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Acute Reduction in Human Platelet a2-Adrenoreceptor
Affinity for Agonist by

Endogenous and Exogenous Catecholamines

ALAN S. HOLLISTER, GARRETA. FITZGERALD, JOHN H. J. NADEAU, and
DAVID ROBERTSON,Division of Clinical Pharmacology, Departments of
Medicine and Pharmacology, Vanderbilt University School of Medicine,
Nashville, Tennessee 37232

A B S T R A C T The binding characteristics of l-epi-
nephrine to intact human platelets were assessed under
conditions of physiological and pharmacological vari-
ations in plasma catecholamine concentration. In com-
petition with the a2-adrenoreceptor antagonist yo-
himbine, mean platelet receptor affinity for l-epi-
nephrine was decreased 3.4-fold after 2 h of upright
posture and exercise. This change in agonist affinity
correlated significantly with the increases in plasma
epinephrine and norepinephrine that were stimulated
by upright posture and exercise. Supine subjects in-
fused with l-norepinephrine or l-epinephrine for 2 h
also averaged a 3.3- and 2.7-fold decrease in platelet
a2-adrenoreceptor affinity for agonist with no change
in receptor number or antagonist affinity. The a2-ad-
renoreceptor agonist affinity changes were specific for
a-agonists since they were blocked by phentolamine,
and incubation with 10' M isoproterenol produced
no change in a2-adrenoreceptor affinity for l-epineph-
rine. In vitro exposure of intact human platelets to 106
to 10-10 M l-epinephrine for 2 h produced a concen-
tration-related decrease in a2-adrenoreceptor affinity
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for agonist. In all three paradigms, average slope fac-
tors approached 1.0 as affinity decreased, which is con-
sistent with a heterogeneous receptor population that
becomes more homogeneous after agonist exposure.

Incubation of platelet-rich plasma with 10-6 to 108
M l-epinephrine resulted in a dose- and time-related
loss of aggregatory response to l-epinephrine; this dem-
onstrates that agonist affinity changes are correlated
with changes in receptor sensitivity.

These observations demonstrate that physiological
variations in plasma cetecholamines acutely modulate
the intact human platelet a2-adrenoreceptor's affinity
for agonist, and can thereby alter the sensitivity of
platelets to a2-adrenergic agonist.

INTRODUCTION

Epinephrine acts via a2-adrenoreceptors to initiate
human platelet aggregation and secretion, and to in-
hibit platelet adenylate cyclase activity (1-5).
Recently, the selective antagonist radioligand,
[3H]yohimbine, has been used to characterize a2-ad-
renoreceptors in both intact and membrane prepara-
tions of human platelets (6-10). These studies have
confirmed the a2-adrenergic classification' of these
platelet receptors. Further studies have identified in-
fluences of sodium and magnesium on a2-adrenore-
ceptor agonist binding affinity and have demonstrated
high and low agonist affinity states of the receptor,
which are modulated by guanine nucleotides (11-15).

Exposure of platelets to high concentrations of cat-
echolamines in vitro has been reported to decrease the
number of assayable platelet a2-adrenoreceptors, ei-
ther through a reduction' in receptor number or by
retention of agonist in the preparation (16, 17). Ex-
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posure to catecholamines at concentrations below lo-5
M has not been found to alter the number of platelet
a2-adrenoreceptors (18, 19). In vivo studies in which
catecholamine concentrations range from l0' to 10-10
M have yielded contradictory results. It has been re-
ported that patients with pheochromocytoma have low
or normal numbers of receptors, and patients with id-
iopathic orthostatic hypotension have high or normal
receptor density (20-22). No assessment of platelet
a2-adrenoreceptor agonist affinity has been reported
under conditions of high or low plasma catechol-
amines.

Recent work in our laboratory has demonstrated that
variations of plasma catecholamines within the phys-
iological range are inversely related to (3-adrenorecep-
tor density on human lymphocytes (23, 24). In chronic
situations, receptor density was inversely correlated
with plasma catecholamine concentration. In addition,
we have recently described alterations in lymphocyte
(3-receptor affinity for agonist by short-term variations
in plasma catecholamines (25). This has been asso-
ciated with parallel changes in the ability of isopro-
terenol to stimulate lymphocyte adenylate cyclase ac-
tivity. Thus, changes in plasma catecholamines within
the physiological range appear to modulate ,8-receptor
number, agonist affinity, and sensitivity.

Our purpose in this study was to investigate the ef-
fects of physiological changes in plasma catechol-
amines on a2-adrenoreceptor number and agonist af-
finity in intact human platelets. We report here that
short-term variations in plasma catecholamines within
the physiological range modulate the platelet a2-ad-
renoreceptor's affinity for and sensitivity to agonist
without changes in receptor number.

