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SUMMARY

The effects of sodium on both the binding characteristics of the alpha-adrenergic receptor

and the activity of alpha-receptor-coupled adenylate cyclase of human platelets have
been studied. By using a newly developed, partially purified platelet plasma membrane

preparation, we have demonstrated that the partial agonist ligand 3H-labeled p-amino-
clonidine ([3H]PAC) binds to the alpha-receptor in a manner which suggests the existence
of two types of sites: a high-affinity, low-capacity site (KD = 0.87 nM; Bn�ax 0.294 pmole/

mg of protein) and a low-affinity site, the properties of which could not be precisely
defined. Physiological concentrations of sodium ion decreased the B0�1� for the high-
affinity component of [3H]PAC binding while increasing the K1 of the remaining high-

affinity sites. Other monovalent cations also decreased [3H]PAC binding, with the order
of potency of Na� > Li� > K�. Guanine nucleotides markedly diminished the number of
high-affinity [3H]PAC binding sites while increasing the KD Of the remaining sites. In the
presence of both sodium ion and guanine nucleotides, a distinct high-affinity site could
not be identified. Sodium ion significantly decreased the activity of both basal and
prostaglandin D2-stimulated adenylate cyclase activity in the absence of exogenous
guanine nucleotide. In the presence of guanine nucleotide (100 �tM GTP) there was no
inhibitory effect of NaCl on unstimulated enzyme activity, but NaCl inhibited prosta-
glandin-stimulated adenylate cyclase. Epinephrine (10 �ii�i) inhibited adenylate cyclase

activity only when the enzyme had been stimulated by prostaglandin in the presence of
100 �LM GTP. The inhibitory effects of epinephrine and NaCl on the prostaglandin-
stimulated enzyme were additive. These results suggest that sodium ion may be acting on
the adenylate cyclase complex to modulate the interaction of a guanine nucleotide

regulatory protein with both the alpha2-adrenergic receptor and the enzyme catalytic
subunit.

INTRODUCTION

Alpha-adrenergic receptors have been subclassified

into alpha1- and alpha2-subtypes with the use of both
physiological and pharmacological criteria (1). Although
relatively little is known about the mechanisms involved

in mediating alpha1-adrenergic receptor responses, cii-

pha2-receptors in several tissues are coupled to adenylate
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cyclase so that receptor activation inhibits both basal
and hormone-stimulated enzyme activity (2). Alpha-ad-

renergic receptor inhibition of adenylate cyclase has been

studied most extensively in the platelet, where it has
been correlated with platelet secretion and aggregation
(3) as well as radioligand binding (3-6).

Alpha-adrenergic inhibition of platelet adenylate cy-
clase activity is dependent upon GTP and is facilitated
by sodium ion(7, 8). Ligand binding assays have provided
some insight into the mechanisms by which guanine
nucleotides modulate alpha-adrenergic function in the
platelet. Thus, in competition experiments with the ii-
gand [3H]DHEC,4 guanine nucleotides decrease the affin-

4 The abbreviations used are: DHEC, dihydroergocryptine; PAC, p-

aminoclonidine; TES, 2-if tris-(hydroxymethyl)methyl]amino)ethane-
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sulfonic acid; Gpp(NH)p, guanyl-5’-yl-imidodiphosphate; EGTA, eth-

ylene glycol bis($-aminoethyl ether)-N,N,N’,N’,-tetraacetic acid; PGD2,

prostaglandin D2.
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ities of agonists but not those of antagonists for the
alpha-receptors (9-11). Computer analysis of these data
suggest that, in the absence of added guanine nucleotides,
platelet alpha-adrenergic receptors exist in both a high-
and a low-affinity state (9, 10). Other investigators have

obtained similar results with other ligands (12, 13). The
interpretation of the binding and adenylate cyclase data
is that agonists induce the formation of a complex be-
tween the platelet alpha-adrenergic receptor and a mem-

brane guanine nucleotide regulatory protein, and that
the binding of GTP to this complex results ultimately in
the inhibition of the adenylate cyclase and dissociation

of the agonist from the receptor (9).
The mechanism by which sodium and other monova-

lent cations facilitate the alpha-adrenergic inhibition of

platelet adenylate cyclase (7) is less clear. Although
sodium, like guanine nucleotides, decreases the affinity
of the receptor for agonists, as determined by ligand
binding assay (11), computer analysis of epinephrmne
competition curves for [3H]DHEC suggest that different
mechanisms may be involved. Since sodium decreases

the affinity of both the high- and low-affinity states of
the platelet alpha-adrenergic receptor, the possibility
has been raised that sodium may act directly on the
receptor itself to effect affinity changes (11).

As an approach to the problem of defining the mech-
anisms by which monovalent cations modulate alpha-

adrenergic receptor-mediated inhibition of adenylate cy-
clase in the human platelet, we have developed a method
for obtaining partially purified platelet plasma mem-
branes. With the use of the partial alpha-adrenergic
agonist [3H]PAC (14, 15) and the partially purified plate-
let membranes, both a high-affinity (KD = 0.87 nM) and

a much lower affinity state of the platelet alpha2-adre-

nergic receptor were identified. Sodium ion and guanine
nucleotides each (and together) reduced both the number

and affinity of receptors in the high-affinity state. Fur-
thermore, in this membrane preparation, sodium ion
alone also inhibited adenylate cyclase activity. The ob-

servation that this effect on adenylate cyclase was sen-
sitive to the presence of GTP suggests that sodium ion
may exert its effects on both the receptor and adenylate
cyclase by a mechanism which alters the interaction of
these components with the guanine nucleotide regulatory
protein.

