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Summary .  Sympathoadrenal inhibition by a direct action 
within the central nervous system is an advantageous route 
to blood pressure control. Stimulation of brain oLz-adrenergic 
receptors is one mechanism for sympathoadrenal suppres- 
sion, but comes at the cost of nonspecific depression of CNS 
function, including sedation and decreased salivary flow. Evi- 
dence is accumulating for a second pathway for pharmaco- 
logical control of sympathoadrenal outflow, mediated by a 
novel receptor specific for imidazolines. First-generation cen- 
tral antihypertensive agents, which are imidazolines such 
as clonidine, act primarily to stimulate these II-imidazoline 
receptors in the rostral ventrolateral medulla oblongata 
(RVLM) to lower blood pressure, but have sufficient agonism 
at a2-adrenergic receptors to produce side effects. Second- 
generation centrally acting antihypertensive agents, such as 
moxonidine and rilmenidine, are selective for Ix relative to 
az receptors. The reduced a z potency of these agents corre- 
lates with reduced severity of side effects. In this study we 
further established the selectivity of moxonidine for 11- 
imidazoline sites by characterizing the direct interaction of 
[alt]moxonidine with these receptors in the RVLM and in 
adrenomedullary chromaffin cells. [3H]Moxonidine preferen- 
tially labeled Ii-imidazoline sites relative to ,~2-adrenergic 
sites, only a small portion of which were labeled in the 
RVLM. [~I]Moxonidine binding to Ii-imidazoline sites was 
modulated by guanine nucleotides, implying that ll-imid- 
azoline sites may be membrane receptors coupled to gua- 
nine nucleotide binding regulatory proteins (G proteins). Re- 
ceptor autoradiography with [lzSI]p-iadoclonidine confirmed 
the presence of Ii-imidazoline sites in the RVLM and other 
areas of the brainstem reticular formation. In contrast, a2- 
adrenergic sites were mainly localized to the nucleus of the 
solitary tract. Moxonidine selectively displaced [125I]p- 
iodoclonidine binding from reticular areas, including the 
RVLM. In vivo studies in SHR rats confirmed the ability of 
moxonidine to normalize hypertension by an action within 
the RVLM and confirmed the correspondence of Il binding 
affinity and antihypexteusive efficacy. We also discuss prior 
literature on the cardiovascular pharmacology of imidazo- 
lines, reinterpreting previous studies that only considered 
alpha-adrenergic mechanisms. 
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Direct  inhibition of the sympathetic nervous system 
is an advantageous avenue for controlling hyperten- 
sion. Many peripherally acting agents elicit over- 
production of catecholamines as a compensatory re- 
sponse. Excess catecholamines have undesirable 
effects independent of elevations in blood pressure, by 
directly promoting cardiac hypertrophy, arrhythmias, 
and vascular disease (see Julius, this volume). Excess 
sympathetic activity can also affect the kidney and 
compromise renal perfusion [1,2]. Thus sympathetic 
overactivity may contribute to hypertensive renal 
disease. Significantly, long-term treatment with the 
centrally acting antihypertensive agent moxonidine 
attenuates glomerulopathy in spontaneously hyper- 
tensive rats [3]. Furthermore, sympathetic nervous 
system stimulation decreases glucose tolerance and 
may exacerbate adult-onset diabetes. Thus, extended 
treatment with direct-acting sympatholytic agents 
may ameliorate not only hypertension but also associ- 
ated chronic diseases. 

Agents that act within the central nervous system 
to inhibit sympathetic nervous system activity are 
well established worldwide [4]. The first generation of 
these agents, clonidine and c~-methyldopa, have fallen 
out of use due to a high incidence of side effects, such 
as sedation and dry mouth. Extensive efforts to sepa- 
rate the vasodepressor actions from sedative effects 
were unsuccessful. Guanabenz and guanfacine were 
developed as more potent and selective a2-agonists, 
and indeed in binding studies they show 3- to 10-fold 
higher affinity at a2-adrenergic receptors than cloni- 
dine, yet they are up to 10-fold less potent than cloni- 
dine as antihypertensive agents and elicit the same 
profile of side effects [4,5]. 

The probable site of the central vasodepressor ac- 
tion of imidazolines such as clonidine is the rostral 
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ventrolateral medulla oblongata (RVLM) [6,7]. Mi- 
croinjection of minute doses of clonidine into the 
RVLM, but not into other cardiovascular regions such 
as the nucleus tractus solitarii (NTS), reproduces the 
depressor action of systemic clonidine. The first direct 
evidence for a nonadrenergic action of imidazolines 
was that cirazoline, an imidazoline a2-antagonist, 
showed a clonidine-like vasodepressor action when 
microinjected into the RVLM [8]. In contrast, ~- 
methylnorepinephrine, a potent a2-agonist that lacks 
an imidazoline ring, had no effect on blood pressure. 
These findings led to the proposal that the vasode- 
pressor action of clonidine within the RVLM was me- 
diated not by a2-adrenergic receptors, but by a novel 
receptor specific for imidazolines [8]. 

In cell membranes from the RVLM of bovine 
brain, clonidine binds not only to a2-receptors, but 
also to a novel class of sites that selectively bind im- 
idazolines and imidazoles [9-13]. Non-imidazoline ad- 
renergic agents, including agonists such as epineph- 
rine and antagonists such as SK&F86466, inhibit no 
more than two thirds of the specific binding of 
[3H]clonidine or its analogs, while the remaining one 
third of the binding is selectively inhibited by imidaz- 
oles lacking adrenergic potency, including cimetidine. 
These nonadrenergic [SH]clonidine sites bind certain 
imidazoles (two double bonds in a five-membered ring) 
and imidazolines (one double bond) with high affinity, 
and were thus termed imidazole binding sites [9]. 
More recently, it has become clear that there are sub- 
types of these receptors, some of which recognize imid- 
azolines but not imidazoles [14-16]. Thus it appears 
more appropriate to use the term imidazoline sites to 
refer to both subtypes. Relative to the imidazoline 
recognition sites labeled with [3H]clonidine, the sites 
labeled by [3H]idazoxan show 100-fold lower affinity 
for clonidine and do not recognize imidazoles [14-19]. 
Unlike the nonadrenergic sites labeled by [SH]cloni- 
dine, [3H]idazoxan sites show high affinity for guani- 
dines and thus have been termed imidazoline- 
guanadinium receptive sites [14,17,18,20]. We have 
proposed the terminology of/1- and I~-imidazoline 
sites for the binding sites labeled by [SH]clonidine and 
[SH]idazoxan, respectively [21-23], and these terms 
were recently adopted by consensus [16]. I2-Imid- 
azoline sites have negligible affinity for moxonidine 
(K i > 0.1 mM) [24,25]. 

