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a,-ADRENOCEPTOR%MULTIPLE EFFECTS 

Alphaz-adrenergic receptors (crzAR*) are involved 
in the control of many physiologic functions in the 
central nervous system and in the periphery. 
Centrally mediated lowering of blood pressure is 
attributed mainly to stimulation of presynaptic nzAR 
as autoreceptors located at specific nuclei in the mid- 
brain. Activation of these receptors decreases 
sympathetic outflow and vasomotor tone which, in 
turn, decreases mean arterial pressure [for review 
see Refs. 1 and 21. 

The most characteristic feature of crzAR action is 
the lowering of CAMP levels which is often related 
to the various inhibitory responses mediated by 02- 
adrenergic agonists in different cells. For example, 
in human platelets, n2-adrenergic agonists aggregate 
platelets and inhibit adenylyl cyclase, similarly to fat 
cells where cY2-adrenergic agonists inhibit adenylyl 
cyclase and also mediate inhibition of lipolysis. Is 
lowering of CAMP levels sufficient to induce platelet 
aggregation or to inhibit lipolysis in adipocytes? This 
point is not yet fully understood. 

Other responses to cu2-adrenergic agonists in the 
periphery are inhibition of acetylcholine release in 
the guinea pig ileum; inhibition of insulin secretion 
in pancreatic cells; and inhibition of the field- 
stimulated contraction of rat vas deferens, guinea 
pig vena cava and mesenteric arteries [for review 
see Ref. 11. At the central nervous system, (Ye- 
adrenergic agonists mediate numerous responses 
such as inhibition of neurotransmitter release, 
hypotension. sedation and induction of growth 
hormone release [ 11. 

The importance of a2-adrenergic agonists as 
hypotensive drugs gave birth to the production of a 
series of agonists. with an imidazoline moiety as the 
core structure such as clonidine. p-aminoclonidine 
and UK 14,304, as well as guanabenz and guanoxane. 
with a guanido moiety as the core structure. All the 
above-mentioned drugs induce a transient, believed 
to be peripherally mediated, increase of plasma 

l Abbreviations: (rrAR. ar-adrenergic receptors; CAMP. 
cyclic AMP; GTP. guanosine triphosphate; and CDS. 
clonidine-displacing substance. 

adrenaline, followed by acentrally mediated decrease 
in blood pressure and, therefore, are used as 
antihypertensive drugs. In their tritiated form, rr2- 
agonists and antagonists are used to label both 
central and peripheral n2AR. 

Radioligand-binding studies provide evidence 
to sustain a multiplicity of a2AR [2]. Re- 
subclassification of adrenergic receptors [3] reveals 
at least three subtypes of LY~AR (a~,,, &za and (~2~) 
where the main differences lie in the rank 
order potency of various selective tr2-adrenergic 
antagonists. 

An extensive study in the pithed rat by Ruffolo 
and colleagues [4] shows that not all the effects 
mediated by imidazoline ligands, such as clonidine. 
can be attributed to an interaction at a2AR only 
(see following sections). This was the first functional 
demonstration for an additional interaction site for 
clonidine-like drugs, most likely at sites different 
from (u~AR. 

Multiple effects of clonidine analogs at the central 
nervous system which could not be mimicked by the 
“classical” endogenous a2AR agonists, adrenaline 
and noradrenaline. suggested that a2AR are a 
heterogenous population which can be further 
subdivided to novel subfamilies. 

Bousquet et al. [S] pointed out functional 
differences between a series of cu2-agonists which 
possess an imidazoline structure (clonidine, ST 587, 
cirazoline) and phenylethylamine (cu-methyl- 
noradrenaline). Upon injection of imidazoline 
ligands at the rostra1 ventrolateral medulla, a marked 
decrease in mean arterial pressure was observed, 
whereas cu-methylnoradrenaline. a potent phenyl- 
ethylamine cYz-adrenergic agonists, was ineffective. 

In 1987. Boyajian and Leslie [6] carried out a 
detailed mapping of a:-adrenergic receptors in rat 
brain using tritiated yohimbine and tritiated 
idazoxan, both considered selective nz-antagonists. 
The regional distribution as detected by the two 
radiolabeled antagonists reveals a unique population 
of idazoxan sites distinct from the population of sites 
labeled by yohimbine. These results show that 
idazoxan binds to an additional site which is not 
recognized by yohimbine and thus strengthens the 
hypothesis suggesting the existence of a novel class 
of LUNAR. 
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Hence, further subclassification emerges which is 
based on interaction of the so-called selective cuz- 
adrenergic antagonist, also with a non-adrenergic 
site. By definition this site which does not recognize 
phenylethylamines could not be a subtype of ozAR. 
The overwhelming cross-recognition of imidazolines 
and guanidine ligands at (YEAR and at novel 
target receptors, suggests similar structural features 
between the two sites. 

PHYSIOLOGICAL STUDI=EVIDENCE FOR IMIDAZOLINE 
NON-ADRENERGIC SITE-S 

Mediation of inhibitory processes in various cell 
types is the main characteristic of a;-adrenergic 
agonist action. However, the molecular mechanism 
which underlies oZ-adrenergic response has been 
demonstrated in only a few systems (7.81. 

Human platelets, fat cells and NG108-15 cells (a 
neuroblastoma x glioma hybrid cell) are among the 
few systems where coupling of (u~AR via a pertussis- 
toxin-sensitive GTP-binding protein (G,) to adenylyl 
cyclase has been demonstrated. The coupling 
mediates inhibitory action of adenylyl cyclase to 
lower CAMP levels in the cells. However, the 
decrease in the CAMP level in these cells cannot 
account for the cuz-agonist-mediated responses, e.g. 
aggregation and lipolysis. 

