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FIG. 5. Scatchard plots of saturation of [�HJclonidine specific binding in the cerebral cortex of control

and 6-hydroxydopamine treated rats

High affinity and low affinity [‘Hiclonidine binding was isolated as described in METHODS. Values represent

mean binding from triplicate determinations, at each [‘H]clonidine concentration, on six control (#{149})and six 6-

hydroxydopamine-treated (6-OHDA) (0) rats. Lines of best fit were obtained by linear regression analysis. (A)

High affinity binding. (B) Low affinity binding.

TABLE 3

Effect of 6-Hydroxydopamine on High Affinity and Lou’ Affinity [3H]Clonidine Binding in Different Rat

Brain Regions

High and low affmity specific binding of 0.4 nM [‘H]clonidine in 6-hydroxydopamine-treated rats was

determined as described in legend to Table 2. 6-Hydroxydopamine treated tissues were paired in each experiment

with the control tissues whose values are given in Table 2. Values are expressed as the mean ± standard error

of three determinations, each determination being performed on pooled tissue from two brains. Statistical

comparisons were done using Student’s (-test.

Region [3H}Clonidine specific binding

High affinity Low affinity

(fmoles/ (% (ftnoles/ (“/�

mg protein) control) mg protein) control)

Frontal Cortex 29.6 ± 1.3** 175 51.8 ± 0.5� 132

Occipital Cortex 28.7 ± 1.5*** 189 56.2 ± 6.2** 160

Parietal Cortex 23.1 ± 2.0* 143 49.8 ± 3.7 127

Corpus Striatum 5.0 ± 1.1* 417 28.3 ± 0.7** 140

Hippocampus 15.9 ± 1.7* 189 40.3 ± 3.6* 146

Anterior Thalamus 10.6 ± 3.2 109 42.1 ± 1.8 107

Posterior Thalamus 10.2 ± 0.6** 150 38.8 ± 6.1 148

Hypothalamus 14.7 ± 1.2** 184 62.6 ± 7.8 123

Colliculi 17.4 ± 05* 185 45.4 ± 0.6 120

Midbrain 5.4 ± 2.8 246 37.4 ± 7.0 147

Cerebellum 6.4 ± 0.2** 356 13.1 ± 1.6 94

Pons 3.7 ± 0.9 97 14.2 ± 2.7 134

Medulla 5.5 ± 2.1 104 23.5 ± 2.5* 161

* Significantly different from control value, p < 0.05

* * Significantly different from control value, p < 0.01

* * * Significantly different from control value, p < 0.001

pair of control and 6-hydroxydopamine cor- six such experiments, the mean Bmax values

tices were assayed in each experiment, and for the high affinity site were 22 ± 3 fmoles/
high and low affinity saturation constants mg protein for control and 41 ± 7 fmoles/
calculated for each individual cortex. From mg protein for 6-hydroxydopamine (p <
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0.01, Student’s paired t-test). For the low
affinity site, the values were 102 ± 14

fmoles/mg protein for control and 83 ± 19
fmoles/mg protein for 6-hydroxydopamine
(p > 0.2).

The influence of 6-hydroxydopamine on

binding of a single concentration of [3H]-
clonidine varied markedly among various

brain regions (Table 3). The most marked
augmentations occurred in the cerebellum
and corpus stniatum, where high affinity
binding was increased 3.5-4 fold from very
low control levels. The next highest in-

crease was in the midbrain area, where
binding was enhanced 2.5 fold. These in-
creases occurred in the three regions with

the lowest control levels of high-affinity
[3H]clonidine binding, and although statis-

ticaly significant in the case of the corpus
striatum and the cerebellum, may not be
functionally significant. The posterior thal-

amus, hypothalamus, colliculi, hippocam-
pus and areas of the cerebral cortex showed

50-100% increases in binding. Binding was
not changed by 6-hydroxydopamine treat-
ment in the anterior thalamus, pons and
medulla oblongata.

Changes in low affinity [3H]clonidine
binding were less marked after 6-hydroxy-

dopamine treatment. Statistically signifi-
cant alterations were apparent only in the
medulla oblongata, hippocampus, corpus
stniatum and frontal and occipital cerebral
cortex, where augmentations of 30-60%
were noted. Except for the cerebral cortex,
binding in all areas was assayed only at a
single concentration of [3H]clonidine, so
that it is not clear whether changes were
due to alterations in affinity or numbers of
sites.

