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[3H]-RS-45041-190: a selective high-affinity radioligand for '2

imidazoline receptors

Alison C. MacKinnon, 2William S. Redfern & ',2Christine M. Brown

Department of Pharmacology, Syntex Research Centre, Research Park, Riccarton, Edinburgh EH14 4AP

1 RS-45041-190 (4-chloro-2-(imidazolin-2-yl)isoindoline) is an I2 imidazoline receptor ligand with the
highest affinity and selectivity so far described; [3H]-RS-45041-190 has a tritium atom attached to the 7-
position on the isoindoline ring.
2 [3H]-RS-45041-190 binding to rat kidney membranes was saturable (Bma,,= 223.1 ± 18.4fmol mg-1
protein) and of high affinity (Kd= 2.71 ± 0.59 nM). Kinetic studies revealed that the binding was rapid
and reversible, with [3H]-RS-45041-190 interacting with two sites or two affinity states.

3 Competition studies showed that 60-70% of [3H]-RS-45041-190 binding (1 nM) was specifically to
imidazoline binding sites of the I2 subtype, characterized by high affinity for idazoxan (pIC50 7.85 + 0.03)
and cirazoline (pICso 8.16±0.05). The remaining 30-40% was displaced specifically by the monoamine
oxidase A inhibitors, clorgyline and pargyline.
4 aI- and 22-adrenoceptor, I, imidazoline, histamine, 5-hydroxytryptamine or dopamine receptor
ligands had low affinity suggesting that [3H]-RS-45041-190 did not label receptors of these classes.
5 In autoradiography studies, [3H]-RS-45041-190 labelled discrete regions of rat brain corresponding to
the distribution of I2 subtypes, notably the subfornical organ, arcuate nucleus, interpeduncular nucleus,
medial habenular nucleus and lateral mammillary nucleus, and additional sites in the locus coeruleus,
dorsal raphe and dorsomedial hypothalamic nucleus.
6 [3H]-RS-45041-190 therefore labels I2 receptors with high affinity, and an additional site which has
high affinity for some monoamine oxidase inhibitors.
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Introduction

The imidazoline radioligands [3H]-p-aminoclonidine, [3H]-clo-
nidine and [3H]-idazoxan, in addition to labelling a2-adreno-
ceptors, also label populations of non-adrenoceptor binding
sites. Imidazoline binding sites labelled with [3H]-p-aminoclo-
nidine in bovine ventrolateral medulla (Ernsberger et al., 1987)
and with [3H]-clonidine in human brainstem (Bricca et al.,
1989) show high affinity for clonidine, rilmenidine and oxy-
metazoline and low affinity for the catecholamines nora-
drenaline and adrenaline, and have been termed I,
(Ernsberger, 1992). The imidazoline binding sites labelled with
[ H]-idazoxan in a variety of tissues and species show high
affinity for guanido-compounds and amiloride, moderate affi-
nity for clonidine and low affinity for catecholamines and yo-
himbine (Hamilton et al., 1988; MacKinnon et al., 1989;
Coupry et al., 1989; Yablonsky & Dausse, 1989), and have
been termed I2 (Ernsberger, 1992).

In a search for an endogenous ligand for the imidazoline
binding site(s), Atlas & Burnstein (1984) isolated and partially
purified an extract from bovine brain which displaced [3H]-
clonidine from bovine cerebral cortex membranes. This en-
dogenous clonidine displacing substance (CDS) was not a ca-
techolamine but the exact chemical nature of its active
constituent(s) was not established. Recently, however, analysis
of a CDS extract also from bovine brain has suggested that the
activity of CDS could be due to the presence of agmatine, a
precursor of putrescine and other polyamines, and that ag-
matine could be the endogenous ligand for imidazoline re-
ceptors (Li et al., 1994).
Up until now, characterization of imidazoline receptors has

been limited, as currently-available imidazoline radioligands
are relatively non-selective and have high affinity for Lc2-adre-
noceptors and other receptors. Therefore, the inclusion of

