escolar, G., Clemetson, K., and White, J. G. (1994) J. Lab. Clin. Med. 123,
536546
39. Nurden, P., Heilmann, E., Paponneau, A., and Nurden, A. (1994) Semin.
Hematol. 31, 240-250
40. Morgenstern, E. (1982) Eur. J. Cell Biol. 26, 315-318
41. Behnke, O. (1989) Thromb. Haemostasis 62, 718-722
42. George, J. N., Thoi, L. L., McManus, L. M., and Reimann, T. A. (1982) Blood
60, 834-840
43. Tans, G., Rosing, J., Thomassen, M. C., Heeb, M. J., Zwaal, R. F., and Griffin,
J. H. (1991) Blood 77, 2641-2648
44. Chang, C.-P., Zhao, J., Wiedmer, T., and Sims, P. J. (1993) J. Biol. Chem. 268,
7171-7178
45. Gemmell, C. H., Sefton, M. V., and Yeo, E. L. (1993) J. Biol. Chem. 268,
14586 -14589
46. Niewiarowski, S., and Thomas, D. P. (1966) Nature 212, 1544-1547
47. Darrow, A. D., Fung-Leung, W.-P., Ye, R. D., Santulli, R. J., Cheung, W.-1.,
Derian, C. K., Burns, C. L., Damiano, D. P., Zhou, L., Keenan, C. M.,
Peterson, P. A., and Audrade-Gordon, P. (1996) Thromb. Haemostasis 76,
860—-866

810z ‘8T AInc uo 1s8nb Aq /B10°0g["mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/

Thrombin Receptorson Human Platelets: INITIAL LOCALIZATION AND
SUBSEQUENT REDISTRIBUTION DURING PLATELET ACTIVATION

Marina Molino, Dorothy F. Bainton, James A. Hoxie, Shaun R. Coughlin and Lawrence F.

Brass

J. Biol. Chem. 1997, 272:6011-6017.
doi: 10.1074/jbc.272.9.6011

Access the most updated version of this article at http://www.jbc.org/content/272/9/6011

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 46 references, 24 of which can be accessed free at
http://www.jbc.org/content/272/9/6011. full. html#ref-list-1

810z ‘8T AInc uo 1s8nb Aq /B10°0g["mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/content/272/9/6011
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;272/9/6011&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/272/9/6011
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=272/9/6011&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/272/9/6011
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/272/9/6011.full.html#ref-list-1
http://www.jbc.org/

