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Abstract  

It is known that moxonidine acts as an agonist at presynaptic α2-adrenoceptors of the 

postganglionic sympathetic nerve terminals and leads to a reduction in noradrenaline release. 

In addition, it is conceivable that I1-binding sites located in other regions of the pre- and 

postganglionic sympathetic neurones are involved in this effect. Our aim was to investigate 

whether and to what extent activation of the I1-binding sites contributes to the moxonidine-

induced inhibition of noradrenaline release. Noradrenaline release was induced in pithed-SHR 

(pretreated with phenoxybenzamine/desipramine at 10/0.5mg/kg) by stimulation of 

sympathetic overflow from the spinal cord. 

Noradrenaline overflow was reduced using moxonidine (0.18, 0.6, 1.8mg/kg) by 39.4, 70.4 or 

78.7%, respectively, even when all α1-/α2-adrenoceptors were blocked effectively by 

phenoxybenzamine. In contrast, the I1-antagonist efaroxan (0.1, 1 or 3mg/kg) increased 

noradrenaline overflow from 453 (control) to 1710, 1999 or 2754pg/ml suggesting an 

autoreceptor-like function of I1-binding sites. In consequence, moxonidine (0.18, 0.6, 

1.8mg/kg) reduced the increase in noradrenaline overflow in efaroxan-treated animals 

(1mg/kg) by 22.7, 41.7 and 50.5%, respectively. Agmatine (6 and 60mg/kg), an endogenous 

agonist at I1-binding sites, reduced noradrenaline overflow (-36 or 53%), even under α2-

adrenoceptor blockade. When AGN192403 (10mg/kg) was injected, a selective blocker of I1-

binding sites, noradrenaline overflow was not influenced by agmatine. 

It is concluded that moxonidine reduces noradrenaline overflow by acting at I1-binding sites 

in addition to its agonistic property at α2-adrenoceptors. The exact location of the I1-binding 

sites on the pre- or postsynaptic sympathetic neurones is unknown, but the location in the pre- 

or postsynaptic membrane of the sympathetic ganglion is the most plausible explanation. 
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Introduction  

Clonidine and the related compounds moxonidine and rilmenidine that induce inhibition of 

noradrenaline release from sympathetic neurones are second line antihypertensives. Recently, 

the presynaptic α2-adrenoceptor mediating an inhibition of noradrenaline release from 

sympathetic nerves at which these compounds act was subclassified as the α2A- and α2C- 

adrenoceptor (Altman et al., 1999). In addition, clonidine and other imidazolines have been 

suggested to modulate noradrenaline release via non I1-/non I2-presynaptic imidazoline 

binding sites, which were identified on the sympathetic axon terminals of rabbit, rat, guinea 

pig and human cardiovascular tissue (Göthert et al., 1999; Molderings and Göthert, 1999). In 

contrast, investigations by other authors revealed that these drugs inhibit noradrenaline release 

exclusively by activating prejunctional α2-adrenoceptors (Bohmann et al., 1994; Gaiser et al., 

1999). Whether or not imidazoline binding sites are involved (in addition to α2-adreno-

ceptors) in noradrenaline release may be dependent on stimulation conditions (Molderings et 

al., 1999a) and/or species differences (Molderings et al., 2000). 

Such results have been based mainly on in vitro studies appropriate for the identification of a 

drug’s presynaptic site of action. However, to what extent do such in vitro results apply in 

vivo? Studies in conscious and pithed rabbits have supported the view that central 

sympathetic inhibition is mediated only via α2-adrenoceptors (Urban et al., 1995; Bock et al., 

1999; Szabo et al., 1999). In pithed, spontaneously hypertensive rats (SHR) and rabbits, 

rilmenidine and moxonidine decreased the stimulated overflow of noradrenaline (Häuser et 

al., 1995; Urban et al., 1995; Szabo et al., 1999). Since imidazoline derivatives were still able 

to reduce noradrenaline overflow dose-dependently after rauwolscine pretreatment, an α2-

adrenoceptor-independent mechanism was suggested (Häuser et al., 1995). However, it seems 

not unlikely that clonidine, moxonidine or rilmenidine induce sympathetic inhibitory effects 

via α2-adrenoceptors even in the presence of rauwolscine, since this α2-blocker was 
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characterised to be a competitive antagonist (Bock et al., 1999), which would strengthen the 

idea of an imidazoline-binding-site-independent regulation of noradrenaline release. The best 

way to show in vivo whether imidazoline binding sites would have some impact in regulating 

noradrenaline release is to use α2-adrenergic receptor knockout (KO) mice (Hein, 2001). 

However, the residual α2-mediated effect in the α2A/D-KO mice suggests that the α2C-

adrenoceptor also functions as a presynaptic autoreceptor for inhibiting noradrenaline release 

(Altman et al., 1999). Since only the α2A/C-double KO mouse (an animal model which was not 

available to us) would serve as a suitable experimental tool to answer this question, we 

decided to overcome the limitation of a competitive blockade of α2-adrenoceptors by 

performing experiments on reduced noradrenaline overflow evoked by clonidine-like 

substances (e.g. moxonidine) under irreversible α2-adrenoceptor blockade in pithed SHR. 

This rat strain is a well established model of sympathetic hyperactivity, which represents 

another rationale for using SHR instead of mice. 