specific blockers has been necessary to study the imidazoline
binding site(s) in isolation (MacKinnon et al., 1993). Recently,
new radioligands for 12 imidazoline receptors have been de-
scribed, such as 2-[3-azido-4-[251I]-iodophenoxy]methyl imida-
zoline (['251]-AZIPI; Lanier et al., 1993) and [3H]-2-(2-benzo-
furanyl-)-2-imidazoline ([3H]-2-BFI; Lione et al., 1995). The
present paper describes the binding characteristics of [3H]-4-
chloro - 2 - (imidazolin - 2 - yl)isoindoline ([3H] - RS-45041 - 190;
Figure 1) a selective, high-affinity 12 imidazoline radioligand
which has low affinity for a2-adrenoceptors and a variety of
other receptors subtypes. We also describe the neuroanato-
mical distribution of its binding sites in the rat brain, studied
by quantitative autoradiography.
A preliminary account of part of this work has been pre-

sented to the British Pharmacological Society (MacKinnon et
al., 1995).

Methods

Membrane preparation

Rat kidney membranes were prepared as previously described
(MacKinnon et al., 1993). Male Sprague-Dawley rats, 200-
250 g, were killed by cervical dislocation and the kidneys re-

Cl

Figure 1 Structure of [3H]-4-chloro-2-(imidazolin-2-yl) isoindoline
([3H]-RS-45041-190).
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moved. Kidneys were homogenized in 25 volumes (w/v) 50 mM
Tris HCl pH 8.0 at 40C containing 5 mM EDTA with a
Polytron PT 10 tissue disruptor. The homogenate was cen-
trifuged at 48000 g for 15 min at 40C. The supernatant was
discarded and the pellet resuspended in the original volume of
homogenizing buffer and recentrifuged. The pellet was washed
twice by centrifugation in 50 mM Tris HCI (pH 8.0) at 40C
containing 0.5 mM EDTA, and the final pellet resuspended in
3 ml 50 mM Tris HCl (pH 8.0) at 40C and stored under liquid
N2 until used in the binding assay.

Binding assays

[3H]-RS-45041-190 was synthesized to a specific activity of
28 Ci mmol-1 by Dr H. Parnes (Institute of Chemistry, Syntex
Palo Alto, U.S.A.), and stored at -200C at a concentration of
1 mCi ml-. Under these storage conditions [3H]-RS-45041-
190 retained >96% purity (determined by h.p.l.c.) throughout
the duration of this study. In saturation experiments, 0.2-
25 nM [3H]-RS-45041-190 was incubated with rat kidney
membranes (200-400 Mg protein) to equilibrium (60 min at
25°C) in an assay volume (500 jul) of 50 mM Tris HCl pH 7.4 at
25°C containing 0.5 mM EDTA. In competition experiments
1.0 nM [3H]-RS-45041-190 was incubated with 13 concentra-
tions of competing drug. Non-specific binding was defined in
the presence of 10 gM cirazoline. Bound ligand was separated
from free by filtration over Whatman GF/B filters in a Brandel
Cell Harvester.

Autoradiography

Male Sprague-Dawley rats were anaesthetized with pento-
barbitone and perfused intracardially with 20 ml 0.9% saline.
The brains were removed and frozen in isopentane at -45°C,
frozen onto microtome chucks and 20 gm coronal sections (in
the plane of the atlas of Paxinos & Watson, 1986) thaw
mounted onto gelatin subbed slides. Frozen sections were
stored at -20°C for 3 days before use. Sections were brought
to room temperature and preincubated for 20 min at room
temperature in Tris HCl buffer pH 7.4 containing 0.5 mM
EDTA. Incubations were performed in the same buffer con-
taining 8 nM [3H]-RS-45041-190 for 60 min. Non-specific
binding was determined in the presence of 10,M cirazoline.
Labelled sections were washed in ice cold Tris EDTA buffer
for 10 min, dipped in ice cold distilled H20 and dried in a
stream of cold air. The sections were opposed to 3H-sensitive
Hyperfilm (Amersham) with appropriate standards (3H mi-
croscales Amersham) for 6 weeks. Autoradiograms were
quantified by a Quantimet 970 image analyser, and the atlas of
Paxinos & Watson (1986) was used to identify structures.