In pancreatic islets of Langerhans, cuz-adreno- 
ceptor agonists inhibit the glucose-induced insulin 
release [reviewed in Refs 9 and lo]. The role played 
by CAMP in insulin release is equivocal. On the one 
hand, a few reports showed no involvement 
whatsoever for CAMP [ 111, while on the other hand 
dibutyryl CAMP has been shown to stimulate insulin 
release [ 121. The ability of calcium ionophore to 
induce insulin release leaves part of the action to 
increase of intracellular calcium. Furthermore, 
inhibition of glucose-mediated insulin release by 1yz- 
agonists occurs without a concomitant decrease in 
CAMP levels. Thus, a dissociation between the 
observed functional effect of a2-agonists and adenylyl 
cyclase activity is evident. Similar results were 
obtained for platelet aggregation where no cor- 
relation between aggregation and inhibition of 
adenylyl cyclase was observed. Inhibition of intestinal 
secretion also could not be accounted for by a 
decrease in CAMP levels only. Taken together, these 
observations exclude adenylyl cyclase inhibition as 
the only pathway responsible for the cu2-mediated 
physiological effects [9]. Lu,-Adrenergic agonists 
inhibit glucose-induced insulin release in pancreatic 
cells, similar to the inhibition of acetylcholine release 
in the gut, or inhibition of renin release in the 
kidney. Since all these exocytotic processes are Ca2+ 
dependent, it was suggested that the cr2-agonist may 
mediate its inhibitory effects via modulating calcium 
levels in the cells. However, this assumption has 
been ruled out in insulin-secreting RINmSF cells, 
whereby catecholamine inhibition of insulin release 
was shown not to involve a decrease in cytosolic free 
Ca2+ [13]. Recently, it was demonstrated that a 
voltage-dependent Ca2+ current recorded from 
NG108-15 cells was depressed by noradrenaline via 
02AR [ 141, an action which might lead to inhibition 
of release. 

In a study by Holz et al. [15], norepinephrine 
induced inhibition of voltage-dependent Ca2+ 
channels in embryonic chick dorsal root ganglion 
cells. Since clonidine did not inhibit the voltage- 
dependent channels, the authors concluded that the 
effects are mediated by clonidine-insensitive, 02- 
adrenergic-like receptors. Are there two different 
receptors or different binding domains for adrenaline 
and for imidazoline? Is it possible that certain LYE- 
adrenergic agonists may attenuate Caz+ entry in 
neuronal cells via different receptors? Is it directly 
or indirectly via an increase in K’ conductance? 

Clonidine, an t+adrenergic agonist with an 
imidazoline structure, which acts in some cells as 
either a partial agonist or as an antagonist, is 
used frequently as a synthetic and, therefore, 
unmetabolized drug to study (v~AR in various 
systems. Indeed, most of the norepinephrine- 
mediated effect can be mimicked faithfully by 
clonidine. However, a few exceptions showed that 
clonidine had a wider range of action. One of the 
first leads for a possible unique clonidine site was 
the ability of cimetidine. an imidazole &and, to 
antagonize the depressor effect of intraventricular 
administration of clonidine [ 161. 

Configurational requirements at the a2-adrenergic 
receptor were used as a tool to differentiate between 
imidazoline and phenylethylamine interactions. The 
Easson-Stedman hypothesis [ 171 established the first 
basis for possible interaction of phenylethylamines 
at their appropriate site of action. This hypothesis 
predicts a three-point attachment for binding of 
phenylethylamines evolving from the asymmetry at 
the agonist carbon atom, and was examined for 
imidazoline-like agonists [4]. 

Indeed, the Easson-Stedman hypothesis proved 
adequate, upon evaluation, with regard to the recent 
cloning and structure determination of adrenergic 
(a2-, a,- and padrenergic) receptors. Aspartic acid 
(113) residue in the third transmembranal helix is 
present in all known G-protein-coupled receptors, 
including cu-adrenergic, padrenergic, muscarinic, 
5-hydroxytryptamine (5-I-IT), and dopaminergic 
receptors, and therefore might serve as the negative 
charge which directs the positioning of the amine at 
the right binding conformation. Further possible 
interactions are provided by other amino acid side 
chains, e.g. the two hydroxyl groups of the catechol 
moiety hydrogen bond to serine 204 and serine 207, 
both at the 5th transmembranal helice (181). 

Ruffolo et al. [4] have tested the possible 
interaction points of a chimera between clonidine 
(imidazoline) and norepinephrine (phenylethyl- 
amine) at the oz:adrenergic receptor, in comparison 
to interaction pomts of norepinephrine. The optically 
active catecholamidazoline and catecholamidine 
have been resolved for their optical enantiomers and 
tested for their pressor responses in the pithed rat 
(191. These chimera analogs show a weak isometric 
activity difference in the pithed rat, unlike the highly 
restricted stereochemical constraints observed for 
the activity of phenylethylamine diastereoisomers. 
As a consequence, it would be difficult to assign a 
similar interaction for clonidine or its various 
analogues, and for norepinephrine, at the QAR. 
All these results strongly suggest an additional site 



CDS and its putative imidazoline receptor 1543 

for clonidine which may be related but certainly is 
not identical to (u~AR. More data supporting the 
additional site came from direct injections of 
imidazoline agonists into the medulla oblongata, and 
monitoring ,hanges in blood pressure [S]. 

CLONIDINE-DISPLACING SUBSTANCE (CDS) 

In 1984, the isolation and partial purification of 

an endogenous clonidine-like substance from rat 
brain 1201 and from bovine brain [21] were reported. 
The presence of an endogenous, non-catecholamine, 
low molecular weight brain substance, which 
competes with [3H]clonidine in rat brain and 
13H]yohimbine in human platelets, suggested the 
existence of an additional nz-adrenergic-like recep- 
tor. 

The endogenous ligand, named clonidine-dis- 
placing substance, displaces [ ‘Hlclonidine from 
bovine and rat brain membranes in a reversible and 
competitive manner and, hence, its given name. 
Further characterization of CDS established that the 
purified fraction, chromatographed by HPLC on a 
Cln reverse phase column, also competes with 
[‘Hjyohimbine 1211 and [3H]rauwolscine [22] on 
azAR present in human platelets. It does not bind 
to cu,-adrenergic receptors since it does not displace 
[‘Hlprazosin from brain membranes nor does it 
bind to /?-adrenoceptors as no displacement of 
[ ‘*~I]cyanopindolol from turkey erythrocyte mem- 
branes was observed [21]. CDS is a low molecular 
weight substance of 587.8 2 2 daltons, as determined 
by plasma desorption mass spectrometry (PDMS) 
[23], which is a good approximation of its molecular 
weight as determined by low molecular sieve 
chromatography. It is ninhydrin and fluorescamine 
negative, it is not a peptide, and it is heat and acid 
resistant [23]. Thus far its exact chemical structure 
has not been elucidated because of its low abundance. 
It is possible, however, to study its physiological and 
pharmacological properties because of its high 
potency. 

