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Abstract The novel selective imidazoline radioligandbinding of BH]JRo 19-6327(N-(2-aminoethyl)-5-chloro-
[3H]2-(2-benzofuranyl)-2-imidazoline (2-BFI) was use@-pyridine carboxamide) to MAO-B or that ¢H]2-BFI

to characterize and assess further the naturg-iofid- to I,-sites. At 16* M it also abolished MAO-B sites, but
azoline receptors in rat brain and liver. In the cerebealsubstantial proportion of-bkites (40%) remained in-
cortex, 2-BFI displayed high affinityk(= 9.8 nM) for a tact. Preincubation of liver membranes at 60 °C also
single class of3H]2-BFI binding sites. Other imidazo-abolished MAO-A/B sites, whereas still 22% ogfsites
line/guanidine compounds (e.g. aganodine, cirazolir@mained. The results indicate th&t]2-BFI is a good
and idazoxan) displayed biphasic competition curves, toel for the identification of imidazoline receptors and
dicating the existence of higi(;= 2.9-78 nM;R,= 61- suggest further that certaip-dites and MAO are differ-
83%) and low K; = 4.7-158 uM) affinity sites. The ent proteins.

pharmacological profile for3H]2-BFI binding (agano-

dine > cirazoline > 2-BFI >> clonidine > amiloride >>

efaroxan) was typical of that fos-sites. This profile was Key words [3H]2-(2-benzofuranyl)-2-imidazoline

almost identical to that obtained again3tl][dazoxan ([3H]2-BFI) - lg-imidazoline receptor -

(correlation betweenlf values,r = 0.97) which indicat- MAO isoenzymes - Irreversible MAO inhibitors -

ed that the sites characterized wifh]R-BFI in brain Rat brain and liver

corresponded todimidazoline receptors. The low affini-
ty of amiloride against®H]2-BFI (K;= 900 nM) further :
indicated that these braig-sites belong to the,d-sub- Introduction

type. BH]2-BFI binding sitesB,,.,.= 72 fmol/mg protein)

in brain were differentially modulated by treatmern the last few years, the existence of binding sites spe-
(7 days) with cirazoline (up-regulation: 25%) and theific for imidazol(ine)/guanidine compounds distinct
MAO inhibitor phenelzine (down-regulation: 31%), indifrom a,-adrenoceptors has been shown in a wide variety
cating that these,isites are regulated in vivo, as is thef species and tissues, including the central nervous sys-
case for those labelled byH]Jidazoxan. Chronic treat-tem (for a review see Bousquet 1995; French 1995; Reis
ment with 2-phenylethylamine, a phenelzine metaboligé al. 1995; Regunathan and Reis 1996). These non-ad-
and endogenous amine, did not alter the density of bregnoceptor binding sites, called imidazoline receptors,
of l,-imidazoline receptors labelled byHJidazoxan. have been classified into two main typesintidazoline
Preincubation of liver membranes with the MAO inhibieceptors, labelled witi#iijclonidine and its derivatives,

tor clorgyline (1 M) abolished the binding ofifiJRo and L-imidazoline receptors, traditionally labelled with
41-1049 (N-(2-aminoethyl)-54-fluorophenyl)-4-thiaz- [*H]idazoxan, which differ not only in their pharmaco-
ole carboxamide) to MAO-A, but it did not alter théogical profiles but also in their tissue and subcellular
distributions (Ernsberger 1992; Michel and Ernsberger
1992). According to the affinity for the guanidide amilo-

- _ ride and the ability to irreversibly bind clorgyline, the |
ﬁétfgfg?grryo'fﬁ-e(a'rg’;ﬁa'r%ap‘cb%ggc'a'SeV'”@ imidazoline receptors have been further subclassified in-
Department of Biology, University of the Balearic Islands, to the ba- and bg-subtypes (Diamant et al. 1992; Miral-
Cra. Valldemossa km 7.5, E-07071 Palma de Mallorca, Spain es et al. 1993a; Olmos et al. 1996a). _

1present addressnstitut fiir Pharmakologie The interaction of imidazol(ine) ligands with several
Universitatsklinikum Essen, Hufelandstrasse 55, receptor systems, including-adrenoceptors, serotonin
D-45122, Essen, Germany (5-HT,,) receptors and various cation channels (Tim-
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mermans and Van Zwieten 1982; Dunne 1991; LladéBsicause 2-phenylethylamine is rapidly metabolized by MAO-B

al. 1996; Molderings et al. 1996; Olmos et al. 1996 aterson et al. 1990, 1991), other groups of rats were treated with
. | ; . X ; ) “phenylethylamine (30 mg/kg) together with the reversible
and the lack of high affinity and selectivecompounds Ao g inhibitor Ro 19-6327 (2 mglkg) or with Ro 19-6327

are some of the major obstacles to the further identifigamg/kg) alone. Rats were killed 24 h after the last injection and
tion and structural characterization gfimidazoline re- cerebral cortical and liver membranes were prepared as above.

