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Abstract 

The central sympathoinhibition caused by moxonidine has been explained by activation of a2-adrenoceptors on the one hand, 
and by an action at imidazoline 11 receptors on the other hand. In order to examine these possibilities, effects of moxonidine 
were compared with those of 5-bromo-6-(2-imidazolin-2-ylamino)-quinoxaline (UK 14304), an az-adrenoceptor agonist with very 
low affinity for I1 receptors, in conscious rabbits. The interaction with yohimbine, an a2-adrenoceptor antagonist with very low 
affinity for imidazoline I a receptors, was also studied. Moxonidine 3-100 p.g kg -1 and UK 14304 1-30 /~g kg l i.v. elicited 
similar effects: they decreased arterial blood pressure after a transient increase, decreased renal sympathetic nerve activity 
(recorded with chronically implanted electrodes), decreased heart rate and decreased the plasma noradrenaline concentration. 
Yohimbine given i.v. antagonized the effects of moxonidine and of UK 14304 in a similar manner. Yohimbine injected into the 
cisterna magna (i.c.) prevented the hypotension but did not change the decrease in plasma noradrenaline and heart rate, again in 
the case of both moxonidine and UK 14304. The agreement of the effect patterns of moxonidine and UK 14304, and the similar 
antagonism of yohimbine against either drug, demonstrate involvement of a2-adrenoceptors in their central sympathoinhibitory 
action. The resistance of the bradycardia and the plasma noradrenaline fall against yohimbine i.c. indicates a contribution of 
presynaptic a2-adrenergic inhibition of transmitter release from postganglionic sympathetic neurons to the overall reduction of 
sympathetic tone. 
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I .  I n t r o d u c t i o n  

Two primary sites of action have been proposed for 
the central sympathoinhibitory effect of clonidine and 
related drugs such as rilmenidine and moxonidine: 
a2-adrenoceptors (Kobinger, 1986; Armah et al., 1988; 
Van Zwieten, 1988; Kobinger and Pichler, 1990) and, 
more recently, 'imidazoline receptors', specifically the 
imidazoline I~ receptor in the rostral ventrolateral 
medulla oblongata (RVLM) (Verbeuren et al., 1990; 
Bousquet et al., 1992; Chrisp and Faulds, 1992; 
Molderings et al., 1993; Ernsberger et al., 1993); the 
RVLM is the main brain region where clonidine-like 
drugs produce hypotension (Bousquet et al., 1981; re- 
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viewed by Philippu, 1988; Verbeuren et al., 1990; 
Molderings et al., 1993; Dampney, 1994). 

The imidazoline receptor hypothesis is mainly based 
on radioligand binding experiments in which clonidine, 
rilmenidine and moxonidine possess higher affinity for 
imidazoline 11 binding sites than a 2 binding sites. 
When studied in membranes from the bovine RVLM, 
the 11 s i t e / a  2 site affinity ratio was 4 for clonidine and 
even about 30 for rilmenidine and moxonidine (Erns- 
berger et al., 1992,1993). Direct evidence for an in- 
volvement of I t receptors in the effect of clonidine-like 
drugs, however, is sparse. In the case of moxonidine it 
is limited, to our knowledge, to a recent study with 
efaroxan, an a2-adrenoceptor antagonist with an I1 /a2  
affinity ratio of about 50. Efaroxan, when injected into 
the RVLM, blocked the hypotensive and bradycardic 
effect of moxonidine, administered either into the 
RVLM or i.v. (Haxhiu et al., 1994). 
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In two recent studies in conscious rabbits (Szabo et 
al., 1993; Urban et al., 1994) we examined the interac- 
tion of rilmenidine with yohimbine and 6-chloro-N- 
methyl-2,3 ,4 ,5- te t rahydro-lH-3-benzazepine (SK & F 
86466), a2-adrenoceptor  antagonists with very low 
affinity for imidazoline I~ receptors (Ernsberger et al., 
1987,1992; Bricca et al., 1989). Moreover,  we compared  
rilmenidine with 5-bromo-6-(2-imidazolin-2-ylamino)- 
quinoxaline (UK 14304), an az-adrenoceptor  agonist 
with an 11 binding s i t e / a  2 binding site affinity ratio 
< 0.01, about 3000 times lower than for rilmenidine 
and moxonidine (Ernsberger  et al., 1992; Bricca et al., 
1993). All drugs were given i.v. The effects of rilmeni- 
dine and U K  14304 were qualitatively identical, yohim- 
bine and S K & F  86466 were potent  antagonists of 
rilmenidine, and S K & F  86466 blocked the effects of 
rilmenidine and U K  14304 to the same extent. The 
results argued in favour of az-adrenoceptors  as sites of 
action of both U K  14304 and rilmenidine (Szabo et al., 
1993; Urban et al., 1994). 