I1-Imidazoline binding sites have been described in 
the medulla oblongata of cow [9-13], rat [23,26], and 
human [11] medulla. Brain Ii-imidazoline sites are 
probably expressed by neurons, because they are ab- 
sent in primary cultures of glia [27]. Ii-Imidazoline 
sites have also been characterized in the peripheral 
nervous system, including adrenomedullary chro- 
maffin cells and the carotid body [12,28], and in clo- 
nal neuron-like cell lines, such as NG108-15 neuro- 
blastoma-glioma [29] and PC12 cells [30]. Independent 
replication of many of the key findings supporting the 

existence of Ii-imidazoline receptors have been re- 
ported by laboratories on four continents. For exam- 
ple, the basic findings characterizing imidazoline re- 
ceptors in bovine RVLM have been replicated and 
extended to the human RVLM [11]. Other reports 
characterize binding sites in rat brain [26] and human 
platelets [31] that appear indistinguishable from 11- 
imidazoline sites of bovine RVLM. 

Ii-Imidazoline sites in the RVLM probably repre- 
sent functional receptors, since the affinity of cloni- 
dine analogs is strongly correlated with their vasode- 
pressor potency when microinjected into this region ~ 
at a standard 1 nM dose [7,13]. In contrast, a2- 
adrenergic affinity fails to correlate with vasodepres- 
sor action. Efficacy at ~2-receptors is also unrelated 
to vasodepression, since partial agonists such as cloni- 
dine and p-aminoclonidine elicit larger responses than 
full agonists such as epinephrine. Furthermore, mi- 
croinjection of the potent a2-antagonist SK&F86466 
into the RVLM following administration of clonidine 
into the same site fails to reverse its effects, indicating 
that a2-blockade does not alter the action of clonidine 
[13]. In contrast, idazoxan, an antagonist with high 
affinity at imidazoline receptors, when microinjected 
into the RVLM rapidly reverses the vasodepressor 
action of clonidine [13]. Furthermore, idazoxan or 
efaroxan microinjected into the RVLM prevents the 
vasodepressor action of intravenous rilmenidine or 
moxonidine but SK&F86466 is inactive [32,33]. 

In order to characterize the putative Ii-imidazoline 
receptor at the cellular level, we sought to develop an 
in vitro cell model that lacked the complex intercellu- 
lar influences that dominate the central nervous sys- 
tem. Ii-Imidazoline binding sites have recently been 
characterized in adrenomedullary chromaffin cells 
[22,34-37]. [3H]Clonidine binding to chromaffm cell 
membranes can be displaced by compounds that bind 
to brainstem Ii-imidazoline sites, but not by epineph- 
rine, SK&F86466, or other non-imidazoline a- 
adrenergic agents. Thus clonidine binds to I1- 
imidazoline but not to a2-adrenergic receptors on 
adrenomedullary chromaffin cells. Chromaffin cell 11- 
receptors may be functional. Clonidine inhibits the re- 
lease of catecholamines, ATP, and leu-enkephalin 
from adrenomedullary chromaffin cells in culture, and 
these effects are not mediated by adrenergic recep- 
tors [38-41]. The action of clonidine is not mimicked 
by non-imidazolines, including epinephrine, norepi- 
nephrine, or phenylephrine, but imidazolines such as 
naphazoline and oxymetazoline elicit clonidinelike ef- 
fects. Clonidine's effects on adrenomedullary chro- 
marlin cells cannot be reversed by non-imidazoline 
alpha-antagonists, such as yohimbine and phenoxy- 
benzamine. Phentolamine and tolazoline, alpha- 
antagonists that bind to Ii-imidazoline sites, have a 
clonidine-like action. The effect of imidazolines ap- 
pears to be mediated by a receptor coupled to a G- 
protein, since it can be blocked with pertussis toxin 
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[40]. In cultured chromaffm cells, clonidine also in- 
duces expression of mRNA for phenylethanolamine- 
N-methyltransferase, the synthetic enzyme for epi- 
nephrine [36]. The action of clonidine is mimicked by 
Ii-imidazoline agonists but not by non-imidazoline ad- 
renergic agonists [36]. The profile for enzyme mRNA 
induction or the suppression of catecholamine secre- 
tion is similar to the order of potency at Ii-imidazoline 
sites, implicating Ii-imidazoline receptors in these re- 
sponses. II-imidazoline receptors may regulate adre- 
nomedullary secretion in vivo. In spontaneously hy- 
pertensive rats (SHR) rats, clonidine suppressed 
catecholamine secretion elicited by stimulation of the 
cut end of the splanchnic nerve, showing a direct ac- 
tion on the adrenal medulla [42]. The inhibitory effect 
of clonidine was not mediated by changes in adrenal 
blood flow. These studies imply that 11 receptors may 
regulate adrenal catecholamine release. 

The transmembrane signaling pathway in chromaf- 
fin cells coupling Ii-imidazoline receptors to the inhibi- 
tion of catecholamine release is unknown, but cyclic 
nucleotides and inositol phospholipid metabolism ap- 
pear not to be involved [43]. Inhibition of adrenal cate- 
cholamine release may contribute to the antihyperten- 
sive actions of this family of agents. Moxonidine and 
another Ii-selective antihypertensive, rilmenidine, 
have both been shown to elicit persistent reductions 
in circulating levels of epinephrine [44,45]. This effect 
might contribute at least in part to the antihyperten- 
sive action of these agents. 

The endogenous ligand for imidazoline receptors is 
unknown. The catecholamines can be excluded, since 
they do not bind to these sites. Histamine is an imidaz- 
ole neurotransmitter, but the pharmacological pro- 
file of 11 sites is distinct from that of histamine H1, 
H2, or H s receptors. For example, potent histamin- 
ergic agents lacking an imidazole ring, including ra- 
nitidine, dimaprit, lupitidine, tiotidine, and prometh- 
azine, show no binding activity at Ii-imidazoline sites 
(Ernsberger, unpublished). Furthermore, histamine- 
containing cell bodies and terminals are absent from 
the RVLM [46,47]. The probable endogenous ligand 
at imidazoline receptors is a clonidine-displacing sub- 
stance (CDS) isolated from brain and originally de- 
scribed as an endogenous aipha-agonist [48]. CDS is 
a competitive inhibitor at both imidazoline and a2- 
adrenergic sites, but exhibits 30-fold higher affinity 
for imidazoline sites [10,29,37]. CDS may be structur- 
ally related to clonidine, since it cross-reacts with anti- 
clonidine antibodies [49-52]. Several laboratories 
have major initiatives dedicated to purifying and iden- 
tifying this substance [16]. 

In recent studies we determined the selectivity of 
moxonidine for Ii-imidazoline receptors in different 
species and tissues [35], and characterized its physio- 
logical actions within the rostral ventrolateral medulla 
(RVLM), the brainstem site of action for clonidine and 
rilmenidine. In RVLM membranes, moxonidine was 

70-fold selective for the I1 component of [3H]clonidine 
binding relative to the a2 component. In the rat renal 
medulla, moxonidine showed greater than 600-fold se- 
lectivity for renal Ii-imidazoline sites relative to the 
a2B-adrenergic subtype. The high affinity of moxoni- 
dine for 11 sites was confirmed by using membranes 
prepared from bovine adrenomedullary chromaffin 
cells, which lack a2 receptors. 