ceptors. Recently, the chemical modification of the Strgﬂ]Z-BFl, [*H]idazoxan, PH]Ro 41-1049 and H]Ro 19-6327
ture of idazoxan has provided the development of Vainding assays Total PHJ2-BFI or [HJidazoxan binding was
ous compounds such as LSL 60101 (2-(2-benzofuranyheasured in 0.5 ml-aliquots (50 mM Tris-HCI, pH 7.5) of the cor-
2-imidazole), BU 224 (2-(4,5-dihydroimidaz-2-yl)-quindical and liver membranes, which were incubated with shaking for
oline) and 2-(2-benzofuranyl)-2-imidazoline (2-BFI?O min at 25 °C. Binding ofH]idazoxan to braintimidazoline

ith . d lecti file (Hud t al eceptors was done in the presence of M (-)-adrenaline and
with an improved Ja, selective profile (Hudson et al.g’1 "o, ascorbic acid to prevent binding to-adrenoceptors

1994, 1995; Menargues et al. 1994; Alemany et @bimos et al. 1992; Miralles et al. 1993a). In agreement with pre-
1995a). The radiolabelled form of 2-BFI3H]|2-BFI), vious studies (Hudson et al. 1995), 2-BFI displayed very low af-

has more recently been synthesized and characterizegr'“{ |Jﬁir di2reaib”ingi2r'%(_’rggtgcﬁggogﬁé‘\()mj a1n1d<>;r ;t?g c')\]{' 1%92?[%

th? rabb't t_)raln as a new hlghly selective radioligand ,-adrenoceptors v%—ylmidazoline receptors (see Table 1). When

|-imidazoline receptors (Lione et al. 1996). 10% M (-)-adrenaline was included in the assay, it did not affect
Recent studies demonstrating that the heterologaetsl FH]2-BFI binding, suggesting that the radioligand does not

expression in yeast of cDNA clones for monoamine o¥gbel az-adrenoceptors in this tissue. Because of this, 842t
dase (MAO-A and MAO-B isoenzymes) led to the Coe?FI binding was defined in the absence of (-)-adrenaline. Nonspe-

) . S . ific binding was determined in the presence of M naphazo-
pression of JHJidazoxan binding sites (Tesson et afine for both radioligands (Olmos et al. 1992). In drug competition

1995), and that some imidazol(ine) drugs, includingudies, membranes were incubated as above #if2{BFI (3 x
2-BFI, can inhibit MAO activity in a non-competitivel0°® M) or with [*H]idazoxan (1& M) and in the absence or pres-
manner (Carpéné et al. 1995; Tesson et al. 1995), h%&quf various concentrations of the competing drug$°(¥0to

ted that-dmid i i h ; 15 concentrations). Total binding was determined as above
suggeste atpdmidazoline receptors are SOmMeNOWnq piotted as a function of the drug concentration. In saturation

linked to MAO (Parini et al. 1996). studies, cortical membranes were incubated with eight concentra-
In this context, the present study was designed (1)titms of PH]2-BFI (5 x 10'°M to 2.5 x 1¢% M) or [*Hlidazoxan
characterize ;limidazoline receptors with3fi]2-BFI in (6 x 10°Mto 4 x 10° M) as above. The specific binding was de-

. . . . . . . fined as the difference between total bindind{R-BFI) or total
comparison with3H]idazoxan in rat brain, (2) to INVeSt-non_adrenoceptor binding3H]idazoxan) and nonspecific binding

gate whether chronic treatments with the imidazoliR@d was plotted as a function of increasing concentrations of the
compound cirazoline and the irreversible non-selectixlioligand. Specific binding represented 87 % to 49 % of total

MAO inhibitor phenelzine result in regulation of thé®H]2-BFI binding and 70 % to 40 % of totdHJidazoxan binding.

