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Abstract  The aim of this study was to determine whether
α2-adrenoceptors or imidazoline I1-receptors are responsi-
ble for the central sympathoinhibition produced by rilmeni-
dine and moxonidine, two clonidine-like antihypertensive
drugs. Rilmenidine and moxonidine were compared with
the indirectly acting α2-adrenoceptor agonist α-methyl-
dopa. Three antagonists were used. Yohimbine and 
SK&F86466 were used as selective α2-adrenoceptor antag-
onists. They were compared with efaroxan which is also an
α2-adrenoceptor antagonist, but, in addition, possesses af-
finity for imidazoline I1-receptors. According to some but
not all studies, the affinity of efaroxan for I1-receptors is
much higher than its affinity for α2-adrenoceptors.

Drugs were administered into the cisterna cerebello-
medullaris of conscious rabbits by a catheter implanted
previously under halothane anaesthesia. Rilmenidine (10
µg kg–1), moxonidine (0.3 µg kg–1) and α-methyldopa (0.4
mg kg–1) lowered blood pressure and the plasma noradren-
aline concentration; the degree of sympathoinhibition pro-
duced by the three agonists was very similar. When inject-
ed after the agonists, efaroxan (0.1–14 µg kg–1; cumulative
doses), yohimbine (0.4–14 µg kg–1) and SK&F86466
(0.4–44 µg kg–1) counteracted the effects of the agonists on
blood pressure and the plasma noradrenaline concentration.
Efaroxan was about tenfold more potent than yohimbine
and SK&F86466 at antagonizing the hypotensive effects of
α-methyldopa. Similarly, efaroxan was two- to tenfold more
potent than yohimbine and SK&F86466 against rilmeni-
dine and moxonidine. Finally, efaroxan was about as potent
against α-methyldopa as against rilmenidine and moxoni-
dine.

The results confirm previous observations that selective
α2-adrenoceptor antagonists are capable of completely an-
tagonizing effects of rilmenidine and moxonidine. The ef-

fects of the α2-adrenoceptor antagonist with an additional
high affinity for imidazoline I1-receptors, efaroxan, can al-
so be explained by blockade of α2-adrenoceptors. Efaroxan
was more potent against rilmenidine and moxonidine than
the selective α2-adrenoceptor antagonists. This was proba-
bly due to the fact that the affinity of efaroxan for α2-
adrenoceptors is higher than the affinity of yohimbine and
SK&F86466, since efaroxan was also the most potent of
the three antagonists against the indirectly acting α2-
adrenoceptor agonist α-methyldopa. The observation that
efaroxan was equally potent against rilmenidine and
moxonidine and against α-methyldopa suggests that the
same receptors were involved in the effects of the three ag-
onists, α2-adrenoceptors; this observation is not compatible
with the high I1/α2 selectivity of efaroxan and the hypothe-
sis that rilmenidine and moxonidine activate I1-receptors,
whereas α-methyldopa activates α2-adrenoceptors. Thus,
the data do not indicate involvement of I1 imidazoline re-
ceptors in the central sympathoinhibition elicited by ril-
menidine and moxonidine in rabbits. It is likely that ril-
menidine and moxonidine produce sympathoinhibition by
activating the same receptors which are activated by the in-
directly acting catecholamine α-methyldopa, namely α2-
adrenoceptors.
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Introduction

Several antihypertensive drugs such as α-methyldopa,
clonidine, guanabenz, guanfacine, rilmenidine and moxo-
nidine lower sympathetic tone by a primary action on brain
stem cardiovascular centres: they inhibit the activity of
neurons which project from the rostral ventrolateral medul-
la oblongata (RVLM) to the intermediolateral column of



the spinal cord (presympathetic neurons; Dampney 1994;
Sun 1996; Ernsberger and Haxhiu 1997; Guyenet 1997).
The mechanism by which the presympathetic neurons are
inhibited is not clear. Two hypotheses have been proposed.
The first implicates brain stem α2-adrenoceptors as the pri-

mary sites of action of all these drugs (see Guyenet 1997
and Eglen et al. 1998 for review). The second, more recent
hypothesis (imidazoline hypothesis) assumes that only α-
methyldopa, guanabenz and guanfacine lower blood pres-
sure by direct activation of α2-adrenoceptors, whereas the
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Table 1 Affinities of drugs
which are used in cardiovascular
research on imidazolines for α2-
adrenoceptors and I1 imidazoline
binding sites

α2-Adrenoceptors I1 binding sitesb Species Authors
Ki (nM)a Ki (nM)a

Agonistsc

Clonidine 4 1 Cattle Ernsberger et al. 1993
– 34 Rabbit Bricca et al. 1993
– 412 Man Bricca et al. 1994
9, 31, 9 55 Mand Piletz et al. 1996
371 15 Rabbit Hamilton et al. 1991
– 15 Cattle Molderings et al. 1993

Rilmenidine 180 6 Cattle Ernsberger et al. 1993
– 113 Rabbit Bricca et al. 1993
– 593 Man Bricca et al. 1994
36, 43, 13 59 Mand Piletz et al. 1996
2371 11 Rabbit Hamilton et al. 1991
– 84 Cattle Molderings et al. 1993