We have now carried out a similar study with mox- 
onidine. Parameters  measured were blood pressure, 
heart  rate, the plasma noradrenaline concentration 
and, in part  of the experiments, renal sympathetic 
nerve activity. Moxonidine and U K  14304 were given 
i.v.; yohimbine was given either i.v. or intracisternally 
(i.e.). 

2. Materials and methods 

Thirty-three rabbits of mixed breed and either sex 
were used (1.6-2.6 kg). In one group of animals, mox- 
onidine, U K  14304 and yohimbine were all given i.v. 
An electrode was chronically implanted at the renal 
postganglionic sympathetic nerves in these animals, 
and renal sympathetic nerve activity was recorded in 
addition to blood pressure, heart  rate and plasma 
noradrenaline.  In the second group of animals, mox- 
onidine and U K  14304 were given i.v. but yohimbine 
was given i.c. A catheter  was chronically implanted in  
the cisterna magna, and only blood pressure, heart  rate 
and plasma noradrenaline were determined. 

2.1. Electrode and catheter implantation 

An initial operat ion was carried out under  anaesthe- 
sia to implant either the renal sympathetic nerve 
recording electrode or, in other animals, the cisterna 
magna catheter.  Penicillin G 200 000 IU  was given i.v. 
immediately before the operation. Anaesthesia was 
induced by Saffan (0.5-0.6 ml k g - l  i.v.; 1 ml contains 9 
mg alfaxolone and 3 mg alfadolone acetate). After  
tracheal intubation, anaesthesia was continued with 
halothane 1.5-4.0% in a moistened room air-O 2 mix- 
ture. No muscle relaxant was administered, and rabbits 

brea thed spontaneously. Physiological saline 6 ml h -1 
was infused through an ear vein until the end of the 
operation. 

The sympathetic nerve electrode was implanted as 
described by Szabo et al. (1993) with exceptions men- 
tioned. The kidney was approached retroperitoneally. 
The two or three sympathetic nerve trunks accompany- 
ing the renal artery were dissected free. A bipolar 
electrode was prepared  from single-strand Teflon- 
coated stainless steel wire (0.13 mm bare diameter,  
0.18 mm coated diameter). The electrode was sutured 
to the renal artery with atraumatic thread (0.5 metric, 
DR-9; Serag-Wiessner, Naila, Germany).  After  the 
nerve trunks had been slipped into the electrode spi- 
rals, nerves and electrode were embedded in silicone 
gel. The muscle layer was sutured, and a ground elec- 
trode from multi-strand Teflon-coated stainless steel 
wire was sutured to the muscle. The electrode ends 
were subcutaneously tunneled to an incision in the skin 
of the neck which was then sutured. 

The intracisternal catheter  implantation was adopted 
from Head  et al. (1983) with exceptions mentioned. 
The animal was placed in a stereotaxic frame 
(Narishige, Tokyo, Japan). The neck muscles were sep- 
arated in the midline and the atlanto-occipital mem- 
brane was exposed. A hole was made through the 
rostral part  of the atlanto-occipital membrane  in the 
midline using a 24 gauge needle. A three-sided purse- 
string suture had first been sewn around the place of 
the hole with atraumatic thread. One end of the 
catheter  was inserted through the hole into the cisterna 
magna. The pursestring suture was tightened and the 
catheter  fixed with two other sutures. The wound was 
closed and the end of the catheter  tunneled to an 
incision in the neck which was sutured. 

2.2. Acute experiments 

The first experiment was carried out 2 days after the 
operation. Further  experiments, on average three in 
one rabbit, followed at intervals of 2 -3  days. The 
animals were killed by an overdose of pentobarbi tone 
(150-200 mg kg 1 i.v.) after the last experiment. 

The rabbits were sitting in a plastic box (35 x 15 x 15 
cm). The root of one ear  was infiltrated with 0.1-0.2 ml 
lidocaine solution 2%. The central ear artery was can- 
nulated with an Abbocath 22 gauge catheter  (Abbott, 
Chicago, IL, USA) for measurement  of blood pressure 
and heart  rate and for blood sampling. A marginal ear 
vein was cannulated with an Abbocath 24 or 26 gauge 
catheter  for administration of drugs. The skin incision 
in the neck was opened after infiltration with lidocaine 
and the electrodes or the catheter  were recovered. 