; i ; _ In another series of experiments, the effects of in vitro preincu-
density of }-imidazoline receptors labelled bjH]2-BFI bettion with clorgyline or those of different preincubation tempera-

in rat braln_and ) to seek for p055|b_le interactions @fes on JH]2-BFI (3 x 10° M) binding to liver b-imidazoline re-
[3H]2-BFI with MAQO isoenzymes in rat liver. ceptors and on3H]Ro 41-1049 (4 x 18 M) or [*H]Ro 19-6327
(4.5 x 16° M) binding to liver MAO-A or MAO-B isoenzymes,
respectively, were assessed as described previously (Olmos et al.
; 1993; Miralles et al. 1993b). The pellets resulting from the last
Materials and methods centrifugation (see preparation of membranes) were resuspended
. . . in 10 ml of fresh incubation buffer (50 mM Tris-HCI, 130 mM
Rat cortical and liver membrane preparationdlale Sprague- NaCl, 5 mM KCI, 1 mM MgCJ, 0.5 mM EGTA, pH 7.4) and
Dawley rats (250-300 g) were used. The animals received a sigdyled, after this procedure aliquots of 10 ml were incubated for
dard diet with water freely available and were housed at 20 + 23§ min at 25 °C in the absence or presence of clorgyling L&
with a 12 h light/dark cycle. The rats were decapitated and the pg+ M) or incubated for 30 min at 25, 37, 50, 55, 60 and 70 °C.
rietooccipital cortex and liver were rapidly removed into ice-colhen ‘the membranes were washed twice with 10 ml of the above
Tris-sucrose buffer (5 mM T”S'HOCH 250 mM sucrose; 1 mNhcybation buffer and the final pellet was resuspended as above
MgCl,; pH 7.4) and frozen at -80 °C until required. Cortical anghq ysed in binding experiments. Binding of radioligands to liver
liver membranes (Hractions) were prepared by established meth;.imidazoline receptors, MAO-A or MAO-B was assessed in the
ods with modifications (Giralt and Garcia-Sevilla 1989). Brieflisame aliquot of membranes for every clorgyline concentration or
the tissue samples were homogenized in 5 ml of ice-cold Tr'S‘%incubaﬂon temperature. Nonspecific binding was determined in
crose buffer. The homogenates were centrifuged at 1100 g ¥ presence of 10M naphazoline @H]2-BFI), 106 M clorgyline
10 min and the supernatants were then recentrifuged at 400(\(E3|Q]R041_1049) or 16 M deprenyl (fH]R019-6327).
for 10 min. The resulting pellet was washed twice with 2 ml of ' |ncupations were terminated by diluting the samples with 5 ml
fresh incubation buffer (50 mM Tris-HCI, pH 7.5). The final pelleét ice-cold Tris incubation buffer (4 °C). Bound and free radio-
was resuspended in an appropriate volume of this buffer to a fifighnds were separated by vacuum fiitration through Whatman
protein content of 800-10Q0g/ml. Protein was determined by thegF/c glass fiber filters which had been presoaked with 1 % poly-
method of Lowry et al. (1951), with bovine serum albumin as tgnhylenimine (Bruns et al. 1983), using a Brandel 48R cell har-
standard. vester (Biomedical Research and Development Laboratories,
. . . USA). Then the filters were rinsed twice or three timéid]¢-BFI
Drug treatmentsVarious groups of rats received i.p., every 12 Binging) with 5 ml of incubation buffer, air-dried, transferred to
for 7 days either 0.9 % saline vehicle, cirazoline (1 mg/kg) or thQnivials containing 5 ml of OptiPhase ‘HiSafe’ Il cocktail (LKB,
irreversible MAQ inhibitor phenelzine (3 mg/kg). In another serigShgland) and counted for radioactivity by liquid scintillation spec-

of experiments rats were treated i.p., every 12 h for 7 days wigmetry at 57 % efficiency (Packard model 1900 TR).
2-phenylethylamine (30 mg/kg), an active metabolite of

phenelzine (Dyck et al. 1985; Paetsch et al. 1993) and an enddgealysis of binding data and statistiodnalysis of saturation iso-
nous amine as well (Paterson et al. 1990; McManus et al. 199hgrms K, dissociation constanB,,,, maximum density of bind-
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ing sites) and competition experimenks, (inhibition constant) as sults
well as the fitting of data to the appropriate binding models WeFr@

performed by computer-assisted nonlinear regression using the o ] .
EBDA-LIGAND programs. All experiments were initially ana-Drug competition studies ofHi]2-BFI and BH]idazoxan
lyzed assuming a one-site model of radioligand binding and thgihding in rat brain

assuming a two-site binding model. The selection between the dif-

ferent binding models was made statistically using the extra s -, . . .

of squares principleH test) as outlined by Munson and Rodbargﬂ])mpetmon experiments were performed using a variety
(1980). The more complex model was accepted iffthealue re- Of compounds to assess the pharmacological profile of
sulting from theF test was less than 0.05. [3H]2-BFI binding (3 x 1€ M) to rat brain membranes.

