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TABLE 5

Densities of /3.1 and /3-2-adrenergic receptors in discrete areas of rat brain

The total number of /3-adrenergic receptors in each brain area was determined by Scatchard analysis of

specific IHYP binding as described in text. Each value is the mean ± SEM of 3 animals. The number of /3-1 and

/3-2-adrenergic receptors in each brain region was determined by calculating the percentage of each receptor

subtype as measured with four different drugs in Table 3 and multiplying by the total number of /3-adrenergic

receptors in that region. The age of the rats was 4-5 weeks.

Total /3-adrenergic re- $-1-adrenergic receptors /3-2-adrenergic receptors
ceptors

(fmolelHYP (fmolelHYP (fmolelHYP
bound/mg protein) bound/mg protein) bound/mg protein)

Cerebellum 21.7 ± 2.24 3.3 ± 0.46 18.4 ± 1.92

Diencephalon 27.4 ± 1.69 19.4 ± 1.28 8.0 ± 0.67

Hippocampus 38.1 ± 5.11 31.0 ± 4.18 7.1 ± 0.95

Caudate 54.0 ± 3.41 41.3 ± 2.65 12.7 ± 0.93

Cortex 71.3 ± 8.38 58.1 ± 6.84 13.2 ± 1.55

heart or lung.
The observation that drugs which show

differential affinities for fi-adrenergic recep-
tors in rat heart and lung in vitro yield

nonlinear Hofstee plots for the inhibition of
specific IHYP binding in a number of dif-
ferent tissues even in the presence of GTP

suggests that both receptor subtypes exist
in these tissues. It seems likely that the
interaction of a drug with each receptor

subtype follows simple kinetics since, as
discussed above, the interaction of nonse-

lective agonists and antagonists with each

receptor subtype follows simple kinetics in

the presence of GTP. The only drugs that
yielded nonlinear Hofstee plots for the in-

hibition of specific IHYP binding were the

drugs that showed selectivity between

heart and lung receptors in vitro, and all

drugs that showed such selectivity yielded

nonlinear Hofstee plots. In this case the

resulting Hofstee plots are curves obtained

by the mathematical addition of two

straight lines with different slopes. These

curves can be dissected into their two orig-

inal components by the computer-based it-

erative procedure described in the METH-

ODS section (see Fig. 1).
The analysis described above suggests

that both fl-i and fl-2-adrenergic receptors
exist in both heart and lung. For those

drugs (practolol and metoprolol) that have

been shown to be more potent in inhibiting

IHYP binding in rat heart than in rat lung

and that have been shown to be cardiose-

lective in vivo, the high affinity component

is termed the fl-i component and the low
affinity component is termed the fl-2 com-

ponent. For those drugs (zinterol and sal-
mefamol) that have been shown to be more
potent in inhibiting IHYP binding in rat

lung than in rat heart and that have been
shown to be bronchial-selective in vivo, the
high affinity component is termed the fl-2
component and the low affinity component
is termed the fl-i component. Using these
definitions, the relative percentage of 1
and fl-2-adrenergic receptors in each tissue
was calculated by analyzing the kinetics of
inhibition of specific IHYP binding by a
variety of selective drugs. In rat heart the

use of both fl-i-selective and fl-2-selective
drugs indicates that 76-86% of the fi-adre-
nergic receptors are of the fl-i subtype,
while in the lung only 9-20% are of this

subtype. The existence of fl-i and fl-2-ad-
renergic receptors in both heart and lung is
consistent with previous physiological evi-
dence which suggests that both receptor
subtypes can coexist in a single organ and
may in fact subserve the same physiological
response (1, 2). To date there is no evidence

as to whether these receptors coexist on the

same cell, or whether any given cell has a

homogeneous population of either fl-i or
fl-2-adrenergic receptors. The existence of

both receptor subtypes in a single organ
may reflect the existence of different cell

types in that organ.

