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Cardiovascular effects of rilmenidine, moxonidine and clonidine in
conscious wild-type and D79N o, -adrenoceptor transgenic mice
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1 We investigated the cardiovascular effects of rilmenidine, moxonidine and clonidine in conscious
wild-type and D79N o,a-adrenoceptor mice. The in vitro pharmacology of these agonists was
determined at recombinant (human) a,-adrenoceptors and at endogenous (dog) a,-adrenoceptors.
2 In wild-type mice, rilmenidine, moxonidine (100, 300 and 1000 ug kg™, i.v.) and clonidine (30,
100 and 300 ug kg~', i.v.) dose-dependently decreased blood pressure and heart rate.

3 In D79N ays-adrenoceptor mice, responses to rilmenidine and moxonidine did not differ from
vehicle control. Clonidine-induced hypotension was absent, but dose-dependent hypertension and
bradycardia were observed.

4 In wild-type mice, responses to moxonidine (1 mg kg~', i.v.) were antagonized by the non-
selective, non-imidazoline a,-adrenoceptor antagonist, RS-79948-197 (1 mg kg~ ', i.v.).

5 Affinity estimates (pK)) at human o,4-, 0s- and a,c-adrenoceptors, respectively, were: rilmenidine
(5.80, 5.76 and 5.33), moxonidine (5.37, <5 and <5) and clonidine (7.21, 7.16 and 6.87). In a [**S]-
GTPyS incorporation assay, moxonidine and clonidine were o,a-adrenoceptor agonists (pECso/
intrinsic activity relative to noradrenaline): moxonidine (5.74/0.85) and clonidine (7.57/0.32).

6 In dog saphenous vein, concentration-dependent contractions were observed (pECsy/intrinsic
activity relative to noradrenaline): rilmenidine (5.83/0.70), moxonidine (6.48/0.98) and clonidine
(7.22/0.83). Agonist-independent affinities were obtained with RS-79948-197.

7 Thus, expression of a,s-adrenoceptors is a prerequisite for the cardiovascular effects of
moxonidine and rilmenidine in conscious mice. There was no evidence of I;-imidazoline receptor-
mediated effects. The ability of these compounds to act as a,s-adrenoceptor agonists in vitro

1

supports this conclusion.
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Introduction

It is well established that o,-adrenoceptor agonists produce
hypotension by central activation of a,-adrenoceptors (Schmitt
et al., 1973; Timmermans et al., 1981; Bousquet, 1981; van
Zwieten, 1986). Centrally-acting o,-adrenoceptor agonists
suppress sympathetic outflow, thereby reducing systemic blood
pressure and heart rate. It has been proposed that a non-
adrenoceptor, designated as the I;-imidazoline site, can also
evoke a centrally-mediated hypotension (Tibirica et al., 1991;
Head et al., 1993; Buccafusco et al., 1995). Putative I;-
imidazoline receptors reportedly have many characteristics of
functional receptors (Ernsberger & Haxhiu, 1997).

These observations have led to the proposal that selective I;-
imidazoline receptor agonists might form a second generation
of centrally-acting antihypertensive drugs devoid of the side
effects associated with a,-adrenoceptor agonists (e.g. sedation
and dry mouth). The first representatives of this new class of
antihypertensive agents are the putative selective I;-imidazo-
line receptor agonists rilmenidine and moxonidine (Ernsberger
et al., 1993; Yu & Frishman, 1996; Reis, 1996). The selectivity
of these compounds for putative I;-imidazoline receptors is
based on both in vitro radioligand binding studies as well as in
vivo studies in anaesthetized and conscious animals (Haxhiu,
1992; Ernsberger et al., 1995; Chan & Head, 1996; Bousquet,
1997).

* Author for correspondence; E-mail: dave.blue@roche.com

The hypothesis that activation of central I;-imidazoline
receptors produces hypotension is controversial (Eglen et al.,
1998). Numerous investigators have concluded that the
antihypertensive effects of imidazoline agonists are mediated
via central activation of o,-adrenoceptors (Hieble & Kolpak,
1993; Urban et al., 1994, 1995; Stornetta et al., 1995;
Vayssettes-Courchay et al., 1996). Moreover, MacMillan et
al. (1996), using D79N a,s-adrenoceptor transgenic mice
(functional a,a-adrenoceptor ‘knock-out’ mice), demonstrated
that a,x-adrenoceptors mediate the hypotensive response to
the imidazoline oy-adrenoceptor agonists, brimonidine (UK-
14,304) and dexmedetomidine, with no evidence for an I;-
imidazoline receptor-mediated hypotension. Brimonidine and
dexmedetomidine, however, have been reported to be selective
for o,-adrenoceptors over I;-imidazoline receptors (Yu &
Frishman, 1996) and studies with rilmenidine and moxonidine
have yet to be reported.