Results are expressed as meaBEM or SD. Pearson’s corre-5_ i initv K. = in di i
lation coefficients were calculated by the method of least squa2 BFI showed high affinityK; = 9.8 nM) in displacing

fes A 3
One-way analysis of variance (ANOVA), followed by Scheffé’,&e specific binding of*H]2-BFI and produced compet-
test, was used for the statistical evaluations. The level of signifig monophasic curves with Hill slopes close to unity, as

cance wa® = 0.05. expected for most homologous displacements (Swillens

- . o et al. 1995). However, several imidazol(ine)/guanidine
Drugs. [H]2-BFI (2-(2-benzofuranyl)-2-imidazoline) (specific ac- ; - s )
tivity 64 Ci/mmol. batch 1) andfjidazoxan (specific activity, cOmPounds known to have high affinity foriinidazo
44 and 49 Ci/mmol; batches 55 and 56) were purchased friR€ receptors such as aganodine, cirazoline, (+)-mede-
Amersham International plc (UK)®Hi]Ro 41-1049 K-(2-amino- tomidine and idazoxan, displayed high affinity and bi-
ethyl)-5-(m-fluorophenyl)-4-thiazole carboxamide) HCI (specifigohasic curves when competing agairfst]2-BFI bind-

activity, 30.8 Ci/mmol) and®H]Ro 19-6327 N-(2-aminoethyl)-5- ; e i ;
chloro-2-pyridine carboxamide) HCI (specific activity, 20.2 cin9 (Hill coefficients significantly less than unity), and

mmol) were generous gifts from Dr. J. G. Richards (F. Hoffmanf@Mputer analysis could resolve this binding into high
La Roche Ltd., Switzerland). For binding assays, appropris@a&d low affinity components (Table 1 and Fig. 1). The
amounts of the stock solutions were diluted with distilled and pHigh affinity component for these drud§.(= 2.9-78 nM)
rified water (Milli-Q) containing 2.5 mM HCI and 6 % Etha”OI'[féJresented 61-83 % of bourRiH[2-BFI at 3 x 16 M.

Other drugs (and their sources) included: (-)-adrenaline bitartr . : -~ -
(Sigma Chemical Co., USA); aganodine HCI (Beiersdorf, Germal'€ imidazol(ine) compounds, bromoxidine, clonidine

ny); agmatine sulfate (Aldrich Chemical Co., USA); amilorid@nd LSL 60101 showed moderate affinity (= 113-879
HCI (Sigma); 2-BFI HCI or RX801077 (synthesized by Dr. Pla asM, % R, = 38-60 %) in displacing the binding 6H]2-

LSL 61103 at S.A. Lasa Laboratorios, Spain), bromoxidine (USF| in rat brain (Table 1 and Fig. 1). In contrast. other
14,304) tartrate (Pfizer, Spain); cirazoline HCI (Synthélabo R ( g. 1) '

cherche, France); clonidine HCI (Boehringer Sohn Ingelheirﬁ!’l'Igs known to have IO.W. affinity fop-imidazoline re-
Germany); clorgyline HCI (Sigmay); efaroxan HCI (Sigmay); id&c€ptors such as moxonidine and efaroxan, had also low
zoxan HCI (synthesized by Dr. F. Geijo at S.A. Lasa Laboratoéiffinity for a single class of3H]2-BFI binding sites

0s); LSL 60101 (2-(2-benzofuranyl)-2-imidazole) HCI (syntheK; = 10 and 225M) (Table 1). Similarly, the guanidide

sized by Dr. F. Pla at S.A. Lasa Laboratorios); (+)-medetomidine i1~ errimi
HCI (Farmos Group, Finland); moxonidine HCI (Beiersdorf) ?mlorlde’ able to discriminate betweQnsUbtypes, and

phenelzine sulphate (Sigma); 2-phenylethylamine HCI (Sigm&dmatine, a proposed endogenous ligand for imidazoline
Ro 19-6327 HCI (F. Hoffmann-La Roche Ltd.). Other reagenteceptors, displayed also low affiniti;(= 0.9 and 352

were obtained from Sigma Chemical Co. (USA). uM) against $H]2-BFI binding (Table 1).