Data analysis

Binding isotherms from competition studies were analysed by
a non-linear least squares curve fitting programme capable of
fitting to a one- or two-site model. The IC50 (concentration of
drug displacing 50% specific binding) was converted to the
inhibitory constant (Ki) by the equation of Cheng & Prusoff
(1973) where Ki = IC50/(l + [ligand]/Kd). The fits for a one- and
two-site model were compared using the differential F value. A
two-site fit was assumed to be significantly better than a one-
site fit if the determined F value had a P<0.05. Equilibrium
binding parameters (Kd and Bmax) were obtained by the itera-
tive non-linear least squares curve fitting programme, LI-
GAND (Munson & Rodbard, 1980).

For kinetic experiments, the pseudo first order rate constant
(Kb,) was calculated from a non-linear squares fit to a single
exponential function (Eq. 1), using the KaleidaGraph pro-
gramme run on an Apple Macintosh computer, where Be and
k are, respectively, the amount of equilibrium binding and the
rate constant (KobJ) for the single exponential model, and Bt is

the binding at time t. Experiments were also analysed ac-
cording to a double exponential fit (Eq.2), where Bef and Be.
are the amplitudes, and kf and k. are the rates

Bt=Be (I -e-k)
Bt = BeF (1 - e-kF) + Be,(l-e-k)

(Eq. 1)
(Eq.2)

(Kob,) of the fast and slow binding components in the double
exponential model. The fits for a one or two site model were
compared using the differential F value (see above). The as-
sociation rate constant K1, was determined from the equation
K1 = (K~b,-K2)/[ligand], where K2 is the dissociation rate con-
stant calculated from a non-linear least-squares fit to a single
or double exponential function (Eq.3 and 4) where BO re-
presents binding at time 0.

Bt=BO (- e-k)
Bt = BOF(- e -kF) + BO,(-e k)

(Eq.3)
(Eq.4)

The equilibrium dissociation constant (Kd) was calculated from
the equation Kd = K2/K,.

Chemicals and drugs

Reagents and chemicals used were of the highest analytical
grade available. Compounds were kindly donated by their
manufactureres, synthesized at the Institute of Organic
Chemistry, Syntex (Palo Alto) or purchased. The following
compounds were used: (-)-adrenaline bitartrate, pargyline
HCl, amiloride HCl, histamine HCl, dopamine HCl,
GppNHp, agmatine HCl and naphazoline HCl (Sigma); p-
aminoclonidine HCl, clorgyline HCl and selegiline HCl (Re-
search Biochemicals Incorporated); cirazoline HCl (Synthela-
bo); guanabenz (Wyeth); prazosin HCl (Pfizer); delequamine
HCl (RS-15385-197), RS-45041-190 (4-chloro-2-(imidazolin-2-
yl)isoindoline), rilmenidine and idazoxan HCl were synthe-
sized by Dr R. Clark, Syntex Palo Alto, U.S.A.

Results

[3H]-RS-45041-190 binding to rat kidney

Kinetics [3H]-RS-45041-190 binding to rat kidney mem-
branes was rapid and reversible (Figure 2). Ecuilibrium was
reached within 60 min, but the time course of [ H]-RS-45041-
190 binding was better fitted to two exponential phases of
binding. The rate constant Kob, for the fast phase of binding
was 1.395+0.518 min-' with tl/2=35 s and represented
53+±6% of the total bound ligand at equilibrium. The re-
maining binding associated slowly (Kob. =0.055±0.035 min-'
with t112 = 12.6 min; n = 4 in each case). After the addition of
10 gM cirazoline, [ H]-RS-45041-190 exhibited a biphasic dis-
sociation plot with 57 + 6% dissociating rapidly
(K2= 0.401 ± 0.118 min'-, t1/2= 1.7 min). The remaining bind-
ing dissociated slowly (K2 = 0.037 + 0.010 min-, t1/2 = 19 min).
Kd values were calculated based on the percentage of rapidly
associating and dissociating components, thus, Kd values of
0.57±0.21 nM for the fast phase and 0.89+0.15 nM for the
slow phase were obtained. These results indicated that [3H]-
RS-45041-190 labelled two sites or two affinity states of an
imidazoline binding site on rat kidney.