To determine whether 6-hydroxydopa-
mine-induced changes in [3H]clonidine
binding to alpha receptors would be de-
monstrable with other ligands, we assayed
[3H]WB-4101 and [3H]epinephnine binding
associated with alpha receptors in animals
four weeks following 6-hydroxydopamine
treatment (Table 4, Fig. 6). For both
[3H]WB-4101 and [3H]epinephrine, the

numbers of binding sites in the cerebral
cortex increased by about 50%, while in the
rest of the brain a 23-36% increase in bind-
ing sites occurred (Table 4). Scatchard plots
remained monophasic, and no changes in

TABLE 4

Effect of 6-Hydroxydopamine on [3H]WB-4101 and

[3HJEpinephrine Binding to Alpha Receptors in

Rat Brain

Specific binding to membranes from cerebral cortex

or the rest of the brain at seven concentrations of

[3H]WB-4101 (0.05-5.0 nr’�i) or [3H]epinephrine (1.5-

65.0 nM) was measured in individual control rats and

6-hydroxydopamine-treated (6-OHDA) rats (see

METHODS). [‘H]WB-4101 and [3H]epinephrine bind-

ing, in duplicate assays at each ligand concentration,

were determined in the same rat brain, and in each

experiment, one control rat was paired with one 6-

OHDA rat. Saturation data from each brain for each

ligand was evaluated by Scatchard plot, and K0 and

Bmax values for individual brains were derived by linear

regression analysis. Values are mean ± standard error

of 5 determinations on separate brains. Statistical

comparisons were performed using Student’s t-test.

Region K,� Bma, t�Bmax

(nM) (fmoles/mg (%)
protein)

[3H]WB-4101

Control cortex 0.14 ± 0.01 84 ± 9

6-OHDA cor- 0.16 ± 0.01 123 ± 8* +49

tex

Control rest of 0.16 ± 0.02 61 ± 4

brain

6-OHDA rest 0.16 ± 0.02 75 ± 9 +23

of brain

[3H]Epineph-

rine

Control cortex 13.4 ± 1.1 163 ± 12

6-OHDA cor- 14.7 ± 1.5 240 ± 18* +49

tex

Control rest of 18.4 ± 3.1 100 ± 10

brain

6-OHDA rest of 20.6 ± 5.6 133 ± 15 +36

brain

* Significantly different from control value, p <

KD values were obtained after 6-hydroxy-
dopamine treatment (Fig. 6).

DISCUSSION

Several parameters examined suggest
that the biphasic nature of [�H]clonidine
binding, observed in kinetic and saturation
experiments, reflects the existence of two
distinct sites resembling alpha-receptors at

which [3H]clonidine has differential affin-

ity. The experimental procedure used to
isolate high- and low-affinity [3H]clonidine
relies on the reasonable assumption that
high-affinity binding is identical with the
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FIG. 6. Scatchard plots of saturation of [‘Hi WB-4101 and [�HJepinephrine cs.receptor binding in the

cerebral cortex of control and 6-hydroxydopamine-treated (6-OHDA) rats

Values represent mean binding from duplicate determinations, at each [Hiligand concentration, on 5 control

(#{149})and 5 6-OHDA (0) rats. Lines of best fit were obtained by linear regression analysis on the first five points

([H]WB-4101) and on all points ([H�epinephrine). (A) [H]WB-4101. (B) [H]epinephrine.

slowly dissociating component, and low-af-
finity binding with the rapidly dissociating
component (Figs. 1, 2). This procedure does
not afford complete separation of the two
phases of binding. The two-component pat-
tern in a Scatchard plot is also consistent
with negative cooperativity. However the

persistence of similar dissociation rates in
experiments using several dilution and ex-
cess norepinephrine or clonidine concentra-
tions argues against negative cooperativity.

Substrate specificities of the two sites

differ considerably. In general, agonists are
more potent at the high affinity and antag-
onists more potent at low affinity sites.

However, there are differences within each

group. Compared to norepinephrine, alpha-
methylnorepinephrine is more active at low

affinity than at high affinity sites. Relative
to other antagonists, phenoxybenzamine
also appears relatively more active at low

affinity than high affinity sites. Interest-
ingly, alpha-methylnorepinephrine is
thought to be a relatively selective drug for

influencing central and peripheral alpha-

noradrenergic autoreceptors (18). Neither
the high affinity nor the low affinity [3H]-
clonidine site has the substrate specificity
observed with the antagonist [3H]WB-4 101.
In competing for [3H]WB-4101 binding cer-

ta.in antagonists tend to be much more po-
tent, and all agonists much weaker, than at
either of the [3H]clonidine binding sites.
The differential affinities of prazosin at the

[3H]WB-4101 site compared to the [3H]-
clonidine binding sites suggest that [3H]-

clonidine labels sites pharmacologically

similar to presynaptic receptors, whereas
[3H]WB-4101 binding has the characteris-
tics of alpha1 postsynaptic receptors.

The affinities of agonists and antagonists
at the low-affinity [3H]clonidine binding

site resemble their affinities in inhibiting
[3H]epinephrine binding in the rat cortex,
although the affinities at the [3H]epineph-

rifle site are somewhat lower (19). Thus

(±)-[3H]epinephrine has a KD value of 13
n� (Table 4) and (-)-epinephrine has a K1
value of 5.2 ri� at the [3H]epinephrine site
(19), as compared with 2.9 ni�i at the low-
affinity [3H]clonidine site (Table 1). (±)-

[3H]Epinephrine apparently labels one site
in the cortex, which may correspond to the
low-affinity [3H]clonidine site� Binding of

(±)-[3H]epinephrine to the low-capacity,
high affinity site is not readily detectable at
present.