Moxonidine 75 2 Cattle Ernsberger et al. 1993
81 >20000 Rabbit Bricca et al. 1993
– >20000 Man Bricca et al. 1994
13, 10, 16 4 Mand Piletz et al. 1996
– 78 Cattle Molderings et al. 1993

Guanabenz 7 >10000 Cattle Ernsberger et al. 1993
1065 1 Rabbit Hamilton et al. 1991
2, 3, 0.9 35 Mand Piletz et al. 1996

α-Methylnor- 73 89000 Cattle Ernsberger et al. 1990
adrenaline 49 >20000 Rabbit Bricca et al. 1993

Antagonistsc

Idazoxan 4 186 Cattle Ernsberger et al. 1990
– 85 Rabbit Bricca et al. 1993
– 152 Man Bricca et al. 1994
12, 20, 235 1255 Mand Piletz et al. 1996
– 103 Cattle Molderings et al. 1993

Efaroxan 19 0.11 Cattle Haxhiu et al. 1994
10, 10, 178 52 Mand Piletz et al. 1996

Yohimbine 179 3200 Cattle Ernsberger et al. 1987
568 >20000 Rabbit Bricca et al. 1993
– 441000 Mand Piletz et al. 1996

22 21810 Rabbit Hamilton et al. 1991

SK&F86466 35 93000 Cattle Ernsberger et al. 1990

Others
2-endo-amino-3-exo- 20000 42 Cattle, Munk et al. 1996
isopropylbicyclo human 
[2.2.1]heptane and rate

(AGN 192403)

a Only IC50s are reported in
some papers, but they are close
to Ki values because the radio-
ligands were used at concentra-
tions close to their dissociation
constants
b Catecholamine-insensitive
[3H]clonidine and [3H]para-
aminoclonidine binding sites.
Since the I1 nomenclature was
developed later, the binding sites
are not called I1 in some publi-
cations (Ernsberger et al. 1987,
1990; Hamilton et al. 1991;
Bricca et al. 1993, 1994)
c Although the differentiation
between agonists and antago-
nists is clear in the case of α2-
adrenoceptors, this is not so in
the case of the putative imidaz-
oline receptors (but efaroxan
and idazoxan counteract, for ex-
ample, the hypotensive effects
of rilmenidine and moxonidine)
d Human platelets were used for
determination of I1 affinity. Chi-
nese hamster ovary (CHO) cells
transfected with human α2A-,
α2B- and α2C-adrenoceptors were
used for determination of α2
affinity; the three values repre-
sent affinity for these three re-
ceptors
e Bovine brain stem was used
for determination of I1 affinity.
CHO cells transfected with α2A-
(human), α2B- (rat) and α2C- 
(human) receptors were used for
determination of α2 affinity



primary targets of clonidine, rilmenidine and moxonidine
are imidazoline I1-receptors (see Ernsberger and Haxhiu
1997 and Molderings 1997 for review). Both α2-
adrenoceptors and I1 binding sites occur in the RVLM
(Bricca et al. 1993, 1994; Ernsberger et al. 1993; Rosin et
al. 1993).

The drugs most frequently used in cardiovascular stud-
ies on imidazolines, and their affinities for α2-adreno-
ceptors and I1 binding sites are listed in Table 1. Imida-
zoline research is hampered by the fact that several
important drugs are not selective. The “main” I1-receptor
agonists, clonidine, rilmenidine and moxonidine, are at the
same time α2-adrenoceptor agonists. Similarly, the “main”
I1 antagonists, idazoxan and efaroxan, are at the same time
potent α2-adrenoceptor antagonists. Table 1 also shows a
second problem: different groups have obtained greatly dif-
fering I1 affinity values for key compounds such as
moxonidine, guanabenz and efaroxan.

Antagonist-agonist interaction studies are important for
the decision between the two hypotheses. The results, how-
ever, have not been conclusive. On the one hand, it has
been repeatedly observed that selective α2-adrenoceptor
antagonists counteract the hypotensive effects of clonidine,
rilmenidine and moxonidine (Timmermans et al. 1981; Tib-
iriça et al. 1988; Hieble and Kolpak 1993; Szabo et al.
1993; Sannajust and Head 1994; Urban et al. 1994, 1995a;
Chan et al. 1996), supporting an involvement of α2-
adrenoceptors. Some authors, however, interpret these
findings as functional antagonism: the imidazoline drugs, it
is suggested, primarily activate an imidazoline receptor,
but in the chain of events eventually leading to sympatho-
inhibition (downstream) intact α2-adrenoceptors are neces-
sary (e.g. Sannajust and Head 1994; Chan et al. 1996).

