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Recently, we proposed the hypothesis according to which the central hypotensive effect of
clonidine and related substances could be related to an action upon specific receptors, requiring
the imidazoline or imidazoline-like structures, rather than alphal-adrenoceptors. Since then,
direct evidences have been accumulated to confirm the existence of a population of imidazoline
specific binding sites in the brainstem of animals and man, more precisely in the Nucleus
Reticularis Lateralis (NRL) region of the ventrolateral medulla (VI.M), site of the antihypertensive
action of clonidine. The purification of the pulative endogenous ligand of the imidazoline
receptors — named endazoline — is currently being attempted from human brain extracts.

This new concept might at last lead to the expeciled dissociation of the pharmacological
mechanisms involved, on the one hand, in the therapeutic anfihypertensive effect, and on the
ohter, in their major side-effect, which is sedation. In fuct, it has been recently confirmed that
hypotension is mediated by the activation of imidazoline preferring receptors (IPR) within the
NRL region, while sedation is attributed to the inhibition of alphaZ-adrenergic mechanisms in

the locus coeruleus, which is involved in the control of the sleep-waking cycle.

The IPR may constitute an interesting target for new drugs in the treatment of arterial
hypertension. Finally, dysfunctions of this modulatory system which could be involved in the
pathophysiology of some forms of the hypertensive disease are under investigation. '

Key words: clonidine — nimenidine — imidazoline-preferring receptors — nucleus reticularis lateralis —
arterial hypotenston — antihypertensive drugs — central nervous system

Several years ago we proposed the hypoth-
ests according to which the central hypotensive
effect of an 1midazoline, clomdine, could not
be attributed to intcractions with the alpha2-
adrenergic receptor but rather with non-adren-
ergic specitic imidazoline-prefermng rcceptors
(IPR), localized in the brainstem (Bousquet &
Schwartz, 1983; Bousquet et al,, 1984). This
assumption was first based on the crucial ex-
perimental observation that noradrenaline, the
endogenous ligand of adrenoceptors, is not
capable of reproducing the hypotensive cffect
of clonidine when it is directly injected in the
ventrolateral part of the medulla oblongata,
more precisely in the Nucleus Reticularis
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Lateralis (NRL) region, which 1s the main site
of the hypotensive effect of clonidine-type
drugs in various species (Bousquet et al., 1975,
1981; Wolf & Mohriland, 1984; Gillis et al.,
1985; Reis et al.,, 1988; McAuley et al., 1989).
We then performed a wide structure/activity
relationship study which showed that the mi-
cromjection of several alpha-adrenergic ago-
nists — bearing either a cetecholamine or a
phenylethylamine structure — in the NRL re-
gion of the anesthetized cat, never induced
any reduction 1n arterial pressure, even with
compounds highly selective for the alpha2-
adrenoceptors such as alpha-methylnoradre-
naline (Bousquet et al., 1984), However, the
administration of various imidazolines in the
same experimental conditions always elicited
a dose-dependent decrease 1n arterial pressure,
independently of their selectivity for one or
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Fig. 1: A — Frontal section of the brainstem of the rat at the tevel of the Nucleus Reticularis Lateralis (NRL). B —
Hypotensive effect induced by cionidine (CLO}) upon microinjection in the NRL region; injection of noradrenaline
(NA) has no effect on blood pressure. C — Effects on the mean arterial pressure of some imidazolines microinjected
10 the NRL region ~ chemical structures are given in D - alpha-methylnoradrenaline has no hypotensive effect. E
— Displacement of [*H]clonidine specific binding to bovine NRL membrane preparations by [ clonidine and @
noradrenaline -- about 30% of specifically bound [*I]clonidine was not displaced by the catecholamine. F —
[*H]clonidine specific binding to human NRL membrane preparations was virtually unaffected by catecholamines:
W (—)noradrenaline, ) (—)adrenaline and V alpha-methylnoradrenaline, but completely inhibited by imidazolines:

A ST 587, @ clonidine and € cirazoline.

the other sub-type of alpha-adrenoceptors
{Bousquet et al., 1984). In fact, the imidazolines
cirazoline and ST 587, two selective alphal-
adrenoceptor agonists, induced marked
hypotensive effects when microinjected in the
NRL region (Fig. 1).