Physiological properties of CDS 

Rat uas deferens. Rat vas deferens can be 
stimulated electrically to produce a twitch response 
which is highly sensitive to an a*-adrenergic agonist 
(e.g. clonidine [24]). CDS mimicks the clonidine- 
mediated inhibition of the twitch response, and 
its inhibitory action is partially antagonized by 
phentolamine (1 PM) and yohimbine (1 PM) [25]. 

A crude preparation of CDS, which was used 
prior to its separation on the HPLC column, was 
shown to induce contraction of the gastric fundus 
smooth muscle of the rat [26]. 

More recently, it was shown that CDS extracted 
from human plasma produced contractions of rat 
aortic rings, and these contractions were antagonized 
by rauwolscine but not by prazosin. The authors 
argue that since methoxamine-mediated contractions 

’ Synetos D, Manolopoulos VG. Atlas D and Pipili- 
Synetos E, An endogenous substance partially purified 
from plasma contracts the isolated rat aorta. Manuscript 
submitted for publication. 

were relaxed by clonidine but not by CDS, and since 
clonidine-induced contractions were antagonized by 
both rauwolscine and prazosin, that CDS mediates 
its effect via receptors which are different from the 
clonidine sites, or that CDS is a more specific agonist 
than clonidine. 

lntracerebral injection of CDS. The rostra1 
ventrolateral medulla (RVL) is considered to be one 
of the nuclei regulating centrally mediated blood 
pressure. Clonidine and its analogs injected at this 
site produce a marked decrease in blood pressure; 
however, cu-methylnoradrenaline injected at this site 
is ineffective (51. 

Injection of CDS at the RVL of the cat (0.1 pL = 
5 units) produced an increase in mean arterial 
pressure with a maximal rise at 2 min of 40 ? 0.8%. 
N = 9 [27]. Intracisternal administration of CDS in 
the anesthetized rat also caused a significant rise in 
mean arterial pressure which was maximal at 5 min 
(20 * 4%; N = 5) [28]. Furthermore, preinjection 
of clonidine followed by CDS treatment resulted in 
a marked reduction in the hypotensive effect 
of clonidine (- I5 c 5 vs -30 2 5%. P < 0.001) 
suggesting in vi00 competition on a common site. 
Thus, it appears that imidazoline-type ligands and 
CDS share affinity for a common site. which is not 
an adrenergic receptor. Centrally activated (Ye- 
adrenergic receptors also mediate growth hormone 
release which, to some extent, can be activated by 
idazoxan. an q-antagonist 1291. Although the 
mechanism of growth hormone release is not 
understood yet, these results, similar to CDS reversal 
of inhibition, can also be interpreted as alleviating 
the inhibitory action of an endogenous ligand agonist. 

Based on these results it is tempting to speculate 
that the endogenous ligand (CDS) is an agonist for 
a new, non-adrenergic. imidazoline site, through 
which it mediates an increase in blood pressure. 
Following thisscheme, clonidine is then an antagonist 
which relieves the hypertensive effects of the 
endogenous CDS via the imidazoline site. 

Interestingly, CDS purified by a method similar 
to that of Atlas and Burstein [20,21] competed with 
[‘Hip-aminoclonidine in brain membranes and 
produced a decrease in mean arterial pressure when 
injected into the ventro medullary Cl region of the 
rat [30]. Since the CDS preparation applied in the 
above study was a crude methanolic-chloroform 
extract it would be inappropriate to discuss the 
contradictory results. CDS extracted from bovine 
brain inhibited specific [3Hlp-aminoclonidine binding 
to a polyclonal antiserum against p-aminoclonidine 
[31]. The authors suggest structural similarity 
between CDS and clonidine. Further purification 
should be carried out in order to establish the 
structure of this form of CDS and determine its 
relationship to the original CDS. 

Interaction of CDS with human platelets. The 
affinity of CDS for a2AR, using [3H]yohimbine, has 
been established in human platelets [20] and later 
was shown to be competitive with [JH]rauwolscine 
with an apparent dissociation constant of 1.28 units 

[22,23]. In human platelets, ?pR are coupled to 
adenylyl cyclase via an inhlbltory GTP-binding 
protein (G,) where a*-agonists induce inhibition of 
adenylyl cyclase activity [7]. CDS which binds to 
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platelet membranes, was unable to inhibit adenylyl 
cyclase activity at concentrations up to 30-fold its 
affinity in binding nor was it able to reverse the 
epinephrine-induced-inhibition of the prostaglandin 
E, (PGE,)-stimulated adenylyl cyclase [22]. In 
platelets, a characteristic physiologic response to a2- 
adrenergic agonists is aggregation which bears no 
correlation to inhibition of adenylyl cyclase (reviewed 
in Ref. 91. 

CDS was acting in a manner similar to clonidine 
and other trz-adrenergic agonists [e.g. guanabenz, 
rilmenidine in human platelets (Diamant and Atlas, 
manuscript in preparation)]. It inhibited epinephrine- 
mediated aggregation, as well as potentiated ADP- 
and collagen-induced aggregation and, in turn, 
thromboxane Bz content 1221. 

Finally, it appears that CDS plays a role similar 
to clonidine as a partial agonist: (a) it acts as an 
antagonist of q-mediated platelet aggregation (at 
concentrations 60-fold higher than its binding 
constant); (b) it potentiates ADP- and collagen- 
induced platelet aggregation (at concentrations 12- 
fold lower than its dissociation constant); and (c) it 
is poorly coupled to Gi and, in turn, acts as a poor 
inhibitor of adenylyl cyclase, if at all. 