On the other hand, there are also agonist-antagonist in-
teractions which support the imidazoline mode of action of
clonidine, rilmenidine and moxonidine: the antagonists
which possess affinity for I1 receptors, namely idazoxan
and efaroxan, were more effective against rilmenidine and
moxonidine than the α2-selective antagonists SK&F86466,
methoxyidazoxan and yohimbine (Ernsberger et al. 1990;
Feldman et al. 1990; Gomez et al. 1991; Tibiriça et al.
1991; Mayorov et al. 1993; Haxhiu et al. 1994; Sannajust
and Head 1994; Chan et al. 1996; Szabo and Urban 1997).
However, all of these investigations are open to criticism.
Frequently, for example, it was not tested whether the lack
of effect of the α2-adrenoceptor antagonists was due to an
insufficient dose, or the possibility that idazoxan and efaro-
xan in fact acted by blocking α2-adrenoceptors was not ex-
cluded (Ernsberger et al. 1990; Feldman et al. 1990; Gomez
et al. 1991; Tibiriça et al. 1991; Mayorov et al. 1993;
Haxhiu et al. 1994). In our own study (Szabo and Urban
1997), moxonidine and rilmenidine were compared with
the α2-adrenoceptor agonist guanabenz. At equi-α2-block-
ing doses (determined against guanabenz), efaroxan was
more effective than yohimbine at antagonizing the hy-
potensive effects of rilmenidine and moxonidine. We inter-
preted this as support for an imidazoline mode of action.
However, the use of guanabenz as the reference α2-selec-
tive agonist was a shortcoming: in some studies, guanabenz

possessed high affinity for I1 binding sites (Table 1);
guanabenz may also act in a different brain region than oth-
er clonidine-like drugs (Gutkind et al. 1986).

The present study essentially resembles our previous
one (Szabo and Urban 1997), but α-methyldopa was used
as the reference α2-selective agent instead of guanabenz. α-
Methyldopa reduces sympathetic tone through its metabo-
lite α-methylnoradrenaline (Kobinger 1978; van Zwieten et
al. 1984), and α-methylnoradrenaline is devoid of I1 affini-
ty (Table 1). α-Methyldopa, rilmenidine and moxonidine
were given at doses which were equihypotensive and occu-
pied similar positions (just submaximal) on the respective
dose-response curves. Three antagonists were tested
against the agonists: the selective α2-adrenoceptor antago-
nists yohimbine and SK&F86466, and efaroxan, the only
compound which is often considered as an I1-selective an-
tagonist. All drugs were injected in conscious rabbits into
the cisterna cerebellomedullaris, i.e. the vicinity of brain
stem cardiovascular centres. From Table 1 it can be seen
that the Ki value of efaroxan is 0.1 nM at I1 binding sites
and 19 nM at α2 binding sites (Haxhiu et al. 1994; see Dis-
cussion for the deviating data of Piletz et al. 1996). The Ki
value of yohimbine is >3,200 nM at I1 sites and about 200
nM at α2 sites, and the Ki of SK&F86466 is 93,000 nM at I1
and 35 nM at α2 sites (Table 1). Taking these values, and
assuming that: (1) the primary targets of rilmenidine and
moxonidine are I1-receptors, and (2) α2-adrenoceptor an-
tagonists produce functional antagonism against I1 agonists
(see above), the following two predictions can be made.
First, due to its high I1 affinity (Ki=0.1 nM), efaroxan
should be much more potent against rilmenidine and
moxonidine than yohimbine and SK&F86466, which
would produce antagonism by virtue of their comparatively
low α2 affinity. Second, due to its high I1 selectivity (Ki at
α2/Ki at I1=190), efaroxan should be much more potent
against rilmenidine and moxonidine than against α-methyl-
dopa.

Materials and methods

Preparation. As a first step, a catheter was implanted for intracister-
nal (i.c.) drug application. Rabbits of either sex (1.9–3.3 kg) were an-
aesthetized with Saffan (0.5 ml kg–1; alfadolone + alfaxalone) and in-
tubated. Anaesthesia was continued with halothane (1.5%–4% in
oxygen). The rabbits breathed spontaneously. The head of the animal
was placed in a stereotaxic frame and the atlanto-occipital membrane
exposed. A hole was made in the membrane and the final 8 mm of a
polyethylene catheter (i.d. 0.28 mm, o.d. 0.61 mm, length 25 cm) was
inserted into the cisterna cerebellomedullaris. The catheter was fixed
in the atlanto-occipital membrane with cyanoacrylate glue and a
three-sided pursestring suture. The free end of the catheter was tun-
neled to an incision in the back of the neck, and the muscles and the
skin incisions were sutured. Animals were allowed a 14-day recovery
period before the first experiment on the conscious rabbit was per-
formed. Up to five experiments were carried out on one rabbit and the
interval between experiments was >7 days (after α-methyldopa >10
days). The order of treatments was random, and a rabbit received a
given treatment only once.

Immediately before the experiments on conscious animals, an ear
artery was cannulated with an Abbocath catheter (24–26 G) under lo-
cal anaesthesia (lidocaine 2%). The artery served for measurement of
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blood pressure and heart rate and for blood sampling. Also under lo-
cal anaesthesia, the skin incision in the neck was opened and the free
end of the i.c. catheter recovered.