Arterial  blood pressure was measured with a 
Statham P23Db transducer. Hear t  rate was integrated 
from the pressure signal. The  arterial plasma concen- 
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t r a t ion  of  n o r a d r e n a l i n e  was d e t e r m i n e d  by a lumina  
c h r o m a t o g r a p h y  fo l lowed by high p re s su re  l iquid chro-  
m a t o g r a p h y  (Szabo  and  Schul theiss ,  1990); d ihydroxy-  
benzy l amine  5 ng was a d d e d  to each  s amp le  as in te rna l  
s t anda rd .  W h e n  the  concen t r a t i on  was be low the  de-  
t ec t ion  l imit  ( twice base l ine  noise;  10.5 + 1.4 pg  m l - 1  
p lasma;  n = 89), the  de t ec t ion  l imit  was t aken  as the  
n o r a d r e n a l i n e  va lue  (21 f rom 534 m e a s u r e m e n t s ) .  
A d r e n a l i n e  concen t r a t i ons  were  also r e c o r d e d  by the  
high p re s su re  l iquid c h r o m a t o g r a p h i c  system; they  a re  
not  i nc luded  b e c a u s e  they  were  of ten  be low the  de tec -  
t ion l imit .  In  an imals  wi th  chron ica l ly  i m p l a n t e d  
r eco rd ing  e lec t rodes ,  the  f r equency  of  sympa the t i c  
spikes  was d e t e r m i n e d  using a window d i sc r imina to r  
(Szabo et  al., 1989). 

T r e a t m e n t s  and  m e a s u r e m e n t s  were  t imed  as fol- 
lows. A n i m a l s  were  first  t r e a t e d  with  yoh imb ine  (or  
sal ine) ,  one  dose  p e r  expe r imen t ,  and  then  with  e i the r  
moxon id ine  or  U K  14304 (or  sal ine),  four  doses  p e r  
expe r imen t .  T h e  ini t ia l  yoh imbine  or  sa l ine  dose  was 
given e i the r  i.v. ( in jec t ion  over  20 s fo l lowed by infu- 
sion; an imals  with sympa the t i c  nerve  r ecord ing)  or  i.c. 
( in jec t ion  over  20 s; no sympa the t i c  nerve  record ing)  
1 0 - 3 0  min  af te r  b lood  vessels  had  b e e n  c a n n u l a t e d  and  
e l ec t rode  or  c a t h e t e r  r ecovered .  P a r a m e t e r s  were  first  
eva lua t ed  40 min  (yoh imbine  or  sa l ine  i.v.) or  10 min  
(yoh imbine  o r  sa l ine  i.c.) l a t e r  ( t  = 0 min  in subsequen t  
text), and  t h e r e a f t e r  every 13 min  for a to ta l  of  6 t imes  
(0, 13 ... 65 min).  B lood  f rom the  ea r  ar tery ,  2 ml,  was 
w i thd rawn  at  each  of  the  six m e a s u r e m e n t  points ;  
w i thd rawa l  took  abou t  3 min  and was fo l lowed by 
in jec t ion  of  r e - s u s p e n d e d  e ry th rocy tes  f rom the  p reced-  
ing wi thdrawal .  M e a n  a r te r ia l  p ressure ,  h e a r t  r a te  and  
rena l  sympa the t i c  nerve  activity were  r ead  i m m e d i a t e l y  
be fo re  b lood  sampl ing.  F o u r  i.v. in jec t ions  of  e i the r  
sal ine or  inc reas ing  doses  of  moxon id ine  or  U K  14304 
were  given br ief ly  a f te r  the  e ry th rocy te  re - in jec t ions  of  
the  2nd to 5th m e a s u r e m e n t  points ,  so tha t  the  3rd to 
6th m e a s u r e m e n t  po in t s  r e p r e s e n t  va lues  abou t  10 min 
a f te r  the  p r e c e d i n g  inject ion.  In  each  expe r imen t ,  val- 

ues of  the  1st and  2nd m e a s u r e m e n t  points ,  t = 0 and 
13 min,  were  a v e r a g e d  to yield the  P R E  value ,  and  
p a r a m e t e r s  o b t a i n e d  at the  3rd to 6th m e a s u r e m e n t  
po in t s  were  expressed  as a p e r c e n t a g e  of  the  P R E  
value.  

The  var ious  d rug  t r e a t m e n t  p ro toco l s  will be  de-  
t a i l ed  in the  Resu l t s  sect ion.  No  rabbi t  rece ived  a given 
k ind  of  t r e a t m e n t  more  than  once;  the  o r d e r  of  t rea t -  
men t s  in any rabbi t  was r andom.  