Thus, in peripheral tissues (human platelets, 
smooth muscle, rat gastric fondus and vas deferens), 
CDS mimics the action of clonidine, unlike its action 
in the brain where, in contrast to clonidine, it acts 
to increase blood pressure. 

CDS in human serum. The ability of CDS to 
interact with a2AR in human platelets led us to 
explore for its presence in human serum. Methanolic 
extract from sera of patients with pregnancy-induced 
hypertension (PIH) showed increased levels of CDS 
(12.2 t 1.5 units/ml serum), as compared to normal 
control pregnancy (4.2 * 0.5 units/ml serum) or 
chronic hypertension (4.5 2 0.3 units/ml serum) 
[32]. Further purification of the methanolic extract 
on a Cis-reverse phase column yielded a cleaner 
fraction of serum CDS, which contracted isolated 
rat aorta similar to the action of clonidine.’ 

The presence of CDS in human serum broadens 
the possible role played by CDS in both peripheral 
tissues and at the central nervous system. 

IMIDAZOLINE RECEPMRS 

The observations that clonidine and its analogs 
seem to mediate their effects not exclusively via 
a2AR and that CDS, an endogenous non- 
catecholamine ligand, might account for some of 
these responses, suggest the existence of a putative 
imidazoline receptor. Binding studies carried out 
using [ 3Hlp-aminoclonidine, showed additional, non- 
adrenergic, [ sH]p-aminoclonidine-labeled sites (30% 
of total sites) in bovine ventrolateral medulla 
membranes [33]. This site was further characterized 
as a selective imidazole binding site which binds 

l Synetos D, Manolopoulos VG. Atlas D and Pipili- 
Synetos E. An endogenous substance partially purified 
from plasma contracts the isolated rat aorta. Manuscript 
submitted for publication. 

CDS with very high affinity [34]. It soon became 
apparent that rauwolscine (an isomer of yohimbine) 
labels a smaller population of sites in a variety of 
tissues, compared to a much larger population of 
sites labeled with idazoxan. both considered selective 
a2-antagonists [reviewed in Ref. 351. 

Using the imidazoline-structured w2-antagonist 
[3H]dazoxan (RX 81094) Coupry er al. [36] 
have characterized a peripheral imidazoline, non- 
catecholamine binding site in the rabbit renal 
proximal tubule. atAR, detected by [ ‘HJrauwolscine, 
and imidazoline receptors are both present in the 
rabbit kidney in a ratio of about 30 to 70% 
respectively. These results were further confirmed 
by others in rabbit kidney (371, in human kidney 
1381 and in pig kidney [39] where the existence of a 
non-adrenergic imidazoline site was monitored 
(Table 1). Recently we have shown in human 
platelets that idazoxan labels additional sites which 
are not recognized by rauwolscine or adrenaline 
([41], Fig. 1). Similarly, in rat lung, using adrenaline 
for non-specific binding, a2AR (B,, = 175 2 
20fmol/mg protein) represent about 30% of 
the total sites labeled by idazoxan (B,, = 578 2 
30 fmol/mg protein) using cirazoline for non-specific 
binding ([41], Table 1). The most interesting results 
were observed in rat liver cells where noradrenaline 
and adrenaline display no affinity for sites labeled 
with idazoxan, indicating that the sites labeled by 
idazoxan are distinct from a2AR ([41], Fig. 1). A 
significantly higher affinity of idazoxan for a2AR (2- 
4nM) was observed in most tissues studied, as 
compared to lower affinity (8-14 nM) displayed for 
the imidazoline site. Since both imidazoline sites 
and a2AR bind [3H]idazoxan, the affinity observed 
in tissues of mixed a2 and imidazoline sites suggests 
an average affinity for both sites. These results 
further sustain the notion that idazoxan binds to an 
additional site which is not an a2AR adrenergic 
receptor and displays lower affinity for this site 
compared to its aftinity for conventional a2AR. 

IS THE IMIDAZOLINE RECEPTOR A SUBTYPE OF o>AR? 

Receptor density 

As shown in Table 1, the number of idazoxan sites 
exceeds the number of a2AR (determined by 
[‘HJyohimbine or ]3H]rauwolscine) in all tissues 
examined, with the exception of rat and rabbit 
cerebral cortex. 

Specificity 

As shown in Table 2, naphazoline, cirazoline and 
guanabenz display high affinity for liver imidazoline 
receptors (Ki = 8.9 h 5.93, 2.1 2 0.4 and 
33.8 + 11.8 nM respectively), whereas norepine- 
phrine, epinephrine and yohimbine are not recog- 
nized by these receptors (K, = 60,OOOnM. 
60,000 nM, and >l,OOO,OOO nM respectively). Thus. 
by definition imidazoline is not an adrenergic site. 

Similarly, clonidine which competes with high 
affinity for the 02AR in the brain (Kd = 1.4nM) 
binds poorly (15 PM) to the liver imidazoline receptor 

(Table 2). 
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Table 1. Distribution of [‘Hjidazoxan sites (idazoxan) and [3H]rauwolscine sites (adrenaline) in 
various cells 

Tissue 

Liver 

Kidney 

Fat cells 

Cerebral cortex 

Lung 

Platelets 

Myometrium 

HEL cells 

Animal 

Human 
Rabbit 
Rat (mcmh.) 
Rat (hepatocytes) 

Human 
Rabbit 
Rabbit 
Rat 
Pig 

Rabbit 

tfuman 
Rabbtt 
Rat 

Rat 

Human 
Human 

Human 

ldazoxan 

600 ? 200 
rXx)?200 
4OOZ37 
X01 % 23 

413 ? 56 
566 + 18X 
2OYe6.t 
385 ? 60 
I60 * 20 

1370 + I9 

- 
70 2 8.0 

283 + 7.0 

578 + 30 

358 2 102 
267 2 II 

127 2 42 

355 2 76 

Adrenaline 

0 
0 

93 
I55 -e 28.5 
58 + 19 
I95 

I07 
126 2 55 
132 2 14 

I75 Z 20 

212 + 78 
160.4 2 83 

47’13 

- 

Reference 

40 
40 
41 
41 

38 
36 
37 
42 
39 

43 

44 
37 
41 

41 

42 
41 

42 

42 

LIVER LUNG BRAIN PLATELETS 

Fig. 1. Imidazoline and phenylethylamine sites in rat liver, 
lung and brain and in human platelets. fmidazoline sites 
were evaluated by direct binding using j3H]idazoxan at 
increasing concentrations in the absence and in the presence 
of 20 @I cirazoline (shadowed columns). Specific binding 
sites for q-adrenergic receptors were evaluated by direct 
binding of [‘Hjidazoxan at increasing concentrations in the 
absence and in the presence of 20 PM (-)noradrenaline 
(striped columns). B,,, values were derived from Scatchard 
plots using the EnzFitter program. The “imidazoline” 
receptors represent both imidazoline specific and rrr- 
adrenergic receptors since cirazoline is also an or-adrenergic 

agonist. 