Protocol. Experiments started 45 min after cannulation of the ear ar-
tery and recovery of the i.c. catheter. Blood was sampled and blood
pressure and heart rate were determined twice within 15 min; these
two initial values were averaged (PRE values). After PRE the rabbits
received saline or an agonist (α-methyldopa, rilmenidine or moxoni-
dine) which was followed by several doses of saline or an antagonist
(efaroxan, yohimbine or SK&F86466). Two protocols were used.

According to the first protocol (see Fig. 1), α-methyldopa (0.4 mg
kg–1; in a few experiments 1.2 mg kg–1) was injected i.c. after PRE.
One hundred and eighty minutes were necessary for the development
of the full central sympathoinhibitory effect of α-methyldopa, and the
time 180 min after administration of α-methyldopa is defined as t=0
min in the subsequent text and in the figures. Saline or increasing
doses of efaroxan (0.1, 0.3, 1, 3 and 10 µg kg–1), yohimbine (0.4, 1, 3
and 10 µg kg–1) or SK&F86466 (0.4, 1, 3, 10 and 30 µg kg–1) were in-
jected i.c. at t=0, 15, 30, 45 and 60 min. Cumulative doses are shown
in the figures; the initial doses of yohimbine and SK&F86466 (0.4 µg
kg–1) were selected to obtain identical cumulative doses of the three
antagonists.

According to the second protocol (see Fig. 3), saline (25 µl kg–1),
rilmenidine (10 µg kg–1) or moxonidine (0.3 µg kg–1) was injected i.c.
after PRE. Thirty minutes were necessary for the development of the
full central sympathoinhibitory effects of rilmenidine and moxoni-
dine, and the time 30 min after administration of saline, rilmenidine
and moxonidine is defined as t=0 min in the subsequent text and in
the figures. Increasing doses of efaroxan (0.3, 1 and 3 µg kg–1), 

yohimbine (1.3, 3 and 10 µg kg–1) or SK&F86466 (4.3, 10 and 30 µg
kg–1) were injected i.c. at t=0, 15 and 30 min. Cumulative doses are
shown in the figures; the initial doses of yohimbine (1.3 µg kg–1) and
SK&F86466 (4.3 µg kg–1) were selected to obtain identical cumula-
tive doses of the three antagonists. In control experiments in which
saline was injected after PRE, four or five injections of saline (25 µl
kg–1) or antagonists were given at t=0 min and later at 15-min inter-
vals.

Effects of agonists (Figs. 2, 4) were expressed as changes relative
to the PRE values. In the antagonist experiments (Figs. 5–7), the ef-
fect of a given antagonist dose was evaluated 15 min after administra-
tion of that dose, and was expressed as a change relative to the t=0
min value, i.e., the value at the time of the maximum agonist effect
and before administration of the first antagonist dose.

Plasma noradrenaline. Two milliliters of arterial blood were obtained
for catecholamine determinations. Catecholamines from 1 ml plasma
were extracted by alumina chromatography, separated with HPLC
and quantified with electrochemical detection (Szabo and Schultheiss
1990). The erythrocytes of a blood sample were resuspended in saline
and were reinjected into the animals after the next blood sampling.

Statistics. Means ±SEM are presented throughout. Statistical compar-
isons were carried out with the non-parametric two-tailed Wilcoxon
signed rank test included in the SPSS for Windows (version 8.0.0)
statistical program package. The limit of significance was defined as
P<0.05, and only this value is shown, even if P<0.01 or P<0.001. In
the case of multiple comparisons the Bonferroni correction was em-
ployed.

Fig. 1 Interaction of α-methyldopa with saline, efaroxan, yohimbine
and SK&F86466 – mean blood pressure (MAP) tracings from typical
experiments. In all four experiments, α-methyldopa (AMD; 0.4 mg
kg–1) was injected i.c. first. One hundred and eighty minutes were
necessary for development of the full central sympathoinhibitory ef-

fect, and the time 180 min after administration of α-methyldopa is de-
fined as t=0 min. Saline (25 µl kg–1), efaroxan (EFA; 0.1, 0.3, 1, 3 and
10 µg kg–1), yohimbine (YOH; 0.4, 1, 3 and 10 µg kg–1) or
SK&F86466 (SKF; 0.4, 1, 3, 10 and 30 µg kg–1) was injected i.c. later
as indicated



Drugs. Efaroxan HCl was obtained from RBI (Köln, Germany),
moxonidine from Beiersdorf-Lilly (Hamburg, Germany), rilmeni-
dine dihydrogenphosphate from Servier (Courbevoie, France),
SK&F86466 (6-chloro-2,3,4,5-tetrahydro-3-methyl-1H-3-benzaze-
pine HCl) from SmithKline Beecham (King of Prussia, Pa., USA),
yohimbine HCl from Carl Roth (Karlsruhe, Germany) and α-methyl-
dopa from Sigma (Deisenhofen, Germany).

Drugs were dissolved in saline. Doses refer to the salts. Intracis-
ternal injections had a volume of 25 µl kg–1, except α-methyldopa in-
jections, which had a volume of 50 µl kg–1.