EXPERIMENTAL PROCEDURES

Materials. The ligands [3H]PAC (48.5 or 53.4 Ci!
mmole) and [3H]DHEC (30.9 Ci/mmole) were obtained
from New England Nuclear Corporation (Boston, Mass.).
The disodium salt of Gpp(NH)p, the Tris salt of GTP,
(-)-epinephrmne bitartrate, and colchicine were pur-
chased from Sigma Chemical Company (St. Louis, Mo.).
Unlabeled PAC was donated by Boehringer-Ingelheim,
Ltd. (Ridgefield, Conn.).

Platelet membrane preparation. Platelet concentrates
were purchased from the American Red Cross Blood
Services (Northeast Region) and used within 24 hr of

collection. The binding of ligand [3H]DHEC to platelet
membranes was 2-fold greater when platelet concentrates
less than 24 hr old (eight experiments) were used as
compared with the binding of this ligand to membranes
prepared from “outdated” platelets obtained 48 hr after
collection (three experiments). Platelets were separated
from the plasma and contaminating red cells by centrif-
ugation into a two-step arabinogalactan gradient system
(16). The bands containing the platelets were separated
from the arabinogalactan gradient materials by dilution
in a buffered saline-glucose solution containing citrate
(16), and centrifugation at 2,000 x g for 15 mm at 22#{176}.
After resuspension in a buffer containing 10 mM TES/
140 mM KC1/2.5 mi� glucose (pH 7.4), the platelets were
incubated in a similar buffer containing 5 x iO� M

colchicine for 45 mm in the dark at 37#{176}(17) and then
chified in the dark at 4#{176}for 1 hr. The chified platelet
suspensions were disrupted by two successive decompres-
sions in an ice-chified nitrogen bomb (Parr Instrument
Company, Moline, Ill.) in a well-ventilated hood after
being equilibrated at 1000 psi for 45 mm in the chilled
bomb chamber prior to each decompression. Colchicine
treatment was found to facilitate the disruption of plate-
lets by nitrogen decompression (18). The disrupted plate-

lets were centrifuged at 800 x g for 15 mm at 4#{176}to

remove any unbroken or partially broken platelets. The
800 x g supernatants were centrifuged at 22,000 x g for

35 mm at 4#{176}.The resulting pellets were subjected to
subcellular fractionation by ultracentrifugation in 30 g/
100 ml to 60 g/100 ml linear sucrose density gradients
containing 5 mM EDTA (pH 7.2) (19).

The binding of the alpha-adrenergic antagonist [�H]-
DHEC and the partial agonist [3H]PAC to platelet sub-
cellular fractions from three paired preliminary experi-

ments is shown in Fig. 1. The highest specific binding of
these two ligands was found in Fractions 2 and 3, both of
which are known to contain platelet membrane vesicles

lacking entrapped platelet organelles (19-21). The com-
bined Fractions 2 and 3 contained approximately 4% of
the total platelet protein in the suspensions of washed

platelets (prior to homogenization), and these fractions
had a 20-fold higher specific [3H]DHEC binding activity
than did whole platelets at a similar concentration of

[3H]DHEC (3). The platelet membrane fractions used
here also possessed a 7-fold greater binding activity for
[3H]DHEC than did crude particulate preparations (ob-
tamed from homogenized platelets) which we have ex-
amined previously (3). The specific binding of[3H]DHEC

or [3H]PAC to platelet subcellular fractions enriched in
platelet subcellular organelles such as mitochondria and
platelet granules (Fractions 4-8) was considerably less
than that observed for each ligand in Fractions 2 and 3

containing platelet membrane vesicles.
Platelet membranes were collected as a well-defined

zone near the top of the gradient (“fractions 2 and 3,”

ref. 19). After dilution with cold TES/KC1/glucose buffer,
the platelet membranes were washed free of the gradient
material by centrifugation at 135,000 x g for 1 hr at 4#{176}
(19). The washed membranes were resuspended in 25 mi�vi
TES/5 mM MgCl2 neutralized to pH 7.6 with KOH,
quick-frozen in a dry ice/ethanol bath, and stored at
-65#{176}for periods of up to 5 days prior to use.
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FIG. 1. Distribution of binding sites for [3HJPAC and [3H]DHEC

in human platelet subcellular fractions

The distribution of mean specific ligand binding activities is shown

for the alpha-adrenergic antagonist [3H]DHEC (3.4 nit) and the partial

alpha-adrenergic agonist [3H]PAC (35.3 nM) in human platelet subcel-

lular fractions from three paired experiments. The platelet subcellular

fractions were prepared by sucrose density gradient ultracentrifugation

(see Experimental Procedures). The numerical designations for the

individual platelet subcellular fractions correspond to those previously

described (19), and Fractions 2 and 3 contain platelet membrane

vesicles which do not have entrapped platelet organelles (19, 20). Buffer

II was used as the assay medium.