Saturation analysis [3H]-RS-45041-190 binding was of high
affinity and saturable in the rat kidney (Figure 3). The data
were better fitted to a one-site model (Kd= 2.71 + 0.59 nM,
Bmax= 223.1 ± 18.4 fmol mg-' protein; n= 6). At the Kd con-
centration, the percentage of binding defined with 10 IM cir-
azoline was 70-75% of the total [3H]-RS-45041-190 bound.
The failure of saturation analysis to define two sites for [3H]-
RS-45041-190 was probably due to the very similar affinity
shown for the two sites in kinetic experiments (see previous
section).
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Competition studies In competition experiments (Table 1),
unlabelled RS-45041-190 showed high affinity (pKi= 8.39) and
a Hill slope of 0.75, suggesting that more than one site was
being labelled with [3H]-RS-45041-190. However, statistical
analysis of the fits revealed that the data were not significantly
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better fitted to a two-site model (Figure 4). The imidazoline
compounds idazoxan (Figure 4) and cirazoline displaced [3H]-
RS-45041-190 binding with high and low affinity components
(pIC50=7.85 and 5.80 for idazoxan and 8.16 and 6.11 for
cirazoline). The high affinity component represented 60-70%
of the specifically bound [3H]-RS-45041-190 (1 nM). The
monoamine oxidase A inhibitors clorgyline and pargyline, but
not the monoamine oxidase B inhibitor, selegiline, displaced
30-40% of the binding with high affinity (Figure 5, Table 1).
Naphazoline inhibited [3H]-RS-45041-190 binding with mod-
erate affinity and a shallow Hill slope, although again this was
not significantly better fitted to a two-site model. Guanabenz
showed high affinity for [3H]-RS-45041-190 binding and p-
aminoclonidine showed very low affinity. These data suggest
that 60-70% of the sites labelled with [3H]-RS-45041-190
show characteristics of the 12 imidazoline site. Other com-
pounds tested (adrenaline, delequamine (RS-15385-197), do-
pamine, histamine, prazosin, rilmenidine and agmatine) had
very low affinity for [3H]-RS-45041-190 binding (pKi< 5.6).

Effect of S'guanylylimidodiphosphate (Gpp(NH)p) on [3H]-
RS-45041-190 binding In order to determine whether the
[3H]-RS-45041-190 binding site(s) couple to a G-protein, the
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Figure 2 Association and dissociation of [3H]-RS-45041-190 binding
to rat kidney membranes. The inserts show the semilogarithmic plots
of the data. The data represent a single experiment performed in
triplicate. Essentially similar data were obtained in three other
experiments on different preparations (see text for mean values). Two
association rate constants (top panel) were calculated: Kbsl= 1.376,
Kobs2=0.0346min-'. On the addition of 10WpM cirazoline, [3H]-RS-
45041-190 dissociated with two rate constants: K21 = 0.714,
K22 = 0.0204 min -1. Calculated Kd values for the fast and slow
components were 1.18 and 1.57nm respectively.
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13H]-RS-45041-190 concentration (nM)
10

Figure 3 Saturation analysis of [3H]-RS-45041-190 binding to rat
kidney membranes. The data represent a typical experiment
performed in triplicate. Essentially similar data were obtained in five
other experiments on different preparations (see text for mean
values). The insert shows the Scatchard plot of the data. The affinity
(Kd) = 1.91 nm and the Bmax= 280.1 fmolmg- protein.

Table 1 Inhibition of [3H]-RS-45041-190 binding in rat kidney membranes

Compound

RS-45041-190
Idazoxan
Cirazoline
Clorgyline
Pargyline
Selegiline
Guanabenz
Amiloride
Naphazoline
Rilmenidine
p-Aminoclonidine
Agmatine
Adrenaline
Delequamine
Dopamine
Histamine
Prazosin

n

3
3
3
3
3
3
3
3
4
3
3
3
3
3

2
2
2

pKi

8.39+0.04

5.25 + 0.20
7.23 0.07
6.91 0.36
6.61+0.11
5.57 + 0.18
4.89±0.15

<4
<4
<4
5.08
4.13
4.20

nH

0.75 + 0.02

0.69 +0.02
1.23 +0.10
0.72+0.03
0.62+0.02
0.61 0.07
0.77 + 0.08

pIC50
(60-70%)