In the present study we have evaluated the cardiovascular
effects of the putative I;-imidazoline receptor-selective agonists
rilmenidine and moxonidine and the mixed «,-adrenoceptor/
putative I;-imidazoline receptor agonist clonidine in both
conscious wild-type mice and in D79N a,a-adrenoceptor
transgenic mice. In wild-type mice, the effects of moxanidine
were also studied in the absence and presence of the non-
imidazoline, non-selective, a,-adrenoceptor antagonist, RS-
79948-197 ([8aR,12a8,13a8]-5,8,8a,9,10,11,12,12a,13a-decahy-
dro -3 -methoxy -12 -[ethylsulphonyl]-6H-isoguino-{2,1-g}{1,6}
naphthyridine, hereafter referred to as RS-79948; Milligan et
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al., 1997), thereby allowing the assessment of the role of o,-
adrenoceptors. Finally, the in vitro activity of these agonists
was also evaluated at recombinant human and endogenous
dog ay-adrenoceptors. The data are consistent with rilmeni-
dine, moxonidine and clonidine acting as o,-adrenoceptor
agonists.

A preliminary account of this data has been presented (Zhu
et al., 1997).

Methods

In vivo studies

Animals Male mice (22—34 g) were used for all studies.
Mutant a,s-adrenoceptor mice, 129Sv-(D79N)Adra2a strain,
were obtained from Dr Leigh MacMillan of Vanderbilt
University (Nashville, TN, U.S.A.) and subsequently bred in-
house at Roche Bioscience (Palo Alto, CA, U.S.A.) Wild-type
mice, 129Sv strain, were purchased from Jackson Laboratories
(Bar Harbor, ME, U.S.A.). All mice received a standard diet
with water and were housed at 22+ 1°C on a 12 h light/dark
cycle.

Surgery Mice were anaesthetized with sodium pentobarbi-
tone (50— 60 mg kg~ ', i.p.). The left carotid artery and jugular
vein were isolated and cannulated with PE-10 tubing filled with
heparinized saline (50 u ml™"). Both cannulae were tunnelled
subcutaneously to the back of the neck and exteriorized into a
fabric pocket secured to the back of the mouse with 3-0 silk
ligatures. The incision site was closed with 4-0 silk ligatures
and the carotid artery cannula was flushed with heparinized
saline (100 u ml~"). Mice were placed on a warm heating pad
until they regained consciousness and were then returned to
normal housing. Mice were allowed to recover from
anaesthesia and surgery for at least 18 h before commencing
studies.

Experimental procedure A total of 24 mice were used to study
the effects of clonidine, rilmenidine and moxonidine in wild-
type and D79N a,-adrenoceptor mutant mice (12 wild-type
and 12 D79N mutant mice). A Latin Square crossover design
was performed for each compound which included four
treatments (vehicle, low, middle and high doses) over 4 days
with a total of four animals.

On each of four consecutive study days, the mice were
placed in restraint boxes and allowed to stabilize for 45—
60 min. Vehicle (0.5 ml kg=' saline; 0.015ml for a 30 g
mouse) or one of three doses of test agonist (dose volume
0.5 ml kg—') was administered to each mouse via the venous
cannula and flushed with 0.03 ml of saline. Therefore, the total
volume of saline administered was approximately 0.045 ml for
a 30 g mouse. Blood pressure and heart rate were monitored
continuously using Gould pressure transducers (p23XL)
connected to a Gould MK 200A polygraph (Gould Instrument
Systems Inc., Valley View, OH, U.S.A.) and a Buxco (LS20)
logging analyzer (Buxco Electronics Inc., North Troy, NY,
U.S.A.). Cannulae were flushed with heparinized saline at the
end of each experiment and placed back into the fabric pocket.
Mice were killed with an overdose of sodium pentobarbitone
upon study completion.

The effect of RS-79948 (1 mg kg~ ', i.v.) on blood pressure
and heart rate responses evoked by a single dose of
moxonidine (1 mg kg™', i.v.) was evaluated in a total of ten
mice using a single crossover design in two separate groups
(five mice per group). Vehicle/vehicle and RS-79948/vehicle

were studied in the first group while vehicle/moxonidine and
RS-79948 /moxonidine were studied in the second group. The
crossover occurred 48 h after the first study day to ensure
adequate systemic elimination of RS-79948. Mice were dosed
with moxonidine or vehicle 15 min after administration of RS-
79948.

In vitro studies

Membrane preparation  Membranes for both [**S]-GTPyS
binding and radioligand displacement assays were prepared
from HEK 293 cells expressing human osa-, trp- and ooe-
adrenoceptors as previously described (Jasper et al., 1998).

[PS]-GTPyS binding assay

The methods of Tian et al. (1994) were modified as follows:
membranes were thawed and diluted with buffer (mMm): (Tris-
HCl 50, MgCl, 5, NaCl 100, EDTA 1, dithiothreitol 1,
propraonol 1 uM, GDP 2 uMm, pH 7.4 at 25°C). Membrane
protein (4—10 ug) was incubated with 0.3 nm [**S]-GTPyS and
agonist for 60 min at 25°C. The reactions were terminated by
vacuum filtration over GF/B glass fibre filter pretreated with
0.5% BSA. Filters were washed with ice cold wash buffer
(mmM): (Tris-HCI 50, MgCl, 5, NaCl 100 pH 7.5 at 4°C) and
incorporated radioactivity was determined using liquid
scintillation counting.