Radioligand binding assays. Preliminary experiments
demonstrated that at 22#{176}the binding of [3H]PAC (5.8
nM) reached equilibrium within 10 mm, with a t112of
about 1 mm. Thus, platelet membranes (100 �.tl) were
incubated with [3H]PAC or [3H]DHEC for 20 mm at 22#{176}
in a covered shaking bath. The final volume was 150 �il

and typically contained 30 ig of protein. In most experi-
ments, the assay buffer contained 25 mM TES/5 nmi
MgCl2 neutralized to pH 7.6 with KOH (Buffer I). Since
the pKa of TES is 7.50, Buffer I contained approximately
13 mi�i potassium ion. In other experiments, the assay

buffer contained 25 mi�i TES/5 m�i MgCl2/135 nmi NaCl/

1 mM EGTA neutralized to pH 7.6 with NaOH (Buffer
II). In each experiment, the reaction was stopped by
flooding the tubes with 5 ml of cold assay buffer. Bound
and free ligand were separated by ifitration through
Whatman GF/C glass-fiber filters using a single-port
manifold system as previously described (3). Specific
binding was defined as the amount of radioactivity dis-
placed by 100 jiM (-)-epinephrmne, and amounted to
65-95% of total bound radioactivity over the concentra-
tion range 0.4-28.0 iiM [3H]PAC in Buffer I. In Buffer II,
specific binding amounted to 60-70% of total bound
radioactivity at a concentration of 6 nr�i of either [3H]
PAC or [3H]DHEC.

In order to show that [3H]PAC was not modified
during the binding assay, the ligand was analyzed by

thin-layer chromatography after being incubated with
platelet membranes under standard assay conditions.
Chromatography in ethyl acetate, ethanol, diethylamine
(90:8:2, v, v, v) yielded a single peak of radioactivity with
an RF identical with that of the original [3H]PAC.

As described above, after exposure to colchicine, the

platelet membranes were well-washed by centrifugation
first at 22,000 x g and then at 135,000 x g. The saturation
curves for both [3H]DHEC and [3H]PAC using platelet
membranes prepared in the absence of coichicine were

similar to those obtained from platelet membranes de-
rived from colchicine-treated homogenates, and Scat-
chard analysis of such [3H]PAC binding experiments
yielded curvilinear plots similar to those obtained from
platelet membranes which were treated with colchicine
prior to nitrogen decompression.

Agonist-antagonist competition curves were carried
out in the presence and absence of 130 nmi sodium ion
using [3H]DHEC and unlabeled PAC. Membranes were

incubated as described above with approximately 5 nM
[3H]DHEC and increasing concentrations of unlabeled
PAC (10’#{176}M to i0� M).

Adenylate cyclase assay. Adenylate cyclase activity
was measured by the method of Salomon et al. (22), as
previously described (3), using [a-32P]ATP as substrate
and directly measuring the a-32P-labeled cyclic AMP

produced. Assay mixtures (final volume 50 �t1) contained
[a-32P]ATP (1.5 x 106 dpm), 1.0 m�i ATP, 25 rnx�i Tris-
HC1 (pH 7.4), 5 mM MgC12, 2 mi� cyclic AMP, 0.1%
albumin, 10 mM theophylline, 1 mi�i EGTA, and an ATP-
regenerating system consisting of 20 mr�i creatine phos-
phate and creatine phosphokinase (1 mg/nil). Reactions
were initiated by the addition of 10 �.tl of membrane

suspension containing 20-50 �.tg of protein and incubated
at 37#{176}for 10 min. The reaction was stopped by the
addition of 100 .tl of 34 mr�t sodium dodecyl sulfate, 40
mM ATP, and 12 m�i cyclic AMP. Data were expressed
as picomoles of cyclic AMP formed per milligram of
protein per minute.

Protein assay. Protein was determined by the method
of Lowry et al. (23); bovine serum albumin was used as
standard.

Data analysis. The binding data were analyzed by
nonlinear least-squares curve fitting to Scatchard plots
(nonlinear regression program BMDP-PAR; ref. 24), us-
ing a model for ligand receptor interaction which provides

estimates for the equilibrium dissociation constants (KD)

and total binding concentrations (Bmax) in the presence
of one ligand and one or two types of binding sites (25).

The data for [3H]PAC fit a two-site model significantly
better than a one-site model. Within each of eight exper-
iments using [3H]PAC as ligand, the asymptotic standard
deviation for the estimated high-affinity site KD was 17%
of the mean (range 5%-31%), whereas the asymptotic
standard deviation of the estimated high-affinity site
Bmax was 13% of the mean (range 3%-22%). Whether

measured by using either (-)-epinephrmne (10� M; 25
experiments) or phentolamine (10_6 M; 2 experiments) to
displace [3H]PAC, the asymptotic standard deviations

for the KD and the Bmax of the low-affinity site were
always many times (6- to 2500-fold) greater than the

estimated mean values for these two parameters. Con-
sequently, the binding characteristics of this low-affinity
site for [3H]PAC could not be defined with precision. In
contrast with [3H]PAC, the alpha-adrenergic antagonist
ligand [3H]DHEC gave a linear plot with a single class of
binding sites (KD 9.2 nM; Bmax 0.960 pmole/mg of
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TABLE 1

13H-P4c2 nM
30
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protein) when the data were analyzed by the nonlinear
least-squares regression program described above.

The “slope factor” (26) of PAC competition curves
with [3H]DHEC was determined by plotting the log of

the fraction of specific binding [log (5/1-j)] versus the
log of PAC concentration, and analyzing the resulting
linear plots by least-square regression analysis.