The results obtained with fl-i and fl-2-

selective drugs in various regions of rat

brain are similar to the results obtained in
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heart and lung. In each of five brain regions
examined the inhibition of specific IHYP

binding by practolol, metoprolol, zinterol

and salmefamol resulted in nonlinear Hof-
stee plots. The use of four selective drugs
to determine the relative proportions of fl-
1 and fl-2-adrenergic receptors gave very
similar percentages in each case. In the

cerebellum, only 12-18% of the fi-adrener-
gic receptors were of the fi- i subtype, while
in the other brain regions examined this
subtype predominated. In any case, the rel-

ative percentages of fi- i and fl-2-adrenergic
receptors varied markedly in the different
brain regions. The density of fl-i-adrenergic

receptors varied almost 20-fold between dif-

ferent brain regions, being lowest in the

cerebellum and highest in the cerebral cor-
tex. The density of fl-2-adrenergic recep-

tors, on the other hand, varied less than 3-
fold, being lowest in hippocampus and high-

est in cerebellum. The striking difference

between the regional distributions of fl-i

and fl-2-adrenergic receptors suggests that

they may be involved in different functions.
The relatively small variation in the density
of fl-2-adrenergic receptors suggests that

these receptors are located on a relatively
heterogeneously distributed tissue compo-

nent. It is interesting to note that fl-2-ad-

renergic receptors have a high affinity for
epinephrine and a very low affinity for nor-

epinephrine. It therefore seems likely that
epinephrine may be the natural agonist for
fl-2-adrenergic receptors. In view of the

small amount of epinephrine in rat brain

(8) it is reasonable to postulate that fl-2-
adrenergic receptors in the brain are asso-

ciated with cerebral blood vessels which are

outside of the blood brain barrier and ac-
cessible to epinephrine released from the
adrenal medulla. It is interesting to note
that the /i-adrenergic receptors controlling
vasodilation are frequently of the fl-2 sub-

type (9,10).
It is important to emphasize that inter-

pretation of these experiments rests on two

basic assumptions: 1) that the interaction
of each drug with each component follows
simple kinetics; and 2) that there are only

two components. The first assumption
seems relatively safe; as discussed above,
nonselective drugs yield simple kinetics

with both receptors, only selective drugs

yield complex kinetics, and all selective
drugs yield complex kinetics. The second
assumption, that there are only two com-
ponents, is much less certain. Our working

hypothesis has been that there are only two
receptor subtypes. Consistent with this as-
sumption is the fact that the use of four
different drugs with different affinities and
selectivities yielded essentially constant

percentages of 1 and fl-2-adrenergic re-
ceptors in seven different tissues. In addi-
tion, the calculated affinity of each drug for

the fi- 1 and fl-2-adrenergic receptors in

each of seven different tissues was essen-
tially the same. The results generated given

these assumptions are therefore internally
consistent, yielding constant percentages of
the two receptor subtypes in a given tissue,

and constant affinity of a particular drug
for each receptor subtype in a variety of
tissues. This evidence therefore suggests

that there are only two subtypes of fl-ad-
renergic receptor in the rat and that the
pharmacological specificity of each recep-

tor subtype is constant in a variety of tis-
sues. We are currently subjecting this hy-
pothesis to more rigorous testing, using ad-

ditional drugs that show selectivity for fl-i

and fl-2-adrenergic receptors in vitro and a

range of tissues from different animal spe-
cies.

Note added in proof. While this manuscript was in

preparation a letter appeared in Nature which showed

that the inhibition of (‘H)-dihydroalprenolol binding

in rat lung by the 13-1-selective antagonist practolol

resulted in a nonlinear Hofstee plot (11). This paper

reached the same general conclusion, i.e., that there

are two types of /3-adrenergic receptors in the lung,

but since the data were analyzed by eye, the relative

proportion of the high affinity (/3-1) component was

significantly overestimated (see RESULTS).
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SUMMARY

U’PRICHARD, DAVID C., W. DIETRICH BECHTEL, BRUNO M. RouoT, AND SOLOMON

H. SNYDER: Multiple apparent alpha-adrenergic receptor binding sites in rat brain:

Effect of 6-hydroxydopamine. Mol. Pharmacol. 16, 47-60, (1979).

[3H]Clomdine (26.7 Ci/m.rnole) binds with high affinity to sites on rat brain membranes
with properties of alpha-noradrenergic receptors. [3H]Clonidine binding shows a biphasic
pattern in kinetic and saturation experiments. Fifty percent of the specific binding of
0.4 nM [3H]clonidine is dissociated rapidly in 2 mm by excess norepinephrine or clonidine,
and the remaining 50% dissociates at a 10-fold slower rate. When slowly-dissociating
[ 3H]clonidine binding is examined in isolation, saturation curves show a single population

of high-affinity sites with a KD of 0.5 ni�i and Bn)ax of 1.3-1.6 pmoles/g tissue in cerebral