Agonist-induced [*S]-GTPyS dose-response curves were
analysed by non-linear, least squares analysis (GraphPad
Prism; GraphPad Software, San Diego, CA, U.S.A.). Potency
values are expressed as pECs, values (—log;, concentration of
agonist required to give 50% of its own maximal stimulation).
The maximal stimulation (intrinsic activity) achieved for each
compound was expressed as a percentage of the maximal
noradrenaline response. Data are expressed as means+s.e.-
mean from three experiments.

Radioligand displacement assay

Membranes were thawed at room temperature and diluted in
assay buffer (mm): Tris 50, EDTA 1, NaCl 150, MgCl, 2, and
guanyl-5'-yl imidodiphosphate 100 uMm, pH 7.4 at 25°C) to a
final concentration of 5—10 ug protein/assay tube. For binding
isotherms, membranes were incubated with 0.01 -5 nm [*H]J-
MK-912 in the presence or absence of 1 uM RX821002 for
60 min at room temperature. Binding was terminated by
vacuum filtration over GF/B glass fibre filter using a Packard
Top Count 96 well cell harvester. The tubes were rinsed three
times with 1 ml ice cold 50 mM Tris, pH 7.4 and bound
radioactivity determined by liquid scintillation counting. For
radioligand displacement assays, varying concentrations of test
ligand were incubated with 0.3-0.5 nM [PH]-MK-912 (0ot4-
and opg-adrenoceptors) or 0.03—0.05 nM [PH]-MK-912 (ctoc-
adrenoceptor) and binding performed as above.

For each compound tested in radioligand binding studies,
the concentration producing 50% inhibition of binding (ICs)
and Hill slope was determined using iterative curve fitting
techniques. The equilibrium dissociation constant (K;) of each
compound was determined according to the method of Cheng
& Prusoff (1973). The negative logarithm of the K; (pK)) is
presented.

Dog isolated saphenous vein

asa-Adrenoceptor mediated contraction of dog saphenous vein
was assessed as described by MacLennan et al. (1997).
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Saphenous veins were removed from male mongrel dogs (10—
15 kg), previously killed by an overdose of sodium pento-
barbitone. Isometric tension changes were measured from ring
preparations suspended within 20 ml organ baths filled with
Krebs solution maintained at 37°C and aerated with 95% O,/
5% CO,. The Krebs solution had the following composition
(mM): NaCl 118.41, NaHCO; 25.00, KCI 4.75, KH,PO, 1.19,
MgSO, 1.19, glucose 11.10 and CaCl, 2.50. Cocaine,
corticosterone (each 30 uM) EDTA (23 uM), (+)-propranolol
(1 uM) and nitrendipine (0.1 uM) were added to the Krebs
solution to block neuronal and non-neuronal uptake, auto-
oxidation of catecholamines, f-adrenoceptors and L-type
calcium channels, respectively.

o-Adrenoceptors were inactivated by exposing the tissues
to phenoxybenzamine (3 uM for 30 min), in the presence of the
ar-adrenoceptor antagonist rauwolscine (1 uM) to protect oa-
adrenoceptors. Antagonists were washed out by four
exchanges of the Krebs solution at 5 min intervals. In each
tissue two agonist concentration-effect (E/[A]) curves were
constructed. In some experiments the second curve was
constructed in the presence of an antagonist which had been
added 60 min previously.
Logistic curve fitting and analysis of antagonism The Hill
equation was fitted to individual E/[A] curves:

a.[A]"™

E=——F
[A]so™" + A"

(1)
in which E, o, [A]sy and ny are effect, upper-asymptote, mid-
point location and slope parameters respectively. Location
parameters were actually estimated as logarithms (—log,
[Also). Antagonist affinities (apparent pKg) were estimated
using the equation

pKp =log[r — 1] — n.log[B] (2)

provided that the shift produced by the antagonist was parallel
and making the assumption of simple competitive antagonism,
i.e. that n was unity.

Statistical analysis

In vivo data was analysed using Buxco LAPPI1 software. A
blood pressure and heart rate value was obtained every 5 min
for 2 h after compound administration. Change from baseline
(measurement at time 0) was calculated. The average blood
pressure and heart rate changes were calculated for the
following four time intervals: (1) 5—30 min, (2) 35—60 min,
(3) 65—-90 min and (4) 95-120 min. Statistical analyses were
conducted in which each dose of test compound was compared
to vehicle control using ANOVA with three main effects:
treatment, day and animal. Subsequent pairwise comparisons
were performed using Fisher’s LSD test. Bonferroni’s
adjustment for multiple comparisons was made if the overall
difference was not significant. Student’s z-tests or Wilcoxon
Rank Sum tests were used to determine at what times the
average changes in blood pressure and heart rate were
significant compared to vehicle control. A Student’s ¢-test was
used when data assumptions (normality and homogenous
variance) were not violated. P values less than 0.05 were
considered significant.