Unless indicated, the data are expressed as group
means ± 1 SEM, and groups are compared with each
other by using either the two-tailed paired t-test or the
two-tailed t statistic for two means. In other experiments,
the concentrations of agonists, partial agonists, or antag-
onists which inhibited 50% of the binding of [3H]PAC to
platelet membranes (the ICr,o) were determined as pre-
viously described (3).

RESULTS

Catecholamines competed with [3H]PAC for binding
to the platelet membrane fraction with the potency order

of (-)-epinephrine > (-)-norepinephrine > (-)-isopro-
terenol (Table 1). Binding was stereospecific, since in
each case the (-)-stereoisomers were more potent than

the (+)-isomers. The alpha-adrenergic antagonist phen-
tolamine (IC�o 48 nM) was much more potent in com-
peting for binding than was the beta-adrenergic antago-

nist (±)-propranolol (IC�,o 65,000 nM). Thus, the bind-
ing site identified by [3H]PAC had the characteristics of

an alpha-adrenergic receptor. The fact that yohimbine
(IC� = 80 nM) is highly potent in competing for [�H]PAC
binding suggests that the receptor is of the alpha2-sub-

type.
The effects of sodium ion on the ability of adrenergic

agonists to compete for[3H]PAC binding are also shown
in Table 1. In the presence of 130 m�i NaCl, the IC�,o for
(-)-epinephrine increased from 16 nr�i to 800 nM, a change

Inhibition of[3HJPAC binding by alpha-adrenergic agonists and

antagonists in the presence and absence of 130 mrvi NaC1

IC�

-Na� +Na�

flM

Agonists and partial agonists

(-)-Epinephrine 16 800

(±)-Clonidine 32 1,120

(-)-Norepinephrine 80 17,600

(+)-Epinephrine 376 26,000
(+)-Norepinephrine 6,450 72,000

(-)-Isoproterenol 17,648 800,000

(±)-Phenylephrine ND 192,000

Antagonists

Phentolamine 48 80

Yohimbine 80 120

Propranolol 65,000 264,000

a The concentrations of agonists, partial agonists, or antagonists

which inhibit 50% of the specific binding of [3H]PAC to platelet mem-

branes (the IC�) were determined as previously described (3). The

concentrations of [3H]PAC in these experiments ranged from 4.5 to 8.1

nM. Each value is the mean of triplicate determinations from two or

three separate platelet membrane preparations. ND, Not done.

of 50-fold. Similar changes were also observed for (-)-

norepinephrine. In contrast, the effects of sodium on the
competition of alpha-adrenergic antagonists for [3H]-
PAC binding were minimal (1.5- to 2-fold; Table 1).

Specific binding of [3H]PAC to platelet membranes
was a saturable process over the concentration range of
0.4-28.0 nM as depicted in Fig. 2, which summarizes eight
experiments performed in the absence of sodium ion.
Scatchard analysis of each experiment gave Scatchard
plots which were resolved into a high-affinity, low-capac-

.�

.�

I
FIG. 2. Binding of[3H]PAC to platelet membranes

The mean values from eight separate experiments (± 1 SEM) are shown, using the assay conditions deseribed under Experimental Procedures.

The concentration of [3H]PAC varied from 0.4-28.0 nM, and each experiment was performed in Buffer I.
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FIG. 3. Effects of NaCl on binding of [�H]PAC to platelet mem-

branes

Scatchard analysis of [3H]PAC saturation curves is shown. The

concentration of [3H]PAC ranged from 0.4 to 28.0 nM. The curve

(-) represents the best-fit regression line as determined by a nonlin-

ear regression technique (see Experimental Procedures). The corn-

puter-derived asymptotes of the high- and low-affinity components are

indicated by - - -. A, An experiment in which platelet membranes were

exposed to [3H]PAC in Buffer I (containing no sodium ion); B, an

ity site (see Table 2) and a very low-affinity site with a
capacity which could not be defined with precision be-
cause of a large asymptotic standard deviation (see Ex-
perimental Procedures). A typical Scatchard plot from
one of these eight experiments is shown in Fig. 3A.

In the presence of sodium ion (130 mrvO, the binding of
[3H]PAC was also saturable, and Scatchard analysis gave
a curvilinear plot in each of four experiments. However,

computer-assisted analysis by nonlinear least-squares
curve fitting of the Scatchard plot demonstrated striking
quantitative changes in the high-affinity binding sites at
the higher sodium concentration. As shown in Table 2,
the number of high-affinity [3H]PAC binding sites was
reduced by 64% from 0.294 pmole/mg of protein to 0.106
pmole/mg of protein (p < 0.01), whereas the affinity was
reduced 10-fold as reflected by the increase in KD from

0.87 ni�i to 8.9 ni�i (p < 0.02). A typical Scatchard plot of
[3H]PAC binding in the presence of sodium ion is illus-
trated in Fig. 3B.

Although 130 mM KC1 significantly decreased the num-
ber of high-affinity binding sites by 58% (p < 0.01), this
monovalent cation did not significantly change the KD of

the remaining high-affinity [3H]PAC binding sites (Table
2).