Coupling to GTP-binding protein 

Lack of effect of GppNHp or NaCl on the affinity 
of clonidine, UK 14,304 or guanabenz strongly 
indicates that they bind differently to imidazoline 
receptors than to arAR and, therefore, if they act 
as agonists, they are not coupled to G-proteins 1411. 

CDS afinity 

CDS binds to imidazohne receptors in liver cells 
with an apparent K, = 3.75 units which is about lo- 
fold less than its affinity for clonidine sites in the 
brain (Table 3). These results suggest divergence in 
affinity towards CDS which can be attributed to 
either heterogeneity of receptor subtypes or to tissue 
specificity. 

Structural aspects 

a2AR belong to a receptor family characterized 
by 7 transmembrane domains, which are coupled to 
GTP-binding proteins. Since it is coded by an 
introniess gene. the diversity of the receptor molecule 
which can arise from alternative RNA splicing is 
excluded, unlike the dopamine receptor Dr where 
alternative RNA splicing resulted in a 29 amino acid 
deletion in the third inner loop of the receptor 
leading to two different receptors [4g, 49). 

Thus, the multiplicity of arAR, as observed from 
binding studies, could stem from changes in the 
region coding for the binding domain, likely to 
emerge from different genes. 

Specifkity for cloned a2A R and imidazoline receptors 

arAR from human platelets and rat kidney were 
cloned, sequenced and expressed in COS 7 cells 
[45,50]. The two receptors display similar although 
not identical pharmacological profiles, attributed to 
tissue specificity, and are present on two different 
chromosomes. Human platelet atAR are related to 
the a*,-adrenergic subtype, and human kidney to 
the a2n subtype, based on their relative affinities for 
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Table 2. Competition of various or-adrenergic ligands on liver membranes [41] and on cloned 
kidney and human platelet or-adrenergic receptors, expressed in COS cells [45] 

ar-Adrenergic ligands 

Agonists 
Epinephrine 
Norepinephrine 
Clonidine 
p-NH,-clonidine 
Oxymethazoline 
UK 14,304 
Guanabenz 
Naphazoline 
Cirazoline 

K WI Ki W) K (W 
Imidazoline trr-Adrenergic a,-Adrenergic 

(liver) (kidney) (human platelets) 

El%2 
15:067 
42,000 
14,000 

42 
33 

9 
2.1 

170 
240 
- 

:; 
210 

59 
- 
- 

loo0 
2400 
- 

74 
11 
72 
14 

- 
- 

Antagonists 
Yohimbine 
Phentolamine 
Piperoxan 
Idazoxan 

>1,000,000 0.93 1.6 
187,000 33 10.0 
68,000 - - 

9.% 17 10 

Table 3. Affinity of CDS in various cellular membranes 

Animal tissue 

Rat brain 
Human platelets 
Rabbit kidney 
Rat liver 
Rat ventrolateral 
medulla 

Radiolabeled 
ligand 

(3H]Clonidine 
[ 3H]Rauwolscine 
[ 3H]Idazoxan 
[ 3H]Idazoxan 
[3Hlp-Aminoclonidine 

CDS (units)* 
tcso K,t 

1 0.5 
2 1.28 
2 1.00 
6 3.75 
0.31 - 

Reference 

21 
22 
47 
41 
34 

l One unit of activity is defined as the amount needed to displace 50% [‘Hlclonidine (2 nM) 
specifically bound to rat brain membrane (250% protein) [20]. 

t K, values were calculated according to Cheng and Prusoff (461 according to the equation 
K, = rcso/l + I/Kd where ICKY is the concentration needed to displace 50% of specifically bound 
radioligand; [A is the concentration of the radioligand; and Kd its dissociation constant. 

prazosin and oxymethazoline [51]. Thus, a valuable 
comparison of affinities between a pure cuz-adrenergic 
clone on the one hand and a unique imidazoline- 
receptor population on the other should underlie 
the main differences in their pharmacological 
selectivity. The rank order of agonist and antagonist 
potencies obtained from competition studies of 
cxzAR clone from rat kidney and human platelets 
expressed in COS cells, versus that of imidazoline 
receptors obtained from competition using 
[3H]idazoxan in rat liver, is presented in Table 2. 

Thus, the overwhelming affinity of imidazoline 
and guanidine tr?-adrenergic ligands, for the 
imidazoline receptors, the lack of affinity for 
adrenaline, noradrenaline or yohimbine. and the 
insensitivity for GTP analogs suggest that the 
imidazoline receptor is a unique receptor and not a 
subtype of a2AR. 

Furthermore, when the two types of tr?-adrenergic 
genes were used to transfect COS 7 cells, no idazoxan 

sites, in addition to (u~AR, were detected [38]. 
Therefore, it would be, most likely, an additional 
gene which would be coding for the imidazoline 
receptor. Some of the points discussed above are 
schematically presented in Fig. 2. 