Data were analysed differently for the study investigating
the effect of RS-79948 on moxonidine-induced blood
pressure and heart rate responses. As detailed above,
baseline changes in blood pressure and heart rate were
calculated after administration of moxonidine. Student z-
tests (parametric) or Wilcoxon Rank Sum tests (nonpara-

metric) were used to compare the moxonidine data with
time-matched vehicle controls. P values less than 0.05 were
regarded as significant.

Statistical analysis of in vitro data, when appropriate, were
performed using a Student’s z-test, with P values less than 0.05
regarded as statistically significant.

Values reported in the text represent the mean +s.e.mean.

Drugs and solutions

The following compounds were purchased: (—)-noradrenaline
bitartrate, (& )-propranolol hydrochloride and Krebs solution
(Sigma, MO, U.S.A.); clonidine hydrochloride (Calbiochem-
Novabiochem Corp., CA, U.S.A.); rauwolscine hydrochloride
and phenoxybenzamine hydrochloride (ICN Pharmaceuticals,
CA, US.A). [**S-GTPyS and [*H]-MK-912 were obtained
from New England Nuclear (Boston, MA, U.S.A.). Rilmeni-
dine hemisumarate, moxonidine, nitrendipine hydorchloride
and RS-79948-197 ([8aR, 12aS, 13aS]-5,8,8a,9,10,11,12,
12a,13a-decahydro-3-methoxy-12-{ethylsulphonyl}-6H-isogui-
no-{2,1-g}{1,6} naphthyridine) were synthesized at Roche
Bioscience (Palo Alto, CA, U.S.A.).

All compounds were dissolved in saline (in vivo studies) or
water (in vitro studies) with the exception of phenoxybenza-
mine (2 mM) and nitrendipine (1 mM) which were dissolved in
absolute ethanol and diluted in water.

For in vivo studies, moxonidine was pre-dissolved in one
drop of 1 N HCl and made to volume in deionized water. The
pH was adjusted to 7.0 using 1 N NaOH. Appropriate stock
solutions were made to allow a final dose volume of
0.5 ml kg™

Results
In vivo studies

Cardiovascular effects of vehicle, rilmenidine, moxonidine and
clonidine Initial baseline values for mean blood pressure and
heart rate, respectively, were as follows: wild-type (n=12),
1464+2 mmHg and 489430 beats min~—'; D79N a,,-adreno-
ceptor mice (n=12), 155+3 and 489+27 beats min~'.
Baseline mean blood pressure of D79N a,,-adrenoceptor mice
was significantly higher than wild-type mice (P<0.05).
Baseline heart rate was not significantly different between the
two groups.

The mean baseline values (n=16) for blood pressure and
heart rate over the 4-day crossover studies are given in Table 1.
For reasons unknown, the mean baseline blood pressure values
for each 4-day crossover study were consistently lower than the
initial baseline values given above. Possible explanations
include a carry-over effect from drug treatment, recovery from
surgery and acclimatization of the mice to the experimental
protocol, including restraint.

In both wild-type and D79N ays-adrenoceptor mice,
intravenous administration of vehicle induced a transient
pressor response. The initial pressor response induced by
injection of rilminidine, moxonidine and clonidine did not
differ from vehicle control in wild-type mice (data not shown).
In D79N o,-adrenoceptor mice, only the initial pressor effect
following administration of clonidine (300 ug kg™', i.v.) was
significantly greater than vehicle (P <0.05; data not shown).
This dose of clonidine produced a prolonged pressor response
compared to vehicle control (see Figure 3).

In wild-type mice, rilmenidine, moxonidine and clonidine
caused a prolonged, dose-dependent hypotension and brady-
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cardia (Figures 1, 2 and 3). The hypotensive response produced
by clonidine, moxonidine and the high dose of rilmenidine
lasted the duration of the 2 h study. In contrast, decreases in
heart rate returned to baseline levels within 2 h.

In D79N a,a-adrenoceptor mice, the hypotension and
bradycardia produced by rilmenidine and moxonidine in
wild-type mice were not different from vehicle control (Figures
1 and 2). For moxonidine, there appeared to be a delayed
hypotensive response (80—105 min post-dose), although the
decrease in blood pressure was not statistically different from
the vehicle condition. To investigate further the possibility that

putative I;-imidazoline receptors may mediate a delayed
hypotensive response, a separate set of experiments were
conducted in D79N a,,-adrenoceptor mice in which the effect
of vehicle and moxonidine (1 mg kg™, i.v.) was evaluated in a
non-crossover study (n=>5 for vehicle and moxonidine). In this
study there was no difference between vehicle and moxonidine,
even at later time points (>90 min; data not shown).