Initial experiments had shown that the effects of so-
dium ion were maximal at concentrations of 100 mi�,i and
above. In order to provide further insight into the effects
of monovalent cations on [3H]PAC binding, parallel sat-
uration experiments were performed in which NaC1 (130
mM), KC1 (130 nmi), and LiCl (130 nmi) were compared.
The order of potency in the inhibition of binding of [3H]
PAC was Na� > Li� > K�. Inhibition of [3H]PAC binding
was also observed with 200 m�i NH4C1. When sucrose
(250 mM) was substituted for the added cations, binding

TABLE 2

Regulation by monovalent cations of[3H]PAC binding to the high-

affinity site ofthe platelet aipha-adrenergic receptor

Experimental con- No. of experi- KDa Bmax”

dition ments

nM pmoles ligand
bound/mg pro-

tein

Buffer only 8 0.87 ± 0.10 0.294 ± 0.038

Buffer + NaCl (130 4 8.9 ± 3.8 0.106 ± 0.016

mM) (p<0.02) (p<O.Ol)

Buffer + KC1 (130 5 1.35 ± 0.25 0.123 ± 0.016

mM) (NS) (p < 0.01)

a The data are expressed as means ± 1 SEM. The KD and Bmax of

the high-affinity [3H]PAC receptor of platelet membranes in Buffer I

alone are compared with the KD and Bmax of the high-affinity [3H�JPAC

receptor of platelet membranes exposed to sodium ion or potassium

ion using the two-tailed t statistic for two means (see Experimental

Procedures). NS, Not significant (p > 0.06).

experiment in which samples of the same membrane preparation were

exposed to [3H]PAC in Buffer I containing 130 m�.i NaCl. When

comparing A and B, note the differences in scale in the Scatchard plot

axes. With the use of the nonlinear regression program described under

Experimental Procedures, the KD and Bmax for the high-affinity site in

the absence of sodium (A) were 0.4 flM and 0.235 pmole/mg of protein,

respectively. In the presence of sodium (B), the KD and Bmax for the

high-affinity site were 2.3 nat and 0.083 pmole/mg of protein, respec-

tively.
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results were similar to those seen in the absence of added

monovalent cations, thus suggesting that the effects of
the added monovalent cations cannot be explained on
the basis of the changes in osmolarity.

Both GTP and its nonhydrolyzable analogue Gpp
(NH)p were found to reduce the affinity of [3H]PAC

binding to an equivalent extent, and this effect was
maximal at a guanine nucleotide concentration of 100
/.LM. Although the curvilinear shape of the Scatchard plot
was maintained in the presence of GTP (data not shown)
and both high- and low-affinity sites were detected, strik-
ing quantitative differences were observed in the high-
affinity site when compared with the results in the ab-
sence of guamne nucleotides with the same membrane
preparation. Table 3 shows the results of a series of
experiments examining the effects of 100 �iM GTP (Tris
salt) on [3H]PAC binding. The number of high-affinity
sites was significantly reduced by 84% from 0.294 pmole/
mg of protein to 0.046 pmole/mg of protein (p < 0.002),

whereas the KD was significantly increased from 0.87 n�i
to 2.8 nM (p < 0.02) (Table 3).

Since high-affinity [3H]PAC binding sites were still

detectable in the presence of either 100 �.LM GTP or 130
mM NaC1, experiments were performed to evaluate the

combined effects of these compounds on [3H]PAC bind-
ing. Computer analysis revealed only a single low-affinity,
high-capacity site (data not shown). Thus sodium ion

and guamne nucleotides act in an additive manner to

eliminate the high-affinity [3H]PAC binding site. In con-

trast, neither sodium ion nor guamne nucleotides affected
the receptor density or the KD for the alpha-adrenergic
antagonist [3H]DHEC (data not shown).

As an alternative approach to characterizing the
changes in receptor properties induced by sodium ion,
competition studies were carried out using [3H]DHEC

and unlabeled PAC in the absence and in the presence of
130 m� NaC1. The specific binding of [3H]DHEC in the

presence of increasing concentrations of PAC (10’#{176}M to
i04 M) was expressed as a percentage of total specific
binding (5), and the log (5/1-5) plotted against the

log[PAC] (see Fig. 4). In the absence of sodium ion, the

TABLE 3

Regulation by guanine nucleotides of[3H]PAC binding to the high-

affinity site of the platelet aipha-adrenergic receptor

Experimental con- No. of experi- KD� Bmax”

dition ments

flM pmoles ligand
bound/mg pro-

tein

Buffer only 8 0.87 ± 0.10 0.294 ± 0.038

Buffer + GTP (100 4 2.8 ± 0.93 0.046 ± 0.011

ELM) (p < 0.02) (p <0.002)
Buffer + GTP (100 4

�LM) + NaCl (130

mM)

a The data are expressed as means ± 1 SEM. The KD and Bmax of

the high-affinity [3H}PAC receptor of platelet membranes in Buffer I

alone as presented in Table 2 are compared here with the KD and Bmi�

of the high-affinity receptor component of platelet membranes exposed

to guanine nucleotides using the two-tailed t statistic for two means

(see Experimental Procedures).

b High-affmity [3HIPAC receptor binding sites were not detected by

nonlinear regression analysis in the presence of both sodium ion and

guanine nucleotides.