These results were later on confirmed in
the anesthetized rat. In fact, a variety of
imidazoline-containing substances induced
hypotension when injected in the rostral ven-
trolateral medulla oblongata. No direct corre-
lation could actually be established between
the affinities of these imidazolineé compounds
for alpha-adrenoceptors and their ability to
tnduce arterial hypotension (Ernsberger et al.,
1987, 1988a, 1990),

In peripheral experimental models also,
Ruffolo and coworkers demonstrated that the
phenylethylamines and the imidazolines dis-

play different pharmacological mechanisms of
action 1n various tissues (for review sec Ruffolo,
1991). They observed, for instance, the ab-
sence of cross-desensitization of the rat vas
deferens to the contractile action of phenyl-
cthylamines (noradrenaline, methoxamine,
phenylephrine) and imidazolines (oxymetazo-
line, tetrahydrozoline), suggesting the existence
of two distinct binding sites to alpha-
adrenoceptor agonists belonging to these dif-
ferent chemical families.

These receptors do not belong to the hista-
mine receptors family either, since histamine
antagontsts bearing an imidazole moiety such
as metiamide or cimetidine do not prevent the
central hypotensive effect of clonidine or of
related compounds.

Taken together, these experimental find-
ings suggest that the activation of receptors
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specifically sensitive to the imidazoline struc-
ture in the brainstem could inhibit the sympa-
thetic outflow to the periphery and thus lower
arterial pressure.

In the recent period, the existence of such
specific binding sites has been demonstrated
in a great vanety of tissues and species (Coupry
et al., 1987; Hamilton et al., 1988; Yablonsky
et al,, 1988; Langin & Lafontan, 1989; Pariny,
1989; Wikberg, 1989; Michel et al., 1990;
Portillo et al., 1991). Moreover, the purifica-
tion of the receptor and of its putative endo-
genous ligand is currently being attempted in
several laboratories {Atlas & Burstein, 1984a,
b; Meeley et al., 1986; Emsberger et al., 1988b;
Belcourt et al., 1990).

These findings led us to a complete re-
evaluation of our concepts concerning not only
the mechanism of action of centrally acting
antihypertensive drugs like clonidine but also
some aspects of the central regulation of arte-
rial pressure, Consequently, as soon as the
hypotensive action of these drugs is related to
the activation of non-adrenergic imidazoline-
specific receptors, it became theoretically pos-
sible to dissociate the pharmacological mecha-
nisms involved in their therapeutic (hypo-
tensive) action and 1n their major side effect,
which is sedation. In fact, the sedative effect
of clonidine has been attnbuted to an action
within the nucleus locus coeruleus (LC), a
noradrenergic structure of the reticular system,
which is directly involved in the regulation of
the sleep-waking cycle (Jouvet, 1972, 1973;
Cespuglio et al,, 1982). The activation ot al-
pha2-adrenoceptors by clonidine in the LC
leading to a consequent inhibition of noradren-
ergic neurons will result 1n a sedative effect
(Amaral & Sinnamon, 1977; Redmond, 1981;
De Sarro et al., 1987).

BIOCHEMICAL CHARACTERIZATION OF IMIDA-
ZOLINE-SPECIFIC BINDING SITES IN THE CEN-

TRAL NERVOUS SYSTEM

It 1s well-known that the specific binding
of [PH]clonidine in most tissue preparations
can be completely displaced by catecholamines
and also by alpha-adrenergic agonists belong-
ing to different chemical families (for review
see Kobinger, 1978; Timmermans & Van
Zwieten, 1982). However, 1n the past few years
strong evidence has accumulated to confirm
the existence of 1midazoline-specific binding
sites 1n the central nervous system which are

completely insensitive to catecholamines. In
1987, it was reported for the first time that a
sub-population of the [*H]p-aminoclinidine
binding sites in membrane preparations ob-
tained from the ventrolateral area of the bo-
vine medulla oblongata, was catecholamine
insensitive (Ernsberger et al., 1987).

In fact, about 30% of the sites labelled by
[3H]p-aminoclonidine could not be displaced
by an excess of noradrenaline (Meeley et al.,
1986; Emsberger et al., 1987). Since then, the
existence of non-adrenergic binding sites spe-
cific to imidazolines has been reported in the
central nervous system of different species
using: (i) [PH]clonidine, in the bovine ventro-
lateral medulla oblongata (Bricca et al., 1989a)
and human brainstem (Bricca et al,, 1988,
1989a, b) and (ii) [°’H]idazoxan, in the rabbit
cortex (Hamilton et al., 1988; Covents et al.,
1989), guinea pig cortex (Wikberg, 1989} and
human brain (Covents et al., 1989; De Vos et
al.,, 1991). It 1s noteworthy that in the NRL
region i1solated from human brainstem, cat-
echolamines had virtually no effect on the
specific binding of [*H]clonidine while
imidazolines (cirazoline, ST 587) induced com-
plete displacement (Fig. 1) (Bricca et al., 1988).
The latter results point out the existence of a
high proportion of sites specifically sensitive
to imidazolines in human membrane prepara-
tions from this area of the brainstem, includ-
ing the NRL region.