cortex. Rapidly-dissociating [3H]clonidine binding, estimated from the difference between
total binding and high-affinity binding, involves a single population of lower affinity sites
with a KD of 3.0 nM and Bmax Of 9-10 pmoles/g cerebral cortex tissue. Alpha agonists are

in general more potent at the high affinity [3H]clonidine site, while alpha antagonists are
more potent at the low affinity site. a-Methylnorepinephrine is less potent than norepi-
nephrine at the high affinity site, but more potent at the low affinity site. Neither [‘3H]-

clonidine binding site resembles the alpha receptor site labeled by [3H]WB-4iOi. The
distribution of high and low affinity [3H]clonidine binding throughout rat central nervous

system is different. High affinity binding levels vary 14 fold between lowest values in
corpus striatum and cerebellum, and highest values in cerebral cortex. Low affinity
binding varies less regionally, with highest levels in hypothalamus. 6-Hydroxydopamine

treatment doubles the number of high affinity [3H]clonidine sites in the cortex, but does
not alter the number of low affinity sites. 6-Hydroxydopamine increases high affinity
binding much more than low affinity binding throughout the brain. 6-Hydroxydopamine
also increases by 50% the number of [3H]WB-4iOi and [3H]epinephrine alpha receptor
sites in the cerebral cortex.

INTRODUCTION indicates the existence of more than one

A variety of pharmacological evidence type of alpha-noradrenergic receptor. Be-
sides classical postsynaptic alpha-recep-

This work was supported by USPHS grant MH-

18501, and by grants from the McKnight and John A. tors, noradrenergic nerve terminals appear
Hartford Foundations, Inc. to possess autoreceptors at which alpha-

C Present Address: C. H. Boehringer Sohn, Bio- noradrenergic agonists inhibit release of
chemistry Dept., Ingelheim, F. R. Germany norepinephrine and alpha-antagonists

2To whom all correspondence should be addressed. block these effects (1, 2). Clonidine is
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thought to be one of the most potent a-
agonists at these autoreceptors (3, 4). How-
ever, in initial studies of [3H]clonidine bind-

ing to putative alpha-noradrenergic sites
we found only one population of saturable
binding sites and observed no decrease in
binding when noradrenergic neurons were
destroyed by intraventricular injections of
6-hydroxydopamine (5). Recently we have

obtained [1Hjclonidine of much higher spe-
cific activity and now report evidence for

discrete high and low affinity binding sites,
with specific properties resembling alpha-

receptors, which have different responses

to 6-hydroxydopamine treatment.

METHODS

Methods were generally similar to pre-
vious CNS alpha-receptor binding studies
(5, 6). Different fresh brain regions from

adult male Sprague-Dawley rats were ho-
mogenized in 20 volumes of ice-cold 50 m�

Tris-HC1 buffer, pH 7.7 at 25#{176},with a

Brinkmann Polytron PT-b. After two cen-

trifugations at 50,000 x g for 10 mm with
intermediate rehomogenization, the final
pellets were resuspended in 49 volumes
([3H]clonidine and [3H]WB-4i01 assays) or

22 volumes ([3H]epinephrmne assays) of cold
50 mM Tris-HC1 buffer, pH 7.7 at 25#{176}.

Binding assays. [3H]Clonidine, 26.7 Cu
mmole, [3H]WB-4iOi, 25 Ci/mmole and

(±)-[3Hjepinephrine, 15 Ci/mmole, were
obtained from New England Nuclear, at a
stated purity of greater than 95%. For stan-

dard [3H]clonidine binding assays, incuba-
tion tubes received 20 �.tl [3H]clonidine at a
final concentration of 0.4 nM, 20 �tl of var-

ious concentrations of unlabeled drugs, 0.94
ml of 50 mi�.i Tris-HC1 buffer, pH 7.7 at 25#{176},
and 1.0 ml of tissue suspension. After a 30

mm incubation at 25#{176},the contents were
rapidly filtered under vacuum over What-
man GF/B ifiters with 3 x 5 ml rinses of
cold buffer. Filters were counted by liquid

scintillation spectrometry in 10 ml Formula
947 (New England Nuclear) at 37.5% effi-
ciency.