-9 -8 -7 -6 -5

/oq� [PA cJ
FIG. 4. Effects of NaCl on the inhibition by PAC of

binding to platelet membranes

The binding of [3H]DHEC (5 nM) in the presence of increasing

concentrations of unlabeled PAC (10 0 M to i0� M) was measured in

the presence and in the absence of 130 nmi NaC1. Total specific binding

of [3HJDHEC, determined by measuring [3H]DHEC binding in the

absence of unlabeled ligand and correcting for the nonspecific binding

in the presence of iO� M (-)-epinephrine, was the same in the absence

and in the presence of sodium ion. The “slope factor” (26) and IC�

were calculated by plotting the log of the fraction of specific binding

[log (�/1-�)] versus the log of PAC concentration and analyzing the
resulting linear plots by least-square regression analysis. The data

points are the means of two experiments performed in duplicate. The

values of the “slope factor” and ICr,o in the absence of sodium ion (0;

r = 0.93) were 0.47 and 0.08 j.tM, respectively. The values of the “slope

factor” and IC�o in the presence of 130 mM NaCI (�, r = 0.94) were 0.81

and 0.35 fLM, respectively.

results indicated a value of 0.08 /LM for the IC�,o and a
“slope factor” of 0.47, consistent with the presence of
more than one class of binding sites with different affin-
ities. In the presence of 130 m�i NaC1, the value of the
IC� increased to 0.34 �zi�i, and the slope factor increased
to 0.81, indicating that some, but not all, of the high-

affinity binding sites had been converted to a lower
affinity state, a result consistent with the direct analysis
of [3H]PAC binding described above.

The inhibition of adenylate cyclase by unlabeled PAC

and (-)-epinephrmne were compared in order to assess
the intrinsic activity of PAC, since the binding charac-
teristics of the tritiated ligand suggested that it was

acting as an agonist. Lysates were prepared by freezing
and thawing a pellet of washed platelets and resuspend-
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ing the lysed platelets in 25 mr�i Tris-HC1 buffer (pH 7.4).
In addition to the tissue and the assay “cocktail” (see

Experimental Procedures), assay tubes contained 10 �tM

PGD2 and either (-)-epinephrine or PAC (10� M to i0�
M). The results were compared with the activity of sam-
ples containing only PGD2. The results of three experi-
ments examining the inhibition of PGD2-stimulated ad-

enylate cyclase by PAC are shown in Fig. 5. Epinephrmne
inhibited 70% of the adenylate cyclase activity stimulated
above basal by PGD2, with an IC�o of approximately 0.5
�LM. PAC inhibited 40% of the stimulated activity with an
IC� of about 0.2 /�tM. Thus, PAC had an intrinsic activity
ofabout 60% (40%/70% x 100) ofthat of (-)-epinephrine.

Since sodium ion has been reported to facilitate the

coupling of inhibitory receptors to adenylate cyclase (27),

the effect of 130 mi�i NaC1 on the coupling of the alpha-
adrenergic receptor to adenylate cyclase was investigated
in this membrane preparation. The results, compared by
paired t-test, are presented in Table 4. Unstimulated
adenylate cyclase activity was measured as described
under Experimental Procedures in the presence or in the
absence of 100 �.tM GTP, and either 10 �iM epinephrmne or
130 m�i NaCl, or epinephrine and NaC1 together. Like-
wise, the effects of either 10 �u�i epinephrmne or 130 mr�i

NaC1, or epinephrmne and NaC1 together on PGD2-stim-
ulated enzyme activity were determined both in the

presence and in the absence of 100 jiM GTP. The mean
basal adenylate cyclase activity of seven platelet mem-
brane preparations was 7.9 ± 1.3 pmoles/mg of protein
per minute (Table 4). In the absence of exogenous GTP,
sodium ion decreased the level of basal enzyme activity

in each experiment, with a mean value for the seven
experiments of6.1 ± 1.3 pmoles/mg ofprotein per minute
(p < 0.04). In contrast, in the presence of 100 �tM GTP
(adenylate cyclase activity = 11.3 pmoles/mg of protein
per minute) no inhibition by NaCl was observed. Epi-
nephrmne (10 �tM) had no effect on the unstimulated
adenylate cyclase activity under any of these conditions.

The inhibitory effect of sodium was even more pro-
nounced when adenylate cyclase was activated by PGD2
(10 tiM). In the absence of exogenous GTP, NaCl de-
creased the activity from 48.1 ± 9.1 pmoles/mg of protein
per minute to 28.5 ± 5.4 pmoles/mg of protein per minute
(p < 0.01). When 100 /iM GTP was present, NaCl reduced
the activity from 112.7 ± 17.8 pmoles/mg of protein per
minute to 95.4 ± 17.4 pmoles/mg of protein per minute
(p < 0.01), an amount similar to the inhibition of the
stimulated enzyme by NaCl in the absence of GTP.
Epinephrmne alone had no effect on hormone-stimulated

adenylate cyclase activity in the absence of exogenous
GTP. However, when 100 jiM GTP was present, epineph-
rime reduced the activity of the stimulated enzyme from
112.7 ± 17.8 pmoles/mg of protein per minute to 86.4 ±

TABLE 4

Inhibition ofplatelet membrane adenylate cyclase by sodium ion or

(-)-epinephrine

. (-) Epinephrine

0 PAC

S.-

�S

..-

C)

a)
Cl)
a
C)
>5

0

0

>5

C
a)