Using an irreversible blocker of α2-adrenoceptors (phenoxybenzamine) and a specific ligand 

for imidazoline binding sites (AGN192403), the aim of this study was to determine 1); 

whether imidazoline binding sites contribute to the moxonidine-induced modification of 

noradrenaline release in vivo, and if so 2); to specify the subtype of imidazoline binding sites 

involved in this effect. 
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Materials and methods 

Animal preparation: The present study was conducted according to the declaration of 

Helsinki, following the guidelines for the care and use of laboratory animals as adopted by the 

„Ministerium für Natur und Umwelt des Landes Schleswig Holstein, Deutschland“, animal 

protocol No: 9/A4/91. Male, spontaneously hypertensive rats (SHR, Charles River, Sulzfeld, 

Germany), weighing 200-250 g, were pithed under ether anaesthesia using a steel rod (1.5 

mm diameter) coated with enamel except for the length of the thoracolumbar spinal cord 

(Th4-Th12 segments) as described by (Gillespie and Muir, 1967). A steel cannula was 

inserted as an indifferent electrode into the dorsal subcutis located near the lumbar vertebral 

column. Both vagal nerves were cut at the neck, and neuromuscular junctions were blocked 

by d-tubocurarine (3 mg/kg). Polyethylene catheters were inserted into both femoral veins 

(PE-10) for drug administration and into both carotid arteries (PE-50) for measuring blood 

pressure and collecting blood samples. The polyethylene catheter (PE-50) which was inserted 

into the left carotid artery was connected to a Statham P23 Db pressure transducer (Hellige, 

Freiburg, Germany). Blood pressure and heart rate were recorded continuously and sampled 

digitally. 

 

Influence of moxonidine, efaroxan and idazoxan on blood pressure response: 

Dose-response curves for blood pressure were generated for moxonidine, efaroxan and 

idazoxan over concentrations ranging between 0.1 and 10000 µg/kg by cumulative bolus 

injections. The ED50‘s for moxonidine´s dose response curves were calculated. All subsequent 

stimulation experiments were performed using 3, 10 or 30 times the ED50 of moxonidine. 

 

Stimulation experiments: Electrical stimulation of the thoracolumbar portion of the spinal 

cord was performed at 10 V (1 ms pulse duration at 0.5 Hz for 3 min), applied via the pithing 
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rod. After preparation, pithed SHRs were allowed to recover until blood pressure and heart 

rate were constant. Prior to any stimulation, all rats were pretreated with desipramine (0.5 

mg/kg) to inhibit neuronal catecholamine uptake and, when appropriate, phenoxybenzamine 

(3 or 10 mg kg-1) to block α2-adrenoceptors. Depending on the protocol, pretreatment of SHR 

also included a short lasting infusion within 30 seconds of either efaroxan (0.1 or 1.0 mg/kg) 

or idazoxan (0.01 or 0.1 mg/kg). Thereafter, either moxonidine or solvent (as a control) were 

infused over 10 min. Seven minutes after starting the infusion, rats were stimulated for 3 min 

as described above. During the last 30 sec of stimulation, blood (1 ml) was sampled from the 

carotid artery. The loss in volume was compensated for by the infusion of HES (1 ml) over 5 

min. Before infusing a higher dose of moxonidine, animals were allowed to recover for at 

least 10 min. 

In another set of experiments, the influence of agmatine on noradrenaline overflow was 

tested. Wherever appropriate, animals were pretreated 10 min before agmatine infusion (6, 33 

or 60 mg/kg) either with phenoxybenzamine (10 mg/kg, infusion within 30 seconds) or 

AGN192403 (10 mg/kg, infusion within 30 seconds) in order to block α2-adrenoceptors or I1-

binding sites, respectively. Within the last 30 sec of the 2 min agmatine infusion, global 

sympathetic outflow (C7-L3) was induced by preganglionic electrical stimulation (20 V, 1 ms 

pulse duration at 0.5 Hz for 0.5 min) via the steel rod before blood (1 ml) was sampled for 

noradrenaline analysis. 

 

Noradrenaline determination: Blood samples were centrifuged at 4°C for preparing plasma. 

Plasma noradrenaline as an index of sympathetic overflow was measured by HPLC and 

electrochemical detection after plasma (350 µl) was adsorbed onto alumina in a TRIS-buffer 

system (700 µl: consisting of tris[hydroxy-methyl]aminomethane hydrochloride 1.5 M; 
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EDTA 68 mM; glutathione 3.6 mM) and eluted with 100 µl perchloric acid (0.1 M) using 

dihydroxybenzylamine (500 pg) as an internal standard. 

 

Substances: Moxonidine was a generous gift from Solvay (Hanover, Germany). Efaroxan, 

idazoxan and phenoxybenzamine were obtained from RBI (Natick, MA, USA), AGN192403 

(2-endo-amino-3-exo-isopropylbicyclo[2.2.1]heptane) was from Tocris (Bristol, United 

Kingdom) and agmatine, D-tubocurarine and desipramine were from Sigma (Deisenhofen, 

Germany). All other chemicals (HPLC or analytical grade) were purchased either from Sigma 

(Deisenhofen, Germany) or Merck (Darmstadt, Germany). 

 

Statistical analysis: Data shown in tables and figures are expressed as means ± SEM. ED50 

values were calculated by non-linear curve fitting (Graph Pad Prism, San Diego, USA). 

Statistical analysis was performed by one way analysis of variance (ANOVA) followed by 

appropriate post-hoc tests (Bonferroni´s Multiple Comparison test). A significance level of 

0.05 or less was considered to represent a statistically significant difference. 
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Results 

Effects of drugs on the blood pressure and heart rate of pithed SHR: 

In the following experiments, both diastolic and systolic blood pressure were monitored via a 

carotid catheter. Changes induced by various drugs were similar for diastolic and systolic 

blood pressure. For reasons of clarity, and because changes in blood pressure of pithed SHR 

are related more to peripheral resistance (which is reflected more by the diastolic blood 

pressure), only this parameter is depicted in the following figures. Dose-response curves of 

moxonidine, efaroxan and idazoxan were determined for their increasing effect on diastolic 

blood pressure (Fig. 1A): the ED50 values were 60±15, 28±9 and 16±9 µg/kg, respectively. 