Results

Forty-five minutes after cannulation of the ear artery and
recovery of the i.c. catheter, before any drug administration
(PRE values), mean arterial pressure, heart rate and the
plasma noradrenaline concentration were 76±1 mmHg,
217±3 min–1 and 187±8 pg ml–1 (n=143), respectively, sim-
ilar to previous values (Szabo et al. 1995; Urban et al.
1995a).

α-Methyldopa

Figure 1 shows representative experiments with α-methyl-
dopa. α-Methyldopa (0.4 mg kg–1), when injected i.c., low-
ered the blood pressure. Statistical evaluation confirms this
observation and shows that the plasma noradrenaline con-
centration was reduced as well (Fig. 2, left-hand panels). α-
Methyldopa did not affect the heart rate (change by +1±4
min–1; n=41). A threefold higher dose of α-methyldopa
(1.2 mg kg–1 i.c.) also significantly lowered blood pressure
and the plasma noradrenaline concentration (Fig. 2, left-
hand panels) and did not change the heart rate (+6±11
min–1; n=8). The higher dose did not produce greater ef-
fects than the lower, in accord with previous findings indi-
cating that 0.4 mg kg–1 α-methyldopa i.c. is a near-maxi-
mum hypotensive dose (Badoer et al. 1983). Therefore, the
0.4 mg kg–1 dose was chosen for the interaction with antag-
onists. Since heart rate was not consistently changed by α-
methyldopa and by antagonists given after α-methyldopa
(not shown), it was not evaluated further.

When saline was injected five times after α-methyldopa
(0.4 mg kg–1), there was a small recovery from the hypoten-
sion, but the changes were not statistically significant (Fig.
1; Fig. 2, upper right-hand panel). The plasma noradrena-
line concentration also did not change after the saline injec-
tions (Fig. 2, lower right-hand panel). When four or five in-
creasing doses of efaroxan, yohimbine or SK&F86466
were injected after α-methyldopa (0.4 mg kg–1), however,
blood pressure significantly increased (Fig. 1; Fig. 5, 
upper panel). Efaroxan was clearly the most potent antago-
nist, about tenfold more potent than yohimbine and 
SK&F86466. At the doses given, yohimbine and
SK&F86466 produced slightly lower maximum effects
than efaroxan; higher doses of yohimbine and SK&F86466
could not be used because they elicited behavioural excita-
tion. The plasma noradrenaline values varied greatly in ex-

periments in which antagonists were injected after α-me-
thyldopa (Fig. 6, upper panel). Still, the data suggest that
the antagonists dose-dependently increased the plasma no-
radrenaline concentration as well and that efaroxan was
most potent.

Rilmenidine and moxonidine

Figure 3 shows representative experiments with moxoni-
dine. Moxonidine (0.3 µg kg–1 i.c.) lowered mean arterial
pressure. Statistical evaluation confirms this observation. It
shows that the plasma noradrenaline concentration was al-
so reduced and that the same effects were elicited by ril-
menidine (10 µg kg–1 i.c.; Fig. 4, left-hand panels). Ril-
menidine (10 µg kg–1 i.c.) and moxonidine (0.3 µg kg–1 i.c.)
are known to produce near-maximum hypotensive respons-
es (Chan et al. 1996; Szabo and Urban 1997). Moxonidine
and rilmenidine did not change the heart rate (+3±4 min–1

and –10±4 min–1, respectively; n=32 each). Since heart rate
also was not consistently changed by antagonists given af-
ter rilmenidine and moxonidine (not shown), it was not fur-
ther evaluated. It has been repeatedly observed that intra-
cisternally administered moxonidine does not change heart
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Fig. 2 Effect of α-methyldopa on blood pressure and the plasma no-
radrenaline concentration, and interaction with saline. After determi-
nation of the initial values (PRE), α-methyldopa (AMD) was injected
i.c. in all experiments. Left panels show the effects of α-methyldopa
0.4 mg kg–1 (n=41; all experiments with this dose of α-methyldopa)
and 1.2 mg kg–1 (n=8) 180 min after injection of α-methyldopa. Right
panels show the effects of α-methyldopa (0.4 mg kg–1) in a subset of
experiments with this dose: saline (SAL; 25 µl kg–1) was injected i.c.
after α-methyldopa (n=7) at t=0, 15, 30, 45 and 60 min i.c. (single ar-
rows). Means ± SEM of changes vs. the PRE values. Significant dif-
ferences from PRE (left panels): +P<0.05. The values measured after
injection of saline (right panels), i.e. at t=15, 30, 45, 60 and 75 min,
did not significantly differ from the values measured at t=0 min
(P>0.05)



rate in conscious rabbits and that the interaction between
rilmenidine and moxonidine and antagonists on heart rate
is unpredictable (Chan et al. 1996; Szabo and Urban 1997).
It should be noted that the effects of rilmenidine, moxoni-
dine and α-methyldopa (0.4 mg kg–1) on blood pressure,
plasma noradrenaline and heart rate were very similar
(compare left-hand panels of Figs. 2, 4).