Table 1 Competition parameters of various drugs on the bindingHi2fBFI and PH]idazoxan in
the rat cerebral cortex

[3H]2-BFI [®H]idazoxan

Drugs K (NM) Ki (uM) Ry % Kin (nM) KiL (UM) Ry %
Aganodine 29 20 61 15 0.1 78
Cirazoline 5.3 4.7 77 3.8 2.1 74
2-BFlI 9.8 - 100 7.5 80 73
(+)-Medetomidine 50 37 72 45 56 76
Idazoxan 78 158 83 14 - 100
Bromoxidine 113 63 60 96 7.0 74
Clonidine 207 52 54 980 40 56
LSL 60101 879 3.2 38 350 116 79
Amiloride - 0.9 - - 55 -
Moxonidine - 10 - - 5.0 -
Efaroxan - 225 - - 58 -
Agmatine - 352 - - 342 -

Cortical membranes were incubated at 25 °C for 30 min WHi2FBFI (3 x 10°M) or with [*H]ida-

zoxan (16 M in the presence of 1M adrenaline) and in the absence or presence of the competing
drugs (16°°M to 10° M, 10-15 concentrations). Binding parametefs,(K; and %R, defined as

the percentage of high affinity sites for a given drug) were determined directly by simultaneous anal-
ysis of 2 to 4 independent experiments for each drug using the EBDA-LIGAND programs. A two-site
fit was accepted only if it was significantly better than a one-site binding mBae0(001;F test)
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Fig. 1 Inhibition of total BH]2-BFI binding to rat cerebral cortexFig. 2 Correlation between the high or low (amiloride, moxoni-
membranes by aganodin®), 2-BF| (@) and clonidine ). Cor- dine, efaroxan and agmatine) affinity inhibition constants (ex-
tical membranes were incubated at 25 °C for 30 min Witfj2F pressed askj values, i.e., the negative logarithm of the inhibition
BFI (3 x 10° M) in the absence or presence of various concentcanstant) of various drugs for the binding sites labelled®Hj2f
tions of the competing drugs (30M to 103 M, 15 concentra- BFI and for bg-imidazoline receptors labelled b§H]idazoxan in
tions). Total control binding was 4200 dpm. Computer-assistée rat cerebral cortex. The identification of drugs is as follows: 1)
curve fitting (EBDA-LIGAND programs) demonstrated that foaganodine, 2) cirazoline, 3) 2-BFI, 4) (+)-medetomidine, 5) ida-
aganodine and clonidine a two site fit was significantly better thagxan, 6) bromoxidine (UK 14,304), 7) clonidine, 8) LSL 60101,
a one site fit P < 0.001;F test). Data shown are mean + SEM d®) amiloride, 10) moxonidine, 11) efaroxan and 12) agmatine. The
3 to 4 experiments. See Table 1 Kgralues and other details dotted linerepresents the line of identity. Thelid linerepresents

the regression of the correlation and the data were best described

by the equatioy = 0.96¢+ 0.15 ¢ = 0.97,P = 0.0001). See Table 1

for K; values and other details

Table 2 Effects of chronic treatment with various drugs ¢g |
imidazoline receptors in the rat cerebral cortex

identical to the drug-affinity profile defining,d-imid-

SHlidazoxan . . . >
[+ X azoline receptors labelled b$HJidazoxan in this tissue

Drug treatment Dose Bmax n (Olmos et al. 1996a).
(mg/kg) (nM) (fmol/mg protein)
Saline - 13.9+1.4 5942 7 : . : .
2-Phenylethylamine 30 13.4+1.3 5945 g Regulation of the density of-Imidazoline receptors
2-Phenylethylamine 30 labelled by $H]2-BFI and PH]idazoxan in rat brain
and Ro 19-6327 2 10.8+1.1 4815 3
Ro 19-6327 2 9.6+2.1 4447 3 Saturation binding studies were performed in the rat ce-

Each drug was administered i.p., every 12 h for 7 days. The Fﬁ?ral cortex tosdeterming the den_sity and aﬁinity of
were killed 24 h after the last injection. Cortical membranes wesg€s labelled by3H]2-BFI, in comparison with*H]ida-
incubated at 25 °C for 30 min with eight concentrations @oxan. These studies revealed tRefi2-BFI bound with

A S L, oher sl (= 412 0.3 ) than dzocr
- = L .