The effect of clonidine in D79N a,4-adrenoceptor mice was
more complex. The hypotensive response observed in wild-type
mice was absent and a dose-dependent, statistically-significant
pressor response was observed at 100 and 300 ug kg~' doses

Table 1 Baseline values for mean blood pressure (MBP) and heart rate (HR) for studies with intravenous administration of
rilmenidine, moxonidine and clonidine in conscious wild-type and D79N alpha,s-adrenoceptor mice

Wild-type mice

D79N alphay-AR mice

MBP MBP HR
Agonist (mmHg) (beats min ") (mmHg) (beats min—")
Rilmenidine 13743 559+ 14 142+4 472+24
Moxonidine 14142 481422 15043 493428
Clonidine 136 +5 473420 146 +5 S516+21
Values represent the mean +s.e.mean (n=16).
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Figure 1 Conscious wild-type and D79N mutant o,a-adrenoceptor
mice: Comparison of the effects of rilmenidine (100, 300 and
1000 ug kg~ '; iv.) on changes in mean blood pressure (mmHg)
and heart rate (beats min~!). Each bar represents the mean value
with s.e.mean for data collected at 5 min intervals over 30 min time
periods. The mean values are obtained from four mice using a Latin
square crossover design. Blood pressure and heart rate changes are
compared with those caused by vehicle using Student z-tests.
*P<0.05; **P<0.01.
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Figure 2 Conscious wild-type and D79N mutant o,a-adrenoceptor
mice: Comparison of the effects of moxonidine (100, 300 and
1000 ug kg~ '; i.v.) on changes in mean blood pressure (mmHg) and
heart rate (beats min~"'). Each bar represents the mean value with
s.e.mean for data collected at 5 min intervals over 30 min time
periods. The mean values are obtained from four mice using a Latin
square crossover design. Blood pressure and heart rate changes are
compared with those caused by vehicle using Student #-tests.
*P<0.05; **P<0.01.
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(P<0.05 and 0.01 respectively; Figure 3). Compared to the
vehicle effect, the pressor response at these doses was longer in
duration (=30 min). As in wild-type mice, clonidine produced
dose-dependent decreases in heart rate (P<0.05 and 0.01 at
100 and 300 ug kg~' doses, respectively).

Effect of RS-79948 on moxonidine-induced blood
pressure and heart rate changes in conscious wild-type
mice

Initial baseline values for mean blood pressure and heart rate
in conscious vehicle- and RS-79948-treated (1 mg kg~', i.v.)
wild-type mice were as follows: vehicle-treated (n=10),
149429 mmHg and 498+22.3 beats min~', RS-79948-
treated (n=10), 147.4+3.1 and 597.7+28.2 beats min~'.
Thus, baseline heart rate was significantly higher in mice
treated with RS-79948 (P<0.05).

The effect of RS-79948 on moxonidine-induced hypotension
and bradycardia is shown in Figure 4. It should be noted that
blood pressure is plotted as a change from baseline whereas
heart rate is plotted as absolute values so as to account for the
effect of RS-79948 on baseline heart rate. As demonstrated in
the first crossover study in wild-type mice (see Figure 2),
moxonidine (1 mg kg=', i.v.) alone produced a moderate
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Figure 3 Conscious wild-type and D79N mutant o,a-adrenoceptor
mice: Comparison of the effects of clonidine (30, 100 and
300 ug kg~ '; i.v.) on changes in mean blood pressure (mmHg) and
heart rate (beats min~'). Each bar represents the mean value with
s.e.mean for data collected at 5 min intervals over 30 min time
periods. The mean values are obtained from four mice using a Latin
square crossover design. Blood pressure and heart rate changes are
compared with those caused by vehicle using Student r-tests.
*P<0.05; **P<0.01.

hypotension and bradycardia. Comparison of the RS-79948/
vehicle and RS-79948/moxonidine groups shows that mox-
onidine failed to lower blood pressure or heart rate after
pretreatment with RS-79948.

In vitro studies

None of the drug vehicles influenced responses for studies
using either human recombinant a,-adrenoceptors or native o,-
adrenoceptors in dog isolated saphenous vein.

Studies with human recombinant o,-adrenoceptors

The affinity of moxonidine at human cloned o;4-, 0op- and oc-
adrenoceptors labelled with [PH]-MK-912 was 5.37+0.10, <5
and <5, respectively. Affinity estimates for noradrenaline,
rilmenidine and clonidine have been obtained previously in this
assay (Jasper et al., 1998). This assay was also used to estimate
the affinity of the non-imidazoline a,-adrenoceptor antagonist
RS-79948. Affinity estimates for all of these compounds are

30 -

Vehicle or Moxenidine

RS-79948
[~ or Vehicle

Change in Mean Blood Pressure (mmHg)

-40 - —/x— RS-79948/ Vehicle
—l— RS-79948 /Moxonidine
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Figure 4 Conscious wild-type mice: Comparison of the effects of
moxonidine (1 mg kg™!; i.v.) on changes in mean blood pressure
(mmHg) and absolute values of heart rate (beats min~') in the
absence and presence of RS-79948 (1 mg kg™ '; i.v.). Absolute values
are shown for heart rate to account for baseline increases induced by
RS-79948. Each point represents the mean value with s.e.mean. The
mean data are obtained from two, single crossover studies with five
mice in each study. The effect of moxonidine is compared with the
appropriate vehicle (vehicle/vehicle or RS-79948/vehicle) using
Student r-tests or Wilcoxon Rank Sum tests. The data for vehicle/
vehicle is not shown. *P<0.05; **P<0.01.
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Table 2 Potency (pECs), intrinsic activity (relative to noradrenaline) and affinity (pK;) of noradrenaline, rilmenidine, moxonidine,