7.85 ± 0.03
8.16+0.05
5.65 ± 0.20
4.43 ± 0.71

pIC50
(30-40%)

5.80+0.12
6.11 +0.17
8.60±0.27
7.76+0.54

0.72

A range of concentrations of inhibitor were incubated with 1 nM [3H]-RS-45041-190 and rat kidney membranes to equilibrium as

described in Methods. The results represent the mean s.e.mean of n determinations performed in duplicate. For compounds displaying
biphasic displacement curves the pIC50 and % binding of each component is given.
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regulation of binding by Gpp(NH)p was determined.
Gpp(NH)p did not compete for [ H]-RS-45041-190 binding at
concentrations up to 1 mm (data not shown). However, for G-
protein-coupled receptors, guanylnucleotides change the affi-
nity state of the receptor for its agonist to a low affinity state.
One potential agonist is idazoxan, as it gave rise to a biphasic
inhibition curve in competition experiments; therefore inhibi-
tion curves to idazoxan were carried out in the presence and
absence of 100 pM Gpp(NH)p. Figure 4 shows that the affinity
and the percentage of sites defined with idazoxan were un-
altered by the presence of 100 gM Gpp(NH)p (control:
pIC50=7.74±0.03 (69%) and 5.75±0.18 (21%); 100jM
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Gpp(NH)p: pIC50= 7.93 ±0.11 (68%) and 5.56+ 0.31 (22%),
n = 3). These data suggest that either idazoxan is not an agonist
or that the binding sites are not coupled to a G-protein.

Autoradiographical distribution of imidazoline binding
sites in rat brain

[3H]-RS-45041-190 binding sites were highly localized in dis-
crete regions of rat brain. Table 2 shows the density of binding
sites measured in several regions of rat brain. Images of total
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Figure 4 Effect of RS-45041-190 and idazoxan on [3H]-RS-45041-
190 binding in rat kidney: (0) idazoxan; (0) idazoxan plus
GppNHp (100M); (-) RS-45041-190. The data represent the
mean +s.e.mean of three experiments on different preparations each
performed in duplicate. For idazoxan the data were better fitted to a
two-site model in the presence and absence of Gpp(NH)p. Affinity
values as given in the text.

Concentration (M)

Figure 5 Effect of monoamine oxidase inhibitors on [3H]-RS-45041-
190 binding. The data represent a typical experiment performed in
duplicate. Essentially similar data were obtained in three other
experiments on different preparations (see text for mean values). For
clorgyline (0) and pargyline (0) the data were better fitted to a two-
site model with pIC50s of 8.60 and 7.81 for the high affinity
component (35%) and 5.83 and 4.41 for the low affinity component
(65%), respectively. Selegiline (U) was better fitted to a one-site
model with a low Hill slope (pIC50=5.27, nH= 0.63).

Table 2 Distribution of [3H]-RS-45041-190 binding in rat brain

Specific binding
(fmol mg-' tissue)

Olfactory system
Ant. olfactory nuc. lat.
Septal area
subfornical organ
lateral ventricles
Corpus striatum
caudate putamen
globus pallidus
nuc. accumbens
Thalamic regions
paraventricular
medial habenular nuc.

fasciculus retroflexus
Hypothalamic regions
dorsomedial
arcuate nuc.
mammillary nuc. med.
mammillary peduncle
Hippocampal regions
dentate gyrus
subiculum
CAl
CA2
CA3
Mesencephalon
periaqueductal grey
interpeduncular nuc.

substantia nigra

97.1 ± 10.6

195.7 ± 12.2
103.0 ± 6.4

52.1 ±4.6
11.1 ± 1.4

101.3 ±9.6

125.9 ± 3.1
159.2+9.4
88.7 ± 15.0

237.6 ± 29.7
247.3 ± 10.2
152.9 +81.4
112.8 ± 16.2

62.7 ± 5.7
97.8 ± 16.5
105.4 ± 8.7
97.6+ 8.0
89.2+ 11.0

93.4+4.1
217.4+21.7
32.9 ±0.8

Region

Cortical regions
entorhinal cortex
occipital cortex
temporal cortex
parietal cortex
cingulate cortex
cor/amygdloid zone
orbital cortex
Pons
locus coeruleus
olivocochlear bundle
ventrospinal cer. tract
pontine nuclei
dorsal tegmental nuc.
dorsal raphe
Medulla
gracile nucleus
hypoglossal nuc.