10% M adrenaline; non-specific binding was defined in the pre?—LEi N 13'9 + 1.4 nM) to a similar number of brain
ence of 18 M naphazoline. Binding parameter,( By,) were |z-imidazoline receptorsB(,, = 72 + 4 and 59 + 2 fmol/

determined directly by computer-assisted nonlinear analysis frong protein for §H]2-BFI and PH]idazoxan, respective-

untransformed data using the EBDA-LIGAND programs. Eadly) (Fig. 3 and Table 2).

value represents the mean + SEMhaxperiments per group with To provide evidence that the sites labelled #y]2-

an animal per experiment. One-way ANOVA did not detect al L . AL
significant change in the binding parameters %f]iflazoxan to Bri (I-imidazoline receptors) can be regulated in vivo,

I,z-imidazoline receptors after the various treatments the effects of chronic treatment with the specific imid-
azoline drug cirazoline and the irreversible MAO inhibi-
tor phenelzine were assessed. Chronic treatment (7 days)
with cirazoline (1 mg/kg) increased the densityf]-

Parallel competition experiments againsH][da- BFI binding sites By, increased by 25 % < 0.05) in
zoxan binding (16 M) resulted in the expected pharmathe rat cerebral cortex without significantly changing the
cological profile defining 4imidazoline receptors in rataffinity (Ky) of the radioligand for these sites (Fig. 3). In
brain (Table 1). Moreover, when the potencies of all teentrast, chronic treatment (7 days) with phenelzine
compounds tested againsH[2-BFI binding in the rat (3 mg/kg) decreased the density of thesesites By
cerebral cortex were compared with their potencidecreased by 31 %,< 0.01) without changing the affin-

against $HJidazoxan binding in the same tissue (Tabley for [3H]2-BFI (Fig. 3).

1), a very good correlation was obtained(0.97, slope = Because phenelzine does not irreversibly bind in vitro

= 0.96) (Fig. 2). This result indicated that the pharmaao- brain L-imidazoline receptors labelled byH]ida-

logical profile of BH]2-BFI binding in rat brain is almostzoxan (Alemany et al. 1995b), the possibility that its ac-



43

100 [
1201

0 725750 75 100
B

0 5 0 15 20 25 30
[ 3H] -2-BFI (nM)

[3H] -2-BFI bound (fmol/mg protein)

7 -4

102 10® 107 10° 1° 10

Clorgyline (M)

Fig. 3 Saturation curves of the specific binding &f2-BFI to
I,g-imidazoline receptors in the rat cerebral cortex after salje (
or chronic treatment with cirazoline 1 mg/k@) or phenelzine
3 mg/kg @) i.p., every 12 h for 7 days. Cortical membranes were
incubated at 25 °C for 30 min with eight concentrations’diZ-

BFI (5 x 10°M to 2.5 x 1@ M). Non-specific binding was de-
fined in the presence of M naphazoline. Nonlinear analysis
(EBDA-LIGAND programs) of untransformed data yield&d =

4.1 + 0.3 nM;B,..x= 72 = 4 fmol/mg protein for saline-treated rats
(n=9),Ky=4.9 £ 0.6 nMB,,,.x= 90 + 3 fmol/mg proteinn(= 4)

for cirazoline-treated rats ari¢}, = 4.2 + 0.8 nM;B,,,, = 50 + 3
fmol/mg protein @ = 5) for phenelzine-treated ratsach pointof

the saturation curves is the mean + SBEMrt{cal and horizontal
barg of n experiments per group with an animal per experiment.
One way ANOVA followed by a multiple comparison test detected : -
a significant increase (25 ®;< 0.05) or decrease (31 ®x< 0.01) 25 3 50 55 60 70
in B after chronic treatment with cirazoline or phenelzine, respec-
tively (F [2, 15] = 15.86,P = 0.0002) (ANOVA followed by
Scheffé’s test)Inset Scatchard plots (same data) showigand
Bmax Values similar to those obtained by nonlinear analysis

Radioligand bound (% of control)

Temperature (°C)

Fig. 4 A Effects of preincubation of rat liver membranes in buffer
containing the irreversible and selective MAO-A inhibitor clorgy-
line on the specific binding ofiijRo 41-1049 (4 x 18 M; 19000
dpm) to MAO-A patched columps[®H]Ro 19-6327 (4.5 x 10M,;

. . - . ..17000 dpm) to MAO-Bémpty columnsand fH]2-BFI (3 x 10° M;
tive metabolite 2—pheny|e_thy|am|ne could |ntera<_:t W't%booo dpm) toJs-imidazoline receptordi(led columng. Nonspe-
the receptors was investigated. However, chronic tregfc binding was defined in the presence of¢18l clorgyline
ment (7 days) with 2-phenylethylamine (30 mg/kg) di@H]Ro 41-1049), 18 M deprenyl (fH]Ro 19-6327 or 10 M
not induce any significant change in the binding parang%phazollne @H]2-BFI). Liver membranes were preincubated at