The regional distribution of binding also

differentiates the high and low affinity
[3H]clonidine sites. The low affinity sites
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are more uniformly distributed, resembling

results obtained with [3H]clonidine of lower

specific activity (5). The corpus striatum,

which contains negligible levels of endoge-
nous norepinephrine (20), has substantial
amounts of low affinity [3H]clonidine bind-
ing, but the lowest levels in the brain of

high affinity [3H]clonidine binding. The
cerebellum has fairly low levels of endoge-
nous norepinephrine (19) and the major
noradrenergic input to the cerebellum in-
volves /3-receptor effects at the Purkinje
cells (21). The cerebellum displays very low

levels of high affinity [3H]clonidine sites.

Thus, the regional distribution of high af-
finity [3Hjclonidine binding aligns better

with regional variations in noradrenergic
innervation and apparent alpha-receptor-

mediated neuronal influences.

6-Hydroxydopamine treatment also
markedly differentiates high and low affin-
ity clonidine binding sites. The high affinity
sites in almost all regions, but especially in
the cerebellum and corpus striatum where

control high affmity binding is very low,
display much greater augmentations in

binding following 6-hydroxydopamine than
those apparent for any low affinity sites.

The observation that, in almost all regions
of the brain, neither high affinity nor low

affinity [3H]clonidine binding was de-
creased by 6-hydroxydopamine treatment

suggests that neither site is associated with
presynaptic autoreceptors on noradrenergic
terminals. The four to five week period
between treatment and assay of 6-hydrox-
ydopamine tissue probably is sufficient
time for phagocytosis and removal of pre-
synaptic membrane components following
the initial creation of a chemical lesion.

It is possible that the increases in num-
bers of alpha-noradrenergic binding sites
following 6-hydroxydopamine treatment
are associated with physiological supersen-
sitivity to norepinephrine. These findings
are an elaboration of initial findings in 6-
hydroxydopamine-treated rats (5) and are
similar to results in which norepinephrine
lepletion by reserpine treatment also elic-
ited an augmentation in numbers of alpha-

rioradrenergic receptor binding sites (19).
While we observed increases in alpha-re-

�eptor binding of the antagonist [3H]WB-

4101 after 6-hydroxydopamine (Skolnick et

al.) failed to observe changes in [1H]WB-
4101 binding following 6-hydroxydopamine
(8). These authors, however, reported an
increase in alpha-adrenergic mediated

stimulation of cyclic AMP production in
cortical slices following 6-hydroxydopa-
mine. Differences between our results and
those of Skolnick et al. may relate to the
lower dose of 6-hydroxydopamine, a shorter
interval between treatment and binding

assay, and the higher concentrations of
[3H]WB-4101 used by these authors, com-
pared with our own investigation.
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SUMMARY

TSAI, BIE SHUNG, AND ROBERT J. LEFKOWITZ: Agonist-specific effects of guanine
nucleotides on alpha-adrenergic receptors in human platelets. Mol. Pharmacol. 16,
61-68 (1979).

The effect of GTP on the binding affinity of alpha-adrenergic receptors for alpha-
adrenergic agents was studied in human platelet lysates using direct ligand binding
methods with [3H]dihydroergocryptine. GTP at a concentration of 0.1 nmi markedly

decreased the binding affinity of the agonist (-)epinephrine for the receptors (more than

10-fold) but had UQ effect on tim binding of antagonists, Tho h�f n�4xirniil offoct o GTP

on �pIn�phrin� binding oecurrtd �n tt concetnr�nion of 4 riM, Gpp(NH)p wets us tffwtlvo
as GTP i*t th’ Mfl�l0 cOn�RLri4t10n, whttr�is GDP wits only 80% as t�ffoct1vo, Ottwr
nut�1ootids� such ts ATP imd ITP wttro less effo�tivo, Tht sxtent of tho GTP’�lndut�ed
rtidu4�tion in ths� tffinity of i�Jpha*�drtrwrgic ugsmt� for tht rociptors wits dlroctly rolitsd
to the intrinsic �wtivity of th�st i*gtnts for inhibition of PGE,�stlmu1itt�d nd.inylint�
t�y�1as� Th� nffe�t of GTP app�u’� to depend on th� �on�urr�nt pr�s�rwo of � �
ab�neo of Mgtt, GTP caused only a slight rease In the agonist binding affinity, When
Mgtt was present without GTP, the binding affinity of the agonist (-)eplnephrine was
increased by 5�fold, GTP In the presence of Mgtt induces a state of diminished affinity
of the receptor for the agonist which is lower than that Induced by the nucleotide in the
absence of MgCi�, The relationship between UT? and MgCl� in the regulation of platelet
aipha’�adrenergic receptors which are Inhibitory to adenylate cyclase activity appears to
be analogous to their role In regulating heta-adrenergic receptors which are stimulatory
for the enzyme in other tissues,