METHODS

Materials. [3H-Methyl]yohimbine (sp. act. 80-90 Ci/
mmol, New England Nuclear, Boston, MA) was stored in
ethanol under N2 at -20°C until use. Phentolamine hydro-
chloride (Ciba-Geigy Corp., Summit, NJ), clonidine hydro-
chloride (Boehringer Ingelheim Ltd., Elmsford, NY), I-pro-
pranolol hydrochloride (Ayerst Laboratories, New York),
prazosin hydrochloride (Pfizer, Inc., Groton, CT), d-epi-
nephrine bitartrate, and d-norepinephrine bitartrate
(Winthrop Laboratories, Rensselaer, NY) were gifts.

l-Epinephrine bitartrate, l-norepinephrine bitartrate, 1-
isoproterenol bitartrate, and dl-normetanephrine hydrochlo-
ride were purchased from Sigma Chemical Co., St. Louis,
MO; yohimbine hydrochloride from Aldrich Chemical Co.,
Inc., Milwaukee, WI, and rauwolscine hydrochloride from
Carl Roth, Karlsruhe, Federal Republic of Germany.

Platelet isolation. Blood was drawn by using the double-
syringe technique into 9:1 (vol/vol) 3.8% trisodium citrate
or acid-citrate-dextrose (8 g citric acid, 22 g trisodium ci-
trate, and 25 g dextrose per liter) and centrifuged at 200 g
at room temperature for 14 min. The upper three-fourths

of the platelet-rich plasma (PRP)l was placed over a 50%
bovine serum albumin cushion (26) and then, the platelets
were pelleted by centrifugation at 1,000 g at room temper-
ature for 12 min. The platelets were gently resuspended in
12.7 mMcitrate-100 mMNaCl, pH 6.7, recentrifuged over
an albumin cushion, and resuspended in pH 7.5 buffer that
consisted of 50 mMTris, 100 mMNaCl, 0.5 mMNa2 EDTA,
8 mMMgCl2, and 0.8 mMascorbic acid. Platelet yield was
85-95% of the platelets in PRP, and platelet size distribution
was not altered by this preparative technique. Platelet counts
were performed on a model ZBI Coulter Counter and size
distribution analysis determined with a Coulter Channelyzer
II (Coulter Electronics, Inc., Hialeah, FL).

In some experiments, the platelets resuspended in buffer
were incubated for 2 h with varying cncentrations of l-epi-
nephrine. The incubations were terminated by 15-fold di-
lution with citrate-saline and platelets were pelleted onto an
albumin cushion as above. The platelets were washed by
resuspension and recentrifugation in the citrate-saline so-
lution, and then resuspended in the Tris-saline-EDTA-MgCI2
buffer. 80-95% of the platelets were recovered after these
washing procedures with no change in size distribution. The
incubation with epinephrine also did not affect the platelet
yield when compared wth control incubations.

Binding assay. Freshly prepared platelets suspended in
Tris-saline-EDTA-MgC92 buffer were incubated for 30 min
in a total volume of 250 Al at 25°C with slow shaking, 6-10
nM of [3H]yohimbine and varying concentrations of com-
peting ligands. The incubation was terminated by dilution
with 5 ml of buffer and rapid filtration at reduced pressure
through Whatman GF/C glass filters (Whatman Laboratory
Products, Inc., Clifton, NJ). The incubation tube was rinsed
with two 5-ml aliquots of buffer and an additional two 5-ml
washes of the filter were performed. The filters were air
dried and counted in 5 ml of 2:1 toluene/Triton X-100 (scin-
tillation grade, Research Products International Corp., Mt.
Prospect, IL) containing 30 ml/liter Liquifluor (New En-
gland Nuclear) at 39-43% counting efficiency. Nonspecific
binding was defined as the radioactivity bound in the pres-
ence of 10 1uM of phentolamine and it represented 15-40%
of the total bound [3H]yohimbine. Nonspecific binding was
not affected by the addition of l-epinephrine to assay tubes
containing phentolamine. Total counts bound were 1-2% of
the added radioactivity with filter blanks <0.2%.

Binding of [3H]yohimbine to intact platelets was saturable
and revealed a homogenous affinity of 4.1±0.9 nM (n = 41,
mean±SD) with a number of platelet a2-adrenoreceptors of
215±61 binding sites per platelet. Kinetic analysis of asso-
ciation and dissociation phases of binding revealed an as-
sociationrateconstant(kl)of 0.016nM- min-landadissociation
rate constant (k2) of 0.070 min-' which resulted in a kinet-
ically derived dissociation constant for [3H]yohimbine of 4.4
nM. Binding of [3H]yohimbine to intact platelets also was
linear with platelet number from 20 x 106 to 160 X 10'
platelets; the affinity constant is in good agreement with the
potency of yohimbine in antagonizing l-epinephrine-in-
duced platelet aggregation.

The ability of agonists to compete with [3H]yohimbine
binding to intact platelets was stereospecific and character-

' Abbreviations used in this paper: EC50, concentration
of competing ligand that dissociates 50% of the specifically
bound [3H]yohimbine; ki, association rate constant; k2, dis-
sociation rate constant; PRP, platelet-rich plasma.
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istic for a2-adrenoreceptors with potency order of clonidine
> I-epinephrine > 1-norepinephrine > d-epinephrine > d-
norepinephrine >> 1-isoproterenol. Similarly, antagonists
competed for [3H]yohimbine binding in an order typical of
a2-adrenoreceptors: yohimbine = rauwolscine > phentol-
amine $ prazosin > propranolol. Hill coefficients for agonist
competition binding ranged from 0.6 to 0.9, while antagonist
binding Hill coefficients ranged from 0.9 to 1.1.

