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SUMMARY
Several investigators have shown that incubating unstirred plate-
lets with epinephrine blunts subsequent aggregation when the
platelets are stimed. Using aspirin-treated platelets, we further
characterized this desensitization of a--adrenergic tor-ini-
tiated aggregation. Desensitization occurred with a ty, of 3—-6 min
and was maximal at 20-30 min, at which time the initial rate of
tion and its maximal extent were about half that of
control platelets. When we preincubated platelets with epineph-
rine, and then added phentolamine to block the a-receptors,
ADP-initiated aggregation occurred normally. Thus, the desen-
sitization of ephinephrine-initiated aggregation was not associ-
ated with a generalized impairment of aggregation. At concen-
trations too low to initiate aggregation, epinephrine is known to
potentiate aggregation initiated by other agents. Clonidine also
acts at a-receptors to potentiate aggregation initiated by other
agents, but it does not initiate aggregation by itself. Preincubating
clonidine with platelets for 30 min abolished its potentiating effect
on ADP-initiated aggregation. Thus, the ability of a-receptors to

both potentiate and initiate aggregation desensitizes after a brief
preincubation with agonist. We performed several types of ex-
periments to investigate the mechanism of this desensitization.
Platelet a-receptors are coupled to an inhibition of adenylate
cyclase. We found, however, that a-mediated inhibition of
prostaglandin E,-stimulated cCAMP accumulation occurred nor-
mally in desensitized platelets. Similarly, epinephrine inhibited
basal adenylate cyclase activity normally in membranes prepared
from desensitized platelets. In membranes prepared from desen-
sitized platelets, epinephrine competed normally for [*H]jrauwol-
scine binding, and this competition was modulated normally by
guanine nucleotides. Thus, the properties of the a,-receptors, as
measured in radioligand binding experiments, were unchanged
by densensitization. In conclusion, desensitization of a-adrener-
gic receptor-mediated aggregation occurs without change in the
az-adrenergic receptors or in their coupling to an inhibition of
adenylate cyclase.

After prolonged incubation of target cells with hormones or
neurotransmitters, the cellular responses that are evoked by
agonist occupancy of surface receptors are often blunted or
desensitized. This desensitization is thought to be an important
means by which cells regulate their responsivity. Many phar-
macological studies of receptor desensitization have focused on
receptors that stimulate adenylate cyclase, particularly 8-ad-
renergic receptors (reviewed in Refs. 1 and 2), but few studies
have investigated desensitization of receptors that inhibit ade-
nylate cyclase. In the human platelet, a,-adrenergic receptors
initiate aggregation and secretion and are coupled to inhibition
of adenylate cyclase (3). Several investigators have demon-
strated that incubating unstirred platelets with epinephrine
blunts subsequent aggregation when the platelets are stirred
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(4-6). The mechanism of this desensitization has not been
explored. We report here that platelet desensitization to epi-
nephrine is not accompanied by any detectable changes in the
a,-adrenergic receptors themselves or in the ability of these
receptors to inhibit cAMP accumulation.

Materials and Methods

Platelet preparation. Blood was drawn from healthy and ambu-
latory men and women between the ages of 20 and 40 who had taken
no medications during the previous week, and the blood was anticoag-
ulated with 3.8% sodium citrate. PRP was obtained by centrifuging the
blood in plastic tubes at 180 X g for 15 min. In some experiments, PRP
was incubated initially with 1 mM aspirin for 20 min at 37° to inhibit
platelet cyclooxygenase (7).

Platelet aggregation. Aggregation was monitored as a change in
light transmittance through PRP using a platelet aggregometer (Chron-
olog Corp., Broomall, PA). As described for each experiment, unstirred
PRP was incubated for various periods of time at 37° with one or more

ABBREVIATIONS: PRP, platelet-rich plasma; EDTA, ethylenediaminetetraacetate; IBMX, isobutyimethyixanthine; PGE,, prostaglandin E,.
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agonists. Aggregation was initiated by adding a stir bar to the cuvette
and stirring at 1000 rpm. Both the initial rate and the extent of
aggregation were measured. The initial rate of platelet aggregation was
expressed in arbitrary units, and the extent of aggregation was taken
as the percentage of platelet aggregation 3 min after adding the stir
bar. Light transmittance through untreated PRP was set at 0% and
that through platelet-poor plasma at 100%.