The maximal increase (Emax) of diastolic blood pressure was 136±5 mmHg using moxonidine, 

but considerably less in the case of efaroxan (24±2 mmHg) or idazoxan (30±8 mmHg). The 

heart rate decreased slightly under moxonidine infusion, whereas efaraxon and idazoxan 

actually increased the heart rate slightly (Fig. 1B). All following stimulation experiments 

were performed using moxonidine doses 3, 10 and 30 times the ED50‘s leading to maximal or 

sub-maximal effects on blood pressure (slope of the moxonidine dose-response curve (nHill): 

1.53±0.16). 

 

Effectiveness of the phenoxybenzamine-induced α2-adrenoceptor blockade: 

In a further set of experiments in pithed SHR, the plasma noradrenaline concentration after 

electrical stimulation of preganglionic sympathetic nerves (designated as noradrenaline 

overflow in this and subsequent sections) was determined. Plasma noradrenaline 

concentrations after electrical stimulation without phenoxybenzamine pretreatment were 

95±8.4 pg/ml (Fig. 2A). These plasma noradrenaline levels were increased 5-6 fold after 

blocking α2-adrenoceptors with phenoxybenzamine (3 or 10 mg/kg). Higher phenoxybenz-

amine doses did not further increase noradrenaline overflow (Fig. 2A ). Evoked noradrenaline 
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overflow remained unchanged at the four stimulation periods (Fig. 2C). The stimulation-

evoked elevation of diastolic blood pressure without phenoxybenzamine pretreatment was 

16.5±2.7 mmHg and tended to decrease over the four stimulation periods (Fig. 2D). No 

stimulation-evoked elevation of diastolic blood pressure was observed in the experiments 

with phenoxybenzamine (3, 10, 30 mg/kg, Fig. 2B, D). Both findings, namely the lack of any 

further increase in noradrenaline overflow or blood pressure response when using 

phenoxybenzamine doses >10 mg/kg, clearly rule out the presence of any active α2-

adrenoceptors after phenoxybenzamine treatment. 

 

Influence of moxonidine on stimulated noradrenaline overflow: 

The electrically-stimulated plasma noradrenaline concentration without phenoxybenzamine 

treatment was 87.6±8.2 pg/ml (Fig. 3A), consistent with values (95.4±8.8 pg/ml) obtained 

from experiments where the dependency of plasma noradrenaline concentration on 

phenoxybenzamine dose was demonstrated (Fig. 2A). This level was almost halved by 

moxonidine under all dose regimes. The elevation of electrically-stimulated plasma 

noradrenaline levels under α2-adrenoceptor blockade was reduced by moxonidine dose-

dependently to values (96.4 pg/ml) similar to those observed in phenoxybenzamine and 

moxonidine free animals (87.6±8.2 pg/ml, Fig. 3A). Complete α2-adrenoceptor blockade was 

confirmed by the lack of blood pressure response, since the moxonidine- and stimulation-

dependent increase in diastolic blood pressure was completely attenuated in the presence of 

phenoxybenzamine (Fig. 3B). Under control conditions, moxonidine induced a dose-

dependent increase of diastolic blood pressure in pithed SHR compared to controls. The 

maximal increase was 86±15 mmHg after 1.8 mg/kg moxonidine. This increase was abolished 

by phenoxybenzamine. 
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Influence of efaroxan and idazoxan on the stimulated noradrenaline overflow: 

In the presence of phenoxybenzamine (10 mg/kg), the noradrenaline concentration after 

preganglionic electrical stimulation was 454±40 pg/ml; this was increased 3.7-, 4.7- and 6.1-

fold following efaroxan at 0.1, 1 and 3 mg/kg, respectively (Fig. 4). Idazoxan at 0.01, 0.1 

mg/kg had similar effects on stimulated noradrenaline overflow since electrically-stimulated 

noradrenaline plasma concentrations were increased by respective factors of 2 and 3 

compared to phenoxybenzamine controls (Fig. 4). The stimulation-evoked increase in 

diastolic blood pressure in the presence of phenoxybenzamine was 4.4±2.7 mmHg, and did 

not change in the presence of efaroxan or idazoxan. Heart rate (417 bpm in the absence of 

efaroxan or idazoxan) also remained unchanged after efaroxan or idazoxan treatment. 

 

Influence of moxonidine on noradrenaline overflow under blockade of α2-adrenoceptors and 

I1-binding sites: 

After administration of efaroxan (0.1 µg/kg) and phenoxybenzamine (10 mg/kg), the 

noradrenaline plasma concentration following electrical stimulation was 1728±65pg/ml, and 

this was markedly reduced by moxonidine compared to controls (Fig. 5A). SHR serving as 

time controls (pretreated with phenoxybenzamine and efaroxan, but not with moxonidine) 

showed almost constant noradrenaline plasma concentrations at control levels over the four 

stimulation periods (not depicted). When the efaroxan dosage was enhanced by a factor of 10 

to 1 mg/kg, the curve depicting the moxonidine-evoked reduction of plasma noradrenaline 

concentration was shifted upwards since values differed significantly from those achieved 

after low dosage efaroxan pretreatment (Fig. 5A). Blood pressure in all animals included in 

this protocol was not affected by efaroxan and moxonidine (Fig. 5B). 