2.3. Statistics 

Means_+ S.E.M. a re  p r e s e n t e d  th roughou t .  P R E  
values  of  s a l ine -and  y o h i m b i n e - t r e a t e d  rabbi t s  were  
c o m p a r e d  with the  M a n n - W h i t n e y  test  (Table  1). Ef-  
fects  of  moxon id ine  o r  U K  14304 were  c o m p a r e d  to 
sal ine,  and  effects  of  moxon id ine  or  U K  14304 in 
s a l i n e - p r e t r e a t e d  an imals  were  c o m p a r e d  to the i r  ef- 
fects  in y o h i m b i n e - p r e t r e a t e d  animals ,  by r e p e a t e d  
m e a s u r e s  analysis  of  var iance ,  b a s e d  on the  ' p e r -  
cen tage  of  P R E '  va lues  ( ' M A N O V A  p r o c e d u r e ' ;  
S P S S / P C  + A d v a n c e d  Stat is t ics  V4.01 (1991); SPSS, 
Chicago,  IL, USA) .  The  l imit  of  s ignif icance was t aken  
as P < 0.05, and  only this  level is i nd ica t ed  even where  
P < 0.01. 

2.4. Drugs 

T h e s e  were  U K  14304 t a r t r a t e  (Pfizer,  Sandwich,  
UK),  ha lo thane  ( ICI ,  P lanks tad t ,  Ge rmany) ,  l idoca ine  
HC1 (Ast ra ,  W e d e l ,  Ge rmany) ,  penic i l l in  G (Grt i -  
nen tha l ,  S to lberg ,  Ge rmany) ,  moxon id ine  (Beiersdor f ,  
H a m b u r g ,  Germany) ,  Saffan a m p o u l e s  (a l faxalone  + 
a l f a do lone  ace ta te ;  Schweize r i sches  Se rumins t i tu t ,  
Bern,  Swi tzer land) ,  yoh imbine  hydroch lo r ide  (Roth ,  
Kar l s ruhe ,  Ge rmany) .  Drugs  were  dissolved in saline.  
Doses  refer  to salts. I n t r avenous  in ject ions  had  a vol- 
ume  of  1 ml kg -1, i.v. infusions of  1.92 ml h -~, i.c. 
in ject ions  of  25 ~1 kg-1 .  

Table 1 
Mean arterial pressure, heart rate, renal sympathetic nerve activity and plasma concentration of noradrenaline 

Pretreatment i.v. with 

Saline Yohimbine Yohimbine 
(n = 20) (low dose, (high dose, 

n = 17) n = 13) 

Pretreatment i.c. with 

Saline Yohimbine 
(n = 21) (n = 18) 

Mean arterial pressure (mm Hg) 77.4 + 2.0 79.1 + 2.5 73.4 + 1.3 
Heart rate(min -1) 240 ± 6 237 + 7 243 ±9 
Renal sympathetic nerve activity (impulses s - I )  21.2 + 2.4 26.9 + 4.4 35.4 ± 6.0 
Plasma noradrenaline concentration (pg ml i) 312 ± 29 342 ± 26 538 ± 123 

74.2+ 2.9 72.8 + 2.1 
227 + 7 209 _+ 7 

265 ± 22 289 + 59 

Rabbits were pretreated either with saline or yohimbine and either i.v. or i.c. Intravenous pretreatment consisted of an injection of saline 1 ml 
kg -1 followed by an infusion of 1.92 ml h -1, or an injection of yohimbine 0.5 mg kg 1 followed by an infusion of 0.1 mg kg -1 h i ('low dose'), 
or an injection of yohimbine 1 mg kg -1 followed by an infusion of 0.2 mg kg - I  h - I  ('high dose'); injections were given at t = -40  min. 
Intracisternal pretreatment consisted of an injection of saline 25 tzl kg -1 or an injection of yohimbine 1.5 ~g kg-1; injections were given at 
t = - 10 rain. Values are the PRE values, i.e. averages of the values determined at t = 0 and t = 13 min. 
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3. Results 

3.1. Pretreatment with saline or yohimbine i.e. 

An initial i.v. injection and the subsequent infusion 
of saline did not overtly affect blood pressure, heart 
rate and renal sympathetic nerve activity (Fig. 1). 
Yohimbine was given i.v. either at 0.5 mg kg-~ fol- 
lowed by an infusion of 0.1 mg kg-  t h i ('low dose') or 
1 mg kg-1 followed by an infusion of 0.2 mg kg-~ h-1 
('high dose'). The bolus injection of yohimbine 0.5 or 1 
mg kg-~ did not consistently change blood pressure 
and increased heart rate and renal sympathetic nerve 
activity, but the latter parameters recovered during the 
subsequent infusion of yohimbine. At t = 0 and 13 min, 
when the PRE values were read, there was no differ- 
ence between saline and the two yohimbine groups 
(Table 1). The values in saline-pretreated rabbits are 
similar to those obtained previously (Urban et al., 
1994). 