Specific [3H]clonidine binding was de-
fined as the excess over blanks contain-
ing 10 �iM (-)-norepinephrine. At 0.4 imi
[3H]clonidine concentrations, in assays con-

taining 20 mg original wet weight of rat

cortex tissue, total binding was 1000 cpm
and nonspecific binding was 80-100 cpm.
To isolate high- and low-affinity compo-

nents of binding, membranes were incu-
bated with [3H]clonidine for 30 mm at 25#{176},

following which 200 �tl of a 10 �LM solution
of unlabeled clonidine was added to the
incubation to dissociate [3H]clonidine from
low-affinity binding sites. The contents of

the assay tubes were filtered 2 mm after
addition of unlabeled clonidine. The resid-
ual specific binding left after 2 mm disso-

ciation represented binding of [3H]cloni-
dine to high-affinity, slowly-dissociating

sites. Parallel samples were assayed with-
out short-term dissociation to determine
overall specific binding. The difference be-
tween specific binding determined nor-
mally, and specific binding left after 2 mm
dissociation with unlabeled clonidine, rep-
resented binding of [3H]clonidine to low-
affinity, rapidly dissociating sites. In typical

experiments using 0.4 nr��i [3H]clonidine
overall specific binding was 900 cpm, of
which the residual high-affinity component
comprised 400 cpm, and the low-affinity

component 500 cpm. In drug inhibition

studies, ICro values at the high-affinity site

were determined by measuring residual

binding following dissociation with unla-
beled clonidine, in the presence of a range
of drug concentrations. IC.’0 values at the

low-affinity site were jietermined from the
difference between binding determined nor-
mally, and residual binding after dissocia-

tion, in the presence of a range of drug
concentrations.

[‘H]WB-4i01 and [3H]epinephrine bind-
ing to rat brain a-receptors was determined
as described previously (5-7). Unless oth-
erwise indicated, all binding assays were
run in triplicate.

6-Hydroxydopamine treatments. Adult

male Sprague-Dawley rats were injected in
each lateral ventricle with 6-hydroxydopa-
mine, 250 .tg base, in 20 �.tl of 0.9% NaCl

containing 0.1% ascorbic acid. The two in-
jections were given 24 hr apart, and control
animals received equivalent injections of
vehicle. The animals were killed 4-5 weeks
after treatment, the cortex dissected from

the rest of the brain, and the cortex and the
rest of the brain homogenized in 7 volumes
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of 0.32 M sucrose. Brains from 6-hydroxy-
dopamine-treated rats that did not show
the expected abolition of twitching reflex
following decapitation were discarded (8).
[�‘H]Norepinephrine uptake in synapto-
somes prepared from control and 6-hydrox-
ydopamine-treated tissues was determined
by a modification of the method of Coyle

and Snyder (9), using 0.1 �.tM (_)[:iHInor..
epinephrine (New England Nuclear, 27 Ci!
mmole) and 10 iM desmethylimipramine as
a blank to define uptake into noradrenergic
terminals. Uptake assays were conducted
for 5 mm at 37#{176},and terminated by centrif-
ugation. Uptake into 6-hydroxydopamine
treated synaptosome preparations was 19
± 5% and 6 ± 1% of paired control levels in

cerebral cortex and the rest of the brain
respectively.

Control and 6-hydroxydopamine homog-

enates in which [3H]norepinephrine uptake
was assayed, were prepared for alpha-re-

ceptor binding experiments by addition of
a large volume of 50 m�i Tris-HC1 to lyse
the homogenates, and two subsequent cen-

trifugations and resuspensions as described

above for standard assays. In 6-hydroxy-

dopamine experiments, the binding assay

contained 10 mg instead of the standard 20

mg tissue. The protein concentrations of
the binding assay tissue suspensions were
determined by the method of Lowry (10),
using bovine albumin as a standard.

Drugs. Phenylethylamine enantiomers
were generously donated by Sterling-Win-
throp; clonidine, tramazoline and St-600, by
Boehringer Ingelheim; dihydroergotamine,

by Sandoz; WB-4 101 by Ward Blenkinsop;
prazosin, by Ely Lilly; and indoramin, by
Wyeth. p-Aminoclonidine and 2,5-dichlo-

rophenylimino-2-imidazolidine were pro-
vided by our colleague, Dr. B. Rouot. Other
drugs and compounds were obtained from
the pharmaceutical company of origin or

commercial sources.