Calculations. The binding of [3H]yohimbine to intact
platelets was analyzed by the method of Scatchard (for equi-
librium binding experiments) and by kinetic analysis using
the first order rate equation for dissociation, k2 = Ln[RLO]/
[RL])/t, where RL is ligand-receptor complex and RLo is
receptor-ligand complex at equilibrium, and the second
order equation for association kinetics k, = (k6b, - k2,)/
[yohimbine], where k.b. is the observed rate constant (30, 31).
Epinephrine competition binding data analysis was per-
formed by Logit or Hill transformation of data that was
generated from 10-point competition curves determined in
triplicate. Least square linear analysis of data between 19
and 81% specific binding determined the slope factor or
"pseudo-Hill coefficient"; the abscissa intercept defined the
concentration of competing ligand that dissociates 50% of
the specifically bound [mHjyohimbine (EC50. Alternatively,
competition binding data was analyzed by a nonlinear,
weighted, curve-fitting computer program for determination
of affinity constants and receptor number (32).

Aggregation. Aggregation was performed on PRPby the
nephelometric technique of Born (27). Blood was drawn by
the double-syringe technique into (9:1 vol) acid-citrate-dex-
trose and centrifuged in sealed tubes at 200 g for 20 min at
room temperature. The PRPwas aspirated and the remain-
ing blood was centrifuged at 1,000 g for 10 min to obtain
platelet-poor plasma. The PRPwas incubated with and with-
out various concentrations of l-epinephrine with no agitation
at 25°C. Aliquots were removed at 30, 60, and 120 min and
aggregatory response to l-epinephrine was determined si-
multaneously in epinephrine-incubated and control samples.
Aggregatory response was determined graphically from the
slope of the first phase of epinephrine-induced aggregation
and normalized by dividing the epinephrine-incubated sam-
ple response by the control-incubated response. Variability
in aggregatory response was minimized by using sealed sil-
iconized tubes and syringes, by using each PRP sample as
its own control, and by performing simultaneous control and
l-epinephrine-treated aggregations. Values were tested by
the pooled Chi-square test by using P < 0.01 as indication
of a significant difference (28).

Plasma catecholamine determinations were performed by
a radioenzymatic assay as previously described (29).

The Vanderbilt University Committee for the Protection
of Human Subjects reviewed and approved the procedures
in this study. Humansubjects abstained from all medications
for 14 d before these studies. All were normotensive healthy
males between 20 and 38 yr of age. Posture/exercise and
infusion study protocols were carried out on the Elliot V.
NewmanClinical Research Center Ward.

RESULTS

Effect of posture and exercise on platelet a2-ad-
renoreceptor affinity and number. Table I represents
the effect of overnight bedrest, 30 min of treadmill
exercise, and 120 min of upright posture on plasma

TABLE I

Effect of Posture and Exercise on Agonist Binding to Intact
Platelet a2-Adrenoreceptors and on Plasma Catecholamines

Epinephrine competition Plasma catecholamines
binding

Time ECo Slope Norepinephrine Epinephrine

min jM nM

0 1.34±0.12 0.74±0.04 1.21±0.12 0.14±0.02
30 1.82±0.32 0.84±0.03 3.00±0.24t 0.28±0.05

120 4.54±0.67t 0.98±0.08 2.59±0.44 0.21±0.03

12 normal subjects remained fasting at bedrest overnight in hospital
before blood sampling (time 0). They then exercised on a treadmill
at 75% maximal predicted heart rate (modified Bruce protocol) for
30 min before a second blood sample. The subjects remained up-
right and ambulatory for the ensuing 90 min for a total of 120 min
of upright posture before the last blood sample. The ECs for 1-
epinephrine was determined by Hill plot analysis of ten point com-
petition binding curves run in triplicate. Values are expressed as
mean±SEM.
o P < 0.05 when compared with time 0.
t P < 0.01 when compared with time 0.

catecholamines, the EC50, and the Hill coefficient or
slope for l-epinephrine binding in competition with
[3H]yohimbine for the a2-adrenoreceptor on intact
platelets. After 8 h of bedrest, plasma catecholamines,
epinephrine EC50, and the slope were all low. 30 min
of treadmill exercise at 75% of maximal predicted
heart rate (modified Bruce protocol) caused an increase
in plasma catecholamines without a significant change
in binding characteristics. However, with 2 h of up-
right posture, there was an average 3.4-fold increase
in EC50, which was accompanied by a significant in-
crease in the mean slope toward 1.0. There was a sig-
nificant correlation between the increase in EC50 at
120 min and the increase in plasma norepinephrine
(n = 20, r = 0.65, P < 0.01) or the increase in plasma
epinephrine (n = 20, r = 0.59, P < 0.01). Despite
higher catecholamine levels at 30 min, no significant
changes in agonist affinity or Hill coefficient occurred
immediately after exercise. This lag in the appearance
of agonist affinity change suggests a time dependency
for affinity change at physiological catecholamine con-
centrations and rules out the possibility that retained
agonist is the source of the affinity change at 120 min.
In another group of subjects, Scatchard analysis of
[3H]yohimbine binding revealed no change in the
number of binding sites per platelet (227+23 vs.
213±24, mean±SEM) nor in the affinity of
[3H]yohimbine for binding (4.54±0.49 vs. 5.10±0.28
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nM, mean±SEM) between the overnight and 2-h up-
right samples. There was no difference in platelet size
distribution between the overnight supine and 2-h up-
right samples obtained from six of these subjects. Thus,
the agonist affinity change at 120 min is not due to a
change in binding site number, affinity for antagonist,
or "selection" of a population of platelets with lower
agonist affinity.