When saline was injected three times after rilmenidine
and moxonidine, there was a small recovery from the hy-
potension and (rilmenidine only) the fall in plasma norad-
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Fig. 3 Interaction of moxonidine with saline, efaroxan, yohimbine
and SK&F86466 – mean blood pressure (MAP) tracings from typical
experiments. In all four experiments, moxonidine (0.3 µg kg–1) was
injected i.c. first. Thirty minutes were necessary for development of
the full central sympathoinhibitory effect, and the time 30 min after

administration of moxonidine is defined as t=0 min. Saline (25 µl
kg–1), efaroxan (EFA; 0.3, 1 and 3 µg kg–1), yohimbine (YOH; 1.3, 3
and 10 µg kg–1) or SK&F86466 (SKF; 4.3, 10 and 30 µg kg–1) was in-
jected i.c. later as indicated

Fig. 4 Effect of rilmenidine (RIL) and moxonidine (MOX) on blood
pressure and the plasma noradrenaline concentration, and interaction
with saline. After determination of the initial values (PRE), rilmeni-
dine (10 µg kg–1) or moxonidine (0.3 µg kg–1) was injected i.c. in all
experiments. Left panels show the effects of rilmenidine (n=32) and
moxonidine (n=32) in all experiments with these drugs. Right panels
show the effects of rilmenidine and moxonidine in subsets of experi-
ments with these drugs: saline (SAL; 25 µl kg–1) was injected i.c. after
rilmenidine (n=8) and moxonidine (n=8) at t=0, 15 and 30 min i.c.
(single arrows). A group which received saline after PRE (double ar-
row) and at t=0, 15 and 30 min (single arrows) is also shown (n=7).
Means ±SEM of changes vs. the PRE values. Significant differences
from PRE (left panels): +P<0.05. The values measured after injection
of saline (right panels), i.e. at t=15, 30 and 45 min, did not signifi-
cantly differ from the values measured at t=0 min (P>0.05)



renaline, but the changes were not statistically significant
(Fig. 3; Fig. 4, right-hand panels). When three increasing
doses of efaroxan, yohimbine or SK&F86466 were injected
after rilmenidine and moxonidine, however, blood pressure
significantly increased (Fig. 3; Fig. 5, lower panels). Efaro-
xan was the most potent antagonist against either agonist,
two- to tenfold more potent than yohimbine and
SK&F86466. The blood pressure increases after the highest
doses of the antagonists exceeded the hypotension pro-
duced by the agonists (Fig. 3; compare Fig. 5 with Fig. 4);
in other words, blood pressure rose above the initial PRE
values before administration of the agonists. Efaroxan, yo-
himbine and SK&F86466 also dose-dependently increased
the plasma noradrenaline concentration and efaroxan again
was the most potent antagonist (Fig. 6, lower panels). Like
the increases in blood pressure, the increases in plasma no-

radrenaline produced by the antagonists after rilmenidine
and moxonidine exceeded the fall caused by the agonists
(compare with Fig. 4).

Control experiments

In some rabbits, saline was injected i.c. after PRE. Begin-
ning 30 min later, several doses of efaroxan, yohimbine or
SK&F86466 were injected i.c. at 15-min intervals (a proto-
col similar to that used in the experiments with rilmenidine
and moxonidine). The antagonists did not change the blood
pressure (Fig. 7). The plasma noradrenaline values varied
greatly in these latter experiments, but the antagonists did
not cause significant change (data not shown).
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Fig. 5 Interaction of antagonists with agonists on blood pressure. α-
Methyldopa (AMD; 0.4 mg kg–1; upper panel), rilmenidine (RIL; 10
µg kg–1; middle panel) or moxonidine (MOX; 0.3 µg kg–1; lower pan-
el) was injected i.c. first. Several doses of efaroxan (EFA), yohimbine
(YOH) and SK&F86466 (SKF) were then injected i.c. at 15-min inter-
vals (shown are cumulative doses; the lowest efaroxan dose in the α-
methyldopa experiments, 0.1 µg kg–1, is not shown). Means ±SEM of
changes (vs. t=0 min, when the agonist effect was fully developed)
produced by the antagonists; n=8–11 in the different groups. Signifi-
cant changes (vs. t=0 min) produced by the antagonists: *P<0.05

Fig. 6 Interaction of antagonists with agonists on the plasma norad-
renaline concentration. α-Methyldopa (AMD; 0.4 mg kg–1; upper
panel), rilmenidine (RIL; 10 µg kg–1; middle panel) or moxonidine
(MOX; 0.3 µg kg–1; lower panel) was injected i.c. first. Several doses
of efaroxan (EFA), yohimbine (YOH) and SK&F86466 (SKF) were
then injected i.c. at 15-min intervals (shown are cumulative doses; the
lowest efaroxan dose in the α-methyldopa experiments, 0.1 µg kg–1,
is not shown). Means ±SEM of changes (vs. t=0 min, when the ago-
nist effect was fully developed) produced by the antagonists; n=8–11
in the different groups. Significant changes (vs. t=0 min) produced by
the antagonists: *P<0.05