cAMP accumulation. In most experiments we measured cAMP
generation by monitoring the conversion of [*HJATP to [*H]cAMP
using a procedure modified from published reports (8, 9). PRP was
incubated with 1 xCi/ml of [*'H]adenine for 45 min at room temperature
and then centrifuged at 2000 X g for 10 min. The platelet pellets were
resuspended in 100 mM NaCl, 50 mM Tris-Cl, 5 mM EDTA at pH 7.5,
washed twice, and then resuspended in the same buffer containing 0.2
mM IBMX, an inhibitor of cAMP phosphodiesterase, 0.1 mg/ml of
ascorbic acid (to block oxidation of epinephrine), and 1 uM (-)-
propranolol to block B-adrenergic receptors. The protocols used for
preincubating the platelets and for stimulating adenylate cyclase activ-
ity are given in the figure legends. Reactions (1 ml each) were termi-
nated by adding 0.2 ml of 22% perchloric acid containing 1000-2000
cpm of [*C]cAMP, and centrifuging at 1000 X g for 10 min. cAMP in
the supernatant was isolated by sequential Dowex and alumina chro-
matography (10), and both *H and C were counted in a scintillation
counter. The results were corrected for column efficiency (determined
from the recovery of [*CJcAMP) and the spillover between *H and *C
in the scintillation counter. The final results are expressed as the
fraction of the *H incorporated into the cells that was converted to
[*H]cAMP. In some experiments, adenylate cyclase activity in platelet
membranes was measured directly (11).

Radioligand binding. As indicated in each particular experiment,
platelets were isolated from PRP either by gel filtration (12) or by
centrifugation and washing (13). Platelet membranes were prepared by
freeze-thawing and homogenizing washed platelets as reported previ-
ously (11). The buffers used are described in the figure legends. The
platelets or membranes were incubated with radioligands and other
additions in a total volume of 0.5 ml. The two radioligands used ([*H]
rauwolscine and [*H]yohimbine) yielded indistinguishable results. The
reaction was terminated by adding 10 ml of buffer and washing over
glass fiber filters with a further 10 ml of buffer. Nonspecific binding
was defined as binding that occurred in the presence of 100 uM
epinephrine. This binding was indistinguishable from binding observed
in the presence of 10 uM phentolamine.

Results

Desensitization of epinephrine-initiated platelet ag-
gregation. The experiments in Figs. 1 and 2 demonstrate that

Initial Rate of Aggregation
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Fig. 1. Time course of epinephrine-initiated desensitization. PRP was
incubated with aspirin for 20 min to block the second wave of aggrega-
tion. The PRP was then incubated with 10 um epinephrine at 37° for
various of time without stirring. At the times indicated the PRP
was stirred and the rate of platelet aggregation was measured.
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Fig. 2. Dose response for desensitization of epinephrine (EPI.)-initiated
platelet aggregation. PRP was incubated with aspirin for 20 min to block
the second wave of aggregation. The PRP was then preincubated for
90 min at 22° in the presence (@) or absence () of epinephrine. After
90 min the PRP was warmed to 37°; various concentrations of epineph-
rine were also added to the control PRP that had not been preincubated
with epinephrine. The platelets were then stired and aggregation was
monitored as a change in light transmittance. Both the initial rate (top)
and the ultimate extent of aggregation (bottom) were reduced in the PRP
that had been preincubated with epinephrine for 90 min.

platelet aggregation initiated by epinephrine is subject to de-
sensitization. Aspirin was added to PRP to block cyclooxygen-
ase and the second wave of aggregation, and the PRP was
preincubated for various lengths of time at 37° in the presence
or absence of epinephrine. The platelets did not aggregate
during this preincubation because the PRP was not stirred.
Aggregation was initiated by adding a stir bar. In Fig. 1, PRP
was preincubated with 10 uM epinephrine for various amounts
of time, and aggregation was then assessed. Desensitization
was half-maximal by 3-6 min and maximal by 20-30 min. In
Fig. 2, PRP was preincubated with or without various concen-
trations of epinephrine for 30 min at 21°. The samples prein-
cubated with epinephrine were then stirred, and aggregation
was monitored. Epinephrine was then also added to stirred
control platelets that had not been preincubated with the
agonist. Both the initial rate and the maximal extent of aggre-
gation were reduced in the PRP that had been preincubated
with epinephrine compared to PRP that had been preincubated
without epinephrine. Similar data were obtained with platelets
that had not been treated with aspirin, when the preincubation
was performed at 37°, and when 1 uM propranolol was included
in the incubation; desensitization was not due to destruction of
the epinephrine because epinephrine-preincubated platelets
were poorly responsive even when a second dose of epinephrine
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was added at 90 min (data not shown). We also observed
desensitization of epinephrine-initiated aggregation in PRP
that was not pretreated with aspirin; this was most pronounced
when we added creatine phosphokinase (0.5 ug/ml) and phos-
phocreatine (12 mM) to the PRP to block the effects of released
ADP.