All parameters remained stable when saline 1 ml 
kg-1 was injected i.v. after the 13-, 26-, 39-and 52-min 
measurement points. This was true in animals that had 
initially received saline (n = 7) as well as in those 
pretreated with the low (n = 5) or high dose (n = 2) of 
yohimbine (not shown). 

Moxonidine 3-100 p~g kg -1, when injected into 
saline-pretreated rabbits, had a biphasic effect on blood 
pressure: transient hypertension followed by prolonged 

hypotension (Fig. 1). Both phases of the response were 
dose-dependent (Fig. 1); the maximal decrease as eval- 
uated at the next measurement point, 10 min after the 
injection, averaged 14% (Fig. 2A). Heart  rate also was 
dose-dependently reduced (Fig. 1 and Fig. 3A), and 
renal sympathetic nerve activity was progressively di- 
minished and finally abolished (Fig. 1 and Fig. 4A; the 
remaining apparent activity in Fig. 1 is due to noise). 
The noradrenaline plasma concentration was reduced 
by up to 76% (Fig. 5A). 

Similar results were obtained with UK 14304 1-30 
~g kg -1 in saline-pretreated rabbits: a biphasic blood 
pressure change, both phases of which were dose-re- 
lated, with a maximal decrease by 18% (Fig. 2B); 
bradycardia (P  > 0.05; Fig. 3B); a depression and fi- 
nally complete suppression of renal sympathetic nerve 
activity (Fig. 4B); and a fall of the plasma noradrena- 
line level, by 95% at the 30 p~g kg -1 dose (Fig. 5B). 
Overall, the effects of UK 14304 resembled those ob- 
tained in a previous study under the same conditions 
(Urban et al., 1994). 

Pretreatment with the low or the high dose of 
yohimbine attenuated the initial hypertensive effect 
(not shown) as well as the inhibitory effects of moxoni- 
dine (Fig. 2A, Fig. 3A, Fig. 4A and Fig. 5A). The 
antagonism was more marked with the high dose ex- 
cept in the case of the plasma noradrenaline level (Fig. 
5A). 

Pretreatment  with either dose of yohimbine also 
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Fig. 1. Mean arterial pressure (MAP), renal sympathetic nerve activity (RSNA) and heart  rate (HR) in an experiment with moxonidine in a rabbit 
pretreated with saline 1 ml kg-1  i.u. followed by an infusion of saline 1.92 ml h 1 Blood samples were, taken and moxonidine (MOX) was 
administered i.v. as indicated. Blood pressure and heart  rate were not measured  during blood sampling. The 0-min and 13-min measurement  
points were used in each experiment  to calculate the P R E values (dashed lines). 



R. Urban et aL / European Journal of  Pharmacology 282 (1995) 19-28 23 

attenuated the initial hypertensive effect (not shown) 
as well as the depressive effects of UK 14304 (Fig. 2B, 
Fig. 3B, Fig. 4B and Fig. 5B). In the case of blood 
pressure and sympathetic nerve activity, the antago- 
nism was more marked for the high than for the low 
dose. In the case of the plasma noradrenaline level, the 
dose-response curves of UK 14304 after the low and 
the high yohimbine dose, like the dose-response curves 
of moxonidine, were closely similar (Fig. 5B). The 
antagonism of yohimbine against the bradycardic effect 
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Fig. 2. Effect of (.4,) moxonidine and (B) UK 14304 on mean arterial 
pressure in rabbits pretreated Lu. with saline (empty symbols), a low 
dose of yohimbine (fi l led symbols, YOH-LOW) or a high dose of 
yohimbin¢ (fi l led symbols, YOH-HIGH) .  Protocol illustrated in Fig. 
1. Mean  arterial pressure  was read about 10 min after injection of 
the respective dose of agonist (at next measu remen t  point) and is 
expressed as a percentage of P R E  (ordinates). Pre t rea tment  dose of 
saline was 1 ml kg -1  followed by 1.92 ml h - l .  Low yohimbine dose 
was 0.5 mg kg -1  followed by 0.1 mg kg -1 h - l ,  high yohimbine dose 
1 mg kg-1  followed by 0.2 mg kg -1 h-1 .  Injected doses (i.v.) of  
moxonidine were 3, 10, 30 and 100/zg kg-1  in sal ine-pretreated and 
10, 30, 100 and 300 /zg kg -1 in yohimbine-pretreated rabbits. In- 
jected doses (i.v.) of  U K  14304 were 1, 3, 10 and 30 /xg kg -1 in 
sal ine-pretreated and 3, 10, 30 and 90 /~g kg-1  in yohimbine-pre- 
treated rabbits. Abscissae show cumulative doses. Means+S .E .M. ,  
n = 5-7.  # Significant difference ( P  < 0.05) from saline-pretreated 
rabbits given four injections of saline instead of agonist. * Significant 
difference (P  < 0.05) from agonist effect in sal ine-pretreated rabbits. 
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Fig. 3. Effect of  (A) moxonidine and (B) U K  14304 on heart  rate in 
rabbits pretreated i.v. with saline (empty symbols), a low dose of 
yohimbine (filled sympols; YOH-LOW)  or a high dose of yohimbine 
(filled symbols; YOH-HIGH) .  Heart  rate was read about 10 rain 
after injection of the respective dose of agonist (at next measurement  
point) and is expressed as a percentage of PRE (ordinates). See 
legend to Fig. 2 for details. 