Effect of catecholamine infusions on platelet a2-
adrenoreceptor agonist binding. To ascertain whether
the changes in platelet a2-adrenoreceptor agonist af-
finity were due to increased catecholamines, we in-
fused l-norepinephrine or l-epinephrine intravenously
into groups of seven normal subjects in the supine po-
sition after overnight bedrest. The effects of these in-
fusions on the mean EC50, slope, and plasma cate-
cholamines are shown in Table II.

Infusion of l-norepinephrine at 50 ng/kg per minute
produced no change in EC,0 or slope after 30 min
when compared with overnight bedrest. Like the ex-
ercise protocol, however, 2 h of l-norepinephrine in-
fusion caused a significant increase in the EC50. This
decrease in affinity for agonist was accompanied by

TABLE II
Effect of 50 ng/kg per minute l-Norepinephrine or

l-Epinephrine Infusions on Platelet a2-Adrenoreceptor Agonist
Binding and Plasma Catecholamines

Epinephrine competition Plasma catecholamines
binding

Time ECo Slope Norepinephrine Epinephrine

min ApM nM

Norepinephrine infusion

0 1.77±0.21 0.80±0.05 1.17±0.11 0.16±0.02
30 2.23±0.41 0.87±0.05 5.42±1.16t 0.26±0.03

120 5.88±0.86t 0.98±0.08 5.72±0.601 0.29±0.06

Epinephrine infusion

0 1.60±0.23 0.77±0.05 1.44±0.39 0.20±0.04
30 1.55±0.31 0.82±0.08 2.76±0.97 1.90±0.58-

120 4.24±0.581 0.94±0.05- 1.62±0.26 2.28±0.55t

Seven normal subjects remained at bedrest and fasting overnight;
a blood sample was obtained (time 0) and intravenous catechol-
amine infusions were begun while subjects remained supine. Ad-
ditional blood samples were obtained from the opposite arm at 30
and 120 min during the infusion for plasma catecholamines and
l-epinephrine competition binding determinations as described in
Methods and Table I. Values are expressed as mean±SEM.

P < 0.05 when compared with time 0.
I P < 0.01 when compared with time 0.

a shift in the slope factor toward 1.0. The l-norepi-
nephrine infusion caused a 10-12 mmHgincrease in
mean blood pressure and a 5-8 beats/min decrease in
heart rate.

l-Epinephrine infusion at 50 ng/kg per minute
showed a similar time course for changes in agonist
affinity for the a2-adrenoreceptor on intact platelets.
The mean slope of the Hill plots also exhibited a
change toward 1.0 after 2 h of infusion. Mean blood
pressure increased 2-4 mmHgand heart rate increased
10-12 beats/min during the l-epinephrine infusion.

With these catecholamine infusions, the time course
and extent of receptor agonist affinity change was sim-
ilar to that obtained in the posture and exercise study.
In addition, they suggest that either norepinephrine
or epinephrine exposure is adequate to alter a2-adre-
noreceptor agonist affinity.

Effect of in vitro exposure of intact human platelets
to l-epinephrine on a2-adrenoreceptor binding. In
order to elucidate the dose-response relationship be-
tween catecholamines and change in a2-receptor ag-
onist affinity, we incubated isolated, intact human
platelets (obtained at 8:00 a.m. from ambulatory sub-
jects) with varying concentrations of l-epinephrine for
2 h at 25°C. The platelets were then washed in isotonic
media and competition and Scatchard binding were
performed on the intact platelets in comparison with
simultaneous control incubations. Table III shows the
effects of 10-6_10-10 M l-epinephrine incubation on
the affinity for agonist and the Hill coefficient, or slope
of the Logit plot Incubation with 10-6-10-8 M l-epi-
nephrine caused significant increases in the platelet
a2-adrenoreceptor EC50 for epinephrine binding. There
was also a dose-related effect on the slope factor; higher
l-epinephrine concentrations caused larger shifts in the
slope toward 1.0 and reached the 0.01 level of signif-
icance at 10' Mepinephrine. Platelet size distribution
was not affected by 2-h l-epinephrine incubations at
concentrations up to 10-6 M. In additional incubations
at 10' and 10-8 Ml-epinephrine, there was no decline
in the epinephrine concentration of the medium dur-
ing the 2-h incubation.