INTRODUCTION

The guanine nucleotide UT? has multi�
pie regulatory effects on the hormonensen�
sitive adenylate cyclase system, UT? has

been shown to be required for hormonal
stimulation of adenylate cyciase in many
tissues, This effect of UT? has been well
documented for the stimulation of adenyl�
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ate cyciase by glucagon In liver (l)� by PUE,
in S49 lymphoma cells (2)� and by hetar
adrenergic catecholamlnes in frog erythro�
cytes (3), among many others, In addition
guanine nucleotides have been shown to
regulate the functions of adenylate cyclase
coupled receptors by decreasing their bind�

ing affinity for hormones or agonist drugs,
This effect was first observed in liver for
the glucagon receptor (4� 5), and was later
demonstrated In cultured glioma cells (6)
and frog erythrocytes (7) for the beta�ad�
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tine.

renergic receptors. In these latter two sys-
tems it was demonstrated, using direct
ligand binding techniques, that nucleotide-
induced changes in drug or hormone bind-
ing occurred only for agonists, but not an-
tagonists.

Quite recently it was demonstrated that
GTP reduced the affinity of agonist ([3H]-
epinephrine) binding to alpha-receptor
sites in brain membranes while having no
effect on binding of antagonists such as
[3H]WB41O1 and [3H]DHE’ (8). The ability

of agonists to displace the antagonists,
[3H]WB41O1 and [3H]DHE, was also unaf-
fected by the nucleotide.

The alpha-adrenergic receptors of human
platelets, which can be studied by direct
ligand binding with [3H]DHE (9-11), have
an inhibitory effect on PGE1 stimulated and

basal adenylate cyclase (9, 11-13). This in-
hibitory effect is opposite in direction to
the effects of most hormone receptors cou-
pled to the enzyme which serve to increase
adenylate cyclase activity. Accordingly the
present studies were undertaken in an at-
tempt to determine whether regulation of
this “inhibitory” adenylate cyclase-coupled
receptor by guanine nucleotide occurred,
and to what extent the properties of this
regulation might be analogous to those ob-
served with stimulatory receptors, such as
the beta-adrenergic receptors.

MATERIALS AND METHODS

Materials. [3H]DHE with a specific ac-
tivity of 39 Ci/rnmole was obtained from
New England Nuclear. The sources of other
materials used in this study have been de-
scribed previously (7).

Preparation of human platelet lysates.

Platelet lysates were prepared as described
previously (9, 14) with some modifications.

After the platelets were washed twice with
buffer I solution (Tris HC1, 50 nmi, NaC1,
0.15 M, EDTA, 0.02 M, pH 7.5), they were

resuspended in “lysing buffer” (Tris HC1, 5
mM, EDTA, 5 mM, pH 7.5) and frozen under
liquid nitrogen. The frozen platelets were

then thawed at room temperature and ho-
mogenized for 30 strokes with a motor

‘The abbreviation used is: DHE, dihydroergocryp-

driven teflon-tipped pestle. For the binding
assay, the lysates were diluted to 10 ml with
“lysing buffer” and centrifuged at 39,000 x
g for 10 mm at 4#{176}.The resulting pellet was
further washed five times by resuspension
in “lysing buffer” and centrifugation. The
final pellet was resuspended in either buffer
containing Tns-HC1, 40 mM, MgCl2, 20 mM

(in excess of 1 mM EDTA) or “lysing buffer”
as indicated. For the adenylate cyclase as-
say, the lysates obtained after thawing and
homogenizing were diluted to 2 ml with

“lysing buffer” and centrifuged at 39,000 x
g for 10 mm at 4#{176}.The resulting pellet was
resuspended in Tris-HC1, 75 mM, MgCl2, 25

mM, and DTT, 5 mM.
Receptor binding assay. Aipha-adrener-

gic receptor binding was assayed in 200 jd

of incubation buffer containing either 40
mM Tris-HC1, 10 mM MgC12 (in excess of
0.5 mM EDTA), pH 7.5, or 40 mM Tris-HC1,
8.5 mM MgC12 (in excess of 2.5 mM EDTA),
pH 7.5. The concentratAon of [3H]DHE in
the assay was 5.0 ni�i. The binding reaction
was initiated by the addition of lysates to
the incubation medium and continued for
20 mm at 25#{176}.In order to determine the
nonspecific binding, phentolamine (10 �LM)

was included in the incubation medium.
The specific binding was defmed as the

difference between total and nonspecific
and was generaijy �-70% of total binding.
The incubation was terminated by adding
2 ml of Tris-HC1 buffer (40 mM, pH 7.5).
Separation of bound and free radioligands
was accomplished by filtration as previ-
ously described (9, 14). The filter paper was
further washed with 20 in! of Tris-HC1
buffer. The characteristics of [3H]DHE
binding to human platelet alpha-adrenergic
receptors have been previously docu-
mented (9-11).