3T ; : °C for 30 min in the absence (control) or presence of various
ters Bmax Ky of [FHlidazoxan in rat brain (Table 2)'ﬁlcv)ncentrations of clorgyline (f0M to 104 M), and then washed

Moreover, chronic treatment (7 days) with 2-phenyletfiice and prepared for radioligand binding as described in Materi-
ylamine (30 mg/kg) together with the MAO-B inhibitomls and method<Columnsrepresent means of specific binding of
Ro 19-6327 (2 mg/kg), to prevent its metabolization Yo independent experiments each in duplicate expressed as a per-

_ i iynifi ; centage of that in control membranBsEffects of increasing pre-
MAO-B, did not alter significantly the densit{.,) or incubation temperature of rat liver membranes on the specific

affinity (Kq) of l-imidazoline receptors labelled byhinding of BHJRo 41-1049 (4 x 16 M) to MAO-A (hatched col-
[®H]idazoxan in rat brain (Table 2). umng, [?H]Ro 19-6327 (4.5 x 1®M) to MAO-B (empty columns
and PH]2-BFI (3 x 10° M) to l,g-imidazoline receptordi(led col-
umng. Liver membranes were preincubated at various tempera-
tures (25-70 °C) for 30 min, and then washed twice and prepared

In vitro eﬁeCts_ of preincubation V\_’ith C'Orgy"”e for radioligand binding as above&olumnsrepresent means of
and denaturating temperatures gimlidazoline receptors, specific binding of two independent experiments each in duplicate
MAO-A and MAO-B enzymes in rat liver expressed as a percentage of that in control membranes (preincu-

bated at 4 °C and then at 25 °C for the binding assays). For the

3 ) - . . . _various experimentd andB, standard deviations were less than 5
[*H]2-BFI, similarly to PHJidazoxan, also identifiethd- o, of the mean reported values

imidazoline receptors in rat liver membranes (Alemany
et al. 1995b and data not shown), a tissue enriched with

the enzyme MAO. To assess for a possible interaction

between the binding ofif]2-BFI to l,-imidazoline re- Preincubation of rat liver membranes (30 min at 25 °C)
ceptors and MAO-A and/or MAO-B isoenzymes, the efvith clorgyline (16" M) completely abolished the bind-
fects of the irreversible and selective MAO-A inhibitoing of PH]Ro 41-1049 to MAO-A, but it did not alter the
clorgyline and of increasing temperature as an indexhafiding of PHJRo 19-6327 to MAO-B or that off|H]2-
protein denaturation were investigated in rat liver. BFI to l,-imidazoline receptors (< 10 %) (Fig. 4A). High
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concentrations of clorgyline (¥OM to 104 M) progres- tors labelled by3H]2-BFI in rat brain belong to thed
sively reduced by 25 %, 67 % and 95 %, respectivedybtype, as is the case for thosesites labelled by
the binding of H]Ro 19-6327 to liver MAO-B, but they [®H]idazoxan in the human and rat brains (Miralles et al.
only reduced by 45-60 % the specific binding #f]R- 1993a; Olmos et al. 1996a). Agmatine, a proposed en-
BFI to liver l-imidazoline receptors (Fig. 4A). Similardogenous ligand for imidazoline receptors (Li et al.
results were obtained whefH]idazoxan was used as d994), displaced with very low affinity the binding of
radioligand (specific binding at ¥OM decreased by [3H]2-BFI (K; = 352 uM) to l,g-imidazoline receptors.
48 % after 18 M clorgyline preincubation) (data notThis result is in agreement with previous studies report-
shown). ing low affinity of agmatine for.timidazoline receptor