nuc. spin. tract trig.
area postrema
lateral reticular nuc.

pyramidal tract
nuc. sol. tract
inferior olive
paramedian lobule
Cerebellar regions
Cl
C9

Specific binding
(fmol mg1 tissue)

85.1+8.2
62.6 5.6
62.7+ 2.9
38.3 + 2.0
43.3 1.6
124.5 16.4
88.5 17.7

184.5 ± 15.6
110.9 +25.5
86.4 ± 5.8
35.7 ± 4.8
76.9 ± 3.4

135.1 ±20.6

56.1 ± 12.9
71.3 ± 8.3
9.7 1.2

215.6+25.8
40.7+ 4.1
66.3 ± 10.5
100.6 ± 5.7
76.4 ± 3.1
35.4 4.3

57.9 ± 5.7
24.1 +3.7

Sections were labelled with 8 nM [3H]-RS-45041-190 as described in Methods. Quantification of image density in fmol mg-' tissue was

carried out with a Quantimet 970 image analyser. The results represent the mean s.e.mean of multiple measurements made from 3-4
animals.

Region
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Figure 6 [3H]-RS-45041-190 binding in rat brain (medullary region).
The images show representative total binding sections through the rat
brain. Non-specific binding in consecutive sections was not
significantly greater than background. AP (area postrema), IO
(inferior olive), NTS (nucleus of the solitary tract), 12 (hypoglossal
nucleus).

binding sections are presented in Figures 6-8. High density
binding (>150 fmol mg-' tissue) was observed in the area
postrema, the interpeduncular and the arcuate nuclei, lateral
ventricles, subfornical organ, locus coeruleus, medial habe-
nular nucleus and the dorsomedial hypothalamic nucleus, with
moderate binding (100-150 fmol mg-' tissue) in the olivoco-
chlear bundle, dorsal raphe, cortical amygdaloid zone, peria-
queductal grey and the nucleus of the solitary tract.

Discussion

['H]-RS-45041-190 was shown to be a selective 12 imidazoline
ligand which displayed high affinity for an imidazoline binding
site on rat kidney membranes. Competition studies showed
adrenaline and delequamine (RS-15385-197; Brown et al.,
1993) to have negligible affinity suggesting that this ligand does
not label a2-adrenoceptors. In addition, ligands for al-adre-
noceptors, 11, histamine, 5-HT and dopamine receptors had
low affinity suggesting that [3H]-RS-45041-190 did not label
receptors of these classes. Kinetic analysis showed that [3H]-
RS-45041-190 labelled two sites in rat kidney (Kd=0.57 nM
and 0.89 nM); however, in saturation studies and in competi-
tion experiments with unlabelled RS-45041-190 the data were
better fitted to a one-site model. This could be explained by the
lack of resolution in the latter two analyses given that the
affinities calculated from kinetic experiments differed by less
than twofold. Inhibition curves to idazoxan and cirazoline
confirmed that [3H]-RS-45041-190 labelled two sites as they
showed > 100-fold selectivity for 60-70% of the binding, and

clorgyline and pargyline showed > 1000-fold selectivity for the
remainder of the binding.
A comparison was made of affinities of a range of com-

pounds for [3Hk-RS-45041-l90 binding in rat kidney (present
study) and for [ H]-idazoxan binding in this tissue (data from
MacKinnon et al., 1993) and in rat brain (data from Brown et
al., 1990). Figure 9 shows a very good correlation between
[3H]-RS-45041-190 binding in rat kidney and [3H]-idazoxan
binding in the same tissue (r= 0.97, slope= 0.97) and in rat
brain (r= 0.93, slope = 0.96). This indicates that the major
component labelled by [3H]-RS-45041-190, i.e. that which has
high affinity for idazoxan and cirazoline but low affinity for
clorgyline and pargyline, was similar to the sites labelled by
[3H]-idazoxan in rat kidney and brain. [3H]-RS-45041-190
therefore labels an imidazoline receptor of the I2 subtype in rat
kidney which appears to be similar to the 12 subtype in rat
brain. The proposed endogenous ligand for imidazoline re-
ceptors, agmatine, did not displace [3H]-RS-45041-190 binding
(pK;< 4). The reason for this is at present unclear; however, the
role of this substance in imidazoline receptor pharmacology
and the physiological role of these receptors remains to be
elucidated.