The effects of 2 h of incubation with each concen-
tration of l-epinephrine on antagonist binding by the
a2-adrenoreceptor is shown on the right side of Table
III. Control and l-epinephrine incubations were per-
formed simultaneously on platelets from the same in-
dividual; then, the samples were washed in isotonic
media and competition or Scatchard binding was per-
formed. Data were analyzed by the nonlinear curve-
fitting program of DeLean et al. (32) for the yohimbine
affinity constant and receptor number; values are ex-
pressed as the mean±SEMof five to seven experiments
each. No change in either antagonist binding or num-
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TABLE III
Effect of l-Epinephrine Incubation in vitro on Agonist and Antagonist Binding to

a2-Adrenoreceptors on Intact Platelets

Antagonist binding

Agonist binding Yohimbine
equilibrium

Epinephrine dissociation Platelet as-
Incubation conditions ECGo Slope constant adrenoreceptors

JM nM sftes/p&atelet

Control 2.93±0.23 0.77±0.07 3.77±0.27 227±25
10-6 Mepinephrine 5.53±0.59i 1.08±0.08i 3.93±0.24 235±16

Control 2.80±0.42 0.75±0.05 3.73±0.32 186±22
l0' Mepinephrine 5.91±0.97° 0.97±0.04- 3.58±0.34 199±26

Control 2.86±0.42 0.74±0.06 4.34±0.46 280±49
10-8 Mepinephrine 5.97±0.68- 0.91±0.08 4.63±0.56 276±40

Control 2.74±0.51 0.68±0.07 5.10±1.51 262±44
10-9 Mepinephrine 3.63±0.47 0.83±0.09 3.92±0.50 268±40

Control 2.71±0.05 0.72±0.14 3.92±0.50 203±33
10-1' Mepinephrine 3.44±0.47 0.78±0.17 4.29±0.43 203±33

Platelets were isolated as described in Methods, divided into two samples, and incubated
with and without (Control) I-epinephrine for 2 h at 25°C. The platelets were then
washed repeatedly, resuspended, and ten point l-epinephrine competition or yohimbine
binding were performed. Values presented are the mean±SEMof five to nine experi-
ments. Yohimbine equilibrium dissociation constant and number of platelet a2-adren-
oreceptors per platelet were calculated by the nonlinear, curve-fitting program of
DeLean et al. (32).
oP > 0.05 when compared with control sample.

P > 0.01 when compared with control sample.

ber of receptors per platelet was found, despite the
wide range of l-epinephrine concentrations. These
findings demonstrate that the changes in agonist bind-
ing were not secondary either to altered receptor af-
finity for antagonist or to a change in receptor number.

Wealso incubated platelets with the a-agonist iso-
proterenol, and added an a-antagonist to the l-epi-
nephrine incubations to determine the selectivity of
agonist-induced affinity changes that were measured
above. 2-h incubation with 1-0 M isoproterenol pro-
duced no change in l-epinephrine EC50 or slope. (ECso,
2.93±0.63 vs. 2.80±0.65; slope, 0.81±0.07 vs 0.81±0.04,
for control vs. isoproterenol-incubated, respectively.
Mean±SEMof three experiments.) Furthermore, in-
clusion of 10-5 Mphentolamine in the 2-h incubations
with 106 M l-epinephrine prevented the agonist-in-
duced reduction in a2-adrenoreceptor affinity. (EC50,
5.45±0.29 vs. 2.81±0.20 for epinephrine-incubated vs.
epinephrine plus phentolamine-incubated. Mean±SEM
of four experiments.)

Effect of in vitro exposure of platelets to 1-epi-
nephrine on platelet aggregation induced by 1-epi-

nephrine. To determine the physiological effects of
the agonist affinity changes caused by prior agonist
exposure, we incubated PRP with 10-6-10-8 M l-epi-
nephrine at 25°C and determined l-epinephrine-in-
duced platelet aggregation after 30, 60, and 120 min
of incubation. Fig. 1 illustrates the progressive loss of
aggregatory sensitivity to l-epinephrine when the first
phase of aggregation is normalized to simultaneous
control response. There was a time- and dose-depen-
dent effect at both the higher l-epinephrine concen-
trations, while 10-8 M l-epinephrine was not signifi-
cantly different from control. This agonist-mediated
desensitization of the platelet a2-adrenoreceptor dem-
onstrates that the physiological responsiveness of the
platelet a2-adrenoreceptor is correlated with the re-
ceptor affinity for agonist.

DISCUSSION

Our studies demonstrate that elevations in plasma cat-
echolamines within the physiological range can alter
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FIGURE 1 Effect of incubation with 10', 10-, and 108 M
l-epinephrine on subsequent aggregatory response to I-epi-
nephrine. Duplicate PRP samples were incubated with and
without l-epinephrine at 25°C without agitation, then, ali-
quots were removed and aggregation was performed in a
dual channel aggregometer. The slope of the first phase of
l-epinephrine-induced aggregation was determined graph-
ically and normalized by division with the value obtained
from the sample incubated without epinephrine. Values are
the mean±SEMfor six to eight subjects determined in qua-
druplicate at each time point. °P < 0.01 by the grouped
Chi-squared test.

the agonist binding characteristics of platelet a2-ad-
renoreceptors without changing the total number of
receptors. The affinity changes were similar in mag-
nitude to the changes found in lymphocyte ,B-adren-
oreceptor agonist affinity after the same physiological
stimuli (25). The change in the slope factor, and the
positive correlation between the increase in plasma
catecholamines and the increase in EG50 support the
concept of an agonist-induced decrease in receptor
affinity without change in number. Since 15-18 con-
centrations of competitive ligand are necessary to de-
fine two affinity states of receptors (33), we have con-
fined our data analysis of ten point agonist competition
binding curves to changes in EC50 and the slope factor.
These represent conservative estimates of the hetero-
geneity in receptor agonist affinity and changes therein.