Noradrenaline plasma concentrations after pretreatment with idazoxan (0.01 µg/kg) and 

phenoxybenzamine (10 mg/kg) and electrical stimulation were 905±80 pg/ml (Fig. 6A). These 
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plasma noradrenaline levels were not altered in time-matched controls during four stimulation 

periods within a total period of 80 min (not depicted). However, noradrenaline plasma 

concentrations were reduced by moxonidine to below 200 pg/ml (Fig. 6A). Similar to 

efaroxan experiments, the curves for moxonidine-induced reduction of noradrenaline plasma 

levels were shifted upwards when the idazoxan dosage (0.1 mg/kg) was increased (Fig. 6A). 

The blood pressure response also remained unaffected by idazoxan and/or moxonidine in 

these experiments (Fig. 6B). 

 

Influence of agmatine on the stimulated noradrenaline overflow: 

The last set of experiments on electrically-stimulated noradrenaline release in pithed SHR was 

performed using agmatine. In desipramine-free animals, agmatine (33 mg/kg) did not 

influence noradrenaline plasma concentrations on its own (187±35 pg/ml; not depicted), but 

did abolish the stimulated blood pressure increase (59.1±6.3 mmHg). In contrast, with 

desipramine/phenoxybenzamine (0.5/10 mg/kg) pretreated pithed SHR, the electrically-

stimulated plasma noradrenaline concentrations were elevated by a factor of 4.8 compared to 

basal levels (585±47 pg/ml). Under the same conditions, additional agmatine (6 and 60 

mg/kg) significantly reduced the stimulated noradrenaline plasma concentrations by 36% and 

51%, respectively (Fig. 7A). Blood pressure in controls was moderately decreased by 

phenoxybenzamine pretreatment and was not affected by agmatine at either dose applied (Fig 

7B). Heart rate was increased and not affected by agmatine (Fig. 7C). Using desipramine (0.5 

mg/kg) and AGN192403 (10 mg/kg), the basal noradrenaline plasma concentrations (151±21 

pg/ml) were approximately 1/4 of those seen with phenoxybenzamine pretreatment (Fig. 7A). 

Preganglionic stimulation increased noradrenaline overflow by a factor of 3 resulting in 

stimulated noradrenaline plasma levels which were only 15-20% of those observed with 

phenoxybenzamine pretreatment. In contrast to the phenoxybenzamine experiments, 
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stimulated plasma noradrenaline concentrations were unaffected by agmatine at both applied 

doses (Fig. 7A). Stimulation-evoked blood pressure increased dramatically in response to 

AGN192403 pretreatment (c. 100 mmHg), which was reduced tendentially by low dose, but 

significantly (73%) by high dose agmatine (Fig. 7B). Similar to phenoxybenzamine treatment, 

the stimulation-dependent increase in heart rate was not affected by AGN192403 (Fig. 7C). 
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Discussion 

Verification of an effective α2-blockade: 

In order to support the concept that imidazoline-binding sites play an important role in 

addition to α2-adrenoceptor in the control of sympathetic neurotransmission, experiments on 

noradrenaline overflow were performed in pithed SHR. From a methodological point of view, 

the efficacy of presynaptic adrenoceptor blockade with phenoxybenzamine was established in 

preliminary studies. The adequacy of α2-blockade was clearly demonstrated in our study, 

since noradrenaline overflow was not enhanced any further when phenoxybenzamine 

concentrations >10 mg/kg were applied. In addition, the absence of any stimulation-evoked 

elevation of blood pressure after 10 mg/kg phenoxybenzamine pretreatment is considered as 

evidence for a complete blockade of all α2-adrenoceptors, even though an increase in blood 

pressure due to noradrenaline release is attributed primarily to α1-adrenoceptors and 

postsynaptically located α2-adrenoceptors. Finally, moxonidine as an α2-agonist did not 

increase blood pressure in the presence of phenoxybenzamine in pithed rats (Fig. 4), which 

confirms the assumption that all α2-adrenoceptors were blocked by 10 mg/kg 

phenoxybenzamine. A limitation associated with using phenoxybenzamine is that some 

consider it as an inhibitor for imidazoline binding sites (Molderings et al., 1991). However, 

we feel convinced that phenoxybenzamine does not occupy all imidazoline binding sites, 

since the mixed α2-/I1-antagonists efaroxan and idazoxan are still able to increase 

noradrenaline release in its presence. 

 

Identification of an I1-dependent mechanism regulating the noradrenaline overflow: 

Even though all presynaptic α2-adrenoceptors were irreversibly blocked by 

phenoxybenzamine, moxonidine was still able to reduce noradrenaline overflow (Fig. 3A). 

Due to moxonidine´s affinity towards imidazoline binding sites (Ernsberger et al., 1993) and 
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its lack of affinity towards other receptors involved in regulating noradrenaline release 

(Wethmar U. et al., 2001), moxonidine´s diminishing effect on noradrenaline overflow must 

arise via interaction with imidazoline binding sites, as other in vitro studies have suggested 

(Göthert et al., 1999; Molderings and Göthert, 1999). However, this conclusion conflicts 

sharply with in vitro findings, i.e. that the I1-agonist moxonidine (unlike clonidine) inhibits 

noradrenaline release from sympathetic nerve terminals via presynaptic located α2-

adrenaoceptors and not via the non I1-/non I2-binding sites (Likungu et al., 1996).  