In this context, it was shown that the abil-
ity of a series of imidazolines to induce arte-
rial hypotension when injected in the rostral
ventrolateral medulla of the anesthetized rat,
1s well correlated with their ability to inhibit
the non-adrenergic component of [H]p-
aminoclinidine binding in bovine ventrolateral
medulla, but not with the inhibition of binding
to alpha2-adrenoceptors 1n the frontal cortex
(Ernsberger et al., 1990),

Further discrimination between the imida-
zoline spectfic binding sites and the alpha2-
adrenoceptors has been provided by the dem-
onstration of the insensitivity of the former to
GTP or to its non hydrolysable analog
Gpp(NH)p, while the binding of the same
radioligands to alpha2-adrenoceptors s affected
by this treatment (Wikberg & Uhlen, 1990;
Bricca et al., in press). For instance, the
imidazoline-specific binding sites of [?H]cloni-
dine and [*H}idazoxan to human NRL mem-
brane preparations (Greney et al., 1992) or to
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adrenal chromaffin cell membranes (Reis et
al,, 1992), which arc obviously insensitive to
catecholamines, are not affected by Gpp(NH)p,
thus suggesting that the IPR 1s not coupled to
a GTP-binding protein. The signal transduc-
tton mechanism(s) assoclated with the stimu-
lation of the IPR are not yet known. However,
it does not scem to be coupled to classical G-
protein pathways, which provides additional
evidence that the IPR and alpha2-adrenoceptors
are distinct receptor systems. The coupling of
the IPR to a K™ channel has already been
suggested based on the observation that
idazoxan binding 1s highly sensitive to K* 1ons
(Coupry et al., 1989); nevertheless, this 1ssue
deserves further investigation.

Finally, 1t was shown that the imidazoline
binding sites and the alpha2-adrenoceptors
constitute physically distinct entities, as they
can be separated by several purification proce-
dures, and the IPR rectain their pharmacologi-
cal characteristics 1n the punfied state (Michel
et al., 1990; Wikberg & Uhlen, 1990; Parin ct
al., 1989), In fact, the partial purification of
the kidney (Parini et al., 1989; Limon ct al.,
1992) or cerebral (Greney et al., 1992)
imidazoline specific binding sites using
[PH]clonidine and [Hlidazoxan, yields two
distinct solubilized sites that retain the same
pharmacological profile of the membrane bind-
ing sites; the first one corresponds to an al-
pha2-adrenoceptor while the second one 1s
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insensitive to catecholamines and GTP, and
presents  all the binding characteristics of
the mmidazoline-specific site, However, the
total purification of the IPR has to be
achieved 1n order to allow the character-
1zation of the molecular properties of this re-
ceptive protein.

FUNCTIONAL STUDIES

The atorementioned studies provided strong
evidence to the existence of imidazoline bind-
ing sites in the central nervous system, which
are supposcd to be associated with the modu-
lation of the vasomotor tone. In order to ascer-
tain this hypothesis we recently performed in
vivo functional experiments. Thus, we used an
in vivo electrochemistry technique, differen-
tial voltammetry, to study in parallel the ef-
fects of clonidine-like drugs on the cardiovas-
cular parameters and on the metabolic activity
of the catccholaminergic neurons of the NRL
region (Fig. 2) (Tibiri¢d et al., 1989). This
technique allows to measure the variations in
the extraceliular concentrations of a cat-
ccholamine metabolite — DOPAC (3,4-dihydro-
xyphenylacetic acid) — which 1s released by
the noradrenergic cell bodies (Buda & Gonon,
1987). The activity thus measured 1s consid-
ered to be a reliable index of the global neu-
ronal activity (Suaud-Chagny et al,, 1986; Buda
& Gonon, 1987; Tibiriga ct al., 1989, 1991a,
b; Lambas-Senas et al., 1990).

Fig. 2: photemicrograph of a coronal section of the rat medulla oblongata showing the electrochemical lesion
{arrow} performed by means of the carbon fiber microclectrode at the end of the experiment. Calibration scale: |

TTI.
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Fig. 3: representative tracings depicting the effects of
clonidine (10 pg/kg) on the neuronal metabolic activity
of noradrencrgic neurons - represented by the catechol
(DOPAC)Y oxidation peak height  1n the locus cocer-
uleus (top) and 1n the NRL region {(bottom) and on the
artertal pressure {(middle tracing) of the pentobarbital

anesthetized rat. The intravenous admimistration of

clomdine induces marked and parallel reductions on
arterial pressure and on the ncuronal metabohic activity
recorded in the NRL region but not in the locus coer-
uleus, when used 1n this rather low dosc.