Specific nonadrenergic binding sites have been la- 
beled by [SH]clonidine (I 1 sites) or by [SH]idazoxan (I2 
sites). However, [3H]clonidine shows higher affinity 
for az-adrenergic than for Ii-imidazoline sites. Given 
that moxonidine shows greater selectivity for I1- 
imidazoline sites than clonidine, we hypothesized that 
[SH]moxonidine might be a better radioligand for I1- 
imidazoline sites. In the present study we character- 
ized [SH]moxonidine binding in cell membranes from 
the RVLM and from adrenomedullary chromaffin 
cells. 

Previous studies have mapped the distribution of 
radiolabeled clonidine binding sites in the brainstem, 
but have not distinguished between a2-adrenergic and 
II-imidazoline sites labeled by clonidine analogs. We 
sought to visualize the distribution of Ii-imidazoline 
sites in the medulla of SHR. We hypothesized that 
Ii-imidazoline sites would be present in the RVLM, 
that the distribution of Ii-imidazoline sites would dif- 
fer from that of a2-adrenergic receptors, and that 
moxonidine would selectively inhibit the labeling of 
Ii-imidazoline sites on intact brain sections. 

In vivo studies in SHR were designed to compare 
three imidazoline antihypertensive agents - -  moxo- 
nidine, clonidine, and rilmenidine - -  regarding their 
effects upon direct administration into the RVLM, 
and to compare their potency to their binding affm- 
ity at Ii-imidazoline sites. Furthermore, we tested 
the relative contribution of Ii-imidazoline and 62- 
adrenergic receptors in RVLM to the vasodepressor 
action of moxonidine applied to RVLM or to the sys- 
temic circulation. 

Methods 
Membrane preparation 
Fresh bovine brainstems and adrenal glands were ob- 
tained from a local slaughterhouse. The rostral ven- 
trolateral medulla oblongata (RVLM) was dissected 
out and adrenomedullary chromaffm cells were iso- 
lated as previously described [35]. RVLM tissue and 
chromaffm cells were homogenized and crude mem- 
brane fractions were isolated, preincubated to remove 
endogenous ligands, and washed by centrifugation, as 
previously described [28,34,35]. 

[~H]Clonidine, [12Sl]p.iodoclonidine, and 
[SH]moxonidine binding assays 
Radioligand binding assays with [3H]clonidine, [125I]p- 
iodoclonidine, or [3H]moxonidine for determination 



30 Ernsberger et al. 

of specific binding to Ii-imidazoline sites and ~2- 
adrenergic receptors were performed as previously 
described [28,34,35], except that the buffer in which 
the tissue was resuspended was Composed of (concen- 
tration in raM): HEPES (5.0), with pH adjusted to 7.7 
with Tris base, EGTA (0.8), EDTA (0.5), and MgC12 
(0.5). Furthermore, glass fiber filters (Schleicher & 
Schuell #34) were preincubated for at least 4 hours 
at 4°C in 0.03% polylethylimine to reduce nonspecific 
binding. 

Autoradiographic assays 
Autoradiographic visualization of Ii-imidazoline sites 
was performed according to a modification of the pre- 
viously described method for labeling Irimidazoline 
sites in the kidney using [aH]p-aminoclonidine [53] and 
general methods applicable to receptor autoradiogra- 
phy [54]. SHR brainstems were sectioned at a thick- 
ness of 15 }xm in a Hacker-Bright cryostat at -18°C 
and thaw-mounted onto glass slides coated twice 
with 1% gelatin and 0.1% chrome alum. Slides were 
kept at 4°C during sectioning, then dried in a vacuum 
desiccator for 1 hour, and stored at -70°C. Every 
12th section was fixed in buffered formalin without 
drying and stained with thionin for anatomical ref- 
erence. 

For autoradiographic receptor binding assays, sec- 
tions were warmed to room temperature inside a vac- 
uum desiccator and incubated for 45 minutes at 20°C 
in 60 ml of assay buffer, consisting of (concentration 
in raM): sucrose (200), HEPES (25), Tris base (16.5), 
disodium EDTA (1), (1,10)-phenanthroline (0.1), and 
phenylmethylsulphonylflouride (0.05). The sections 
were then washed for 15 minutes in 60 ml of the same 
buffer without EDTA containing one of the following 
drug additions: to define total binding, vehicle (0.1 
mM ascorbic acid in 1.0% dimethylsulfoxide); to define 
nonspecific binding, 10 ~M BDF-6143; to define az- 
adrenergic binding, 10 ~M epinephrine supplemented 
with 10 ~M pargyline to block its degradation and 10 
}~M desipramine to block its uptake; and, to define 
Irimidazoline sites, 100 nM moxonidine. After this 
second preincubation, sections were incubated for 60 
minutes in 13.3 ml fresh buffer containing the same 
drug additions described above and 0.6 nM [125I]p- 
iodoclonidine ([125I]PIC). Labeled sections were then 
washed for 7 minutes in two changes of ice-cold assay 
buffer, then rinsed 3 seconds in ice-cold water to re- 
move buffer salts. In quantitative biochemical assays, 
the sections were wiped from the slide with Whatman 
GF/B filter paper and counted in a gamma counter 
at 82% efficiency (Packard Cobra). For production of 
autoradiograms, sections were rapidly dried under a 
stream of dry cold air passed through a calcium sulfate 
desiccant and a cold trap, then dried under vacuum 
overnight and placed in x-ray cassettes in contact with 
Hyperfilm (Amersham) at 4°C for 4 days. The films 
were developed with Kodak D19 and fixed. The sec- 

tions were fixed and stained with toluidine blue for 
anatomical reference. 

In vivo studies 
Spontaneously hypertensive rats (SHR) weighing 
220-350 g were obtained from a closed colony at Case 
Western Reserve University established in 1970 from 
an NIH breeding stock. Rats were anesthetized with 
urethane (1.0 g/kg, i.p.). The carotid artery and ex- 
ternal jugular vein were cannulated for recording ar- 
terial pressure and heart rate, and for administration 
of drugs. Animals were tracheotomized, paralyzed 
with flaxedil (4-8 mg/kg, i.v. with hourly supplemen- 
tal doses of 0.05 mg/kg), and artificially ventilated 
with 100% 02. Body temperature was maintained at 
37-38°C. After instrumentation, rats were placed in 
a stereotaxic apparatus. The occipital bone was re- 
moved and the cerebellum was exposed. Simultaneous 
bilateral microinjections into the RVLM were per- 
formed using a specially designed micropipette holder 
and two 1.0 ~l microsyringes controlled by microma- 
nipulators. At the beginning of each experiment, the 
sympathoexcitatory area of the RVLM was localized 
functionally by demonstrating an elevation of arterial 
blood pressure (>30 mmHg) after microinjection of 1 
nM L-glutamate. After localizing an active site, micro- 
pipettes were withdrawn, washed, filled with the test 
drug solution, and reinserted into the same location. 
To visualize injection sites, the micropipettes were 
removed at the end of each experiment, filled with 
rhodamine microspheres (1:5), reinserted, and the in- 
jection site was marked. 