RESULTS

Kinetics of [3H]clonidine binding. Spe-
cific [‘H]clonidine binding at 25#{176}was re-
versible (Fig. 1). By 30 mm, specific binding
to cerebral cortex membranes reached pla-
teau values which were 8 times the levels

of nonspecific binding measured in the pres-

ence of 10 /LM (-)-norepinephrine. Half
maximal levels of specific binding occurred
at about 30 mm. On a semiogarithmic plot
the pseudo-first order kinetics of associa-
tion of specific binding were linear (Fig.
1A). From three different experiments, the
observed rate constant (k0b) of association

was 0.13 ± 0.01 mln� (mean ± standard

error).
Dissociation of specifically bound [3H]-

clonidine was evaluated by incubating

membranes to equilibrium with [‘H]cloni-
dine, whereupon 10 �tM (-)-norepinephrine
was added and residual binding estimated

at varying time intervals (Fig. 1B). When
plotted on a semiogarithmic scale, dissocia-
tion of [3H]clonidine was biphasic. The half

lives for the fast and slow phases of disso-
ciation were about 1 mm and 13 mm re-

spectively. From three separate experi-

ments, the rate constants for dissociation
(k_,) for the fast and slow phases were 0.68

± 0.15 min’ and 0.063 ± 0.008 min’ re-
spectively (mean ± standard error). When

1.0 /.LM clonidine instead of 10 �LM (-)-nor-
epinephrine was used to dissociate [3H]-
clonidine specific binding, dissociation re-
mained biphasic with k_, values of 0.69

min� and 0.064 min’ for the fast and slow
phases, similar to values obtained with 10
�LM (-)-norepinephrine. Similar results
were obtained using 10 �tM and 100 JiM don-

idine. In other experiments in which disso-
ciation was determined following 100-fold
dilution of the medium, the same dissocia-
tion pattern was observed. The equation

for the second order rate constant of asso-

ciation

k - (k0b-k_,)
[3H]clonidine

which is the best estimate of k, (11), could

not be used with accuracy for the observed

association and fast dissociation phases.
However, a k, value could be ascertained
from the k0b and slow phase k_, values,
which from three experiments was 0.16 ±

0.045 nM�’ min ‘(mean ± standard error).
Using this k1 value, dissociation constants

(KD) subsequently calculated from the ratio
k_,/k, for the rapidly and slowly dissociat-
ing components of [3H]clonidine specific
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binding were 4.2 ± 1.7 nr�i and 0.39 ± 0.14

n� respectively.
Saturation of [3H]clonidine binding.

Specific [3H]clonidine binding to rat cere-
bral cortex membranes was saturable with
maximal binding apparent at about 9.0 nM

and half maximal binding occurring at
about 2-3 ni�i. Scatchard analysis of these
data indicated two discrete components of
binding. The approximate KD values for the
high and low affinity components were 0.4
n� and 2.6 n� respectively (Fig. 2). The
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saturation data, with approximate K0 values.
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apparently biphasic nature of [3H]clonidine
binding was observed in most, but not all
experiments on cerebral cortex membranes.
Linear regression analysis of all saturation
points from 13 experiments gave a mean

[3H]clonidine KD value of 2.0 ± 0.3 n�

(mean ± standard error). It was noticed
that in 12-week-old rats there was an ap-
proximate 30% decrease in binding sites

compared to 7 week old rats.

To quantify the high and low affinity
components of binding separately, we as-

sumed that the lower affinity binding would
dissociate more rapidly than the higher af-
finity binding. The dissociation data (Fig.
1) from repeated experiments suggested

that at 2 mm after onset of dissociation
with norepinephrine or clonidine, the rapid

phase of dissociation is essentially com-
plete, and less than 10% of [3Hjclonidine is
lost from the slowly dissociating phase. Ac-
cordingly, we conducted some incubations

to equilibrium for 30 mm and immediately
terminated the reaction, while in parallel
incubations we added, at equilibrium,
either 10 JiM (-)-norepinephrine or 1 JiM

clonidine and continued incubation for 2
mm at which time residual binding was
measured. We assumed that residual bind-
ing after this treatment would tend to re-
flect high affinity components of [‘H]clon-
idine binding. When residual binding of in-
creasing concentrations of [3H]clonidine
was determined in this way and analyzed
by Scatchard plots, the presumptive high
affinity binding displayed only one compo-

nent, whether the dissociation had been
performed with norepinephrine or cloni-
dine. This binding had a KD value of about

0.4 n� determined from linear regression
analysis, closely similar to the estimated
high affinity component of binding ob-

served in equilibrium experiments. The
maximal number of binding sites (Bmax) was
about 1.5-1.8 pmol/g (Fig. 3A).