For excluding non-specific effects that may have been involved, confirming our moxonidine 

observations, and manifesting the likelihood of an I1-dependent mechanism in regulating 

noradrenaline overflow, we tested whether the mixed α2-/I1-antagonists efaroxan and 

idazoxan (Bock et al., 1999), that both counteract the hypotensive effects of moxonidine and 

rilmenidine (Ernsberger et al., 1990; Haxhiu et al., 1994), could reveal effects opposite to 

those of moxonidine. Continuing on with the moxonidine results, efaroxan as well as 

idazoxan (Fig. 4) increased noradrenaline overflow dose-dependently during α2-adrenoceptor 

blockade, strengthening the idea of antagonism between efaroxan and moxonidine at I1-

binding sites regarding noradrenaline release. Such a picture regarding noradrenaline release 

is paralleled when focussing on presynaptic α2-adrenoceptors: a stimulation for example by 

the agonist moxonidine causes a decrease, whereas an inhibition by rauwolscine or 

phenoxybenzamine increases noradrenaline release (Häuser et al., 1995). However, our 

findings differ from in-vitro findings in that the electrically-evoked 3H-noradrenaline 

overflow in the presence of phenoxybenzamine or rauwolscine was either diminished 

(Göthert and Molderings, 1991; Molderings et al., 1997) or remained unchanged (Molderings 

and Göthert, 1998), a fact suggesting different modes/sites of action in in-vivo and in-vitro 

situations (see above for discussion).  
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Consistent with the perplexing findings with moxonidine and efaroxan regarding 

noradrenaline overflow, moxonidine markedly diminished the efaroxan- or idazoxan-evoked 

increases in stimulated plasma noradrenaline concentration even under α2-blockade (Fig 5A, 

6A). The specificity of this observation is emphasised by the fact that the moxonidine-induced 

reduction of stimulated noradrenaline overflow was affected differently by using two doses of 

efaroxan and idazoxan. This reconfirms the proposed antagonism between moxonidine and 

idazoxan or efaroxan concerning their actions at I1-binding sites (as suggested by others) and 

its regulating influence regarding noradrenaline release (Chu et al., 1997) or central blood 

pressure control (Ernsberger et al., 1990; Haxhiu et al., 1994).  

In order to strengthen the putative role of imidazoline binding sites in noradrenaline release in 

our in vivo model, agmatine, an endogenous ligand for imidazoline binding sites (Li et al., 

1994; Raasch et al., 2001), was investigated regarding its potency in regulating noradrenaline 

overflow. Electrical stimulation caused an elevation of plasma noradrenaline in phenoxy-

benzamine or AGN192403 pretreated animals, and which was reflected in both experiments 

as an increase in heart rate. The magnitude of noradrenaline overflow in the presence of 

AGN192403 was clearly lower than that induced by α2-blockade. However, this is consistent 

with other findings (Munk et al., 1996), where AGN192403 was first characterised as an I1-

ligand without any intrinsic activity. Noradrenaline overflow was markedly decreased by 

agmatine when α2-adrenoceptors were blocked, clearly emphasising the relevancy of 

imidazoline binding sites. Confirming this mode of action, noradrenaline overflow was not 

affected by agmatine in the presence of AGN192403, since imidazoline binding sites were 

blocked and agmatine itself only had a low affinity towards α2-adrenoceptors (Li et al., 1994). 

After injection of AGN192403, a pronounced stimulation-evoked blood pressure increase 

could be observed, which was blunted by phenoxybenzamine due to α1/2-blockade. In 

AGN192403-treated animals, agmatine reduced the stimulation-dependent blood pressure 
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increase only at a high concentration, probably as a consequence of an interaction with a 

vascular I3-binding site that was recently shown to regulate vasoconstriction (Minyan et al., 

2001). Our findings regarding agmatine´s influence on noradrenaline overflow reinforce the 

I1-binding site-mediated mechanism. 

 

Probable mechanisms underlying the changes in stimulated noradrenaline overflow: 

Since our results clearly reveal an imidazoline binding site-dependent mechanism for 

regulating the stimulated noradrenaline overflow, it remained to be seen what imidazoline 

binding site subtype was involved in noradrenaline release. From our data on moxonidine, 

efaroxan and AGN192403, we have clear evidence that I1-binding sites might be involved. 

This conflicts sharply with in vitro findings, whereby the presynaptically located nonI1-/ 

nonI2-imidazoline binding site was characterised as regulating the release of noradrenaline as 

an autoreceptor (Molderings et al., 1991; Molderings and Göthert, 1995). This discrepancy 

indicates that the non I1-/non I2-binding sites are presumably not involved in mediating the in 

vivo observations seen in this study, a hypothesis which is also confirmed by effects seen with 

efaroxan and idazoxan, which were classified as agonists for the non I1-/non I2-binding site by 

Göthert et al. (Göthert and Molderings, 1991; Molderings et al., 1997), but which showed 

antagonistic features in our experiments and elsewhere (Chu et al., 1997). 