Fig. 3 shows that desensitization by epinephrine is receptor
specific. PRP was preincubated for 30 min at 37° in the pres-
ence or absence of 10 uM epinephrine. This preincubation
desensitized epinephrine-initiated aggregation. Phentolamine
(10 uM final) was then added to block the a.-adrenergic recep-
tors. Control experiments showed that 10 uM phentolamine
completely blocked aggregation initiated by 10 uM epinephrine.
One minute later, ADP (1 or 10 uM) was added and aggregation
was monitored. ADP-initiated aggregation occurred identically
in PRP preincubated with and without epinephrine. Identical
conclusions were obtained when platelets were not preincu-
bated with aspirin. Thus, the desensitization caused by incu-
bating PRP with epinephrine is not a generalized desensitiza-
tion of platelet aggregation, but is a specific desensitization of
aggregation initiated by a,-adrenergic receptors.

By itself, epinephrine aggregates platelets only at concentra-
tions exceeding 0.5 uM. However, at lower concentrations it
potentiates aggregation initiated by other agents, such as ADP
(14). We found that we could best study desensitization of this
potentiation response by using clonidine, a partial a.-agonist
that does not initiate aggregation by itself (15). Preincubating
the platelets with 10 uM clonidine for 15 min desensitized the
ability of clonidine to potentiate ADP-initiated aggregation
(Fig. 4).

Adenylate cyclase activity in desensitized platelets.
We next asked whether incubating platelets with epinephrine
would desensitize a,-receptor-mediated inhibition of adenylate
cyclase activity, the generally recognized second messenger
system for a-receptors in platelets. Platelets were incubated
for 90 min at 37° with 107*-10"'° M epinephrine. At 90 min,
forskolin (20 uM final) was added to stimulate adenylate cyclase
activity (11, 16) and epinephrine was simultaneously added to

-0

Light Transmission

Minutes

Fig. 3. Desensitization by epinephrine is receptor specific. We incubated
aspwm—u'eatedPRPwm(—)ormet(---)wwepmeptmfor
30 min and confirmed that ted aggregation was desen-
sitized as in Fig. 1. Phentolamine (10 um) was then added at time O to
block the az-adrenergic receptors. One minute later, ADP (1 or 10 um)
was added and tion monitored. In a control experiment we
demonstrated that 10 um phentolamine was sufficient to entirely block
aggregation initiated by 10 um epinephrine. The starting positions on the
y axis are arbitrary, and fine oscillations in the tracing were filtered out.
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control platelets that had not been preincubated with epineph-
rine. After 2 min, the reaction was stopped by addition of
perchloric acid, and cAMP generation was quantitated. In
control platelets, forskolin stimulated cAMP production, and
epinephrine blocked this stimulation with an ICs of 10 nM
(Fig. 5). The ability of epinephrine to inhibit cAMP production
was not altered by a 90-min preincubation of the platelets with
the epinephrine.