Adenylate cyclase assay. Adenylate cy-
clase activity was assayed as previously de-
scribed (14) except for the concentration of
ATP being 0.1 nmi and the incubation being
carried out at 25#{176}for 20 min. Protein was

determined by the method of Lowry et al.

(15).

RESULTS

Effects of GTP on the binding of alpha-

adrenergic agents to the receptors. Pre-
vious studies from this laboratory and oth-
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ers (9-11) have shown that [3H]DHE, a
potent alpha-adrenergic antagonist, binds
to human platelet binding sites with the
characteristics expected of the physiologi-
cal alpha-adrenergic receptors which in-

duce platelet aggregation and inhibit plate-
let adenylate cyclase. The effect of the gua-
nine nucleotide GTP on the binding of
[3HJDHE to alpha-adrenergic receptors
was studied in thoroughly washed platelet

lysates. After five washings to reduce en-

dogenous GTP, the addition of exogenous
GTP at 0.1 nmi altered neither the total
binding nor the non-specific binding of
[3H]DHE. To determine whether GTP
might affect the binding affinity of alpha-

adrenergic agents for the receptors, the dis-
placement curves of various alpha-adrener-

gic agents for [3H]DHE binding were deter-

mined in the presence and absence of GTP
(0.1 mM). As shown in Fig. 1A GTP mark-

edly decreased the ability of (-)epineph-
rine to inhibit [3H]DHE binding. The dis-
placement curve for (-)epinephrine, a full

agonist, was shifted 12-fold to the right (a
“1-fold” shift means no shift occurred).
GTP was less effective in changing the

binding affinity of clonidine which is a par-
tial agonist in this system, producing a 4-
fold shift (Fig. 1B). The displacement curve

for DHE, an antagonist, was not altered at
all (Fig. 1C).
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FIG. 1. Effect of GTP on competition of (A) (-)epinephrine, (B) clonidine and (C) DHE for [3H]DHE

binding sites in human platelet lysates

Lysates were prepared as described in METHODS and incubated in the presence (#{149} #{149})and absence

(O-O) of GTP (0.1 mM). Binding assays were performed in buffer containing 10 mM MgCl2 (in excess of 0.5

mM EDTA) and 40 mM Tris-HCI, pH 7.5 as described in METHODS. Shifts in the binding displacement curves

were determined by comparing the 50% displacement concentrations of (-)epinephrine (EC50) in the absence

and presence of GTP. The shift was then determined as the ratio of EC50 in the presence of GTP to EC50 in the

absence of GTP. A “1-fold” shift means that no shift occurred. The values shown are means and standard errors

of three to twelve experiments.
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The effects of GTP on the (-)epineph-
rime displacement curve for [3H]DHE bind-
ing were twofold. Not only was the curve
shifted to the right but its slope became

steeper (Fig. 1A). It can be noted that in
the absence of added nucleotide the dis-
placement curve for the full agonist (-)ep-

inephrine is considerably more shallow
than that for the antagonist DHE (Fig. 1C),
and the shape of the displacement curve for
the partial agonist indicates an intermedi-
ate slope. GTP appears not to change the

slope of the clonidine displacement curve.
In the presence of maximally effective con-
centrations of GTP, the slopes of all of the

curves are now parallel. The effect of GTP
on the binding affinity of (-)epinephrine
was apparent at a concentration of 1 �

(producing a 3-fold shift); the half maximal

and maximal effects occurred at approxi-
mately 4 zM, and 10 /.LM, respectively (Fig.
2).

Other nucleotides were tested to see
whether they produced effects similar to
GTP (Fig. 3). At equal concentrations (0.1
mM), Gpp(NH)p, an analogue of GTP
which is resistant to nucleotide phospho-

hydrolase action, was as effective as GTP.
GDP was 80% as effective as GTP. ITP and
ATP produced 6.5 and 2.5-fold shifts, re-

spectively, in the displacement curves for
(-)epinephrine. Since these nucleotide
preparations may contain trace amounts of

0 2 4 6 8 0 00

GTP Concentration (,&tM)

FIG. 2. Effect of GTP concentration on “fold”shift

of the (-)epinephrine curve for displacement of

[3H]DHE binding

The shift in the (-)epinephrine displacement curve

of [3H]DHE binding was determined as described in

Fig. 1. Results shown are means and standard errors

of three experiments.

GTP GDP ITP AlP

FIG. 3. Effects of various nucleotides on (-)epi-

nephrine receptor binding displacement curves

The shift in the (-)epinephrine displacement curve

of [3H]DHE binding was determined as described in

Fig. 1. The concentration of nucleotides was 0.1 msi.

The values shown are means and standard errors of

three to five experiments.

GTP the possibility exists that their effects
may be due to contamination by GTP.