So where are the I1-binding sites that appear to be involved located? Firstly, a ganglionic 

effect can be hypothesised, since I1-binding sites are present at the cell bodies of sympathetic 

ganglia and adrenal medulla (Molderings et al., 1993). In addition, the observed effects of 

agmatine may also be due to a ganglionic effect, since 1.) agmatine suppresses the nicotinic-

cholinergic transmission in sympathetic ganglia due to a blockade of nicotine at the nAch-

receptor (Quik, 1985; Loring, 1990) and since 2.) it was shown that ganglionic excitation con-

tributes markedly to catecholamine release in a whole animal model (Dendorfer et al., 2002). 
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However, some results have characterised the I1-binding sites as an excitatory binding site, 

since it releases atrial natriuretic peptide (Gutkowska et al., 1997; Mukaddam-Daher et al., 

1997) and prostaglandins (Ernsberger et al., 1995). If this is right, activation of such receptors 

would evoke an increase in noradrenaline release rather than a decrease as was found in this 

study. In view of this, another hypothetical mechanism may involve an effect on noradren-

aline release mediated via I1-binding sites. Since stimulation of ganglionic I1-binding sites 

releases prostaglandins (Ernsberger et al., 1995) and histamine (Molderings et al., 1999b), 

which were both shown to diminish noradrenaline release from the sympathetic nerves of 

cardiovascular and other tissues (Levi and Smith, 2000; Starke and Montel, 1973), it is likely 

that agmatine reduces noradrenaline overflow via such an indirect mechanism. Finally, 

nicotine was shown to increase catecholamine release by activating nicotinic acetylcholine 

(nAch) receptors localised on peripheral postganglionic sympathetic nerve endings and in the 

adrenal medulla (Anden et al., 1986). It therefore seems feasible that agmatine reduces 

ganglionic, cholinergically-evoked noradrenaline release (Yokotani et al., 2000), since 

agmatine inhibits nicotinic-cholinergic transmission in sympathetic ganglia (Loring, 1990). 

Clonidine´s potency at inhibiting an I1-binding site-mediated activation of nicotinic channels 

confirms this hypothesis (Musgrave et al., 1995). However, all these indirect mechanisms 

must be confirmed/excluded by further studies involving H3- and nAch-receptor antagonists 

or cyclooxygenase inhibitors. 

 

In summary, we have demonstrated in vivo that imidazoline binding sites participate in nor-

adrenaline release whereby our data indicate an I1-binding site-mediated mechanism. Whether 

these I1-binding sites are located presynaptically on the sympathetic nerve terminals seems 

doubtful considering findings from isolated preparation experiments. Whether an interaction 

with the ganglionic cholinergic, the histaminergic or the prostaglandin system contributes to 

the I1-binding site-mediated noradrenaline release needs to be clarified in future studies..

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 19  

 

Acknowledgements 

The authors would like to thank Dr. J.P. Keogh for his linguistic assistance in preparing the 

manuscript and Mrs Kaiser for her technical assistance. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 20  

 

References 

 

Altman JD, Trendelenburg AU, MacMillan L, Bernstein D, Limbird L, Starke K, Kobilka 

BK, and Hein L (1999) Abnormal regulation of the sympathetic nervous system in 

alpha2A- adrenergic receptor knockout mice. Mol.Pharmacol 56:154-161. 

Anden NE, Grabowska-Anden M, and Klaesson L (1986) Stimulation of the synthesis of 

catecholamines in a sympathetic ganglion via cholinergic and non-cholinergic 

mechanisms. Naunyn Schmiedebergs Arch.Pharmacol 333:17-22. 

Bock C, Niederhoffer N, and Szabo B (1999) Analysis of the receptor involved in the central 

hypotensive effect of rilmenidine and moxonidine. Naunyn Schmiedebergs 

Arch.Pharmacol 359:262-271. 

Bohmann C, Schollmeyer P, and Rump LC (1994) Effects of imidazolines on noradrenaline 

release in rat isolated kidney. Naunyn Schmiedebergs Arch.Pharmacol 349:118-124. 

Chu TC, Socci RR, Ogidigben MJ, and Potter DE (1997) Potential mechanisms of 

moxonidine-induced ocular hypotension: role of norepinephrine. J.Ocul.Pharmacol Ther. 

13:489-496. 

Dendorfer A, Thornagel A, Raasch W, Grisk O, Tempel K, and Dominiak P (2002) 

Angiotensin II induces catecholamine release by direct ganglionic excitation. Hypertension 

40:348-354. 

Ernsberger P, Damon TH, Graff LM, Schafer SG, and Christen MO (1993) Moxonidine, a 

centrally acting antihypertensive agent, is a selective ligand for I1-imidazoline sites. 

J.Pharmacol Exp.Ther. 264:172-182. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 21  

 

Ernsberger P, Giuliano R, Willette RN, and Reis DJ (1990) Role of imidazole receptors in the 

vasodepressor response to clonidine analogs in the rostral ventrolateral medulla. 

J.Pharmacol Exp.Ther. 253:408-418. 

Ernsberger P, Graves ME, Graff LM, Zakieh N, Nguyen P, Collins LA, Westbrooks KL, and 

Johnson GG (1995) I1-imidazoline receptors. Definition, characterization, distribution, and 

transmembrane signaling. Ann.N.Y.Acad.Sci. 763:22-42. 

Gaiser EG, Trendelenburg AU, and Starke K (1999) A search for presynaptic imidazoline 

receptors at rabbit and rat noradrenergic neurones in the absence of alpha 2-autoinhibition. 

Naunyn Schmiedebergs Arch.Pharmacol 359:123-132. 

Gillespie JS and Muir TC (1967) A method of stimulating the complete sympathetic outflow 

from the spinal cord to blood vessels in the pithed rat. Br.J.Pharmacol 30:78-87. 

Göthert M, Bruss M, Bonisch H, and Molderings GJ (1999) Presynaptic imidazoline 

receptors. New developments in characterization and classification. Ann.N.Y.Acad.Sci. 

881:171-184. 

Göthert M and Molderings GJ (1991) Involvement of presynaptic imidazoline receptors in the 

alpha 2- adrenoceptor-independent inhibition of noradrenaline release by imidazoline 

derivatives. Naunyn Schmiedebergs Arch.Pharmacol 343:271-282. 