Data analysis 
Data were obtained as disintegrations per minute and 
transferred to the Equilibrium Binding Data Analysis 
(EBDA) program [55] for initial processing and then 
4-10 experiments were analyzed simultaneously by 
using the LIGAND program for nonlinear curve fit- 
ting [56]. Protein assay data were also analyzed by 
nonlinear curve fitting [55]. For the analysis of dose- 
response curves, a nonlinear curve-fitting program 
was used to fit the data to a logistic equation [57]. 
Differences were tested by two-way ANOVA. 

Materials  
[sH]Clonidine (60-80 Ci/mM) and [125I]p-iodoclonidine 
(2200 Ci/mM) were obtained from New England Nu- 
clear (Boston, MA), and [3H]moxonidine (20 Ci/mM) 
was custom synthesized from des-methoxy precursor 
(provided by Beirsdorf-Lilly) by Amersham. All ra- 
dioligands were stored at -20°C in ethanol and di- 
luted in water prior to assay. Moxonidine (free base) 
was a gift from Solvay Pharma (Hannover, Germany), 
and solutions were made in 0.01 M acetic acid up to 
1 week prior to use. Other compounds were obtained 
from the pharmaceutical firm of origin, Research 
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Biochemicals International (Natick, MA) or Sigma 
Chemical. 

Results 
[SH]Moxonidine binding in RVLM membrane 
[SH]Moxonidine labeled a specific population of high- 
affinity binding sites in the bovine RVLM. Nonspecific 
binding as defined in the presence of 10 ~M BDF-6143 
to block binding to both Ii-imidazoline and a2- 
adrenergic receptors was about 60% of total binding 
at a concentration of 2 nM. Specific binding to a2- 
adrenergic receptors was defined by 10 ~M phenyl- 
ephrine. Specific [3H]moxonidine binding to RVLM 
membranes as a function of increasing radioligand 
concentration is shown in Figure 1. The binding iso- 
therms for both Ii-imidazoline and ~2-adrenergic sites 
were best fit by a single-component, saturable, high- 
affinity recognition site. The binding of [SH]moxoni- 
dine to Ii-imidazoline sites was greater than the bind- 
ing to ~2-adrenergic receptors at every concentration 
of radioligand. [SH]Moxonidine labeled a higher den- 

sity of Ii-imidazoline sites than a2-adrenergic recep- 
tors, despite the threefold higher density of a2- 
adrenergic receptors relative to Ii-imidazoline sites in 
RVLM membranes. These data are consistent with 
the proposal that moxonidine is a selective ligand for 
I1 sites. 

As shown in Figure 2, [SH]moxonidine binding in 
the RVLM was potently and completely inhibited by 
oxymetazoline, an imidazoline previously shown to 
have a high affinity for 11 sites [13]. Cimetidine, a 
histamine H z blocker with moderate affinity for I1- 
imidazoline sites, also interacted effectively with 
[3H]moxonidine binding sites. Phenylephrine, a potent 
agonist at al- and a2-adrenergic receptors, was rela- 
tively weak. The order of potency for these three 
drugs, oxymetazoline > cimetidine > phenylephrine, 
was clearly distinct from that at a2-adrenergic recep- 
tors. The inhibition curves for all three agents were 
biphasic, and analysis with a two-component logistic 
model [57] indicated that a majority of the sites 
showed high affinity for oxymetazoline and cimeti- 
dine, and low affinity for phenylephrine, consistent 
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Fig. 1. Specific binding of [SH]moxonidine to Ii-imidazoline and c~-adrenergic sites in membranes from the RVLM as a function 
of increasing radioligand concentration. Specific a~-adrenergic binding was defined in the presence of 1.0 t~l  phenoxybenzamine. 
II-imidazoline binding was defined as the difference between binding remaining in the presence of phenoxybenzamine and nonspe- 
cific binding in the presence of 10 pal BDF-61$3. Data represent the mean +_ standard errors of seven experiments, each conducted 
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Dose-dependent Inhibition of Specific 
[3H]Moxonidine Binding in Ventrolateral Medulla 
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Fig. 2. Dose-dependent inhibition of [SH]moxonidine binding to RVLM membranes by increasing concentrations of an imidazo- 
line, an imidazole, and a phenylethylamine. Data are expressed as a percent of total specific [SH]moxonidine binding as defined 
by 10 ~ BDF-6143 and represent the mean +- standard error of four to eight experiments, each conductsd in triplicate. Curves 
were derived from a nonlinear least squares fit to a two-component inhibition curve [57]. 

with the hypothesis that [SH]moxonidine mainly labels 
Ii-imidazoline sites in RVLM. 

In further studies, [3H]moxonidine binding in the 
RVLM was potently and completely inhibited by the 
imidazolines clonidine and BDF-6143 (not shown). In 
contrast, the a-agonist epinephrine and the a- 
antagonist phenoxybenzamine inhibited only about 
20% of the sites labeled by 2 nM [3H]moxonidine. The 
metabolically stable guanine nucleotide Gpp(NH)p po- 
tently and almost completely inhibited the specific 
binding of [3H]moxonidine. This finding implies that 
Ii-imidazoline sites interact with a guanine nucleotide 
regulatory protein and further suggests that moxoni- 
dine is a full agonist. 

[3H]Moxonidine binding in adrenomedul lary  
chroma~n cell membranes 
c~2-receptors are absent from chromaffm cells, 
allowing 11 receptors to be characterized indepen- 
dently [35]. Specific [3H]moxonidine binding in chro- 

maffin cell membranes was potently inhibited by im- 
idazolines, such as clonidine and BDF-6143, but was 
not affected by non-imidazolines, such as phenyleph- 
rine or phenoxybenzamine, unless they were present 
at micromolar concentrations (not shown). 

Analysis of [3H]moxonidine binding to chromaffin 
cell membranes as a function of increasing concentra- 
tions of radioligand by using the LIGAND program 
[56] showed a single population of high-affinity binding 
sites with a dissociation constant (K d) of 16 _ 2 nM 
and a maximum binding site density ( B ~ )  of 321 _+ 
32 fmol/mg protein. These kinetic parameters are 
within the range of IQ and Bmx values obtained with 
[3H]clonidine as the radioligand in the same batch of 
chromaffm cells (data not shown). We determined the 
effect of 0.1 mM Gpp(NH) on the saturation binding 
of [3H]moxonidine to test whether IFimidazoline sites 
in chromaffin cells are sensitive to guanine nucleotide. 
Gpp(NH)p decreased the apparent affinity of [3H]mox- 
onidine, as shown by a twofold increase in the I~ value 
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to 34 ± 5 nM (n = 3, p < 0.05). The density of binding 
sites was not significantly changed (Bmax = 351 ± 43 
fmol/mg protein). 