The GTP induced change in binding

affinity ofalpha-adrenergic agents was re-
lated to their abilities to inhibit PGE1-
stimulated adenylate cyclase via the al-
pha-adrenergic receptors. Previous studies
have shown that the alpha-adrenergic re-

ceptors in human platelets are coupled to
adenylate cyclase (9, 11-13). Activation of
alpha-adrenergic receptors in platelets is

associated with a reduction in PGE1-stim-
ulated adenylate cyclase. The fact that

(-)epinephrine, clonidine, and DHE are a
full agonist, partial agonist, and antagonist,
respectively, in inhibiting PGE1-stimulated
adenylate cyclase (9, 12, 14) and that GTP
displays different effects on the binding af-
finity of these adrenergic agents suggests
that the extent of the binding affinity shift
of alpha-adrenergic agents induced by GTP
may be in some way related to their abilities
to inhibit PGE1-stimulated adenylate cy-
clase. The intrinsic activities of various al-
pha-adrenergic agents for inhibition of
PGE1-stimulated adenylate cyclase were

determined and are shown in Table 1. As

shown in Table 1, the binding affinities of
(-)norepinephrine and (±)cobefrmn were
markedly decreased by GTP, whereas the
displacement curves for oxymetazoline,
phenylephrine, and methoxamine were
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TABLE 1

Intrinsic activities of alpha-adrenergic agents for inhibition of PGE,-stimulated adenylate cyclase

GTP (0.1 mM)-induced shifts in (3H)DHE displacement curves, and intrinsic activities of various alpha-

adrenergic agents as inhibitors of PGE,-stimulated adenylate cyclase activity in human platelet lysates. The

basal adenylate cyclase activity was 77±5 pmol/mg/min (n = 4). PGE, at 10 fLM produced a 4-5 fold stimulation.

(-)Epinephrine at 1 nmi inhibited PGE,-stimulated adenylate cyclase by 40-50%. The values shown are means

and standard errors of the number of experiments indicated in parentheses. The intrinsic activity of alpha-

adrenergic agents was determined at a concentration of 1 mM. Dihydroergocryptine and phentolamine showed

no rntrmsic activity at concentrations up to 1 1cM and 501cM, respectively. A “1-fold” shift indicates that no shift

occurred.

Agent Shift in (‘H)DHE displace-
ment curve

Intrinsic activity

(-)Epinephrine 14 ± 2.0 (12) 1.0 (6)

(-)Norepinephrine 12.5 ± 2.5 (2) 0.94 ± 0.02 (6)

(±)Cobefrmn 13.5 ± 6.5 (2) 0.84 ± 0.04 (5)

Clonidine 4 ± 0.3 (3) 0.52 ± 0.03 (6)

Oxymetazoline 2.38 ± 0.48 (3) 0.14 ± 0.02 (7)

Phenylephrine 2.16 ± 0.6 (3) 0.37 ± 0.04 (6)

Methoxamine 1.46 ± 0.29 (3) 0.09 ± 0.04 (8)

Phentolamine 1.0 (3) 0 (6)

DHE 1.0 (3) 0 (6)

shifted only slightly (1.4-2-fold), similar to
that of clonidine. The shifts in binding aS-
finity of alpha-adrenergic agents caused by

GTP correlated very well with their intrin-
sic activities as inhibitors of PGE1-stimu-

� lated enzyme activity (r = 0.96).
Mg� requirement for the GTP effect.

The beta-adrenergic receptors in frog
erythrocytes are also regulated by guanine
nucleotides (7, 16). GTP selectively de-
creases the binding affinity of agonists with-
out altering antagonist binding. This effect
of GTP on the beta-adrenergic receptors in

frog erythrocytes is dependent on the pres-
ence of Mg� (16). We observed the above
effects of GTP on human platelet lysates
when Mg� was present in the medium (10
inM in excess of 0.5 mM EDTA). To deter-
mine whether Mg�� was required, we in-
vestigated the effect of GTP on (-)epineph-
rine binding affinity for the receptors in the
absence of exogenous � Tris-HC1

buffer containing 2.5 mM EDTA was used
as the incubation buffer to ensure that most
of the endogenous free Mg� was chelated.
As shown in Fig. 4 in the absence of exog-

enous Mg�, GTP produced only a slight
effect on the (-)epinephrine displacement
curve for [3H]DHE (2-fold shift). We found
that whether GTP was present or absent,
Mg� altered neither the binding affinity
nor the specific binding of [3H]DHE at 5

-7 -6

Log [(-) Epinephrinej (MI

FIG. 4. Effect of GTP on (-)epinephrine receptor

binding displacement curves in the presence and

absence of MgCI2

When the competition of (-)epinephrine for [�H]-

DHE binding sites was determined in the absence of

MgCl2, the incubation buffer was Tris-HC1, 40 mM,

EDTA, 2.5 mM, pH 7.5. Displacement curves for

(-)epinephrine in the absence (D-D) and presence

(S 5) of GTP (0.1 mM) are shown. When the

competition of (-)epinephrine for [3H]DHE binding

sites was determined in the presence of MgC12, the

incubation buffer was Tris-HC1, 40 mM, EDTA, 2.5

mM, MgCl2, 8.5 mat (in excess of 2.5 mat EDTA), pH

7.5. The displacement curves for (-)epinephrine in

the absence (O-O) and presence (#{149} #{149})of GTP
(0.1 mM) are shown. The values plotted are means and

standard errors of three to seven experiments. It can

be noted that in these experiments in the presence of

MgC12, GTP produces a somewhat greater shift in the

(-)epinephrine displacement than that shown in Fig.