Gutkowska J, Mukaddam-Daher S, and Tremblay J (1997) The peripheral action of clonidine 

analog ST-91: involvement of atrial natriuretic factor. J.Pharmacol Exp.Ther. 281:670-

676. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 22  

 

Häuser W, Gutting J, Nguyen T, and Dominiak P (1995) Influence of imidazolines on 

catecholamine release in pithed spontaneously hypertensive rats. Ann.N.Y.Acad.Sci. 

763:573-579. 

Haxhiu MA, Dreshaj I, Schafer SG, and Ernsberger P (1994) Selective antihypertensive 

action of moxonidine is mediated mainly by I1-imidazoline receptors in the rostral 

ventrolateral medulla. J.Cardiovasc.Pharmacol. 24 Suppl 1:S1-S8. 

Hein L (2001) Transgenic models of alpha 2-adrenergic receptor subtype function. 

Rev.Physiol Biochem.Pharmacol 142:161-185. 

Levi R and Smith NC (2000) Histamine H(3)-receptors: a new frontier in myocardial 

ischemia. J.Pharmacol Exp.Ther. 292:825-830. 

Li G, Regunathan S, Barrow CJ, Eshraghi J, Cooper R, and Reis DJ (1994) Agmatine: an 

endogenous clonidine-displacing substance in the brain [see comments]. Science 263:966-

969. 

Likungu J, Molderings GJ, and Göthert M (1996) Presynaptic imidazoline receptors and alpha 

2-adrenoceptors in the human heart: discrimination by clonidine and moxonidine. Naunyn 

Schmiedebergs Arch.Pharmacol 354:689-692. 

Loring RH (1990) Agmatine acts as an antagonist of neuronal nicotinic receptors. 

Br.J.Pharmacol 99:207-211. 

Minyan W, Dunn WR, Blaylock NA, Chan SL, and Wilson VG (2001) Evidence for a non-

adrenoceptor, imidazoline-mediated contractile response to oxymetazoline in the porcine 

isolated rectal artery. Br.J.Pharmacol 132:1359-1363. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 23  

 

Molderings GJ, Bonisch H, Bruss M, Likungu J, and Göthert M (2000) Species-specific 

pharmacological properties of human alpha(2A)- adrenoceptors. Hypertension 36:405-410. 

Molderings GJ and Göthert M (1995) Inhibitory presynaptic imidazoline receptors on 

sympathetic nerves in the rabbit aorta differ from I1- and I2-imidazoline binding sites. 

Naunyn Schmiedebergs Arch.Pharmacol 351:507-516. 

Molderings GJ and Göthert M (1998) Presynaptic imidazoline receptors mediate inhibition of 

noradrenaline release from sympathetic nerves in rat blood vessels. 

Fundam.Clin.Pharmacol 12:388-397. 

Molderings GJ and Göthert M (1999) Imidazoline binding sites and receptors in 

cardiovascular tissue. Gen.Pharmacol 32:17-22. 

Molderings GJ, Hentrich F, and Göthert M (1991) Pharmacological characterization of the 

imidazoline receptor which mediates inhibition of noradrenaline release in the rabbit 

pulmonary artery. Naunyn Schmiedebergs Arch.Pharmacol 344:630-638. 

Molderings GJ, Likungu J, and Göthert M (1999a) Presynaptic cannabinoid and imidazoline 

receptors in the human heart and their potential relationship. Naunyn Schmiedebergs 

Arch.Pharmacol 360:157-164. 

Molderings GJ, Likungu J, Jakschik J, and Göthert M (1997) Presynaptic imidazoline 

receptors and non-adrenoceptor [3H]-idazoxan binding sites in human cardiovascular 

tissues. Br.J.Pharmacol 122:43-50. 

Molderings GJ, Menzel S, and Göthert M (1999b) Imidazoline derivatives and agmatine 

induce histamine release from the rat stomach. Naunyn Schmiedebergs Arch.Pharmacol 

360:711-714. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 24  

 

Molderings GJ, Moura D, Fink K, Bonisch H, and Göthert M (1993) Binding of 

[3H]clonidine to I1-imidazoline sites in bovine adrenal medullary membranes. Naunyn 

Schmiedebergs Arch.Pharmacol 348:70-76. 

Mukaddam-Daher S, Lambert C, and Gutkowska J (1997) Clonidine and ST-91 may activate 

imidazoline binding sites in the heart to release atrial natriuretic peptide. Hypertension 

30:83-87. 

Munk SA, Lai RK, Burke JE, Arasasingham PN, Kharlamb AB, Manlapaz CA, Padillo EU, 

Wijono MK, Hasson DW, Wheeler LA, and Garst ME (1996) Synthesis and 

pharmacologic evaluation of 2-endo-amino-3-exo- isopropylbicyclo[2.2.1]heptane: a 

potent imidazoline1 receptor specific agent. J.Med.Chem. 39:1193-1195. 

Musgrave IF, Krautwurst D, Hescheler J, and Schultz G (1995) Clonidine and cirazoline 

inhibit activation of nicotinic channels in PC-12 cells. Ann.N.Y.Acad.Sci. 763:272-282. 

Quik M (1985) Inhibition of nicotinic receptor mediated ion fluxes in rat sympathetic ganglia 

by BGT II-S1 a potent phospholipase. Brain Res. 325:79-88. 

Raasch W, Schafer U, Chun J, and Dominiak P (2001) Biological significance of agmatine, an 

endogenous ligand at imidazoline binding sites. Br.J.Pharmacol 133:755-780. 