When the preincubation with epinephrine was extended from
90 min to 5 hr, desensitization of adenylate cyclase inhibition
was still not observed (Fig. 6). In this particular experiment,
PGE,, rather than forskolin, was used to stimulate adenylate
cyclase activity. Furthermore, we also found no evidence for
desensitization of the adenylate cyclase response when we
replaced the NaCl/Tris-EDTA incubation buffer with Dulbec-
co’s modified Eagle’s cell culture medium supplemented with 1
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Fig. 4. Desensut:zauon of clonidine-mediated potentiation of platelet
aggregation. Unstired PRP was incubated for 30 min at 37° with or
without 10 um clonidine. The PRP was then placed in the aggregometer
and 10 um clonidine was added to tubes preincubated without clonidine.
ADP (1 um) was added to both tubes, the samples were stirred, and the
initial rate of aggregation was monitored. Clonidine alone did not cause
aggregation. Data are means + SE of three experiments.
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Fig. 5. Dose response for epinephrine-mediated inhibition of CAMP
accumulation in human platelets. Washed platelets were incubated for 1
hr at 37° either in the presence (curve A, A) or absence (curve B, ®) of
various concentrations of epinephrine. The platelets were then trans-
ferred to tubes containing 20 um forskolin. For curve B these tubes also
contained various amounts of epinephrine. After incubating for 2 min,
the reaction was terminated and the conversion of [*H]adenine to [°H]
cAMP was determined. The solid circle represents the basal level of
CAMP in platelets not stimulated with forskolin.
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Fig. 6. Lack of desensitization in platelet a,-receptors after incubation
with epinephrine for 5 hr. Washed platelets were prelabeled with [*H]
adenine and then incubated for 5 hr alone (A-C) or with 100 um
epinephrine (D). The platelets were then added to tubes containing 20
um PGE, (B-D), with epinephrine also present in C. The reaction was
terminated after 2 min, and CAMP generation was quantitated.

mg/ml of bovine serum albumin and 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, when the reaction time was
decreased to 0.5 or 1 min, or when IBMX was omitted from
the incubation. In addition, we also measured the ability of
epinephrine to inhibit adenylate cyclase activity in platelet
membranes. Again we found no evidence for desensitization:
30 uM epinephrine inhibited basal adenylate cyclase activity by
57 + 1% (mean + standard error, n = 3) in control membranes
and by 59 + 3% in membranes prepared from platelets that
had been preincubated with 10 uM epinephrine for 1 hr.

These data demonstrate that preincubating platelets with
epinephrine desensitizes the ability of the a.-receptors to ini-
tiate platelet aggregation, but does not alter the ability of these
receptors to inhibit cAMP accumulation. However, because the
aggregation studies were conducted in plasma whereas the
cAMP studies employed washed platelets, we thought it impor-
tant to perform both types of experiments in plasma. Whole
blood was incubated either with or without 10 uM epinephrine
for 30 min, and PRP was then prepared. A portion was placed
into aggregometer tubes and the tracings shown in the inset to
Fig. 7 were generated: a marked desensitization of aggregation
was noted. [°H]Adenine (1 xCi/ml), IBMX (0.2 mM), and
propranolol (1 uM) were then added to the PRP, which was
incubated 30 min at 37°, and then added to tubes containing
20 uM PGE, or 20 uM forskolin. After 2 min, the reaction was
stopped and cAMP accumulation was measured. The degree of
inhibition of cAMP generation (stimulated by either PGE, or
forskolin) was the same in platelets that had been preincubated
with the epinephrine and in platelets to which the agonist was
added simultaneously with the PGE, or forskolin. These data
substantiate the conclusion that the ability of epinephrine to
inhibit cAMP accumulation does not desensitize, whereas the
ability of this agonist to stimulate platelet aggregation does
desensitize.

az-Receptors on desensitized platelets. We next asked
whether desensitization might directly modify the a,-receptors
on platelets. Radioligand binding was used to examine the
receptors in two types of experiments—one using platelet mem-
branes, the other using intact platelets.

Desensitization is known to alter 8-adrenergic receptors on
many cells in a manner that can be recognized in radioligand
binding experiments. The apparent affinity of the receptors for
agonists is reduced because the receptors are “uncoupled” from
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Fig. 7. Lack of desensitization of a-mediated inhibition of CAMP accu-
mulation in platelets suspended in plasma. Whole blood was incubated
in the presence or absence of 10 um epinephrine (EPI.) for 30 min at 37°.
The PRP was then isolated. Some of the PRP was used to quantitate
aggregation: as shown in the inset, aggregation was diminished in the
plasma isolated from biood preincubated with epi rine. The remainder
of the PRP was incubated at 37° for 30 min with [*H]adenine (1 xCi/mi),
IBMX (0.2 mm), and propranolol (1 um). The PRP was then placed into
tubes containing 20 uM forskolin or PGE,. In addition, some tubes that
had not been preincubated with epinephrine were now supplemented
with 10 um epinephrine. After a further 2-min incubation, the reaction
was stopped and [*HJcAMP accumulation was determined.