Discussion

Several findings of the present experiments are in accord
with generally accepted properties of clonidine-like anti-
hypertensives. For example, i.c. administered α-methyl-
dopa, rilmenidine and moxonidine all produced central 
sympathoinhibition, directly shown by the decrease of the
plasma noradrenaline concentration, and hypotension, the
latter certainly largely a consequence of the former. Also,
all three antagonists, yohimbine, SK&F86466 and efaro-
xan, attenuated the effect of α-methyldopa. The data do not
permit exact calculations, but efaroxan was about tenfold
more potent than yohimbine and SK&F86466 against α-
methyldopa, a finding approximately reflecting the affini-
ties of the three antagonists for α2-adrenoceptors (Table 1)
and in accord with the α2-adrenoceptor mode of action of
α-methylnoradrenaline. Finally, all three antagonists also
abolished the sympathoinhibitory and hypotensive effect of
rilmenidine and moxonidine. Here, however, the firm
ground of accepted theory is left. Did rilmenidine and
moxonidine, like α-methylnoradrenaline, primarily act on
α2-adrenoceptors (and did, hence, all antagonists act by
blocking α2-adrenoceptors)? Or did rilmenidine and moxo-
nidine primarily act on I1-receptors (and did, hence, efaro-
xan act by blocking I1-receptors and only yohimbine and
SK&F86466 by blocking α2-adrenoceptors – α2-adreno-
ceptors downstream of the I1-receptors)?

Two predictions have been derived in the Introduction
from the imidazoline hypothesis and the receptor affinities
of yohimbine, SK&F86466 and efaroxan (Table 1). Neither
prediction was verified.

First, if rilmenidine and moxonidine primarily acted on
I1-receptors, then efaroxan, due to its high I1 affinity
(Ki=0.1 nM), should be much more potent against rilmeni-

dine and moxonidine than yohimbine and SK&F86466,
which would produce antagonism – downstream antago-
nism – by virtue of their comparatively low α2 affinity (Ki
about 200 nM and 35 nM, respectively). However, efaro-
xan was only two- to tenfold more potent against rilmeni-
dine and moxonidine than yohimbine and SK&F86466, not
a predicted 2,000- or 350-fold more potent. The two- to
tenfold potency difference probably reflects the fact that ef-
aroxan is a more potent α2-adrenoceptor antagonist than
yohimbine and SK&F86466. This is strongly supported by
the observation that efaroxan was about tenfold more po-
tent than yohimbine and SK&F86466 against α-methyl-
dopa. It is therefore likely that efaroxan, like yohimbine
and SK&F86466, antagonizes rilmenidine and moxonidine
at an α2-adrenoceptor. There is no evidence for an involve-
ment of I1-receptors in the effects of rilmenidine and
moxonidine. Second, if rilmenidine and moxonidine prima-
rily acted on I1-receptors, then efaroxan, due to its high I1
selectivity (Ki at α2/Ki at I1=190), should be much more po-
tent against rilmenidine and moxonidine than against α-
methyldopa. However, efaroxan antagonized all three ago-
nists at identical doses (0.4–4.4 µg kg–1) and hence,
presumably, at an identical receptor, the α2-adrenoceptor.
Again there is no evidence for an I1-receptor for rilmeni-
dine and moxonidine. Both predictions from the
imidazoline hypothesis being refuted, it must be concluded
that in rabbits an α2- and not an I1-receptor is the primary
site of action of rilmenidine and moxonidine.

Two recent studies using rabbits and protocols very sim-
ilar to that in the present study concluded that imidazoline
receptors are involved in the central hypotensive effects of
rilmenidine and moxonidine (Chan et al. 1996; Szabo and
Urban 1997). As pointed out in the Introduction, the failure
in our previous study may have been the use of guanabenz
as the reference α2-selective agent. There is no explanation
for the difference between the present findings and the
findings of Chan et al. (1996), except that Chan et al.
(1996) used methoxyidazoxan as an α2-selective antago-
nist, whereas yohimbine and SK&F86466 were used in the
present study. Yohimbine and SK&F86466 are more appro-
priate for testing the imidazoline hypothesis, since they are
devoid of affinity for I1-receptors (Table 1), whereas
methoxyidazoxan possesses affinity for these receptors
(see Ernsberger and Haxhiu 1997).

A premise of our study was the high I1-receptor affinity
and selectivity of efaroxan found by Haxhiu et al. (1994).
While our work was in progress, a much lower I1 affinity
(Ki=52 nM) was reported by Piletz et al. (1996; Table 1). In
case the values of Piletz et al. (1996) hold true, our predic-
tions as well as the conclusion from their refutation become
invalid. Similarly, all the experiments in which efaroxan
was used as an I1-selective antagonist and which support
the imidazoline mode of action (Haxhiu et al. 1994; Sanna-
just and Head 1994; Chan et al. 1996; Szabo and Urban
1997) loose from their persuasive power. And generally, if
the low affinity value found by Piletz et al. (1996) holds
true, an important approach to test the imidazoline hypoth-
esis – by means of a selective I1 antagonist – becomes, for
the moment, unfeasible.
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Fig. 7 Interaction of antagonists with saline on blood pressure. After
determination of the initial values (PRE), saline (SAL; 0.25 µl kg–1)
was injected i.c. in all groups. Beginning 30 min later (t=0 min), sa-
line or several doses of efaroxan (EFA), yohimbine (YOH) or
SK&F86466 (SKF) were injected i.c. at 15-min intervals (shown are
the cumulative doses of the antagonists; upper abscissae indicate the
time scale of the experiments). Means ±SEM of changes (vs. the t=0
min values) produced by saline and the antagonists; n=4–7 in the dif-
ferent groups. The changes (vs. t=0 min) were not significant
(P>0.05)