1. The platelet preparations used in these experiments

are distinct from those in Fig. 1.



DISCUSSIONni�i, which is below the saturation concen-

tration. This suggests that the total number
of [3H]DHE binding sites was also not

changed by � When MgC!2 (8.5 mM in

excess of 2.5 mM EDTA) was added without
GTP, the binding affinity of (-)epinephrine
was increased 5-fold. GTP (0.1 mM) in the

presence of Mg�� greatly reduced the bind-
ing affinity of (-)epinephrine and produced
a state of a lower affinity of the receptors

for (-)epinephrine than that induced by
GTP in the absence of � When Mg��
was present at a concentration of 1.25 mM
(in excess of 2.5 mM EDTA), the maximal

effect of GTP on agonist binding affinity
occurred. The half-maximal effect of GTP
was seen at 0.3 mM free MgCl2 (Fig. 5)
which is identical to the concentration of

Mg�� which half maximally augments the
binding of the agonist [3H]hydroxybenzyli-
soproterenol to the beta-adrenergic recep-
tors and [3H]PGE1 to the prostaglandin
receptors in frog erythrocyte membranes
(16).
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FIG. 5. Effect of MgCl2 concentrations on the

GTP-induced shift in the (-)epinephrine displace-

ment curve of[3H]DHE binding

Shifts in binding displacement curves were deter-

mined in the presence of various concentrations of

MgCI2 (in excess of 2.5 mM EDTA) by comparing the

50% displacement concentrations of (-)epinephrine in

the presence and absence of 0.1 mat GTP as described

in Fig. 2. The values shown are means and standard

errors of two to three experiments. These experiments

were performed with different platelet lysates than

those described in Fig. 4.
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The data presented here clearly suggest
that guanine nucleotides are able to pro-
foundly influence the function of the ade-
nylate cyclase-coupled alpha-adrenergic re-
ceptors of human platelets. The effect is
very selective in that the GTP-induced shift
in binding affinity is greatest for full ago-
nists such as (-)epinephrine, and interme-
diate for partial agonists such as clonidine,
while no shifts were observed for pure an-
tagonists such as phentolamine or DHE.
This selective GTP effect in human plate-
lets is similar to the agonist-selective so-
dium effect on alpha-adrenergic receptors
observed previously in rabbit platelets (14).

A recent report by U’Prichard and Sny-
der described the effect of GTP on alpha-
adrenergic receptor binding in calf and rat
brain (8). Unlike the findings in human
platelets, it was found that GTP had no
effect on the binding affinity of agonists at
[3H]DHE binding sites. However, it was
reported that GTP reduced the binding of
the agonists [3H]epinephrine and [3H]nor-
epinephrine by decreasing the binding af-
finity to alpha-adrenergic receptors without

affecting the binding of antagonists. It was
suggested that, in the brain, [3H]agonist
and [3H]antagonist bind to distinct sites of
alpha-adrenergic receptors. Our own data
obtained with human platelet lysates are
thus not entirely consistent with those re-

ported for brain membranes. In the platelet
system, agonist, antagonist and partial ag-
onist ligands all appear to compete for the
same sites, but the effects of the guamne
nucleotides are agonist specific.

The mechanism by which GTP reduces
the binding affinity of agonists for alpha-

adrenergic receptors in human platelet is
unknown. U’Prichard and Snyder reported
that GTP decreased the binding affinity of
[3H]agonists for brain alpha-adrenergic re-
ceptors mainly by enhancing the dissocia-
tion of [3H]agonist from the receptors (8).

Similar findings have also been found for
beta-adrenergic receptors in frog erythro-
cytes (17) and glucagon receptors (18) in

rat liver. Whether this is also true for plate-
let alpha-adrenergic receptors remains to
be determined. Attempts to perform ago-
nist binding with [3H]catecholamines in
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platelet lysates have thus far been frus-

trated by very low levels of specific binding.
Our studies appear to suggest that the

GTP effect on receptor binding is apparent
only when the alpha-adrenergic receptors
are coupled to some component(s) of ade-
nylate cyclase as a result of interaction with
an alpha-adrenergic agonist. The same
finding has also been reported and well
characterized for beta-adrenergic receptors

in frog erythrocytes (7) and 849 lymphoma
cell membranes (2, 19).

Jakob et al. reported that the inhibition
of PGE1-stimulated adenylate cyclase in-
duced by the stimulation of alpha-adrener-
gic receptors in human platelets required
the presence of GTP (20). In the absence of
GTP, the effect of aipha-adrenergic recep-
tors disappeared. It is not known whether
the GTP binding site which mediates the
reduction in alpha-agonist binding affinity
is a distinct site or corresponds to the sites
involved in mediating the GTP effect on
alpha-adrenergic inhibition of platelet ade-
nylate cyclase.