Subclassification of imidazoline receptors. A 
further point of divergence arises from the rather 
low affinity displayed by clonidine, p-aminoclonidine 
and CDS for imidazoline receptors, as clearly 
illustrated in liver ceils (Tables 2 and 3). All three 
ligands mentioned above show high affinity for sites 
labeled by [3H]clonidine [20], [3Hlp-aminoclonidine 
[34] and [3H]rauwolscine (221 and low affinity for 
imidazoline receptors in rat liver and rabbit kidney 
[41,47]. Furthermore, in membranes prepared from 
bovine ventrolateral medulla, phenylethylamine 
displaced 70% of the total [3Hlp-aminoclonidine- 
labeled sites and the remaining 30% were adrenaline- 
insensitive sites (331. Since no physiological function 
has so far been related for imidazoline receptors, it 
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Fig. 2 

CAMP ENZYMES 

Schematic representation of a,-adrenergic receptors and an imaginary imidazolinc site and I 
postulated sites of action in the cell. 

their 

would be difficult at this stage to refer to the lower 
affinity of these ligands at the imidazoline sites. 

The non-adrenergic sites were further charac- 
terized for their specificity ok-a-uis guanidine- and 
imidazoline-structured ligands, as well as for their 
affinity for HPLC purified bovine CDS [47]. 

Although CDS competed with [3H]idazoxan on 
imidazoline receptors in the purified basolateral 
kidney membranes with an apparent K,, = 1 unit 
(Table 3), it is still to be proven in a functional assay 
that CDS is the agonist of these sites. This would 
be shown biochemically once the physiological role 
of these sites in liver cells is determined. 

Separation of LQAR to two distinct proteins was 
reported recently [52]. The imidazoline/guanidinum 
binding site (IGRS) was separated from the (u~AR 
by lectin-affinity chromatography using solubilized 
rabbit kidney membranes. The solubilized ozAR 
were retained by the resin and could be recovered 
afterward by high-salt elution. The IGRS-solubilized 
receptor, which was not detained on the column, 
expressed specificity and affinity for guanidine/ 
imidazoline-type ligands, and for CDS, similar to 
native receptors in intact membranes (521. 

Mechanistic aspects. There is ample evidence that 
inhibition of noradrenergic neurons at the locus 
coeruleus results from hyperpolarization due to the 
activation of outward potassium currents (X3-55]. 
The coupling of LU,AR to K+ channels was also 
suggested from intracellular recordings of the guinea 
pig submucus plexus neurons [56]. According to 
these studies, it was concluded that post-synaptic 
qAR mediate a K+ conductance increase which 
underlies the inhibitory synaptic potentials. Further 
studies showed the involvement of a pertussis toxin 
sensitive GTP-binding protein in mediating the 

outward currents evoked by az-agonists in locus 
coeruleus neurons (571. 

Although inhibition of neurotransmitter release 
and coupling to K+-gating correlate with the 
pharmacology of a,AR, many inconsistencies were 
reported which were attributed in part to the 
presence of presynaptic (u,AR or to different 
pathways by which (u~AR modify the function of 
noradrenergic terminal axons [reviewed in Refs 1 
and 551. 

Interestingly, binding of [3H]idazoxan to imid- 
azoline receptors in liver cells was sensitive to 
monovalent ions which interfere with K+ channels. 
e.g. NH: and Cs’, in addition to a significant 
inhibition of specific binding by 4-aminopyridine 
(tcso = 0.381 2 0.07 mM [41]). In kidney 
membranes, K+ was shown to increase the 
dissociation rate of idazoxan from 0.13 to 0.33 min- ‘. 
suggesting binding of K+ to an allosteric site of the 
imidazoline receptors [47]. 

Therefore, one may speculate that similarity 
between azAR and imidazoline receptors is carried 
further to a possible interaction with some sort of a 
K’ channel. Additional studies on whole cells should 
shed more light on a possible function for imidazoline 
receptors. 

In conclusion: 
(a) separation of imidazoline receptors from (u~AR 

on a heparin-agarose column indicates that the 
two receptors are two distinct proteins. 

(b) A strong similarity in the binding domains of 
crzAR and imidazoline sites is suggested by the 
high affinity shared by imidazoline- and guanidine- 
type ligands for both sites. 

(c) No binding of phenylethylamines at the imid- 
azoline receptors is observed, thus indicating that, 
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by definition, the imidazoline receptor is not a 
subtype of QAR. 

(d) Lack of GppNHp and Na+ effect on the affinity 
of mutual +adrenergicagonistsat the imidazoline 
receptor strongly suggests a different mode of 
action of these ligands at the imidazoline receptor. 

(e) Interaction of CDS with both (u~AR and 
imidazoline sites suggests its structural similarity 
to guanidine- and imidazoline-type ligands, as 
shown by their mutual affinity for the two 
receptors. The high affinity exhibited by CDS for 
antiserum (anti-p-aminoclonidine) binding to 
[3Hlp-aminoclonidine sites also indicates their 
structural similarity. 

(f) Since CDS is an endogenous substance, it may 
represent the natural agonist to the new 
imidazoline receptor. 

Hence, whole cell studies will become essential 
for establishing the functional role played by 
imidazoline receptors. 

Perhaps via cloning and sequencing of imidazoline 
receptors on the one hand, and establishing the 
structure of CDS on the other hand, it would be 
possible to assign a functional role for this receptor 
and eventually for the endogenous CDS molecule. 

REFERENCE3 

1. ’ Starke K. Gothert M and Kilbinger H, Modulation of 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

neurotransmitter release by presynaptic autoreceptors. 
Physiol Rev 69: 864-989, 1989. 
Timmermans P and van Zwieten P. a,-Adrenoceptors: 
Classification, localization, mechanisms, and targets 
for drugs. I Med Chem 25: 1389-1400, 1982. 
Bylund DB, Ray Prenger C and Murphy TJ, Alpha-2, 
and alpha-2n adrenergic receptor subtypes: Antagonist 
binding in &sues and cell tines coniaining onl; one 
subtvoe. J Pharmacol EXD Ther 245: 600-607. 1988. 
Ruffbio RR, Jr, Rice Pi, Patil PN. Hamada A and 
Miller DP. Differences in the applicability of the 
Easson-Stedman hypothesis to cr,- and aI-adrenergic 
effects of phenylethylamines and imidazolines. Eur J 
Pharmacol86: 471475, 1983. 
Bousquet P, Feldman J and Schwartz S, Central 
cardiovascular effects of alpha adrenergic drugs: 
Differences between catacholamines and imidazolin&. 
J Pharmacol EXD Ther 230: 232-236. 1984. 
Boyajian CL and Leslie FM, Pharmacological evidence 
for alpha-2 adrenoceftor heterogeneity: Differential 
binding properties of [. Hlrauwolscine and [ ‘Hlidazoxan 
in rat brain. J Pharmacol Exp Ther 241: 1092-1099, 
1987. 
Jakobs KH, Saur W and Schultz G, Reduction of 
adenylate cvclase activity in lysates of human platelets 
by the &drenergic cbmgnent of epinephrine. J 
Cvclic Nucleoride Res 2: 381-386. 1976. 
&bol SL and Nirenberg M. Regulation of adenylate 
cyclase of neuroblastoma x glioma hybrid cells by a2- 
adrenergic receptors. I. Inhibition of adenylate cyclase 
mediated by a receptors. J Eiol Chem 254: 1913-1920. 
1979. 