The possibility that [CH]-RS-45041-190 was labelling both
states of a G protein-linked receptor exhibiting high and low
affinity states for agonists was addressed in experiments with
the stable GTP analogue, Gpp(NH)p. Idazoxan exhibited a
biphasic inhibition curve against [3H]-RS-45041-190, and for
that reason represented a likely candidate for an agonist at the
imidazoline site. However, 100 uM Gpp(NH)p had no effect on
the affinity or the percentage of sites defined with idazoxan
suggesting that either idazoxan is not an agonist or that [3H]-
RS-45041-190 binding sites are not associated with a G-
protein.

The distribution of binding sites labelled by [3H]-RS-45041-
190 in rat brain autoradiography studies showed some overlap

LC

Nocb

_.PAG

-S

5 mm
Figure 7 [3H]-RS-45041-190 binding in rat brain (pons-midbrain
region). The images show representative total binding sections
through the rat brain. Non-specific binding in consecutive sections
was not significantly greater than background. PAG (periaqueductal
grey), IP (interpeduncular nucleus), LC (locus coeruleus), ocb
(olivocochlear bundle), S (subiculum).
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acetylcholine, GABA, substance P. TRH, Met-enkephalin,
Met-enkephalinamide, oxytocin, VIP, a-MSH, y-MSH, neu-
rotensin, galanin, gastrin, renin and P3 endorphin. Thus, none
of these endogenous ligands are likely to have activity at I2
receptors.

It is interesting that the arcuate nucleus has direct axonal
projections to many of the other nuclei highlighted in the
present study, including the medial habenular nucleus, dorsal
raphe nucleus, locus coeruleus and nucleus tractus solitarius
(Sim & Joseph, 1991), and also provides input (presumably
indirectly) to neurones in the subfornical organ (Rosas-Arre-
lano et al., 1993). The medial habenula in turn is connected to
the interpeduncular nucleus by the habenulo-interpeduncular
tract (Kataoka et al., 1973). It is therefore possible that all
these regions labelled by [3H]-RS-45041-190 perform some
integrated functions together. The effects of RS-45041-190 on
some of the more prominent functions of these regions forms
the basis of another study (Brown et al., 1995).
No neurotransmitter, receptor or enzyme appears to have a

distribution identical to that of the binding sites for [3H]-RS-
45041-190, but some closely resemble it. For example, angio-
tensin II receptors have a distribution in the CNS which
overlaps with some of the areas, with AT1 receptors pre-
dominantly located in the subfornical organ, nucleus tractus
solitarius and area postrema, and AT2 receptors in the inferior
olive and locus coeruleus (Gehlert et al., 1991; Song et al.,

5 mm
Figure 8 [3H]-RS-45041-190 binding in rat brain (forebrain region).
The images show representative total binding sections through the rat
brain. Non-specific binding in consecutive sections was not
significantly greater than background. Arc (arcuate nucleus), AOL
(anterior olfactory nucleus, lateral), CPu (caudate putamen), DM-
(dorsomedial hypothalamic nucleus), GP (globus pallidus, LM
(lateral mammillary nucleus), MHb (medial habenular nucleus),
SFO (subfornical organ).

with the distribution of I2 receptors labelled by [3H]-idazoxan
(Mallard et al., 1992; MacKinnon et al., 1992). The binding
sites for both ligands showed a very discrete neuroanatomical
distribution, including the subfornical organ, arcuate nucleus,
interpenduncular nucleus, lateral mammillary nucleus, medial
habenula, nucleus tractus solitarius and area postrema. In
addition to labelling those regions labelled by [3H]-idazoxan,
[3H]-RS-45041-190 also labelled other discrete nuclei, includ-
ing the dorsomedial hypothalamic nucleus, dorsal raphe nu-
cleus, locus coeruleus and inferior olive. However, it should be
pointed out that in neither study can we know whether the
binding sites are neuronal.