We then studied the mfluence of centrally
acting antihypertensive drugs of the clonidine
type on the metabohic activity of noradrener-
gic neurons of the NRL and locus coeruleus
regions 1n pentobarbital ancsthetized rats (sce
introduction). We demonstrated that low doscs
of clomdine, starting from 2 ug/kg intrave-
nously injected, induced parallel and marked
reductions on the neuronal metabolic activity
in the NRL region and on artenal pressure.
The kinetics of both effects are parallel and
reach a plateau 20 min after clonidine injec-
tion by the intravenous route (Tibiriga et al.,
1989). A positive corrclation has becen estab-
lished between these effects 20 min after in-
jection, at clonidine doses ranging from 2 to
10 pug/kg, 1.v. (Tibiriga et al., 1989). This par-
allelism between the hypotensive and ventro-

lateral medullary neuronal inhibitory cffects
of clonidine became particularly evident for a
dosc of 10 ug/kg, suggesting the existence of
a close relationship between these two effects
of clomdine (Fig. 3). However, these samne
doses of clomidine did not affect the ncuronal
acttvity in the LC, where an inhibitory cffect
could only be observed when doses 25 times
higher were used, showing that the drug pref-
crentially acts 1n the NRL regron, which con-
tains non-alpha adrenergic IPR involved 1n the
cardiovascular regulation (Mccley ct al., 1986;
Emsberger et al,, 1987, 1988a; Bricca et al.,
19K E).

In order to further characterize the pharma-
cological mechamsms mnvolved in these cen-
tral effects of clonidine, we reasscssed the an-
tagonistic potencics of two clonidine antago-
nists: (1) 1dazoxan, which contains an
imidazoline ring and 1s known to label
imidazoline-specific sites in the central ner-
vous system (Hamilton et al., 1988; Michel ct
al., 1988, 1990; Bricca ct al., 1n press) and {(11)
yohimbine, a classical alpha2-adrenoceptor
antagonist with very low affimity for the [PR
(Groldberg & Robertson, 1983; Hamilton et al.,
[98%8). The antagonists were ntracisternally
tnjected m order to rule out any variabihity 1n
the results which could be duc to heterogene-
ity mn crossing the blood-brain barrier. They
were used i very low equimolecular doses (5
nmol/kg), which ensured their selectivity for
one or the other type of receptors (Tibinga et
al., 1988, 1991a). Indeed, this dose of
yohimbine 1s about 100 times lower than the
lowest dose gencerally used to antagonize the
hypotensive ctfect of clonidine (for review see
Groldberg & Robertson, 1983). Under these ex-
perimental conditions, prior admimstration of
idazoxan, but not yohiumbine, almost com-
pletely prevented not only the hypotensive but
also the medullary ncuronal inhibitory cftects
of systemically administered clonidine (Tibiriga
ct al., 1991a). In contrast, in the LC, the ef-
fects of the antagonists on the necurochemical
changes induced by clonidine were reciprocal
to those observed in the NRL region. Here 1s
yohimbine that behaves as an antagonist of the
neuronal inhihitory eftects of clonidine, while
idaxozan had virtually no effect on the neuro-
nal intibitory etfects of the drug (Tibinga ct
al.,, 1991a). Thus, 1t 15 now possible to disso-
ciate the pharmacological mechanisms involved
tn the hypotensive and sedative effects of
imidazolines and related compounds. In other
words, the clomdine-induced blood pressurc
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FFig. 4: comparison between the maximal inhibitory ef-
fects of tnercasing doses ol .v. rilmenidine on the neu-
ronal metabolic activity recorded in the NRL (upper
pancl) and locus coeruleus (lower pancl) regions and
on arterial pressure of the pentobarbital anesthetized
rat. The varmations of the catechol oxidation peak height
arc cxpressed as the percentage of the bascline period,
defined as the mean height of the |5 peaks recorded
before injection of rilmenidine or saline solution (con-
tro} expenments). Doses of rilmenidine 50 times higher
than the ones which induce hypotension and inhibit the
noradrenergic neurons of the NRL region are necessary
to reduce the neuronal activity 1in the locus coeruleus.
* P < 0.05: sigmficantly different from the control group;
n.s.: non significant effect. (ANOVA and Newman-
Keuls' test).

decreasing effect triggered in the NRL region
1s clearly related to IPR while the LC cffects
of the drug imply classical alpha2-adreno-
ceptors.