�0

Adenylate Significance�’
cyclase

activity”

pmoles/mg
protein/mm

No addition 7.9 ± 1.3

+ Epinephrine (10 ELM) 7.8 ± 1.5 NS

+ NaCl (130 ms) 6.1 ± 1.3 p < 0.04

+ Epinephrine + NaC1 5.4 ± 1.0 p < 0.01

GTP (l00�M) 11.3 ± 1.7

+ Epinephrine (10 �sM) 11.3 ± 1.2 NS

+ NaC1 (130 mM) 11.5 ± 1.7 NS

+ Epinephrine + NaC1 9.9 ± 1.0 NS

Prostaglandin D2 (10 )LM) 48.1 ± 9.1

+ Epinephrine (10 LM) 42.5 ± 6.8 NS

+ NaCl (130 mM) 28.5 ± 5.4 p < 0.01

+ Epinephrine + NaCI 29.8 ± 5.7 p < 0.01

Prostaglandin D2 + GTP 112.7 ± 17.8

+ Epinephrine (10 �M) 86.4 ± 11.0 p < 0.02

+ NaCl (130 mM) 95.4 ± 17.4 p < 0.001

+ Epinephrine + NaCl 71.6 ± 12.1 p <0.001

I I I � I I

9 8 7 6 5 4

-log [Agonist]

FIG. 5. Inhibition of PGD2-stimulated platelet adenylate cyclase

by PAC and (-)-epinephrine

In three experiments, adenylate cyclase activity was assayed by

using freeze-thawed preparations of washed normal platelets according

to the method of Salomon et al. (22). In tubes containing platelet lysate

and “assay cocktail,” the basal activity was 2.2 pmoles of cyclic AMP

per milligram of protein per minute. To assess the stimulation of

adenylate cyclase activity by PGD2, platelet lysate was added to tubes

containing assay cocktail and 10 �M PGD2. The mean 100% PGD2-
stimulated activity was found to be 89.9 pmoles of cyclic AMP per

milligram of protein per minute. Aipha-adrenergic-mediated inhibition

of PGD2-stimulated adenylate cyclase was examined by the addition of

platelet lysate to tubes containing assay cocktail, 10 j�M PGD2, and

either (-)-epinephrine or PAC (10� M to iO� M). The data are

expressed as mean percentages of the PGD2-stimulated cyclase activity

± 1 SD.

a The data represent the mean ± 1 SEM of the results of seven

experiments. A different membrane preparation was used for each

experiment. In each experiment, a single membrane preparation was

used for assaying activity under all experimental conditions.

b Because of the range in enzyme activities of individual membrane

preparations (basal activity = 3.6 to 13.0 pmoles/mg of protein per

minute), the effects of epinephrine, NaCl, and the combination of the

two agents were compared with the relevant control (no additions,

GTP, prostaglandin alone, or prostaglandin + GTP) using a paired t-

test (see Experimental Procedures). NS, Not significant (p > 0.05).
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11.0 pmoles/mg of protein per minute (p < 0.02). The

inhibitory effects of sodium ion and epinephrine upon
the prostaglandin-stimulated enzyme activity in the pres-
ence of 100 �LM GTP were additive.

DISCUSSION

In this study, we have examined the effects of sodium

on binding of the partial agonist [3H]PAC to alpha-
adrenergic receptors and on alpha-adrenergic inhibition
of adenylate cyclase. In these membranes, [3H]PAC gives
a curvilinear Scatchard plot which is resolvable into a

high-affinity, low-capacity site and a low-affinity site.
Like guanine nucleotides, monovalent cations reduce
markedly the number of receptors in the high-affinity

state. Sodium also reduces both basal and hormone-
stimulated levels of adenylate cyclase activity. This in-
hibition is modulated by guanine nucleotides in a com-

plex fashion.
The partially purified platelet membrane preparation

used in these experiments offers three significant advan-

tages over the crude particulate preparations which we
(3) and others (4-6, 9-13) have used previously to study
platelet alpha-adrenergic receptors. First, the other par-
ticulate preparations contain membranes from various
intracellular structures such as mitochondria and gran-

ules. In contrast, with use of the procedure for plate-
let subcellular fractionation described above, platelet
plasma membranes are concentrated in Fractions 2-3,
which do not contain granules or mitochondria (19, 21).
Second, the density of alpha-adrenergic receptors in the

partially purified platelet membrane fraction (as mea-
sured by [3H]DHEC binding) is 5- to 7-fold greater than
that reported previously in other studies (3, 4). Finally,
the partially purified platelet plasma membranes appear
to contain relatively little endogenous nucleotide, since
little or no alpha-adrenergic inhibition of adenylate cy-
clase is seen in this membrane preparation without the

addition of guanine nucleotides.
The ligand used here, PAC, differs somewhat from the

parent compound clonidine in its interaction with platelet

alpha-receptors. First, the affinity of [3H]PAC for plate-
let receptors is higher than that of [3H]clonidine (12).

More important, [3H]PAC binding to platelet membranes
is more sensitive to regulation by guanine nucleotides
than is [3H]clonidine. Thus, the high-affinity state of the
platelet alpha-adrenergic receptor identified by [3H]PAC
is almost completely abolished by guanine nucleotides
whereas [3H]clonidine binding is decreased only 20% by
100 jiM GTP (12). This sensitivity of [3H]PAC to regula-

tion by guanine nucleotides probably reflects the rela-
tively high intrinsic activity of PAC. In the formulation
of Hoffman et al. (9), the ability to induce the formation
of a complex between the receptor and a membrane
guanine nucleotide regulatory protein is a fundamental
property of an agonist. Further substantiating the prop-
osition that the binding properties of [3H]PAC reflect its
properties as a partial agonist is the contrast with the
antagonist ligand [3H]DHEC, which in the same mem-
brane preparation gave a linear Scatchard plot which
was not affected by guamne nucleotides or cations.