The arcuate nucleus is associated with pituitary functions in
particular, and a large number of hormones and peptides are
found here (Chronwall, 1985). A recent study from this la-
boratory (MacKinnon et al., 1992) investigated the affinity of
many of these substances for I2 sites in rabbit renal cortex,
using displacement of [3H]-idazoxan in the presence of dele-
quamine. ACTH and LH showed moderate affinity (pKi= 5.86
and 5.80, respectively). All other substances showed pKi<5,
viz. LHRH, GHRH, angiotensin I and II, progesterone, tes-
tosterone, f,-oestradiol, endothelin (ET-1), ADH, FMRF-
NH2, prolactin, dynorphin, neuropeptide Y, somatostatin,
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brain membranes (r = 0.93, slope = 0.96; data from Brown et al., 1990;
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1992). However, as stated above, neither angiotensin I or II
have appreciable affinity for imidazoline sites labelled with
[3H]-idazoxan, and it is therefore unlikely that imidazoline sites
are associated with angiotensin II receptors in these areas.
Enkephalins are also highly localized in the nucleus tractus
solitarius, interpeduncular nucleus, arcuate nucleus and locus
coeruleus (Zamir et al., 1985), but as stated above, Met-en-
kephalin has no appreciable affinity for imidazoline sites de-
fined by displacement of [3H]-idazoxan binding in rabbit
kidney. [3H]-dexamethasone (which binds to glucocorticoid
receptors) also shows high density binding in the arcuate nu-
cleus, subfornical organ, locus coeruleus, nucleus tractus soli-
tarius and area postrema (Birmingham et al., 1993);
interactions of glucocorticoids with the 12 imidazoline site have
not been investigated. Autoradiography studies with the
MAO-A inhibitor, [3H]-Ro 41-1049, have shown high levels of
binding in the locus coeruleus, medial habenular and inter-
peduncular nuclei, nucleus tractus solitarius and inferior ol-
ives, whereas the distribution of MAO-B using the selective
inhibitor, [3H]-Ro 19- 6237, have shown the highest density of
binding in the circumventricular organs (which include the
subfornical organ and area postrema), the pineal gland and the
arcuate nucleus (Saura et al., 1992). Thus the distribution of
MAO showed some striking parallels to the distribution of
[3H]-RS-45041-190 binding. It is tempting to suggest that the
additional sites labelled by [3H]-RS-45041-190 which are not
labelled by [3H]-idazoxan may represent binding to MAO-A,
as they are sensitive to clorgyline and pargyline and show a

similar distribution in rat brain. Alternatively, this secondary
component of [3H]-RS-45041-190 binding, which is sensitive to
some MAO inhibitors, may represent an additional state or
subclass of the 12 receptor. Whatever the explanation, previous
studies have shown that chronic treatment with clorgyline and
phenelzine down-regulates '2 binding sites in rat brain (Olmos
et al., 1993; Alemany et al., 1995), suggesting a close associa-
tion of the MAO enzyme complex and I2 imidazoline re-
ceptors. It would also be interesting to investigate the
interactions of the endogenous MAO inhibitor, isatin, with I2
receptors. Isatin (indole-2,3-dione), a major consituent of the
endogenous MAO inhibitor, tribulin (Glover et al., 1988), is
structurally similar to the isoindoline moeity of RS-45041-190
and could conceivably be an endogenous ligand for 12 re-
ceptors.

This study has demonstrated that the imidazoline com-
pound [3H]-RS-45041-190 has a high affinity and selectivity for
12 imidazoline receptors in rat kidney and brain and has low
affinity for C2-adrenoceptors and a variety of other receptors. It
therefore represents a superior radioligand for use in the
classification of imidazoline receptors, and for investigating
their distribution in tissues by autoradiographic techniques.

[3H]-RS-45041-190 was synthesized by Dr Howard Parnes, Syntex,
Palo Alto, California, U.S.A. We thank Mr Charles Calder for
printing the autoradiograms.
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