clonidine and RS-79948-197* at human cloned alphaj,-adrenoceptors

Alphas 4 Alphasg Alphasc
Compound PECs LA. PK; PECs LA. K PECs IL.A. K
Noradrenalinet 6.70 1.00 5.70 6.56 1.00 5.56 6.35 1.00 5.87
(0.09) (0.06) (0.07) (0.09) (0.13) (0.02)
Rilmenidinef <4 - 5.80 <4 - 5.76 <4 - 5.33
(0.02) (0.08) (0.04)
Moxonidine 5.74 0.85 5.37 <5 - <5 - <5
(0.14) (0.08) (0.10)
Clonidinet 7.57 0.32 7.21 7.25 0.21 7.16 6.04 0.23 6.87
(0.03) (0.04) (0.19) (0.11) (0.03) (0.04) (0.34) (0.05) (0.08)
RS-79948-197 NT NT 8.67 NT NT 8.78 NT 8.31
(0.02) (0.01) (0.16)

I.A.=intrinsic activity; NT=not tested. pECsy and I.A. were determined in* [*°S]-GTPyS binding assays. pK; was determined in a
radioligand binding assay. Shown is the mean +s.e.mean (parenthesis; n=3). RS-79948-197 [8aR, 12aS, 13aS]-5, 8, 8a, 9, 10, 11, 12,
12a, 13a-decahydro-3-methoxy-12-[ethyl-sulphonyl]-6H-isoguino-{2,1-g}{1,6} naphthyridine. Data for noradrenaline, rilmenidine and

clonidine is taken from Jasper et al., 1998.

given in Table 2. The selectivity of RS-79948 for o,-
adrenoceptors over o -adrenoceptors was confirmed by
obtaining affinity estimates at human cloned o;5-, o;5- and
op-adrenoceptors (5.52, 5.76 and 6.53 respectively; personal
communication, Dr T.J. Williams, Roche Bioscience, Palo
Alto, CA, U.S.A)).

The potency and intrinsic activity (relative to noradrena-
line) of moxonidine at human cloned o,a-, 0p- and ooc-
adrenoceptors was evaluated in a [**S]-GTPyS incorporation
assay. Up to the highest concentration tested (10 uMm),
moxonidine acted as an agonist only at human op,-
adrenoceptors (pECs50=5.74+0.14; intrinsic activ-
ity=0.85+0.08). The potency and intrinsic activity of
rilmenidine and clonidine has been reported previously in this
assay (Jasper et al., 1998). Clonidine had agonist activity at all
three oy-adrenoceptor subtypes whereas rilmenidine was
inactive at each subtype at the concentrations tested. The
agonist activity of these agonists is summarized in Table 2.

Dog isolated saphenous vein

Noradrenaline, rilmenidine, moxonidine and clonidine all
evoked concentration-dependent contractions of dog isolated
saphenous vein, a functional a,5-adrenoceptor assay. The rank
order of agonist potency was noradrenaline > clonidine >
moxonidine > rilmenidine. With regard to intrinsic activity
(relative to noradrenaline), moxonidine acted as a full agonist
(intrinsic activity =0.98 +0.03) whereas the maximal response
evoked by clonidine and rilmenidine were 0.83+0.08 and
0.704+0.05, respectively. The potency and intrinsic activity
(relative to noradrenaline) of these agonists is summarized in
Table 3. Agonist-independent affinity estimates (apparent pKg)
were obtained with the non-imidazoline o,-adrenoceptor
antagonist RS-79948: rilmenidine (8.91+0.02), moxonidine
(8.71+0.14) and clonidine (8.81+0.11), consistent with its
affinity for the human cloned o,5-adrenoceptor (see above).

Discussion

The aim of the present study was to ascertain the identity of
the receptor(s) mediating the cardiovascular effects, specifically
hypotension and bradycardia, of the putative I;-imidazoline
receptor-selective agonists rilmenidine and moxonidine in
conscious mice. The cardiovascular effects of clonidine were
also evaluated since clonidine has been claimed to be a mixed

Table 3 Potency (pECso) and intrinsic activity (relative to
noradrenaline) of rilmenidine, moxonidine and clonidine in
dog isolated saphenous vein. Also shown are apparent pKg
estimates versus RS-79948-197" (30 nm)

pKp versus

Intrinsic RS-79948

Agonist PECs, activity (30 nm)
Noradrenaline 6.69+0.04 1.00 9.154+0.07
Rilmenidine 5.83+0.10 0.7040.05 8.91+0.02
Moxonidine 6.48+0.08 0.98+0.03 8.71+0.14
Clonidine 7.2240.03 0.8340.08 8.814+0.11

Values represent the mean+s.e.mean (n=3). "RS-79948-197
[8aR, 12a8, 13aS]-5, 8, 8a, 9, 10, 11, 12, 12a, 13a-decahydro-
3 -methoxy - 12 - [ethylsulphonyl] - 6H-isoguino - {2,1 - g} {1, 6}
naphthyridine.

as-adrenoceptor/I;-imidazoline receptor agonist. The results
suggest strongly that rilmenidine, moxonidine and clonidine
exert their hypotensive and bradycardic effects in conscious
mice exclusively via activation of o5-adrenoceptors. There was
no evidence for the involvement of putative I;-imidazoline
receptors. The pharmacology of these agonists at recombinant
(human) and endogenous (dog) a,-adrenoceptors in vitro is
consistent with this conclusion.