The infusion of catecholamines into supine subjects
also resulted in a decrease in agonist affinity, this fur-
ther supported the conclusion that catecholamine ex-
posure causes the change in receptor affinity. These
data also reduce the possibility that the changes in
EC50 during the posture and exercise protocol were
due to in vivo factors other than adrenergic agonist
exposure.

An unexpected finding was the apparent time lag
between agonist exposure and affinity change. In vitro

studies of turkey erythrocyte and cultured astrocytoma
cells (34, 35), and in vivo studies of lymphocytes (25,
36) indicate that the f-adrenoreceptor shows rapid
changes in affinity and sensitivity to agonist after ex-
posure to agonists. We found little or no change in
agonist binding after 30 min of in vivo exposure to
levels of catecholamines that eventually resulted in
affinity changes after 120 min. This suggests that there
is either a concentration-time dependency for this af-
finity change, or that a series of events which take
longer than 30 min must occur to effect changes in
affinity in the platelet a2-adrenoreceptor system. Our
data do not permit us to differentiate between these
or other explanations for the time delay in affinity
change.

2 h of in vitro exposure to l-epinephrine produced
a shift in the affinity for agonists and was accompanied
by proportional increases in the slope factor toward
1.0. The absolute values for EC50 in the control samples
were higher than in the in vivo protocols; this was
probably because the samples were obtained from vol-
unteers who had been erect for 60-90 min. Although
this reduced the fold shift obtained on incubation with
l-epinephrine, the effect of in vitro exposure to agonist
is still evident. Since in vivo plasma epinephrine con-
centrations are in the range of 0.15-0.30 nM, our in
vitro conditions required somewhat higher concentra-
tions of l-epinephrine to cause a change in EC50. This
may be due, in part, to the incubation conditions, in-
cluding artificial buffer, 25°C, and no stirring. How-
ever, these data still identify changes in platelet a2-
adrenoreceptors at concentrations of l-epinephrine
that are three orders of magnitude lower than previ-
ously reported.

Incubation of PRPwith 10-6 to 10-8 Ml-epinephrine
illustrates the functional effect of the agonist-mediated
affinity changes on subsequent aggregatory response.
The higher l-epinephrine concentrations resulted in
a dose- and time-dependent desensitization of aggre-
gatory response when challenged with the same ago-
nist. Since these aggregatory studies were carried out
with simultaneous control incubations by using the
same platelet sample, variations due to time-depen-
dent pH changes, ADP, platelet factor 4, thromboxane
accumulation, different platelet concentrations, and
concurrent plasma catecholamine concentrations were
all controlled.

Our results indicate that the time of day and the
circumstances under which samples are obtained may
influence the results in adrenergic agonist binding
studies on circulating cellular elements. The relatively
short-term changes in agonist affinity without change
in receptor number are in contrast to the alterations
in receptor number reported in pheochromocytoma
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and orthostatic hypotension (20, 21). These discrep-
ancies raise the possibility that short-term regulation
of platelet sensitivity occurs through modulation of
receptor affinity for agonist, whereas long-term sen-
sitivity changes are mediated by alterations in receptor
number.

Wealso considered the possibility that endogenous
or exogenous catecholamines or in vitro exposure to
catecholamines might involve the selection of a pop-
ulation of platelets which were less sensitive to adren-
ergic agonists (37). This might produce the changes
in agonist affinity found in our experiments. If this
occurred, however, we would have expected to find
fewer platelets after in vitro exposure to l-epinephrine,
and/or a change in size distribution of the platelets
after in vivo or in vitro exposure to catecholamines.
Neither of these changes occurred.

Prior studies found reductions in platelet a2-adre-
noreceptor number and function after in vitro expo-
sure to l-epinephrine concentrations of 10- M or
greater (16, 17). These results were interpreted as
showing "down-regulation" of receptor number or
agonist retention by the platelet a2-adrenoreceptor.
However, unlike our studies, these studies incubated
platelets with high concentrations of l-epinephrine for
long periods of time; yet, no data concerning platelet
count or size distribution was presented. Furthermore,
no significant change in receptor number or function
occurred after incubation with concentrations of l-epi-
nephrine below 1o-5 M or for less than 4 h (16, 17).
In contrast, we found a maximal effect on platelet
Ca2-adrenoreceptor agonist affinity after in vitro incu-
bation with 1lo M l-epinephrine for 2 h. Our antag-
onist binding studies further demonstrate that no
change in number of receptors per platelet nor in re-
ceptor affinity for antagonist occurs after exposure to
more physiological concentrations of catecholamines.
In addition, our in vivo protocols found no change in
platelet a2-adrenoreceptor agonist affinity after 30 min
of exposure to elevated catecholamines. Since plasma
catecholamines were highest at 30 min, our results are
not compatible with the concept of a retained agonist
that causes changes in receptor number or affinity for
agonist.