We determined the low affinity compo-
nent of binding by subtracting the apparent
high affinity binding from total equilibrium
binding values. Scatchard analysis of the
presumptive low affinity sites revealed KD
values of 2.3-2.6 n1i�1, similar to the KD for

the low affmity component of binding ob-
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FIG. 3. Quantification of high and low affinity binding sites

(Panel A) Scatchard plots of high-affinity [‘H]clonidine binding. Rat cortex homogenates (20 mg tissue) were

incubated for 30 mm at 25#{176}with various concentrations of [‘H]clonidine, and then for a further 2 mm with 10

IIM (-)-norepinephrine (NE, #{149})or 1.0 (tM clonidine (CLO, 0) before filtration, and residual specific binding was
determined. Points shown are from the same experiment as in Fig. 2, where total equilibrium specific binding is

shown, and are means of triplicate determinations. The experiment was replicated 10 times. (B) Scatchard plots

of low affinity [‘H]clonidine binding. Points shown are the difference between total equilibrium specific binding

at each [3H]clonidine concentration (data in Fig. 2) and residual specific binding after dissociation with 10 (tM

(-)-norepinephrine or 1.0 (tM clonidine for 2 mm (data in Fig. 3A).

served in equilibrium experiments. The
Bmax value for the apparent low affinity
sites was 11-12 pmol/g (Fig. 3B). The mean
± standard error KD and Bmax values from

ten saturation experiments were 0.50 ± 0.05

flM and 1.6 ± 0.1 pmoles/g tissue for high
affinity [3H]clonidine binding, and 3.0 ± 0.6

nM and 9.2 ± 0.9 pmoles/g tissue for low
affinity [3H]clonidine binding. The KD val-

ues for high and low affinity [3H]clonidine
binding obtained from saturation experi-
ments closely resembled the dissociation
constants (KD) derived above from kinetic
experiments (Fig. 1). The sum of the �
values for the calculated high and low affin-

ity components resembles the Bmax ob-

tained in equilibrium experiments of about
13 pmole/g, and the � value obtained in
earlier experiments using low specific activ-
ity [3H]clonidine (5). The KD value of 5.8
n�i for [3H]clonidine binding reported ear-
lier (5) suggests that in those experiments
only low affinity [3H]clonidine binding had

been observed.
Drug specificity of the two [3H]clonidine

binding sites. To examine pharmacological
differences between the two populations of

[3H]clomdine binding sites, we evaluated

the influence of a variety of alpha receptor-

specific drugs (Fig. 4, Table 1). In these

experiments, drug influences on high affin-
ity binding were estimated by conducting
initial incubations in the presence of the
drug and at 30 mm adding 1 JiM clonidine,

continuing the incubation for a further 2
mm, and estimating residual binding. Low

affinity binding was estimated by subtract-
ing high affinity from total equilibrium
binding.

Both low and high affinity sites displayed
profiles characteristic of alpha-noradrener-
gic receptors. The pharmacological profiles

of both sites were very similar to the sites
labeled previously in rat and bovine central
nervous system by low specific activity

[3H]clonidine (5, 12) and [3Hjepinephrine

and [3H]norepinephrine (6, 7). The slopes

for displacement curves of agonists and an-

tagonists were parallel for both high and

low affinity sites (Fig. 4), with log-logit

slopes equal to 1.0. The major difference
between the two sites was the greater po-
tency of agonists in competing for high

affinity than low affinity [3Hjclonidine
binding sites. However, there were differ-

ences among the agonists in their relative
potencies at high and low affinity sites.
Thus, (-)-alpha-methylnorepinephrine
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FIG. 4. Inhibition of high affinity and low affinity specific [3HJclonidine binding by agonists and antag-

onists

Rat cortex homogenates (20 mg tissue) were incubated with 0.4 nM [‘Hiclonidine for 30 mm at 25#{176}in the

presence of various concentrations of unlabeled drugs, and high and low affinity [‘H)clonidine binding was

subsequently isolated as described in Fig. 3 legend and METHODS. Values are specific binding expressed as

percent of high affinity or low affinity specific binding in the absence of inhibitors (B�), and are from a typical

experiment, performed in duplicate. (Panel A) Agonists. (Panel B) Antagonists.

had approximately the same affinity at the
two sites, while (-)-norepinephrine itself
was 4.5 times more potent at the high than
low affinity sites. Clonidine displayed the
greatest discrepancy between the two sites,
being about seven times more potent at
high than low affinity sites (Table 1). The

apparent K1 values for clonidine inhibiting

high and low affinity binding were closely
similar to the lCD values of [3Hjclonidmne at

the two sites determined from saturation
experiments.