Autoradiographic v i sua l i za t ion  o f  
ll.imidazoUne sites and a~-adrenergic 
receptors in the meduU~ oblongata 
of hypertensive rats 
Autoradiography of Ii-imidazoline and a2-receptors in 
rat medulla and their interaction with moxonidine is 
shown in Figure 3. Panel A shows total [125I]PIC bind- 
ing in the presence of vehicle alone. Total binding of 
[125I]PIC is diffusely distributed throughout the me- 
dulla. Panel B shows an adjacent section incubated 
with 10 ~M epinephrine in order to mask a2- 
adrenergic sites. The horizontal arrow in panel B indi- 
cates the NTS. Labeling in the NTS was almost com- 
pletely eliminated by epinephrine, indicating that 
[12~I]PIC labels mainly a2-adrenergic receptors in this 
dorsal region. The oblique arrow indicates the RVLM. 
Labeling in the RVLM was not displaced by epineph- 
rine, suggesting that a nonadrenergic site is mainly 
present in this region. Panel C shows another nearly 
adjacent section incubated with 100 nM moxonidine to 
mask Ii-imidazoline sites. The oblique arrow indicates 
the RVLM, which shows a loss of labeling in the pres- 
ence of moxonidine. Panel D shows an adjacent sec- 
tion incubated with 10 ~M BDF-6143 to mask both 
11 and a 2 sites. The remaining labeling is defined as 
nonspecific. 

These autoradiograms imply that Ii-imidazoline 
sites, defined as [125I]PIC binding sites labeled in the 
presence of epinephrine to block a2 sites, are absent 
in the NTS but are widely distributed across reticular 
areas of the medulla, including the RVLM. A similar 
pattern was observed in the pens (not shown). The 
locus coerleus in the dorsal pens expressed mainly a2, 
while 11 were present in A5 and ventral tegmental 
areas. Autoradiograms of 15 ~m bralnstem sections 
from SHR rats labeled with [3I-I]moxonldine showed 
light labeling of RVLM and the NTS (not shown). 
Epinephrine blocked labeling in the latter but not in 
the RVLM. We conclude that Ii-imidazoline sites are 
putative receptors located preferentially in the reticu- 
lar formation that may participate in autonomic con- 
trol. 

In viva studies 
We compared the cardiovascular effects of three cen- 
trally acting antihypertensive agents administered by 
simultaneous bilateral microinjections into the RVLM 
of SHR rats. Cumulative doses of moxonidine or cloni- 
dine (2 nmol given every 5 minutes) elicited dose- 
dependent vasodepressor responses (Figure 4). Simi- 
lar doses of rilmenidine had little effect, consistent 
with previous reports in normotensive rats [32]. How- 
ever, when rilmenidine was given in an eightfold 
higher dose, its antihypertensive effect was identical 
to that of moxonidine and clonidine. This supports the 

hypothesis that the three agents work within the 
RVLM via a similar mechanism. The potency ratios 
between these three agents, based on their estimated 
EDso values, was 1:2:8 (clonidine:moxonidine:ril- 
menidine), which is in loose agreement with the 
binding affinity ratio at Ii-imidazoline sites of 1:2:5 
[35]. The binding affinity ratio at a2-adrenergic recep- 
tors was 1:20:40, which is not consistent with a role 
of c~2-adrenergic receptors in the actions of these three 
agents. 

We tested whether moxonidine's action within the 
RVLM of SHR was mediated by Ii-imidazoline or a2- 
adrenergic receptors, and determined if the RVLM 
mediates the action of systemic moxonidine. In ra- 
dioligand binding assays using bovine RVLM mem- 
branes, we identified efaroxan and SK&F86466 as 
selective 11- and a2-antagonists , respectively. The af- 
finity constant (Ki) at I1 vs. a2 binding sites was 0.12 
_+ 0.14 nM vs. 6 ± 1 nM for efaroxan and 93 ± 150 
~M vs. 35 ± 8 nM for SK&F86466. Thus, efaroxan 
was 40-fold selective for Ii-imidazoline sites and 
SK&F86466 was 2000-fold selective for a2-adrenergic 
receptors. The I1/a2 antagonist efaroxan (4 nmol) or 
the a2-blocker SK&F86466 (10 nmol) were adminis- 
tered 15 minutes prior to 4 nmol moxonldine. Efa- 
roxan elevated blood pressure itself and abolished the 
action of moxonidine (up to 40 nmol), whereas a2- 
blockade with SK&F86466 slightly lowered blood 
pressure and insignificantly attenuated moxonidine's 
effect. The depressor effect of intravenous moxoni- 
dine (40 ~g/kg) was reversed within 10 minutes by mi- 
croinjection of 10 nmol efaroxan into the RVLM. This 
indicates the RVLM is the site of action of systemic 
moxonidine. Microinjection of SK&F86466 into the 
RVLM following intravenous moxonidine had no ef- 
fect on blood pressure, showing that a2-adrenergic re- 
ceptors are not necessary for the action of moxonldine. 

D i s c u s s i o n  

This study confirmed and extended previous studies 
showing that moxonidine is a selective Ii-imidazoline 
agonist and supports the hypothesis that moxonidine's 
antihypertensive action is mediated by selective acti- 
vation of these putative receptors within the RVLM 
of the lower brainstem. We showed that [SH]mox- 
onidine specifically labels saturable binding sites 
with high affinity, and that this novel radioligand 
labels Ii-imidazoline sites preferentially, even when a 
greater density of a2-adrenergic receptors are present. 
Autoradiographic mapping of Ii-imidazoline sites in 
the rat medulla showed them to be localized mainly in 
reticular areas of the medulla, including the RVLM, 
whereas sensory relay nuclei such as the NTS mainly 
express ~2-adrenergic receptors. In viva studies in hy- 
pertensive rats showed that the three major central 
antihypertensive agents show identical efficacy but 
vary in potency. Preliminary results with the pro- 
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Fig. 3. Autoradiography of [1~I]PIC binding sites in the medulla of an SHR rat. Shown are photographic prints made under iden- 
tical conditions using the autoradiograms as negatives. Light areas correspond to the highest intensity of labeling. Adjacent 15 pm 
sections of rat brainstem were incubated with 0.5 nM [lz51]p-iodoclonidine under one of four different conditions. The section in 
panel A was incubated with antioxidant vehicle alone and shows the total binding of [1~51]PIC. Binding sites were distributed 
throughout the section. The section below in panel B was incubated with 10 ttM epinephrine to mask a~-receptors, and thus shows 
the distribution of 11 binding. The upper arrow indicates the area of the NTS,  where [I2~I]PIC labeling was almost completely elim- 
inated by epinephrine. The labeling of the RVLM, indicated by the second arrow, was not inhibited by epinephrine. The section in 
panel C was incubated with 100 nM moxonidine to selectively mask I fimidazoline sites, and thus shows the distribution of a~- 
adrenergic sites. Labeling in the RVLM,  indicated by an arrow, was inhibited by 100 nM moxonidine. The section in panel D was 
incubated with 10 tLM BDF-6143 to block both 11 and ~ binding, and thus shows the distribution of nonspecific sites. 
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Fig 4. Dose-dependent fall  in mean blood pressure with in- 
creasing cumulative doses of three imidazolines microinjected 
into the R V L M  of SHR rats. Cumulative 2 nM doses of cloni- 
dine, moxonidine, or rilmenidine were administered into the 
R V L M  by simultaneous bilateral microinjectione given every 
5 minutes. In addition, a higher dose of rilmenidine was 
tested separately. Data represent the mean +_ standard error 
for experiments in 12 rats. All  three agents reduced mean 
blood pressure to the same normotensive level, with the po- 
teney order clonidine >- moxonidine > rilmenidine. 