In summary, we have found [3H]yohimbine to be a
specific, rapid, saturable, and reversible ligand for the
identification of a2-adrenoreceptors on intact human
platelets. Endogenous and exogenous catecholamines
can reduce the affinity of the intact platelet a2-adre-
noreceptor for agonist without a change in receptor
number. In vitro exposure of intact platelets to epi-
nephrine results in a rapid loss of sensitivity to epi-
nephrine-induced aggregation and a dose-related re-
duction in a2-adrenoreceptor affinity for agonist. These

observations demonstrate acute regulation of intact
human platelet a2-adrenoreceptor's affinity for and
sensitivity to agonist by endogenous and exogenous
catecholamines.

ACKNOWLEDGMENTS

The authors express their appreciation for the excellent tech-
nical assistance of Suzanna Lonce, Natalie Johnson, Loretta
Speier, and Pam Hoover.

This work was supported by Public Health Service grants
GM-07569, GM-15431, HL-14192, HL-07323, and RR-05424,
and the Hrafn Sveinbjarnarson Foundation.

REFERENCES

1. O'Brien, J. R. 1963. Some effects of adrenaline and anti-
adrenaline compounds in platelets in vitro and in vivo.
Nature (Lond.). 200:763-764.

2. Grant, J. A., and M. C. Scrutton. 1979. Novel a2-adre-
noreceptors primarily responsible for inducing human
platelet aggregation. Nature (Lond.). 277:659-661.

3. Hsu, C. Y., D. R. Knapp, and P. V. Halushka. 1979. The
effects of alpha adrenergic agents on human platelet
aggregation. J. Pharmacol. Exp. Ther. 208:366-370.

4. Jakobs, K. H., W. Saur, and G. Schultz. 1976. Reduction
of adenylate cyclase activity in lysates of human plate-
lets by the alpha-adrenergic component of epinephrine.
J. Cyclic Nucleotide Res. 2:381-392.

5. Alexander, R. W., B. Cooper, and R. I. Handin. 1978.
Characterization of the human platelet a-adrenergic
receptor. J. Clin. Invest. 61:1136-1144.

6. Motulsky, H. J., S. J. Shattil, and P. A. Insel. 1980. Char-
acterization of a2-adrenergic receptors on human plate-
lets using 3H-yohimbine. Biochem. Biophys. Res. Comm.
97:1562-1570.

7. Mukherjee, A. 1981. Characterization of a2-adrenergic
receptors in human platelets by binding of a radioactive
ligand 3H yohimbine. Biochim. Biophys. Acta. 676:148-
154.

8. Daiguji, M., H. Y. Meltzer, and D. C. U'Prichard. 1981.
Human platelet a2-adrenergic receptors: labeling with
3H-yohimbine, a selective antagonist ligand. Life. Sci.
28:2705-2717.

9. Hoffman, B. B., T. Michel, T. B. Brenneman, and
R. J. Lefkowitz. 1982. Interactions of agonists with plate-
let a2-adrenergic receptors. Endocrinology. 110:926-
932.

10. Macfarlane, D. E., B. L. Wright, and D. C. Stump. 1981.
Use of methyl 3H-yohimbine as a radioligand for alpha-
2 adrenoreceptors on intact platelets. Comparison with
dihydroergocryptine. Thromb. Res. 24:31-43.

11. Tsai, B. S., and R. J. Lefkowitz. 1978. Agonist-specific
effects of monovalent and divalent cations on adenylate
cyclase-coupled alpha adrenergic receptors in rabbit
platelets. Mol. Pharmacol. 14:540-548.

12. Tsai, B. S., and R. J. Lefkowitz. 1979. Agonist-specific
effects of guanine nucleotides on alpha-adrenergic re-
ceptors in human platelets. Mol. Pharmacol. 16:61-68.

13. Michel, T., B. B. Hoffman, and R. J. Lefkowitz. 1980.
Differential regulation of the a2-adrenergic receptor by
Na+ and guanine nucleotides. Nature (Lond.). 288:709-
711.

14. Hoffman, B. B., D. Mullikan-Kilpatrick, and R. J. Lef-

1504 A. S. Hollister, G. A. FitzGerald, J. H. J. Nadeau, and D. Robertson



kowitz. 1980. Heterogeneity of radioligand binding to
a-adrenergic receptors. Analysis of guanine nucleotide
regulation of agonist binding in relation to receptor sub-
types. J. Biol. Chem. 255:4645-4652.

15. Lynch, C. J., and M. L. Steer. 1981. Evidence for high
and low affinity a2-receptors. Comparison of 3H-nor-
epinephrine and 3H-phentolamine binding to human
platelet membranes. J. Biol. Chem. 256:3298-3303.

16. Cooper, B., R. I. Handin, L. H. Young, and R. W. Al-
exander. 1978. Agonist regulation of the human platelet
a-adrenergic receptor. Nature (Lond.). 274:703-706.