Relative effects of antagonists on the

high and low affinity [3H]clonidine sites
differed from those of agonists. Except for

piperoxan and tolazoline, which also act as



TABLE 1

Inhibition by Alpha Receptor Agents of High and Low Affinity [3H]Clonidine Binding to Rat Cerebral

Cortex Membranes

Drug inhibition of high affinity and low affinity binding of 0.4 nM [3Hlclonidine, using 6-9 concentrations of

each unlabeled drug, was determined as described in METHODS. IC� values were determined graphically by log

probit analysis, and apparent K, values calculated from the equation K = 1C5/(1 + [[tHJclonidine)/Kp). The

K1., values used were 0.50 nM for high affmity binding and 3.0 n�.t for low affmity binding. Values are means ±

standard errors of three or four experiments, with binding at each drug concentration assayed in duplicate in

each experiment. Values without standard errors are from one experiment only. 2,5-Dichlorophenylimino-2-

imidazolidine is an isomer of clonidine.

Drug K at high affinity site K at low affinity B:A
(A) site (B)

nM nM

Agonists

Phenylethylamines

(-)-Epinephrine 0.83 ± 0.19 2.9 ± 0.2 3.5

(-)-Norepinephrine 2.5 ± 0.27 15.0 ± 4.0 6.0

(-)-a-Methylnorepinephrine 2.8 ± 0.27 3.9 ± 0.6 1.4

(-)-Phenylephrine 50.0 ± 4.0 160.0 ± 34.0 3.2

(+)-Norepinephrine 57.0 351.0

Imidazolines

p-Aminoclonidine 0.27 0.73 2.7

Naphazoline 0.58 ± 0.01 2.6 ± 0.1 4.5

Oxymetazoline 0.60 ± 0.03 1.6 ± 0.7 2.7

Clonicline 0.62 ± 0.08 4.3 ± 1.4 6.9

Tramazoline 1.2 ± 0.3 2.6 ± 0.2 2.2

2,5 Dichlorophenylimino-2-imida- 2.3 ± 0.2 5.9 ± 0.6 2.6

zolidine

St 600 2.6 ± 0.4 4.2 ± 0.3 1.6

Antagonists

Phentolamine 2.5 ± 0.5 1.9 ± 0.7 0.76

Dihydroergotamine 3.7 ± 0.1 2.5 ± 0.2 0.68

Piperoxan 29 ± 1 36 ± 9 1.2

Phenoxybenzamine 44 ± 9 8.8 ± 1.2 0.20

Tolazoline 56 ± 13 110 ± 10 2.0

Yohimbine 73 ± 7 40± 5 0.55

WB-4 101 106 ± 4 92 ± 5 0.87

Chlorpromazine 760 520 0.68

Thioridazine 1400 870 0.62

Droperidol 3100 1200 0.39

Prazosin 6400 ± 2700 2600 ± 1300 0.41

Indoramin 9000 ± 2000 26,000 ± 100 2.9
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a partial agonist on alpha-receptors (13), all
of the antagonists were more potent at low
affinity than high affinity sites. There was
variation among these drugs, ranging from
phenoxybenzamine, which was five times

more potent at low affinity than high affin-
ity sites, to WB-4101, which was almost as
potent at high affinity as at low affinity
sites. It is possible that irreversible effects
of phenoxybenzamine could influence dif-
ferential actions of the two sites. Some an-
tagonists, such as phentolamine and dihy-
droergotamine at both sites, and phenoxy-

benzamine at the low affinity site, were
about as potent as inhibitors of [3H]cloni-

dine as they are of [3H]WB-4101 alpha-

receptor binding (5). Certain other antago-
nists, however, such as neuroleptic agents;
WB-4101, indoramin and prazosin are
markedly more potent at the [3H]WB-4101
sites (5, 14, 15) than at either [3H]clonidine
site (Table 1). Thus neither the high- nor
the low-affinity [3H]clonidine site appears
to correspond to the [3H]WB-4101 alpha-
receptor site. The low affinity of prazosin

suggests that both [3H]clonidine binding



High
affinity

(fmoles/mg

protein)

16.9 ± 1.3 (100)

15.2 ± 1.6 (90)

Low
affinity

(fmoles/mg
protein)

39.4 ± 1.2 (100)

35.1 ± 1.3 (89)

16.2 ± 2.5 (96) 39.3 ± 4.4 (100)

1.2 ± 0.7 (7) 20.2 ± 3.6 (51)