posed selective Ii-antagonist efaroxan and the selec- 
tive a2-antagonist SK&F86466 indicate that moxoni- 
dine's action can be readily prevented or reversed by 
blockade of Ii-receptors, whereas o~-receptor anatag- 
onists have little effect. Furthermore, the action of 
systemic moxonidine can be blocked by selective 
blockade of Ii-imidazoline receptors in the RVLM. 
These findings suggest a novel receptor system pres- 
ent within the RVLM and adjacent regions of the 
medullary reticular formation that mediates the anti- 
hypertensive action of imidazolines, regardless of the 
route of administration. 

Even though an Ii-imidazoline receptor appears to 
mediate most of the effects of imidazoline antihyper- 
tensive agents within the RVLM, activation of central 

¢~2-adrenergic receptors does elicit falls in blood pres- 
sure and heart rate. The action of the non-imidazo- 
line central antihypertensive agents, specifically a- 
methyldopa, guanfacine, and guanabenz, is almost 
certainly mediated by a2-receptors. The most likely 
site of action for az-agonists is the NTS. Microinjec- 
tion of norepinephrine or a-methylnorepinephrine, the 
active metabolite of a-methyldopa, into the NTS low- 
ers blood pressure and heart rate [58-61]. Interest- 
ingly, clonidine has no effect in the NTS, except at 
very high doses [6,59]. Rilmenidine, a selective I 1- 
imidazoline agonist, is completely inactive when mi- 
croinjected into the NTS [13]. Furthermore, lesions 
of the NTS do not affect the vasodepressor response 
to clonidine [62]. Preliminary studies from our group 
suggest that moxonidine is not active in the NTS and 
that chemical lesions of the NTS do not affect its vaso- 
depressor action. Thus, whereas non-imidazoline a2- 
agonists probably act within the NTS to lower blood 
pressure, imidazolines apparently act elsewhere in the 
brainstem, perhaps in the RVLM. 

While activation of brainstem a2-adrenergic recep- 
tors is an effective means of lowering blood pressure, 
it also causes the side effects of sedation and dry  
mouth [4]. Sedation may be mediated within the locus 
coeruleus, a region of the pons critical in the  control 
of alertness and sleep-wake cycles, because direct mi- 
croinjection of clonidine or other a2-adrenergie ago- 
nists into the locus coeruleus elicits sedation [63]. Lo- 
cus coeruleus neurons are silenced by clonidine and 
by non-imidazoline as-agonists, whereas the selective 
Ii-agonist rilmenidine inhibits locus coeruleus neurons 
only at high doses [64]. Clonidine and other imidazo- 
lines have no effect on blood pressure when microin- 
jected into the locus coeruleus, showing that this re- 
gion is not involved in the cardiovascular actions of 
these agents [65]. As mentioned in the results, Iz- 
imidazoline sites are almost completely absent from 
the locus coeruleus, which contains a very high den- 
sity of ae-adrenergic sites. 

Brain regions other than the locus coeruleus may 
be involved in the sedative action of a2-agonists, since 
lesions of the locus coeruleus do not block the sedative 
effects of clonidine [66]. The frontal cerebral cortex 
has the highest density of az-adrenergic receptors in 
the brain and is critical in the control of alertness, and 
may therefore be an additional site of the sedative 
actions of as-agonists [9,10,67]. Consistent with a lack 
of involvement of Ii-imidazoline receptors in sedation, 
11 sites are almost entirely absent from frontal cere- 
bral cortex [9,10]. 

The evidence that as-receptors mediate sedation is 
strong, since the alkaloid antagonists yohimbine and 
rauwolscine potently and completely reverse the seda- 
tion elicited by clonidine [68,69], whereas higher doses 
are required to reverse the hypotensive action [68,70]. 
Clonidine inhibits salivation by interfering with ace- 
tylcholine release through presynaptic ~z-adrenergic 
receptors on cholinergic nerve terminals [71]. In hu- 
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mans, reduced salivary flow appears to be mediated 
in the periphery, because pharmacokinetic analysis 
shows that dry mouth is directly related to plasma 
levels of clonidine, whereas hypotension tracks with 
estimated brain concentrations [72]. The relatively 
low affinity of moxonidine for a2-adrenergic receptors 
shown in several studies [35,73,74] might therefore 
account for its reduced tendency to produce sedation 
and dry mouth. The rapid clearance of moxonidine 
from the plasma but not from the brain compartment 
[45] may also explain why the side effect of dry mouth 
is expressed only transiently. 

Clonidine is a potent drug with many physiological 
effects [75]. Early doubts that these diverse actions 
were entirely due to activation of a2-adrenergic recep- 
tors were raised when it was found that clonidine is a 
weak partial agonist or even an antagonist in many 
a2-receptor systems [75]. Furthermore, it was noted 
that imidazoline a-antagonists as well as a-agonists 
lower blood pressure when administered into brain- 
stem ventricles [76]. For example, phentolamine elic- 
its a centrally mediated fall in blood pressure by inhib- 
iting sympathetic outflow [76-78]. The effect of 
clonidine is additive [78] or nearly additive [77] with 
that of phentolamine, in contrast to the antagonism 
observed at c~-adrenergic receptors. Karppanen 
noted interactions between clonidine and imidazole 
compounds such as cimetidine and imidazole-4-acetic 
acid (IAA), and proposed that clonidine may act via 
brainstem "imidazole receptors"[79]. 

A major line of evidence supporting the assumption 
that clonidine acted specifically through a2-adrenergic 
receptors was that [3H]clonidine specifically labeled 
a2-adrenergic receptors in brain and platelet mem- 
branes [75]. However, [3H]clonidine binding assays in 
brain had always used cerebral cortex membranes 
[75]. When membranes were used from the RVLM, 
the site of action of clonidine, a novel population of 
nonadrenergic binding sites were labeled [9,10,13,16, 
22,23,32,34,35]. 