17. Karliner, J. S., H. J. Motulsky, and P. A. Insel. 1982.
Apparent "down-regulation" of human platelet alpha2-
adrenergic receptors is due to retained agonist. Mol.
Pharmacol. 21:36-43.

18. Horne, W. C., R. I. Handin, and R. W. Alexander. 1980.
Desensitization of epinephrine-induced platelet aggre-
gation-possible uncoupling of the platelet a-adrenergic
receptor. Circulation. 62: (Suppl. III):335. (Abstr.)

19. Horne, W. C., R. I. Handin, and R. W. Alexander. 1981.
Desensitization of epinephrine-induced aggregation of
human blood platelets is the result of a post-receptor,
adenylate cyclase-independent event. Blood. 58:(Suppl.
1): 195a. (Abstr.)

20. Davies, I. B., D Sudera, and P. S. Sever. 1981. Endog-
enous agonist regulation of a-adrenoreceptors in man.
Clin. Sci. (Lond.). 61:207S-210S.

21. Davies, B., D. Sudera, G. Sagnella, E. Marchesi-Saviotti,
C. Mathias, R. Bannister, and P. Sever. 1982. Increased
numbers of alpha receptors in sympathetic denervation
supersensitivity in man. J. Clin. Invest. 69:779-784.

22. Pfeifer, M. A., W. K. Ward, J. B. Halter, T. Malpass, J.
Stratton, L. Harker, and D. Porte. 1982. Lack of agonist
regulation of a2-adrenergic receptors on human plate-
lets. Clin. Res. 30:157A. (Abstr.)

23. Fraser, J., J. Nadeau, D. Robertson, and A. J. J. Wood.
1981. Regulation of human leukocyte beta receptors by
endogenous catecholamines. Relationship of leukocyte
beta receptor density to the cardiac sensitivity to iso-
proterenol. J. Clin. Invest. 67:1777-1784.

24. FitzGerald, G. A., D. Robertson, and A. J. J. Wood. 1982.
Biphasic regulation of lymphocyte j2-adrenoreceptor
density by physiological catecholamines in man. Clin.
Pharmacol. Ther. 31:225. (Abstr.)

25. Feldman, R., L. E. Limbird, J. Nadeau, G. A. Fitz-
Gerald, D. Robertson, and A. J. J. Wood. 1983. Dynamic

regulation of leukocyte beta adrenergic receptor-agonist
interactions by physiological changes in circulating cat-
echolamines. J. Clin. Invest. 72:164-170.

26. Walsh, P. N. 1972. Albumin density gradient separation
and washing of platelets and the study of platelet co-
agulant activities. Br. J. Hae,nwtol. 22:205-217.

27. Born, G. V. R. 1962. Aggregation of blood platelets by
adenosine diphosphate and its reversal. Nature (Lond.).
194:927-929.

28. Ostle, B. 1963. In Statistics in Research. Iowa State Uni-
versity Press, Ames, Iowa. Second Ed. 128-130.

29. Robertson, D., G. A. Johnson, R. M. Robertson, A. S.
Nies, D. G. Shand, and J. A. Oates. 1979. Comparative
assessment of stimuli that release neuronal and adre-
nomedullary catecholamines in man. Circulation.
59:637-643.

30. Scatchard, G. 1949. The attraction of proteins for small
molecules and ions. Ann. NY Acad. Sci. 51:660-672.

31. Williams, L. T., and R. J. Lefkowitz. 1978. In Receptor
Binding Studies in Adrenergic Pharmacology. Raven
Press, New York. 27-41.

32. DeLean, A., A. A. Hancock, and R. J. Lefkowitz. 1982.
Validation and statistical analysis of a computer mod-
eling method for quantitative analysis of radioligand
binding data for mixtures of pharmacological receptor
subtypes. Mol. Pharmacol. 21:5-15.

33. Molinoff, P. B., B. B. Wolfe, and G. A. Weiland. 1981.
Quantitative analysis of drug-receptor interactions. II.
Determination of the properties of receptor subtypes.
Life Sci. 29:427-443.

34. Stadel, J. M., A. DeLean, D. Mullikin-Kilpatrick, D. D.
Sawyer, and R. J. Lefkowitz.. 1981. Catecholamine-in-
duced desensitization in turkey erythrocytes: cAMP
mediated impairment of high affinity agonist binding
without alteration in receptor number. J. Cyclic Nu-
cleotide Res. 7:37-47.

35. Su, Y.-F., T. K. Harden, and J. P. Perkins. 1980. Cate-
cholamine-specific desensitization of adenylate cyclase.
Evidence for a multistep process. J. Biol. Chem.
255:7410-7419.

36. Krall, J. F., M. Connelly, and M. L. Tuck. 1980. Acute
regulation of beta adrenergic catecholamine sensitivity
in human lymphocytes. J. Pharmacol. Exp. Ther.
214:554-560.

37. Haver, V. M., and A. R. L. Gear. 1981. Functional frac-
tionation of platelets. J. Lab. Clin. Med. 97:187-204.

Platelet a2-Adrenoreceptor Agonist Affinity 1505