of UK 14304 did not reach statistical significance, 
presumably because the bradycardia was small and 
non-significant anyway (Fig. 3B). 

3.2. Pretreatment with saline or yohimbine i.c. 

An initial i.c. injection of saline 25 /zl kg -1 or 
yohimbine 1.5/xg kg - I  i.c. (Fig. 6) did not consistently 
affect blood pressure and heart rate. There was no 
significant difference between the two groups at t = 0 
and 13 min, when the PRE values were read (Table 1). 

All parameters remained stable when saline 1 ml 
kg-1 was injected i.v. after the 13-, 26-, 39-and 52-min 
measurement points, both in rabbits pretreated i.c. 
with saline (n = 6) and in those pretreated with yohim- 
bine (n = 6) (not shown). 

The effects of moxonidine 3-100 /zg kg -I  and UK 
14304 1-30 /xg kg -1 i.v. in rabbits pretreated with 
saline i.c. were as in rabbits pretreated with saline i.v. 
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(Fig. 7, Fig. 8 and Fig. 9). The maximal hypotension 
caused by moxonidine amounted to 8% and the fall in 
the plasma noradrenaline level after moxonidine 100 
/zg kg -] to 90%. The maximal hypotension caused by 
UK 14304 after i.c. saline amounted to 16% and the 
plasma noradrenaline decrease after the 30 /zg kg -1 
dose to 79%. UK 14304 produced significant bradycar- 
dia in this series. 

The antagonism of i.c. yohimbine against monoxi- 
dine partly differed from, and partly agreed with, the 
antagonism by i.v. yohimbine. In contrast to i.v. yohim- 
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(filled symbols; YOH).  Heart  rate was read about 10 min after 
injection of the respective dose of agonist (at next measurement  
point) and is expressed as a percentage of PRE  (ordinates). See 
legend to Fig. 7 for details. 

bine, i.c. yohimbine did not attenuate the initial blood 
pressure rise caused by moxonidine, but in agreement 
with i.v. yohimbine, i.c. yohimbine abolished the subse- 
quent hypotensive phase (Fig. 6 and Fig. 7A). The 
highest dose of moxonidine actually caused a long-last- 
ing increase in mean arterial pressure after i.c. yohim- 
bine (Fig. 6 and Fig. 7A). Again in contrast to i.v. 
yohimbine, i.c. yohimbine did not change the fall in 
heart rate (Fig. 6 and Fig. 8A) and plasma noradrena- 
line (Fig. 9A) caused by moxonidine. Comparison of 
Fig. 6 with Fig. 1 shows the persistence of the initial 
blood pressure peak, the blockade of the hypotension, 
and the persistence of the bradycardia after yohimbine 
i.c. (note higher moxonidine doses in Fig. 6). 

Yohimbine i.c. also differed partly from, and agreed 
partly with, i.v. yohimbine in its effect against UK 
14304. As in the case of moxonidine, the initial hyper- 
tensive phase persisted (not shown) whereas the hy- 
potension was blocked (Fig. 7B). Moreover, as in the 
case of moxonidine, yohimbine i.c. did not antagonize 
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Fig. 9. Effect of  (A) moxonidine and (B) U K  14304 on the plasma 
noradrenaline concentration in rabbits pretreated i.c. with saline 
(empty symbols) or yohimbine (filled symbols; YOH).  Plasma for 
noradrenaline determinat ion was obtained about 10 rnin after injec- 
tion of the respective dose of agonist (at next measu remen t  point) 
and the level is expressed as a percentage of PRE (ordinates). See 
legend to Fig. 7 for details. 

the heart rate (Fig. 8B) and plasma noradrenaline (Fig. 
9B) decreases produced by UK 14304. 