guanine-nucleotide coupling proteins. a,-Receptors on platelets
are coupled to the guanine nucleotide regulatory protein, G;
(17, 18). We prepared platelet membranes from control and
desensitized platelets, and examined the competition between
epinephrine and [*H]rauwolscine for binding to a»-receptors
(Fig. 8). The results for control and desensitized platelets were
indistinguishable. In addition, the a;-receptors on desensitized
platelets displayed a normal rightward shift in the competition
curve in the presence of 100 uM guanosine 5’-(8,y-im-
ido)triphosphate indicating that they were still coupled to G;.

Desensitization of 3-adrenergic receptors has also been dem-
onstrated in radioligand binding experiments using intact cells:
initially the S-adrenergic receptors show a high apparent affin-
ity for catecholamine agonists, and this affinity appears to
rapidly decrease as the receptors desensitize (2, 19). The initial
high affinity “state” is detected in competitive radioligand
binding assays with agonists by terminating the reaction at
early time points. We wondered whether the apparent affinity
of the platelet a,-receptor agonists similarly changes. Fig. 9
shows the competition of epinephrine for [*H]yohimbine bind-
ing to intact platelets at 1 and 30 min. The data points were
obtained experimentally, whereas the curves are computer-
drawn predictions for competition of radioligand and competi-
tor for receptor binding based on the law of mass action with
no “time-dependent” change in affinity (20). These calculated
curves show that the law of mass action predicts the rightward
shift of the competitive binding curve as a greater fraction of
the receptors are occupied by radioligand; the shift does not
reflect a change in the affinity of the receptors. Thus, the
affinity of the platelet a,-adrenergic receptor for epinephrine
does not detectably change between 1 and 30 min.

Discussion

Desensitization is an important mechanism by which the
responsiveness of cells to hormones and neurotransmitters is
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Fig. 8. Competition of epinephrine for [*H]rauwolscine binding to platelet
membranes. PRP was incubated for 60 min at 37° in the presence
(triangles) or absence (squares) of 10 um epinephrine. The platelets were
washed at 4°, and membranes were prepared and suspended in 50 mm
Tris-HCI, 8 mm MgCl,, 0.5 um EDTA, and 0.8 mm ascorbic acid at
7.5. The membranes were incubated for 45 min at 25° with 4.9 nm [°H]
m:wolscheandvaﬁwsconeemraﬁonsofepinprwhe.wm\noaddiﬁon
(open symbols), or with 100 mm guanosine 5’8,y-imido)triphosphate
[Gpp(NH)p] (solid symbois). The membranes were then filtered and
washed, and specific binding was determined.

8

30 MIN

Dotted line is prediction I
oftholaofmocum.l MIN

Specific Binding
(percent of control)
]

Nean of 3 experiments. 1

-8 -8 -1 -6 -5 -4

log(Epinephrine, M]
Fig. 9. Competition by epinephrine for [*H]yohimbine binding sites on
intact platelets at 1 and 30 min. Platelets were prepared from PRP by
gel filtration into a Tyrode's buffer, warmed to 37°, and then added to
tubes containing 8 nm [*H]yohimbine and various concentrations of
epinephrine. The reactions were terminated by filtration on glass fiber
filters at 1 min (@) or 30 min (W). The curves were drawn by a computer
programmed with equations describing the law of mass action (20). The
dissociation constant for epinephrine in 30-min experiments is 1.1 + 0.1
méme:rztse;n=3).mw“ofepheuMh1-ninexpeﬁmemsis
42 + 0.2 um.

regulated. Desensitization of epinephrine-initiated platelet ag-
gregation was first reported in 1964 by O’Brien (4) and has
since been confirmed by several other investigators (e.g., Refs.
5 and 6). We have confirmed and extended those findings by
demonstrating desenitization in aspirin-treated platelets, where
only primary aggregation can occur in response to epinephrine.
Thus, desensitization does not appear to require the synthesis
of prostaglandin endoperoxides or thromboxane A.. Using the
az-adrenergic partial agonist clonidine, we have also demon-
strated that a second a,-adrenergic receptor function is also
subject to desensitization: the potentiation of ADP-induced
aggregation. Moreover, we have found that desensitization to
epinephrine is a,-receptor specific. Thus, the aggregation re-
sponse to epinephrine is reduced while the primary response to
the unrelated agonist ADP is not.