9. Kato R and Nakaki T, Alpha-2 adrenoceptors beyond 
CAMP generation: islets of Langerhans and intestinal 
epithelium. Trends Pharmacol Sci 4: 34-36. 1983. 

10. Morgan NG, Regulation of insulin secretion by crl- 
odrenergic agonists. Trends Pharmacol Sci 8: 369-370. 
1987. 

11. Karl RC. Zawalich WS. Ferrendelli JA and Matschinsky 
FM, The role of Ca*’ and cyclic adenosine 3’:s’. 
monophosphate in insulin release induced in uirro by 

the divalent cation ionophore A23187. J Biol Chem 
250: 4575+79, 1975. 

12. Wollheim CB and Sharp GWG, Regulation of insulin 
release bv calcium Phvsiol Reo 61: 914-973. 1981. 

13. Ullrich S’and Wollheim CB, Islet cyclic AMP levels 
are not lowered during a,-adrenergic inhibition of 
insulin release. Studies with epinephrine and insulin. 
J Biol Chem 259: 4111-4115, 1984. 

14. Docherty RI and McFadzean I, Noradrenaline induced 
inhibition of voltage sensitive calcium currents in NG 
108-15 hybrid cells. Eur J Neurosci 1: 132-140, 1988. 

15. Holz GG IV, Rane SG and Dunlap K, GTP-binding 
proteins mediate transmitter inhibition of voltage- 
dependent calcium channels. Narure 319: 670-672. 
1986. 

16. Karppanan H, Interrelationships between clonidine 
and histaminergic mechanisms. Trends Pharmacol Sci 
2: 35-38, 1981. 

17. Easson LH and Stedman E, Studies on the relationship 
between chemical consritution and physiological action. 
V. Molecular dissymmetry and physiological activity. 
Biochem J 21: 1257-1266. 1933. 

18. Strader CD, Sigal IS and Dixon AFR, Genetic 
approaches lo the determination of structure-function 
relationships of G-protein-coupled receptors. Trends 
Pharmacol Sci Suppl IV: 26-30, 1989. 

19. Ruffolo RR Jr, Patil PN and Miller DD. Adrenoceptor- 
mediatedeffectsofopticallyactivecatecholimidazolines 
in pithed rat. Naunyn Schmiederbergs Arch Pharmacol 
323: 221-227, 1983. 

20. Atlas D and Burstein Y, Isolation and partial 
purification of a clonidine-displacing endogenous brain 
substance. Eur J Biochem 144: 287-293, 1984. 

21. Atlas D and Burstein Y, Isolation of an endogenous 
clonidine-displacing substance from rat brain. FEBS 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

Left 170: 387-391.1984. 
Diamant S, Eldor A and Atlas D, A low molecular 
weight brain substance interacts, similarly to clonidine, 
with a*-adrenoceptors of human plaielets. Eur J 
Pharmacol144: 247-255. 1987. 
Atlas D, Diamant S, Fales HM and Pannell L. The 
brain’s own clonidine: Purification and characterization 
of endogenous clonidine displacing substance from 
brain. J Cardiooasc Pharmacol 10 (Suool 12): S122- . . , 
S127. 1987. 
Drew GM, Pharmacological characterization of the 
presynaptic a-adrenoceptor in the rat vas deferens. 
Eur J Pharmacol42: 123-130. 1977. 
DiamantSandAtlasD,Anendogenousbrainsubstance, 
CDS (clonidine-displacing-substance), inhibits the 
twitch response of rat vas deferens. Biochem Biophys 
Res Comkun 134: 184-190, 1986. 

. . 

Felsen D. Ernsbereer B. Mellev MP and Reis DJ. 
Clonidineldisplacin&ubsiance isbiologically active on 
smooth muscle. Eur J Pharmacol 142: 453-455, 1987. 
Bousquet P, Feldman J and Atlas D, An endogenous. 
non-catecholamine clonidine antagonist increases mean 
arterial blood pressure. EurJ Pharmacol124: 167-170. 
19R6. 
Bousquet P. Feldman J and Atlas D, Central 
cardiovascular effects of a noncatecholamine endogen- 
ous ligand for clonidine receptors. J Cardiouasc 
Pharmacol 10 (Suppl 12): S167-S171. 1987. 
Struthers AD, Burrin JM and Brown MJ. Exercise- 
induced increases in plasma catccholamines and growth 
hormone are augmented by selective n,-adrenoceptor 
blockade in man. Neuroendocrinology 44: 22-28,1986. 
Meeley MP. Ernsberger PR, Granata AR and Reis 
DJ, An endogenous clonidine-displacing substance 
from bovine brain: Receptor hinding and hypotensive 
actions in the ventrolateral medulla. Life Sci. 38: 1119- 
1121, 1986. 
Meeley MP, Towle AC. Ernshergcr P and Reis DJ. A 



CDS and its putative imidazoline receptor 1549 

specific antiserum recognizes clonidine displacing 
substance: Implications for the structure of the brain’s 
own clonidine. Neurosci Len 84: W90. 1988. 

32. Kreisberg GA, Diamant S, Diamant YZ and Atlas D, 
Raised levels of an endogenous nonadrenergic 
substance in the serum of pregnancy-induced hyper- 
tension patients. Isr I Med Sci 23: 1194-l 197, 1987. 