Frontal cortex

Occipital cor-

tex

Parietal cortex

Corpus stria-

tum

Hippocampus

Anterior thala-

mus

Posterior thal-

amus

Hypothalamus

Colliculi

Midbrain

Cerebellum

Pons

Medulla

8.0 ± 1.0 (47)

9.4 ± 2.7 (56)

2.2 ± 1.5 (13)

1.8 ± 0.7 (11)

3.8 ± 0.4 (22)

5.3 ± 0.4 (31)

50.9 ± 2.2 (129)

37.8 ± 3.2 (96)

25.4 ± 2.6 (65)

14.0 ± 1.3 (36)

10.6 ± 1.7 (27)

14.6 ± 1.7 (37)
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sites resemble pharmacologically the pre-
synaptic alpha receptor, or alpha2 receptor

(15, 16), whereas [3H]WB-4101 labels the
alphai or postsynaptic alpha receptor.

Regional variations in high and low af-

finity [3H]clonidine binding sites. The
high and low affinity specific [3H]clonidine
binding sites showed differences in their
regional distribution throughout rat brain
(Table 2). A much more marked regional
variation was apparent for the high affinity

site, which showed a 14 fold difference be-
tween highest levels in the frontal cerebral

cortex and lowest values in the corpus stria-
tum. Outside of the cerebral cortex, highest
levels of binding were observed in the hip-
pocampus, thalamus, hypothalamus and
the colliculi, whose values were about half

TABLE 2

Regional Distribution of High Affinity and Low

Affinity [3H]Clonidine Binding in Rat Brain

High and low affinity specific binding of 0.4 flM

[3H]clonidine was determined as described in METH-

ODS. Values are expressed as the mean ± standard

error of three determinations of [‘Hiclonidine bound

per mg protein. Each determination was performed in

triplicate on pooled tissue from two brains, and each

assay contained 8-20 mg tissue, or 0.35-1.0 mg protein.

Protein assays were conducted for every tissue. The

area of the midbrain region is defined in the text.

Values in parentheses are binding in each region ex-

pressed as percent of frontal cortex binding.

Region [3H]Clonidine specific binding

8.4 ± 1.6 (50) 27.6 ± 1.8 (70)

9.7 ± 4.4 (57) 39.4 ± 9.9 (100)

6.8 ± 0.4 (40) 26.2 ± 2.9 (67)

those of the cerebral cortex. The next high-

est regions were the pons and the medulla
oblongata, with levels of 22-30% of those of
the frontal cerebral cortex. High affinity

clonidine binding was only 11-13% of cere-
bral cortex values in the cerebellum and a

“midbrain area” comprising tissue anterior

to the pons, posterior to the thalamus, yen-
tral to the colliculi, and containing the sub-
stantia nigra and nucleus ruber.

By contrast, much smaller regional van-
ations were observed in low affinity bind-
ing. Lowest levels in the pons were about

one fifth of highest levels, which occurred
in the hypothalamus. Hypothalamus, an-
terior thalamus, cerebral cortex and colic-

uli had relatively similar levels of binding,
while corpus stniatum, midbrain area and
hippocampus had 50-70% of values in the
frontal cerebral cortex. The cerebellum,

pons and medulla oblongata had similar
levels of binding, about 30% of frontal cor-
tex levels.

Influences of 6-hydroxydopamine on the
two [3H]clonidine binding sites. If one of
the [3H]clonidine binding sites involves pre-
synaptic autoreceptors on noradrenergic

terminals (1), then its binding should di-

minish following destruction of noradrener-
gic neurons with 6-hydroxydopamine. Ac-
cordingly, we administered 6-hydroxydo-

pamine intraventricularly under conditions
which produce almost total depletion of

norepinephrine uptake capability and en-
dogenous norepinephrine (17) (see METH-
ODS). Four to five weeks following 6-hy-
droxydopamine treatment, we evaluated

high and low affinity specific [3Hjclonidine
binding in numerous brain regions (Fig. 5,
Table 3). Saturation experiments were per-

formed in the cerebral cortex, and Scat-
chard analysis indicated that 6-hydroxydo-
pamine treatment doubled the number of
high affinity binding sites with no apparent

change in the KD values (Fig. 5A). Both
control and 6-hydroxydopamine-treated
animals displayed a single population of
high affinity sites. By contrast, after 6-hy-
droxydopamine treatment there was no sig-
nificant change in the numbers of low affin-
ity binding sites but there was an apparent
two-fold increase in the affinity of [�HJclon-
idine at that site. In these experiments, one