Rilmenidine, an oxazoline, 1S a new cen-
trally acting antihypertensive drug structurally
related to clomidine, that has been rccently
introduced in the drug therapy of hypertension
in Europe {Laubic ¢t al., 1985; Van Zwiecten et
al., 1986; Koenig-Berard et al., 1988). Rilme-
nidine 18 characterized by -an abscence of scda-
tive effect in laboratory animals and very low
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incidence of sedation 1n humans at doses that
induce hypotension (Fillastre et al., 1988:
Kocmg-Berard et al., 1988). Rilmenidine pre-
sents a pharmacological profile similar to that
of clonidine, but 1t i1s twice as selective as
clomidine to the NRL region, comparing to the
LC, as shown by voltammetric studies using
the same cxperimental procedures described
above (Fig. 4) (Tibiriga et al.,, 1991b). More-
over, these functional studies were confirmed
by biochemical data showing that rilmenidine
18 two to three times more selective for the
imidazoline receptor in the NRL region, when
compared to the cortical alpha2-adrenoceptors,
than clonmidine itself (Bricca et al., 1989b). It
15 noteworthy that the hypotensive effect in-
duced by rilmenidine in the pentobarbital anes-
thetized rabbit 1s more efficiently antagonized
by 1dazoxan, the imidazoline antagonist, than
by yohimbine (Feldman et al., 1990).

In conclusion, these studies confirm that
antihypertensive drugs more selective than the
reference substance clonidine for the IPR, when
compared to alpha2-adrenoceptors, and acting
preferentially on the ncurons of the NRL re-

gion, would present no important sedative ef-
fect.

CLINICAL [MPLICATIONS

As stated above, the IPRs are involved in
the central hypotensive effect of clonmidine and
rclated substances as well as in the modulation
of the vasomotor tone regulation. Thus, dys-
functions of this system could be associated
with the pathophysiology of some forms of
arterial hypertension. In this respect, we de-
veloped poly- and monoclonal antibodies di-
rected against clonidine, using p-amino-
clomdine coupled to hemocyanin by glutaral-
dehyde as immunogen (Dontenwill et al., 1987,
198&, 1992a, b). These antibodics showed to
be highly specific to substances structurally
related to clonmidine and they do not cross-react
at all with catecholamines or any other endo-
genous mediator bearing an imidazole moiety
(Dontcnwill et al., 1992a).

In other transmitter systems, antibodies de-
veloped agamst exogenous ligands of the re-
ceptor have proved to recognize the correspond-
ing endogenous mediator, as is the case of
anti-alprenolol antibodies that recognize endo-
genous catccholamines (Rockson et al., 1980),
Consequently, these anti-clonidine antibodies
can be uscful tools not only for the immuno-
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purification of the endogenous ligand of the
IPRs but also to the punfication of the recep-
tor itself, by the use of anti-idiotypic antibod-
ies. In fact, it was possible to detect, using the
anti-clonidine antibodies in radioimmunoassays,
the existence of an immunoreactive substance
in the human serum. Qur prehminary results
revealed that this immunoreactive substance 1s
present in quite high concentrations in the
plasma of some untreated patients with essen-
tial hypertension, while rather low concentra-
tions were detected in the plasma of normo-
tensive subjects devoid of any cardiovascular
discase {Dontenwill et al,, 1992b). However,
the 1dentity of this immunoreactive substance
with the putative endogenous hgand of the
imidazoline receptors, endazoline (Feldman et
al., 1990), deserves the complete punfication
of the substance and consequent identification
of its chemical structure.

CONCLUDING REMARKS

In the past few years 1t became apparent
that the imidazoline specific binding sites 1n
the brain, which are distinct from the alpha2-
adrenergic receptors, represent functional re-
ceptors involved in the modulation of the cen-
tral sympathetic activity and consequently 1n
the regulation of the vasomotor tone. More-
over, the [PRs of the ventrolateral medulla
oblongata play an important role 1n the mecha-
nism of action of clonidine and reclated sub-
stances, such as rilmenidine. The demonstra-
tion of the duality of pharmacological mecha-
nisms involved in the hypotensive and seda-
ttve effects of these drugs — the former attrib-
uted to an activation of imidazoline receptors
in the NRL region and the latter to an activa-
tion of alpha2-adrenergic receptors in the lo-
cus coerulecus — opens new ways to the devel-
opment of new centrally acting antihypertensive
drugs devoid of scdative cffect and provides
insights in the pathophysiology of some forms
of arterial hypertension.
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