4. Discussion 

Moxonidine has previously been suggested to lower 
sympathetic outflow from the central nervous system 
(rat, rabbit: Armah et al., 1988; Schlicker et al., 1990; 
Haxhiu et al., 1992; cat: Ramage and Wilkinson, 1989; 
reviewed by Chrisp and Faulds, 1992; Molderings et 
al., 1993). In anaesthetized cats, the decrease of sympa- 
thetic outflow was shown directly by recording from 
peripheral sympathetic nerves (Ramage and Wilkinson, 
1989). Our results for the first time demonstrate the 
central sympathoinhibition directly in conscious ani- 
mals. The mechanism originally suggested was activa- 
tion of central a2-adrenoceptors (Armah et al., 1988; 

Ramage and Wilkinson, 1989; Schlicker et al., 1990). 
More recently, a primary action of moxonidine at imi- 
dazoline I s receptors in the RVLM has been proposed 
(Ernsberger et al., 1992,1993; Molderings et al., 1993; 
Haxhiu et al., 1994). 

Which alternative holds? Following the design of a 
recent study on rilmenidine (Urban et al., 1994), we 
compared effects of moxonidine with those of the 
a2-adrenoceptor agonist UK 14304, which has very 
little affinity for 11 binding sites, and studied the antag- 
onism against both of yohimbine, also highly selective 
for az-adrenoceptors as compared to I~ sites (see In- 
troduction). 

If UK 14304 acted through az-adrenoceptors and 
moxonidine through I 1 receptors, then the patterns of 
their effects might be expected to differ. This was not 
found: an initial transient increase in mean arterial 
pressure followed by prolonged hypotension, bradycar- 
dia, inhibition of renal sympathetic firing and a de- 
crease in the arterial plasma noradrenaline concentra- 
tion were obtained for both compounds. The maximal 
hypotension was smaller for moxonidine than for UK 
14304 in both series of experiments (i.v. and i.c. pre- 
treatment with saline; Fig. 2 and Fig. 7), possibly due 
to some activation of vascular smooth muscle ax-adren- 
oceptors by moxonidine (Armah, 1988) but not UK 
14304 (Van Meei et al., 1981). Conversely, the brady- 
cardia was more pronounced after moxonidine than 
after UK 14304, again in both series (Fig. 3 and Fig. 8), 
perhaps due to a greater baroreflex cardioaccelerator 
component in the case of UK 14304 with its greater 
hypotensive effect. 

If UK 14304 acted through a 2- and moxonidine 
through 11 receptors, then k v. yohimbine might be 
expected to antagonize the effects of UK 14304 to a 
greater extent than those of moxonidine. This was not 
found: both the low and the high dose of yohimbine 
antagonized the effects of moxonidine on the one 
hand, and of UK 14304 on the other, in a similar 
manner. The similarity holds true for the inhibitory 
effects shown in Figs. 2, 3, 4 and 5 as well as for the 
initial hypertension, indicating that the latter, as ex- 
pected, was at least partly due to activation of vascular 
smooth muscle az-adrenoceptors. There might seem to 
be two exceptions to the rule of similarity. First, yohim- 
bine shifted the dose-hypotension curve of UK 14304 
to the right in an apparently parallel manner but 
suppressed the hypotension caused by moxonidine 
completely (Fig. 2). Second, the low dose of yohimbine 
shifted the moxonidine dose-renal sympathoinhibition 
curve less to the right (and non-significantly) than the 
curve of UK 14304 (Fig. 4). However, these apparent 
exceptions need not reflect the involvement of differ- 
ent receptors in the central sympathoinhibition. The 
complete suppression of the hypotension (Fig. 2) may 
be due to the inherently low hypotensive efficacy of 
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moxonidine and its a 1 vasoconstrictor component (see 
above). The greater shift by the low dose of yohimbine 
of the dose-renal sympathoinhibition curve of UK 14304 
(Fig. 4) may be due to a dual mechanism: competition 
by yohimbine for the sympathoinhibitory receptors and 
activation of the baroreflex by the UK 14304-induced 
blood pressure fall that persisted after the low dose of 
yohimbine (Fig. 2); only the former but not the latter 
mechanism operated in the case of moxonidine. 