Studies using approaches different from the present one
also have questioned the I1 mode of action of clonidine-like
antihypertensives. In mice in which the α2A-adrenoceptor
was genetically changed to interrupt its coupling to K+

channels, dexmedetomidine, an imidazole derivative, as
well as rilmenidine and moxonidine did not elicit hypoten-
sion, thus demonstrating the necessity of an intact α2-
adrenoceptor pathway (MacMillan et al. 1996; Zhu et al.
1997). Like the experiments with α2-selective antagonists
(see Introduction), the finding obviously does not rule out
the possibility that the α2-receptor is located in the chain of
events leading from I1-receptor to sympathoinhibition. Al-
so relevant is a study with 2-endo-amino-3-exo-isopropyl-
bicyclo[2.2.1]heptane (AGN 192403), a recently synthe-
sized compound which possesses high affinity for I1
binding sites but is devoid of affinity for α2-adrenoceptors
(Table 1). The compound did not change the blood pressure
when given alone, nor did it modify the hypotension pro-
duced by clonidine, suggesting that the I1 site “is not a
functional receptor but rather simply a nonfunctional bind-
ing site” (Munk et al. 1996).

A potential disadvantage of the present study was the
low resting sympathetic tone of the quietly sitting rabbits:
the initial plasma noradrenaline concentration was as low
as 187 pg ml–1. It is difficult to quantify sympathoinhibition
under these conditions, because its maximal amplitude is
small. Imidazoline cardiovascular studies have often been
carried out in anaesthetized animals, in which sympathetic
tone is high and, hence, large hypotensive effects can be
obtained (see Sannajust et al. 1992); however, this is a con-
sequence of the anaesthesia and acute surgery. Large hy-
potensive effects can also be obtained in spontaneously hy-
pertensive rats. However, according to some proponents of
the imidazoline hypothesis the hypotensive effect of
clonidine is not typically imidazoline receptor-mediated in
spontaneously hypertensive rats, making these animals less
suitable for imidazoline studies (Tibiriça et al. 1988, 1992).
On the positive side, our experiments seem to be appropri-
ate to study the therapeutically relevant question of wheth-
er an activation of central imidazoline receptors produces
sympathoinhibition and a blood pressure decrease in nor-
mal, conscious animals and perhaps humans.

After administration of the antagonists to rilmenidine-
and moxonidine-treated rabbits, the blood pressure and
plasma noradrenaline concentration rose to values higher
than the initial ones. Possibly, this was an acute withdrawal
phenomenon. An antagonist-elicited acute withdrawal re-
sponse, increase in the activity of locus coeruleus neurons,
can be observed already 75 min after administration of
clonidine and morphine (Duggan et al. 1994; Hall et al.
1996). Clonidine is known to produce rebound hyperten-
sion after abrupt discontinuation of therapy (Kobinger and
Pichler 1990), but rebound hypertension has not yet been
observed after rilmenidine and moxonidine (Plänitz 1984;
Laurent and Safar 1992). The dose-response curves of the
antagonists were rather flat in animals treated with α-meth-
yldopa, and the antagonists did not increase blood pressure
above the initial values in these animals. The reason for this
relative lack of effectivity of the antagonists against α-me-

thyldopa is not known; it may be due to the indirect nature
of the action of α-methyldopa.

Rilmenidine and moxonidine are effective antihyperten-
sive agents in humans, and they only infrequently cause
side effects attributed to activation of central nervous α2-
adrenoceptors, namely dry mouth and sedation (Plänitz
1984; Fillastre et al. 1988). This advantageous effect/side
effect relationship was explained with selective activation
of sympathoinhibitory I1 imidazoline receptors in brain
stem cardiovascular regulatory centres. The present results
do not support the imidazoline mode of action. Therefore,
alternative explanations for the advantageous effect/side
effect profiles of rilmenidine and moxonidine have to be
sought. It is possible that peripheral effects, like blockade
of vascular α1-adrenoceptors (Cario-Toumaniantz et al.
1998) and activation of presynaptic inhibitory α2-
adrenoceptors on axon endings of postganglionic sympa-
thetic neurons (Urban et al. 1995b), contribute to the hy-
potension produced by these drugs. In that case, for a given
hypotension, central nervous sympathoinhibitory α2-
adrenoceptors and α2-adrenoceptors mediating sedation
and inhibition of saliva secretion should be activated less.
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