The mouse was ideally suited for this study since this species
allowed in vivo evaluation of the pharmacology of rilmenidine
and moxonidine in both wild-type and in transgenic animals
deficient in functional ass-adrenoceptors (i.e. D7IN  opa-
adrenoceptor mice). In D79N transgenic mice, a,5-adrenocep-
tor function is lost due to a reduction in the density of ox-
adrenoceptors and an uncoupling of expressed receptors from
signal transduction pathways (MacMillan et al., 1996).
MacMillan et al. (1996) demonstrated that hypotension and
bradycardia evoked by intra-arterial administration of
brimonidine and dexmedetomidine in wild-type mice were
absent in D79N transgenic mice. These authors concluded that
the oy4-adrenoceptor subtype plays a critical role in mediating
the hypotensive response to a,-adrenoceptor agonists.

The data obtained by MacMillan et al. (1996) in D79N
transgenic mice has fueled the debate over the possible role of
putative I;-imidazoline receptors in the central control of
blood pressure. These data have been interpreted to indicate
that imidazoline-based agonists, including brimonidine and
dexmedetomidine, mediate there hypotensive effect predomi-
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nantly, if not exclusively, via activation of a,s-adrenoceptors
(MacMillan et al., 1996; MacDonald et al., 1997; Guyenet,
1997). This interpretation assumes that the D79N mutation of
the asa-adrenoceptor did not effect I;-imidazoline sites. An
alternative explanation is that putative I;-imidazoline receptor
activation is without effect unless o,s-adrenoceptors are
simultaneously activated (Guyenet, 1997). Studies in D79N
transgenic mice have been criticized by Ernsberger & Haxhiu
(1997). These authors contend that brimonidine and dexme-
detomidine are inappropriate tools for studying I;-imidazoline
receptors because they preferentially activate a,-adrenoceptors
and the use of the mouse is inappropriate given that little is
known about brain stem I;-imidazoline receptors in this
species. It is within the context of these opposing viewpoints
that the present study should be considered.

In vivo studies

The agonists used in the present study were chosen on the basis
of their selectivity for putative I;-imidazoline receptors.
Rilmenidine and moxonidine are claimed to preferentially
activate I;-imidazoline receptors over a,-adrenoceptors (Chan
et al., 1996; Yu & Frishman, 1996), whereas clonidine is
reported to activate both o,-adrenoceptors and putative I;-
imidazoline receptors (De Vos et al., 1994). All three agonists
produced a dose-dependent, statistically significant decrease in
blood pressure and heart rate in wild-type mice (Figures 1, 2
and 3). Clonidine was approximately 3- and 10 fold more
potent at evoking hypotension than moxonidine and
rilmenidine. This rank order of agonist hypotensive potency
closely resembles that demonstrated by Chan & Head (1996)
after intravenous administration of these agonists to conscious
rabbits.

Rilmenidine and moxonidine did not evoke a statistically
significant change (increase or decrease) in blood pressure or
heart rate in D79N transgenic mice when compared with in
vehicle controls (Figures 1 and 2). For moxonidine, however,
there was the appearance of a delayed hypotensive response
80—105 min post-dose (see 65—90 min histograms in Figure
2); a response not evident after administration of rilmenidine.
A second study was conducted with a single dose of
moxonidine (1 mgkg~', iv.) to investigate further the
possibility that putative I;-imidazoline receptors may mediate
a delayed hypotensive response. In this study there was no
difference between vehicle and moxonidine at any time point
(n=75; data not shown).

The cardiovascular effect of clonidine in D79N transgenic
mice was complex. As with rilmenidine and moxonidine, the
hypotensive effect seen in wild-type mice was absent. A dose-
dependent pressor response, however, occurred which was
greater in magnitude and duration than the effect observed in
vehicle-treated mice (Figure 3). The receptor mediating the
pressor response to clonidine was not investigated further but
it is well established that clonidine is an agonist at both a,p-
adrenoceptors (see Table 2) and o, 5-adrenoceptors (Minneman
et al., 1994). As in wild-type mice, clonidine evoked dose-
dependent bradycardia in D79N transgenic mice. This
bradycardia could be a reflex response to the clonidine-evoked
increase in blood pressure.