Finally, if UK 14304 acted through a 2- and moxoni- 
dine through 11 receptors, then i.c. yohimbine (at less 
than 0.3% of the lower i.v. dose) should antagonize 
(central) effects of UK 14304 more than of moxoni- 
dine. Again, however, this was not verified: yohimbine 
i.c. interacted with moxonidine as it did with UK 
14304. The transient hypertensive effects persisted, 
demonstrating lack of peripheral a-adrenoceptor 
blockade by yohimbine i.c. The hypotension, in con- 
trast, was abolished, in accord with the view that cen- 
tral actions are necessary (although perhaps not suffi- 
cient: Urban et al., 1995) for systemically given cloni- 
dine-like drugs to lower blood pressure. Unexpectedly, 
yohimbine i.c. attenuated neither the decrease in heart 
rate nor the fall in plasma noradrenaline caused by 
moxonidine and UK 14304. The bradycardia after 
clonidine-like drugs has been attributed to activation of 
central az-adrenoceptors (H~iusler, 1982; Kobinger, 
1986; Kobinger and Pichler, 1990), although lack of, or 
only minimal, blockade by i.c. a2-adrenoceptor antago- 
nists has been reported previously (Brown and Har- 
land, 1984; Tibiri~a et al., 1991; Mayorov et al., 1993). 
The persistence of the plasma noradrenaline decrease 
(Fig. 9) stands in contrast to the blockade of the blood 
pressure decrease (Fig. 7), an apparent paradox previ- 
ously observed in anaesthetized rats in which idazoxan 
i.c. almost abolished the hypotensive effect of clonidine 
but did not affect the plasma noradrenaline fall (Brown 
and Harland, 1984). The reason for the 2-fold absence 
of an expected antagonism probably is the limited 
distribution of yohimbine given i.c. Yohimbine i.c. did 
reach the RVLM, the main area where clonidine-like 
drugs lower blood pressure (see Introduction). How- 
ever, it may not have reached at sufficient concentra- 
tion brain regions where moxonidine and UK 14304 
produced bradycardia (see Philippu, 1988; Molderings 
et al., 1993; Dampney, 1994) and inhibition of non- 
vasomotor sympathetic outflow. Moreover, there is evi- 
dence indicating that clonidine-like drugs owe part of 
their bradycardic effect to activation of peripheral car- 
diac presynaptic az-autoreceptors (De Jonge et al., 
1981; Urban et al., 1995). Both moxonidine and UK 
14304, given i.v. at the doses used in the present study, 
reduced the plasma noradrenaline level in pithed rab- 
bits with electrically stimulated sympathetic outflow, 
demonstrating the role of peripheral a2-autoreceptor 
activation in this response (Urban et al., 1995). What- 

ever the reason for the 2-fold lack of antagonism, it is 
remarkable how perfectly moxonidine and UK 14304 
agreed. 

One may still ask why the reduction of sympathetic 
tone remaining after yohimbine i.c., demonstrated by 
the unchanged plasma noradrenaline fall (Fig. 9) and 
probably at least partly due to peripheral presynaptic 
inhibition, was not accompanied by any hypotension 
(Fig. 7). The answer is that once the central hypoten- 
sive effect of clonidine-like drugs is occluded, the re- 
maining presynaptic inhibition of vascular sympathetic 
transmitter release is balanced by activation of vascular 
smooth muscle a-adrenoceptors (Urban et al., 1995). 

To summarize, the presumed I~ site ligand moxoni- 
dine and the highly az-adrenoceptor selective agonist 
UK 14304 were closely similar in, first, their effects on 
mean arterial pressure, heart rate, renal sympathetic 
nerve activity and the plasma noradrenaline concentra- 
tion when given alone; second, their interaction on 
these parameters with the highly az-selective antago- 
nist yohimbine given i.v.; and third, their interaction 
with yohimbine given i.c. The results resemble and 
extend those of a study comparing the presumed 11 site 
ligand rilmenidine with UK 14304 (Urban et al., 1994). 
The conclusion is analogous: az-adrenoceptors are in- 
volved in the central sympathoinhibitory effect of mox- 
onidine whereas, from these experiments, there is no 
indication for participation of imidazoline 11 receptors. 
The same conclusion has also been drawn in a recent 
study on clonidine (Hieble and Kolpak, 1993). We 
cannot exclude the possibility that clonidine-like drugs 
primarily act at I~ receptors and that the az-adreno- 
ceptors are a later necessary link in the pathway lead- 
ing to central sympathoinhibition (Sannajust and Head, 
1994). However, the virtual identity of the effects of 
rilmenidine (Urban et al., 1994) and moxonidine with 
those of UK 14304, together with the identical antago- 
nism patterns, speak in favour of a2-adrenoceptors as 
the primary sites of action. Moxonidine possesses high 
selectivity for I~ in comparison with o/2 binding sites in 
membranes prepared from the bovine RVLM (see 
Introduction; Ernsberger et al., 1992,1993). Interest- 
ingly, recent studies indicate that moxonidine possesses 
very little affinity for the imidazoline binding sites in 
the ventrolateral medulla of rabbit and man (Bricca et 
al., 1993,1994). 
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