The high-affinity, low-capacity [3HJPAC binding site
seen in the absence of added guanine nucleotides proba-
bly represents the high-affinity state resulting from the

agonist-induced formation of a receptor-guanine nucleo-
tide regulatory protein complex (9). In the experiments
measuring the binding of [3H]PAC, the binding parame-
ters of the low-affinity site cannot be quantitated with
precision, presumably because of its very low affinity.
This low-affinity receptor state may represent those re-
ceptors that are uncoupled from the nucleotide regula-
tory protein. The sum of receptors in this state and the
high-affinity receptors should equal the number of recep-

tors detected with the antagonist ligand [3H]DHEC,
which does not distinguish between high- and low-affinity

alpha2-adrenergic receptors (10). Our inability to quan-
titate the number of low-affinity receptors precludes a
direct demonstration using [3H]PAC of conversion by
guanine nucleotides (and monovalent cations) from high-
to low-affinity receptors, although this remains the most
likely explanation for the nucleotide-induced decrease in
the high-affinity binding.

In contrast with the effects of guanine nucleotides on
[3H]PAC binding which could be predicted from the work

of others, the effects of monovalent cations on [3H]PAC
binding and adenylate cyclase activity in this membrane
preparation provide new insights into the role of sodium
in alpha2-adrenergic inhibition of platelet adenylate cy-
clase. Thus, sodium by itself is capable of markedly
reducing the number of receptors in the high-affinity

binding state, as shown by a direct estimation of the
alpha2-adrenergic receptor density determined by the
binding of [3H]PAC. The striking changes in “slope fac-
tor” and KD calculated from PAC-[3H]DHEC competi-

tion curves (Fig. 4) provide evidence that high-affinity
binding sites are being converted to a low-affinity state

by Nat.
The ability of Na� to destabilize the agonist-induced

high-affinity receptor state suggested that the cation is

modifying an interaction between the receptor and a
nucleotide regulatory protein. The data on Na� inhibition
of adenylate cyclase suggest that the cation also modifies
the interaction between the nucleotide regulatory protein
and the catalytic unit. The modulation of the inhibitory
effect of Na� on adenylate cyclase by guanine nucleotides
(Table 4) provides additional evidence that the sodium
effect is mediated through the regulatory protein.

The most detailed previous analysis of the effects of
sodium on agonist interaction with platelet alpha-adre-

nergic receptors suggested that sodium decreased agonist
affinity by decreasing the affinity of both high- and low-

affinity states without changing the proportion of recep-
tors in the two states (1 1). The difference between the
effects of sodium ion and the effects of guanine nucleo-

tides on high-affinity binding led to the suggestion that
sodium and nucleotides acted at different sites with so-
dium perhaps acting at the receptor itself, since the low-
affinity state presumably is not coupled to the regulatory
protein (11). The inhibition ofboth basal and prostaglan-
din-stimulated adenylate cyclase activity by sodium ion

in the absence of hormone (Table 4) suggests that the
action of sodium ion upon the alpha-adrenergic receptor-
adenylate cyclase complex cannot be explained solely by
the effects of sodium ion upon the receptor. Although
multiple sites of interaction of sodium ion with the 5ev-
eral individual components of the platelet alpha-adre-
nergic receptor-adenylate cyclase complex cannot be ex-
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cluded, the binding data and adenylate cyclase data

presented here are fully consistent with a single effect of
sodium ion upon a guanine nucleotide regulatory protein
which in turn influences the relationships between the

regulatory protein and both the alpha-adrenergic recep-
tor and the adenylate cyclase catalytic unit. The action
of monovalent cations upon a nucleotide regulatory pro-

tein is supported by the recent report of Steer and Wood
(28) that monovalent cations slow the activation of plate-
let adenylate cyclase by Gpp(NH)p. Also Aktories et al.
(29) have recently postulated a direct interaction of cat-
ions with the guanine nucleotide regulatory protein of
the adenylate cyclase complex of the hamster adipocyte.
Thus, there is growing evidence to support the suggestion
that sodium may exert its effects on receptor binding and

adenylate cyclase activity by acting on the guanine nu-
cleotide regulatory protein. The computer modeling of

the effects of Na� on agonist displacement curves of
[3H]DHEC, which show a decrease of affinity of both
low- and high-affinity receptors, suggests that Na� may
also act upon the receptor itself (1 1).

In summary, we have provided detailed evidence that,
in human platelets, sodium and other monovalent cations
both modify high-affinity alpha2-adrenergic agonist
binding and inhibit adenylate cyclase activity. Our data
are consistent with the possibility that sodium acts at a
site on or associated with inhibitory guanine nucleotide

regulatory proteins to alter the interaction of the regu-
latory proteins with both the alpha-adrenergic receptor
and the adenylate cyclase catalytic unit. The use of

agonist ligands and the purified plasma membrane prep-
arations should facilitate the elucidation of the molecular
mechanisms involved in these processes.
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