In brain tissue, GTP can reduce the bind-
ing affinity of [3H]agonists for alpha-adre-

nergic receptors in the absence of Mg�� (8).

However, in human platelets, much of the
GTP effect requires the presence of Mg�.
In the absence of Mg�, GTP produces only
a slight effect on agonist binding. These
findings suggest that the alpha-adrenergic

receptors of human platelets which are in-

hibitory to adenylate cyclase are regulated
by guamne nucleotides by mechanisms
which are similar to those for stimulatory
receptors such as the beta-adrenergic re-
ceptors. We have previously proposed a
“dynamic receptor affinity” model (3, 16,
21) for the beta-adrenergic receptor system
which may thus also be applicable to inhib-
itory receptors such as the platelet alpha-
adrenergic receptors. This model postulates
the initial formation of a “low affinity” ag-
onist receptor complex, which is followed
by the formation of a “high affinity” cou-
pled state of the receptor which is formed
uniquely by agonist in the presence of
Mg�. This high affinity intermediate is
postulated to represent some form of com-
plex between agonist, receptor, and some

component(s) of the adenylate cyclase sys-
tern. This intermediate is envisaged as
being uniquely sensitive to the actions of
regulatory guanine nucleotides which in a
concerted mechanism: 1) break up the high
affinity complex, thus reducing agonist af-
finity and 2) thereby activate (or in this
case inhibit) adenylate cyclase. Binding of
antagonist, which does not promote for-
rnation of the high affinity intermediate, is
thus not sensitive to guanine nucleotides or
divalent cations.

The model described here for alpha-ad-
renergic receptors in human platelets is of
course speculative. However, it is consistent
with all of the data obtained. The picture
of nucleotide and divalent cation regulation
of these inhibitory adenylate cyclase-cou-
pled alpha-adrenergic receptors is strik-
ingly analogous to that observed with stim-
ulatory receptors such as the beta-adrener-
gic receptors. These findings suggest that
comparable coupling mechanisms, at least
insofar as guanine nucleotides and divalent
cations are concerned, may be involved for
both stimulatory and inhibitory adenylate
cyclase coupled receptors.
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SUMMARY

CREESE, IAN, TED B. USDIN, AND SOLOMON H. SNYDER: Dopamine receptor binding
regulated by guanine nucleotides. Mol. Pharmacol. 16, 69-76 (1979).

Guanosine triphosphate (GTP) and diphosphate nucleotides decrease the binding of the
agonist ligands [3H]apomorphine and [3H]ADTN to dopamine receptors in the rat corpus
striatum with half maximal reduction of binding at 5 �zM. These nucleotides also reduce
agonist inhibition of the antagonist [3H]spiroperidol binding to dopamine receptors
without affecting total [3H]spiroperidol binding. Guanosine monophosphate and ademne
nucleotides display negligible influence on dopamine receptor binding. GTP reduces the
affinity of [3H]apomorphine binding with no effect on the maximal numbers of binding
sites.

INTRODUCTION

Guanine nucleotides are thought to reg-
ulate adenylate cyclase systems by directly
enhancing cyclase activity (1-8) and by in-
creasing the sensitivity of the cyclase to
stimulation by hormones (2-9). A role for
guanine nucleotides in regulating the link-

age between hormone recognition sites and
adenylate cyclase is suggested by demon-
strations that guanine nucleotides selec-

tively decrease affinities of agonists for re-
ceptor binding in the case of glucagon (10,
11) and $-adrenergic (12, 13) receptors. Re-
cent studies implicate two distinct guamne
nucleotide sites in the regulation of the
glucagon and fl-adrenergic receptors and of
adenylate cyclase activity in hepatic mem-
branes (14) and cultured cell lines (15). The

influence of guanine nucleotides upon hor-
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‘To whom all correspondence should be addressed.

mone and neurotransmitter receptors may
not be exclusively associated with cyclase-
receptor interactions, since GTP2 selec-
tively decreases agonist affinities at angio-
tensin (16), a-noradrenergic (17) and opiate
(18-20) receptors where it is unclear
whether or not adenylate cyclase activation
mediates their physiological effects.

Some of the synaptic effects of dopamine
in the brain appear to involve stimulation

of a dopamine-sensitive adenylate cyclase.
In washed membranes, GTP is required for
dopamine stimulation of adenylate cyclase
activity (21). In preliminary studies we have
reported that guanine nucleotides selec-
tively reduce agonist binding to dopamine
receptors in brain membranes (22, 23), and
others have reported that GTP decreases
agonist displacement of antagonist binding
to dopamine receptors (24). Here we de-
scribe the detailed properties of guanine
nucleotide influences upon dopamine re-
ceptor binding in brain membranes.

2The abbreviation used is: GTP, guanosine tn-

phosphate.
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