Starke K and Montel H (1973) Sympathomimetic inhibition of noradrenaline release: 

mediated by prostaglandins? Naunyn Schmiedebergs Arch.Pharmacol 278:111-116. 

Szabo B, Bock C, Nordheim U, and Niederhoffer N (1999) Mechanism of the 

sympathoinhibition produced by the clonidine-like drugs rilmenidine and moxonidine. 

Ann.N.Y.Acad.Sci. 881:253-264. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 25  

 

Urban R, Szabo B, and Starke K (1995) Involvement of peripheral presynaptic inhibition in 

the reduction of sympathetic tone by moxonidine, rilmenidine and UK 14304. 

Eur.J.Pharmacol 282:29-37. 

Wethmar U., Raasch W, Dendorfer A., and Dominiak P (2001) Interactions of ligands at 

angiotensin II-receptors and imidazoline receptors. Jap.J.Pharmacol. 85:167-174. 

Yokotani K, Wang M, Okada S, Murakami Y, and Hirata M (2000) Characterization of 

nicotinic acetylcholine receptor-mediated noradrenaline release from the isolated rat 

stomach. Eur.J.Pharmacol 402:223-229. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 26  

 

Footnotes 
 

Address reprint requests to: 

 

Walter Raasch, Ph.D 

Institute of Experimental and Clinical Pharmacology and Toxicology,  

Medical University of Lübeck, Germany 

Ratzeburger Allee 160, 23538 Lübeck, Germany 

phone: ++49-451-5002698, fax: ++49-451-5003327, e-mail: raasch@medinf.mu-luebeck.de 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 27  

 

Legends 

Fig. 1. Dose response curves of moxonidine (�), efaroxan (Ï) and idazoxan (�) on diastolic 

blood pressure (DBP, panel A) and heart rate (panel B) in pithed spontaneously hypertensive 

rats. Values are expressed as means ± SEM of 8-10 experiments, * p < 0.05, versus controls  

 

Fig. 2. Influence of the phenoxybenzamine dosage on plasma noradrenaline overflow (A) and 

stimulation-dependent increase in diastolic blood pressure (DBP; B) in pithed SHR. C: 

Influence of 4 stimulation periods (10 V, 0.5 Hz, 1 ms, 3 min) on plasma noradrenaline 

overflow (C) and DBP (D) in the absence of phenoxybenzamine (�) or after pretreatment 

with 3 (n) or 10 (l) mg/kg of the drug. Values are expressed as means±SEM of 8-10 

experiments, * p<0.05, compared to phenoxybenzamine-free controls. † p<0.05, compared to 

phenoxybenzamine  3 mg/kg 

 

Fig. 3. Influence of moxonidine on stimulated plasma noradrenaline concentrations (PNA; 10 

V, 0.5 Hz, 1 ms, 3 min; A) and stimulation-evoked elevation of diastolic blood pressure 

(DBP; B) in the absence (�) or presence of 10 mg/kg (l) phenoxybenzamine. Values are 

expressed as means±SEM of 8-10 experiments, * p<0.05, compared to moxonidine-free 

controls, † p < 0.05, compared to phenoxybenzamine-treated animals.  

 

Fig. 4. Influence of efaroxan (�) and idazoxan (l) on the stimulation-dependent (10 V, 0.5 

Hz, 1 ms, 3 min) plasma noradrenaline concentrations (PNA) in pithed SHR which were 

pretreated with desipramine (0.5 mg/kg) and phenoxybenzamine (10 mg/kg). Values are 

expressed as means±SEM. of 5-10 experiments, * p < 0.05, versus control. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 25, 2002 as DOI: 10.1124/jpet.102.044966

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
 
 

 28  

 

Fig. 5. Influence of moxonidine on electrically (10 V, 0.5 Hz, 1 ms, 3 min) stimulated plasma 

noradrenaline concentrations (PNA; panel A) and the stimulation-evoked elevation of 

diastolic blood pressure (DBP, panel B) in pithed SHR after treatment with efaroxan (0.1 

mg/kg, Ï or 1 mg/kg, ◊) and phenoxybenzamine (10 mg/kg). Values are expressed as 

means±SEM of 5-10 experiments; * p < 0.05 compared to moxonidine-free controls, † p < 

0.05 compared to low dose (0.1 mg/kg) efaroxan. 

 

Fig. 6. Influence of moxonidine on electrically (10 V, 0.5 Hz, 1 ms, 3 min)-stimulated plasma 

noradrenaline concentrations (PNA, panel A) and the stimulation-evoked elevation of 

diastolic blood pressure (DBP, panel B) in pithed SHR after treatment with idazoxan (0.01 

mg/kg; Ï or 0.1 mg/kg; ◊) and phenoxybenzamine (10 mg/kg). Values are expressed as 

means±SEM of 8-10 experiments; * p < 0.05 compared to moxonidine-free controls, † p < 

0.05 compared to low dose idazoxan (0.01 mg/kg). 

 

Fig. 7. Influence of agmatine on plasma noradrenaline concentration (PNA, A), diastolic 

blood pressure (DBP, B) and heart rate (C) in the presence (filled symbols) or absence (open 

symbols) of preganglionic stimulation (20 V, 0.5 Hz, 1 ms, 0.5 min) in pithed SHR, which 

were pretreated either with desipramine/phenoxybenzamine (0.5/10 mg/kg; circles) or 

desipramine/AGN192403 (0.5/10 mg/kg; squares). Values are expressed as means±SEM of 8-

10 experiments, * p<0.05 compared to unstimulated agmatine-free controls, † p<0.05 

compared to stimulated agmatine-free controls. 
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