Data obtained in D79N transgenic mice in the present study
resembles that obtained by MacMillan er al. (1996) with
brimonidine and dexmedetomidine. This data alone, therefore,
suggests that app-adrenoceptors mediate the cardiovascular
effects of rilmenidine and moxonidine. It could be argued,
however, that the D79N mutation of the a,5-adrenoceptor in
these mice has altered the function of putative I;-imidazoline

receptors. To specifically address this point, studies were
conducted in wild-type mice in which the hypotensive effect of
moxonidine was evaluated after pretreatment of mice with the
non-imidazoline, non-selective a,-adrenoceptor antagonist,
RS-79948 (Milligan et al., 1997; Table 2), a close analogue of
delequamine. Delequamine has been shown previously to be
selective for ay,-adrenoceptors over 5-HT receptors, specifically
5-HT o (Brown et al., 1993). The selectivity of RS-79948 for
as-adrenoceptors over 5-HT receptors has not been determined
but would not be expected to differ significantly from
delequamine. This selectivity may be important since 5-HT
receptors have been implicated in central cardiovascular
regulation. Indeed, the commonly used o,-adrenoceptor
antagonists yohimbine and rauwolscine have appreciable
affinity for 5-HT,, receptors (Convents et al., 1989; Winter
& Rabin, 1992). Interpretation of the results with RS-79948
were complicated by an effect on resting heart rate, which
increased by approximately 100 beats min~! (see Figure 4).
For this reason, absolute values of heart rate were shown for
experiments with RS-79948. In mice pretreated with RS-79948,
moxonidine did not affect blood pressure and heart rate
compared to the RS-79948/vehicle group. These data are
consistent with those obtained in transgenic mice inasmuch as
it suggests that the hypotensive and bradycardic effect of
moxonidine is mediated by ay-adrenoceptors. Similar studies
have been conducted using systemic administration of agonists
and antagonists to rats (Hieble & Kolpak, 1993) and rabbits
(Urban et al., 1994, 1995). The common finding in these studies
was the hypotensive effect evoked by either a,-adrenoceptor
(i.e. brimonidine or guanabenz) or putative I;-imidazoline
receptor (i.e. clonidine, rilmenidine or moxonidine) agonists
was effectively blocked by antagonists selective for a,-
adrenoceptors (i.e. SK&F 86466 or yohimbine). While the
affinity of RS-79948 for I,-imidazoline sites is not known, it is
unlikely, based upon its structure, that it has appreciable
affinity for I;-imidazoline sites. Finally, studies similar to those
described above using central administration of agonists and
antagonists have been conducted and have yielded less
consistent results (for references see Ernsberger & Haxhiu,
1997).

In vitro studies

Given the results of in vivo studies, the agonist activity of
moxonidine was evaluated at recombinant human o,-adreno-
ceptor subtypes. Using a [*S]-GTPyS incorporation assay,
moxonidine was a selective ays-adrenoceptor agonist with
appreciable intrinsic activity (0.85) relative to the full agonist
noradrenaline. Clonidine and rilmenidine have been evaluated
previously in this assay (Jasper et al., 1998). Clonidine was a
partial agonist at ona-, op- and oyc-adrenoceptors whereas
rilmenidine was inactive at all three receptor subtypes at the
highest concentrations tested. The lack of efficacy of rilmenidine
at the human a,,-adrenoceptor in the [**S]-GTPyS incorpora-
tion assay should be considered with caution. Clonidine
produced significant hypotensive effects in wild-type mice
despite possessing relatively weak efficacy in this [**S]-GTPyS
incorporation assay (intrinsic activity relative to noradrena-
line =0.32). The sensitivity of this assay limits quantification of
intrinsic activities less than 0.20. Thus, rilmenidine may have
fallen just below the level of detection. That rilmenidine was
inactive at all three human o,-adrenoceptors is somewhat
surprising since rilmenidine has agonist activity at the
recombinant mouse oys-adrenoceptor (Jasper et al., 1998).
Moxonidine has yet to be evaluated at the recombinant mouse
aya-adrenoceptor. Possible explanations for the discrepancy
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between human and mouse recombinant oy-adrenoceptors
include species differences, differential levels of expression
and/or efficiencies of coupling or limitations of assay sensitivity.

The in vitro pharmacology of rilmenidine, moxonidine and
clonidine was also assessed in the dog isolated saphenous vein,
an o,a-adrenoceptor assay (MacLennan et al., 1997). All three
agonists evoked concentration-dependent contractions of dog
saphenous vein, with moxonidine possessing intrinsic activity
equivalent to that of noradrenaline. Rilmenidine, the weakest
of the three agonists in regards to intrinsic activity, possessed
considerable intrinsic activity in this assay (0.70). Agonist
independent affinity estimates obtained with RS-79948 suggest
that the contractile activity of these agonists, under the
conditions employed, was mediated by o,-adrenoceptors
(specifically the o,5 subtype). a,-Adrenoceptors have been
reported previously to mediate, in part, the contractile effect of
rilmenidine in this preparation (Marsault et al., 1996). Lastly,
the relative potency of these agonists to contract dog
saphenous vein and evoke hypotension in wild-type mice was
essentially the same.

Conclusion

To summarize, studies in both wild-type and D79N os4-
adrenoceptor transgenic mice indicate that a,s-adrenoceptors
play a critical, if not exclusive, role in mediating the
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