Desensitization of Epinephrine-initiated Aggregation 5

The mechanism of the rapid desensitization of human plate-
lets is as yet unknown. “Down-regulation” of receptor number
explains desensitization in many other receptor systems, but
we have previously shown that the number of a,-adrenergic
receptors on platelets does not decrease following incubation
with epinephrine (13). Platelet a;-receptors are coupled to an
inhibition of adenylate cyclase. However, our data demonstrate
that the ability of these receptors to inhibit adenylate cyclase
activity is not subject to desensitization. Thus, a,-initiated
platelet aggregation must become desensitized either at a step
distal to inhibition of adenylate cyclase, or at some as yet
undefined step that links receptor occupancy to aggregation
without involving adenylate cyclase. Platelet aggregation in
response to epinephrine requires 1) the binding of extracellular
fibrinogen to specific figrinogen receptors on the platelet sur-
face membrane, and 2) stirring to enhance platelet-to-platelet
interactions. The fibrinogen receptor has been localized to a
heterodimer complex of the integral platelet membrane glyco-
proteins, IIb and IIla. Fibrinogen receptors are not expressed
in resting platelets. However, about 50,000 fibrinogen receptors
per platelet are expressed when platelets are stimulated by
epinephrine or other agonist (21, 22). Nothing is known about
the intramembrane or intracellular processes linking occupancy
of a;-adrenergic receptor to expression of fibrinogen receptors,
and we are currently investigating the possibility that desensi-
tization of epinephrine-induced aggregation occurs at that level.

Receptors that stimulate adenylate cyclase typically desen-
sitize in two phases: first, within several minutes after incuba-
tion with agonist, the function of the receptors is desensitized
although the number of receptors is changed; then over the
next few hours the number of detectable receptors decreases.
We found that a.-mediated inhibition of adenylate cyclase, at
least as measured by the conversion of [*H]adenine to [*H]
cAMP, was not decreased in desensitized platelets. Relatively
little evidence exists for rapid desensitization of “inhibitory”
receptors. In one study, Green and Clark (23) found that the
ability of the muscarinic cholinergic agonist carbachol to inhibit
cAMP accumulation in cultured fibroblasts desensitizes with a
ty, of 11 min. Other investigators have presented data demon-
strating a lack of desensitization of inhibitory receptors. For
example, a,-adrenergic receptor-mediated inhibition of human
adipocyte adenylate cyclase does not desensitize when cells are
incubated in vitro with epinephrine for 3 hr (24), nor do hamster
adipocyte a.-receptors desensitize when animals are injected
with epinephrine for up to 6 days (25). Other reports of desen-
sitization of inhibitory receptors (muscarinic cholinergic, and
somatostatin) have involved incubations with agonists for at
least several hours (26-28), and it is possible that changes of
receptor number, rather than desensitization of receptor func-
tion, explain these results.

Elevated levels of cAMP are known to block platelet acti-
vation. a,-Receptors inhibit adenylate cyclase and thus de-
crease platelet cCAMP. Several pieces of data, however, suggest
that depression of cCAMP levels may not be the mechanism
mediating a,-receptor action in platelets (8, 29). For example,
Salzman et al. have shown that whereas the compound SQ22536
inhibits adenylate cyclase in platelets, it does not activate
platelets (29). More recently, Clare et al. (15) identified several
agonists that initiate aggregation (presumably through a,-re-
ceptors) without inhibiting cAMP accumulation, and other
compounds that inhibit cAMP accumulation without initiating
aggregation. Our desensitization data support the notion that
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different mediators (or perhaps different receptor subtypes)
mediate epinephrine-initiated aggregation and inhibition of
adenylate cyclase. Likely candidates for the mediator of a.-
mediated aggregation are stimulation of Na*/H* exchange,
phosphoinositide metabolism, and Ca®** mobilization. Deter-
mining whether these pathways are coupled to a.-receptors in
platelets and, if so, whether desensitization occurs seems a
fruitful direction for further work.
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