The binding of [3H]p-aminoclonidine and [3H]cloni- 
dine to Ii-imidazoline sites show properties character- 
istics of a neurotransmitter receptor, because bind- 
ing is rapid, specific, saturable, reversible, and Of 
high affinity [9-13,23,26,53]. Moreover, in the pres- 
ent study we found [SH]moxonidine binding to I1- 
imidazoline sites to be modulated by guanine nucleo- 
tides in a manner similar to many receptors coupled 
to a G protein. Furthermore, the pharmacological pro- 
file of these binding sites is distinct from that of any 
known receptor. Although many of the compounds 
that bind to Ii-imidazoline sites also bind to a 1- or 
a2-adrenergic receptors, 11 sites fail to bind many 
other agents active at these receptors, including the 
catecholamines. Similarly, although I1 sites bind ci- 
metidine and other agents active at histamine H 2 re- 
ceptors, they fail to bind histamine agonists and an- 
tagonists lacking an imidazole ring, such as dimaprit, 
ranitidine, tiotidine, lupitidine, methapyraline, and 

thiazolylethlamine (Ernsberger et al., unpublished 
data). Further evidence that Ii-imidazoline sites are 
distinct from histamine receptors is that histamine it- 
self has only low affinity (K i = 1.1 ~M) [9]. In addi- 
tion, there are no histamine-containing neurons or cell 
bodies in the RVLM [46,47]. 

The RVLM is a brainstem area critical to the tonic 
and reflex control of the sympathetic nervous system 
and is a site of action for centrally acting antihyperten- 
sives [6-8]. Evidence for the involvement of I 1 recep- 
tors in the action of imidazoline analogs within the 
RVLM has accumulated [13,32,33,70,80,81]. As previ- 
ously shown for two other potent ligands at I1- 
imidazoline receptors, the prototypical clonidine 
[7,8,13,70,80] and the recently developed rilmenidine 
[32,81], moxonidine, may lower blood pressure pri- 
marily through an action at Ii-imidazoline receptors 
in the RVLM of the brainstem [23]. The evidence for 
this is (a) the existence of high-affinity binding sites 
for moxonidine and for [3H]moxonidine in this brain 
region; (b) the selective localization of these sites to 
RVLM as shown by autoradiography; (c) the potent 
dose-dependent effect of moxonidine upon microinjec- 
tion in the RVLM, which reproduces the effect of sys- 
temic administration of a 40-fold higher dose; and (d) 
the preliminary finding that blockade of Ii-imidazoline 
receptors in the RVLM by direct microinjection of 
efaroxan can reverse the effect of intravenous moxo- 
nidine. 

Moxonidine shows almost identical affinity for I1- 
imidazoline binding sites in the rat renal medulla as 
in the bovine brainstem [22,34]. In the kidney, 11 sites 
are present in the renal medulla and cortex [21,34,53]. 
These binding sites are localized to renal tubule epi- 
thelial cells and are distributed selectively along the 
nephron, with highest levels present in cells of the 
ascending limb and collecting duct [82]. Recent stud- 
ies have implicated Ii-imidazoline receptors in the na- 
triuretic and diuretic actions of imidazolines [83,84] 
(see Penner and Smyth, this volume). Intrarenal mox- 
onidine increases excretion of sodium and water, and 
this effect can be blocked by idazoxan, a putative 11- 
imidazoline antagonist, but not by rauwolscine at the 
same dose, thus suggesting that some of the renal 
effects of moxonidine may be mediated by I 1- 
imidazoline receptors [83]. Interestingly, renal 11- 
imidazoline sites are increased at an early stage of 
hypertension induced by angiotensin II infusion [21], 
consistent with a role of renal Ii-imidazoline receptors 
in blood pressure control. Unlike other sympatholytic 
agents, the centrally acting imidazolines do not cause 
sodium retention [85-87]. A direct renal action could 
conceivably maintain sodium balance by countering 
sodium-retaining effects of sympathoinhibition. Con- 
ceivably, renal II-imidazoline receptors might contrib- 
ute to the protective effect of moxonidine in hyperten- 
sive kidney disease [3]. 

The traditional view that centrally acting antihy- 
pertensives reduce blood pressure through an activa- 
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tion of a2-adrenergic receptors rests upon the evi- 
dence that the hypotensive effect of clonidine can be 
blocked by a2-adrenergic antagonists. However, there 
are several weaknesses in these experiments. First, 
many of the antagonists thought to be specific for 
alpha-adrenergic receptors also bind to Ii-imidazoline 
sites. This is clearly true for imidazoline antagonists 
such as idazoxan or tolazoline, which have roughly 
equal affinity for Ii-imidazoline and a2-adrenergic re- 
ceptors binding sites [34]. Piperoxan, an ~2-antagonist 
that can block the action of clonidine [88], shows an 
affinity (K i value) of 40 nM for both 11 and a2 binding 
sites (Ernsberger et al., unpublished). Yohimbine and 
its isomers rauwolscine and corynanthine have been 
widely used to characterize a2-adrenergic receptors. 
Yohimbine and rauwolscine are potent ~2-antagonists, 
while corynanthine is much weaker [68]. However, 
rauwolscine and yohimbine are about equally potent 
at serotonin receptors as they are at a2-receptors [89]. 
Yohimbine, rauwolscine, and corynanthine all show 
an affinity of about 1 ~M for 11 sites [9]. In antagoniz- 
ing the actions of clonidine in vivo, yohimbine was 
only fivefold more potent than corynanthine in re- 
versing hypotension, whereas yohimbine was 100-fold 
more potent than corynanthine in reversing the seda- 
tive action of clonidine [68]. Congruently, yohimbine 
is 100-fold more potent than corynanthine at ~2- 
adrenergic receptor binding sites [9,68]. These results 
imply that the sedative action of clonidine is mediated 
by a2-adrenergic receptors, but that a major compo- 
nent of the hypotensive action of clonidine may be 
mediated by a receptor with equal affinities for yohim- 
bine and corynanthine, such as the I1 receptor. Consis- 
tent with this conclusion, in another study yohimbine 
and corynanthine were found to be equally effective 
in blocking the antihypertensive action of clonidine in 
renal hypertensive rats [90]. Moreover, yohimbine 
antagonizes the hypotensive effect of clonidine in a 
biphasic manner, suggesting that more than one re- 
ceptor is involved [91]. Interestingly, the action of 
clonidine is not inhibited by az-antagonists, which do 
not bind to 11 sites, such as ergot alkaloids [88] or 
phenoxybenzamine [77,88]. All of these results are 
compatible with roles for Ii-imidazoline as well as ~2- 
adrenergic receptors in central antihypertensive ef- 
ficacy. 

Blockade of the hypotensive action of moxonidine 
has been previously reported only for one antagonist: 
BDF-6143 [73,85,92]. Interestingly, this compound is 
a partial agonist at a2-adrenergic receptors in blood 
vessels and does not antagonize the direct vascular 
action of moxonidine [73]. In contrast, at low doses 
BDF-6143 abolishes the central vasodepressor action 
of moxonidine [73]. BDF-6143 was more effective in 
blocking the action of moxonidine than in blocking the 
action of clonidine. These data are consistent with 
BDF-6143 and moxonidine having selective actions as 
agonist and antagonist, respectively, at Ii-imidazoline 
receptors. 