33. Emsberger P, Meeley MP, Mann JJ and Reis DJ. 
Clonidine binds to imidazole binding sites as well as 
a,-adrenoceptors in the ventrolateral medulla. Eur J 
Pharmacol 134: l-13. 1987. 

34. Ernsberger PA, Meeley MP and Reis DJ, An 
endogenous substance with clonidine-like properties: 
Selective binding to imidazole sites in the ventrolateral 
medulla. Brain Res 441: 309-318, 1988. 

35. Regan JW. Biochemistry of a,-adrenergic receptors. 
In: The Alpha-2 Adrenergic Receptors (Ed. Limbird 
LE). pp. 15-74. Humana Press, Clifton, NJ, 1988. 

36. Coupry I. Podevin RA. Dausse JP and Parini A. 
Evidence for imidazoline binding sites in basolateral 
membranes from rabbit kidney. Biochem Biophys Rex 
Commun 147: 1055-1060, 1987. 

37. Hamilton CA, Reid JL and Yakubu MA, 
[ 3H]Yohimhine and [ ?H]idazoxan hind to different sites 
on rabbit forebrain and kidney membranes. Eur J 
Pharmacol 146: 345-348. 1988. 

38. Michel MC and lnsel PA. Are there multiple 
imidazolinc binding sites? Trends Pharmacol Sci 10: 
342-343. 1989. 

39. Vigne P. Lazdunski M and Frelin C. Guanabenz. 
guanochlor. guanoxan and idazoxan bind with high 
affinity to non-adrenergicsitesin pig kidney membranes. 
Eur J Pharmacol 160: 295-298. 1989. 

40. Tesson F, Lemoine A, Johann M and Parini A. 
Identification of a noradrenergic (‘Hlidazoxan binding 
site in rabbit and human liver. XIth International 
Congress of Pharmacology. Eur J Pharmacoll83: 736. 
1990. 

41. Zonnenschein R, Diamant S and Atlas D, Imidazoline 
receptors in rat liver cells: A novel receptor of a 
subtype of a?-adrenergic receptors. Eur J Pharmacol 
190: 203-215. 1990. 

42. Michel MC. Brodde OR, Schnepel B. Behrendt J. 
Tshada R. Motulsky HJ and Insel PA, [‘H]Idazoxan 
and some other a:-adrenergic drugs also bind with high 
affinity to a non-adrenergic site. Mol Pharmacol 35: 
324330, 1986. 

43. Langin D and Lafontan M, (‘Hjldazoxan binding at 
non-aI-adrenoceptors in rabbit adipocyte membranes. 
Eur J Pharmacol 159: 199-203, 1989. 

44. Dickinson KEJ. McKernan RM. Miles CMM, Leys KS 
and Sever PS. Heterogeneity of mammalian a*- 
adrenoceptors delineated by [jH]yohimbine binding. 
Eur J Pharmacol 120: 285-293. 1986. 

45. 

46 

47 

4x. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

Regan JW, Kobilka TS. Yang-Feng TL. Caron MG, 
Lefkowitz RJ and Kobilka BK, Cloning and expression 
of a human kidney cDNA for an a,-adrenergic receptor 
subtype. Proc NarlAcadSci USA 85: 6301-6305, 1988. 
Cheng Y-C and Ptusoff WH, Relationship between the 
inhibition constant (K,) and the concentration of 
inhibitor which causes 50 per cent inhibition (IJo) of 
an enzymatic reaction. Biochem Pharmucol22: 3099- 
3108, 1973. 
Coupry I, Atlas D. Podevin RA, Uzielli I and Parini 
A, Imidazoline guanidinium receptive site in renal 
proximal tubule: Asymetric distribution, regulation by 
cations, and interaction with an endogenous clonidine 
displacing substance. J Pharmacol Exp Ther 252: 293- 

299, 1989. 
Giros B. Sokoloff P, Mantres MP, Riou JF, Emorinc 
LJ and Schwartz JC. Alternative splicing directs the 
expression of two D>-dopamine isoforms. Nature 242: 
923-926. 1989. 
Monsoma FJ Jr. McVittic LD, Gerfen CR. Mahan LC 
and Sicblcy DR. Multiple Dl-dopamine receptors 
produced hy alternative RNA splicing. Narure 342: 
926-929. 1989. 
Kobilka BK. Matsui H. Kobilka TS. Yang Feng TL, 
Francke U. Caron MG. Lefkowitz RJ and Regan SW, 
Cloning sequencing and expression of the gene coding 
for the human platelets a*-adrenergic receptors. Science 
238: 650-656. 1987. 
Bylund DB. Subtypes of a,-adrenoceptors: Phar- 
macological and molecular biological evidence 
converge. Trends Pharmacol Sci 9: 356361. 1988. 

Parini A. Coupry I, Graham RM. Uzielli I, Atlas D 
and Lanier SM. Characterization of an imidazolincl 
guanidinium receptive site distinct from the al- 
adrenergic receptor. J Biol Chem 264: 11874-11878. 
1989. 
Aghajanian GK and VanderMaelen CP. a,-Adreno- 
ceptor-mediated hyperpolarization of locus coeruleus 
neurons: Intracellular studies ut uioo. Science 215: 
1394-1396. 1982. 

Willtams JT, Henderson G and North RA. Charac- 
terization of a,-adrenoceptorswhich increase potassium 
conductance in rat locus coeruleus neurones. Neu- 
roscience 14: 95-102. 1985. 

Starke K. Presynaptic a,-autoreceptors. Rev Physiol 
Biochem Pharmacol 107: 73-143. 1987. 

North RA and Surprenant A. Inhibitory synaptic 
potentials resulting from cr,-adrenoceptor activation in 
guinea-pig submucous plexus neurones. J Physiol 
(Land) 358: 17-33. 1985. 
Aghajanian GK and Wang Y-Y, Pertussis toxin blocks 
the outward currents evoked by opiate and a,-agonists 
in locus coeruleus neurons. Brain Res 371: 39%394, 
1986. 