A further weakness of studies claiming to show 
that a2-antagonists attenuate the action of central an- 
tihypertensive agents is the route of administration 
for the antagonists, which was systemic, into the cere- 
bral circulation or into the brain ventricles. Centrally 
acting antihypertensives appear to interact .with a 
complex neural pathway that involves several syn- 
apses. When antagonists are delivered globally to the 
brainstem, it cannot be assumed that their inhibitory 
action is direct. For example, the hypotensive effect 
of clonidine can be effectively antagonized by the spe- 
cific al-antagonist prazosin [90], by the serotonin an- 
tagonist methysergide, or by lesions of serotonin neu- 
rons [61,94], by the opiate antagonist naloxone [95], 
by the gamma-aminobutyric acid antagonist bucucul- 
line [96], by the beta-adrenergic antagonist propran- 
olol [97], and even by ethanol [98]. The blockade of 
clonidine's hypotensive action by each of these antago- 
nists cannot be mediated by a direct interaction with 
the receptor upon which clonidine acts. A more likely 
explanation is that clonidine activates a complex path- 
way within the brainstem, originating in the RVLM, 
which involves multiple neurotransmitters. Interfer- 
ence with any of these modulatory neurotransmitters 
may attenuate the action of clonidine. 

More relevant to the direct actions of imidazoline 
antihypertensive agents with their receptors are ex- 
periments wherein antagonists are directly applied 
within the RVLM and agonists are given either by 
the same route or systemically. With this experi- 
mental design, the specific a2-adrenergic antagonist 
SK&F86466 has no effect on the hypotensive action 
of clonidine or rilmenidine [13]. Rauwolscine atten- 
uates the hypotensive response to clonidine only 
slightly (17% fall in blood pressure after rauwolscine 
pretreatment versus 23% in controls) [99]. In con- 
trast, administration into the RVLM of idazoxan, an 
antagonist at Ii-imidazoline as well as c~2-adrenergic 
receptors, abolishes the action of clonidine or rilmeni- 
dine [13,99]. We have obtained comparable findings 
with moxonidine in the present study. These data 
show that Ii-imidazoline receptors are primarily re.- 
sponsible for the vasodepressor action of centrally act- 
ing antihypertensives with an imidazoline structure. 

Early studies of moxonidine by Armah and col- 
leagues led them to believe that moxonidine differed 
from clonidine mainly by acting more selectively on 
a2-adrenergic receptors [73,92,100]. In pithed rats, 
moxonidine produced pressor responses by stimula- 
tion of postsynaptic ~1- and a2-adrenergic receptors, 
with threefold less potency than clonidine [73]. Pre- 
synaptic responses were tested by examining the re- 
versal of the effects of electrically stimulating the 
cardioaccelerator nerves. Again, moxonidine was 
threefold less potent than clonidine, showing that the 
two compounds are identical in their presynaptic se- 
lectivity [73]. In a similar test of presynaptic a2- 
adrenergic receptor activity in the isolated rat vas 
deferens, moxonidine was fivefold less potent than 
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clonidine [92]. Moxonidine inhibited the release of 
[SH]norepinephrine from noradrenergic terminals in 
cerebral cortex slices, but it was sixfold less potent 
than clonidine [92]. In rabbit pulmonary artery, moxo- 
nidine appeared to be slightly (less than threefold) 
more potent than clonidine [73,92]. However, this was 
probably due to the lower efficacy of clonidine, a par- 
tial agonist, relative to moxonidine, a full agonist. 

The strongest evidence supporting a presynaptic 
action of moxonidine comes from in vivo studies in 
normotensive rabbits [85,92,100]. Pretreatment with 
reserpine and a-methyl-p-tyrosine lowered mean 
blood pressure by 13% [85,92], presumably by 
blocking sympathetic nervous system activity. Fol- 
lowing sympathetic blockade, moxonidine no longer 
lowered blood pressure. Although this finding was in- 
terpreted as indicating a presynaptic site of action, 
the simpler explanation is that the reduced sympa- 
thetic tone produced by the antiadrenergic drugs 
masked the action of moxonidine. Selective lesioning 
of the central adrenergic neurons with multiple treat- 
ments with 6-hydroxydopamine (6-OHDA) adminis- 
tered into the cisterna magna of the brainstem re- 
duced mean blood pressure by 11% [92,100]. After this 
treatment, the response to intracisternal moxonidine 
was attenuated, whereas clonidine was not affected. 
The authors concluded that moxonidine is more de- 
pendent on central adrenergic neurons than is clo- 
nidine, and thus that moxonidine had a selective pre- 
synaptic action. An alternative explanation is that 
6-OHDA lesions affect the C1 adrenergic neurons in 
the RVLM, which have been implicated in the central 
hypotensive response to imidazolines [13,101,102]. 
Thus, 6-OHDA lesions might cause loss of the adren- 
ergic neurons, which are the target of moxonidine's 
action. Clonidine may be less susceptible to 6-OHDA 
lesions due to its greater affinity for a2-adrenergic re- 
ceptors: However, it has been shown using a protocol 
identical to that used by Armah [92,100] that the ac- 
tion of clonidine can indeed be inhibited by long-term 
lesions of central adrenergic neurons with 6-0HDA in 
the rabbit [94]. Interestingly, the hypotensive action 
of rilmenidine, another Ix-selective antihypertensive 
agent, was more strongly attenuated by chronic 6- 
OHDA lesions than was clonidine [94], consistent with 
other data showing a selective action of rilmenidine 
on adrenergic neurons of the ventrolateral medulla 
[102]. 

There is clear evidence from sustained trials that 
moxonidine produces fewer side effects than clonidine 
when given in doses with equal blood pressure low- 
ering action [103]. Controlled studies in laboratory an- 
imals also support the contention that moxonidine has 
reduced sedative side effects. Moxonidine was over 
20-fold less potent than clonidine in reducing the loco- 
motor activity in mice, an established indicator of se- 
dation [85]. However, moxonidine and clonidine pro- 
duced equivalent decreases in salivary output when 
given in equipotent hypotensive doses to rabbits [85]. 

Sedatives and anesthetics tend to depress respira- 
tion, so an indirect measure of sedative action is res- 
piratory depression. Clonidine has been shown to 
reduce phrenic nerve activity, increase blood carbon 
dioxide levels [104], attenuate respiratory reflex re- 
sponses to hypoxia [28], and reduce other indices of 
respiratory activity. The pharmacology of the effect 
of clonidine has been examined in several studies, and 
~2-adrenergic rather than Ii-imidazoline receptors 
appear to mediate respiratory depression, since the 
depressant effect of clonidine is mimicked by the non- 
imidazoline a~-agonists guanfacine or c~-methylnor- 
epinephrine, and is readily blocked by low doses of 
yohimbine. In contrast to the inhibitory action of 
clonidine, moxonidine does not depress phrenic nerve 
output in cats [23]. These preliminary findings demon- 
strate that moxonidine's actions within the central 
nervous system are selective for the cardiovascular 
system. Unlike selective ~2-agonists, moxonidine does 
not cause widespread depression of neuronal function. 

Moxonidine exhibits a unique combination of high 
affinity and selectivity towards the Ii-imidazoline re- 
ceptor and may be a powerful pharmacological probe 
for this novel receptor system as well as a promising 
new therapeutic agent. 
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