On the other hand, preincubation of liver membranggbtypes in rabbit {}-subtype) and rat fi-subtype)
for 30 min at high temperatures (55-70 °C) decreased tnains (Lione et al. 1996; Olmos et al. 1996a).
binding of all radioligands to their respective binding The drug-affinity profile obtained in this study for
sites (Fig. 4B), but with a different pattern of denatufiH]2-BFI binding sites in the rat cerebral cortex differed
ation. Preincubation of liver membranes at 55 °C ontjearly from that typical of ;}imidazoline receptors la-
reduced by 15 % the specific binding éflJRo 41-1049 belled by fH]clonidine or fH]p-aminoclonidine in hu-
to MAO-A, but it markedly decreased the binding ahan, rat and bovine brains (Ernsberger et al. 1987, 1995;
[H]Ro 19-6327 to MAO-B (85 %) and that 6H]2-BFI Bricca et al. 1988, 1989). Thus, the imidazoline/guani-
to l,-imidazoline receptors (55 %). Preincubation afine compounds cirazoline and aganodine that displaced
60 °C abolished by more than 95 % the specific bindimgth high affinity ; in the low nanomolar range) the
of both FH]Ro 41-1049 and3H]Ro 19-6327 to MAO-A binding of EH]2-BFl in rat brain, possess very low affin-
and MAO-B isoenzymes, respectively; however, thity for I;-imidazoline receptors (Ernsberger et al. 1987,
high denaturating temperature did not completely redut@95), and conversely, the low affinities that moxonidine
the specific binding of®H]2-BFI to liver l-imidazoline and efaroxan showed when competing agaih§2[BFI
receptors (22 % ofH]2-BFI binding remained at 60 °C)binding in this tissuek; in the micromolar range) con-
(Fig. 4B). trasted with their high affinities and selectivity faor |
sites (Bricca et al. 1989; Ernsberger et al. 1995; Separo-
vic et al. 1996). Together, these data indicate &h§2f
Discussion BFI does not recognize-imidazoline receptors in the

rat cerebral cortex.
Although idazoxan has been the prototypical ligand for Computer-assissted nonlinear analysis of the competi-
the study of J-imidazoline receptors, its use is comprdion curves clearly demonstrated th#]R-BFI binds to
mised by the fact that it is relatively non-selective amdo populations of binding sites with high and low affin-
binds with equally high affinity tooa,-adrenoceptors ity for some of the imidazol(ines)/guanidines tested. One
(Mallard et al. 1992; Miralles et al. 1993a). For thesmmponent R,) accounts for 38-83 % of*H]2-BFlI
reasons, efforts have been invested in developing radimding at 3 x 18 M and has high affinity for agano-
ligands with an improved,h, selectivity. In this con- dine, cirazoline, 2-BFIl and idazoxan, and moderate af-
text, the new selective imidazoline radioligaritH]R- finity for bromoxidine (UK 14,304), clonidine and LSL
BFI has been recently used to chraracterjzenhidazo- 60101. In contrast, the second binding componBn} (
line receptors in rabbit brain (Lione et al. 1996). ThHeas at least 1000-fold lower affinity for these compounds
present study demonstrates tH#]R-BFl is also a good (Table 1). These results are in agreement with previous
tool for the identification of Jk-imidazoline receptors in studies which described heterogeneous binding with var-
rat brain. ious selective {FA]JAMIPI, [ 12A]AZIPI, [3H]RS-45041-

In drug competition studies, the excellent correlatid®0 and $H]2-BFI) (lvkovic et al. 1994; MacKinnon et
found ¢ = 0.97) when the affinities of a range of comal. 1995b; Lione et al. 1996) and nonselectivél]ifla-
pounds for §H]2-BFI binding to rat brain membranesoxan) radioligands (Michel et al. 1989; Zonnenschein et
were compared with their affinities fofHJidazoxan al. 1990; Miralles et al. 1993a; Olmos et al. 1996a) to
binding in the same tissue, clearly indicated that thg- or l,z-imidazoline receptors in different tissues and
pharmacological profile obtained fotH]2-BFI binding species. Therefore, the present results provide further ev-
(aganodine> cirazoline> 2-BFI>> clonidine> amiloidence of the heterogeneous nature of these receptors, al-
ride>> efaroxan) was very similar to that found fer |though it remains unclear whether the multiple sites re-
imidazoline receptors in various tissues of different splved in competition curves represent distinct proteins
cies, including the rat brain (Brown et al. 1990; Langir different conformational states of the same receptive
et al. 1990; Wikberg and Uhlén 1990; Zonnenscheinsite (see Wikberg et al. 1992; Escriba et al. 1994; Olmos
al. 1990; Miralles et al. 1993a; Lione et al. 1996). Theret al. 1996a).
fore, the binding sites characterized wiiM]R-BFI in The present study also demonstrates that the density
rat brain correspond to theg-imidazoline receptors la- of [3H]2-BFI binding sites in the rat cerebral cortex can
belled by fH]idazoxan in other tissues and speciebe differentially regulated in vivo after chronic treatment
Moreover, the low affinity displayed by amilorid&;(= with cirazoline (25 % induction of up-regulation) and
900 nM) further suggests that theirhidazoline recep- phenelzine (31 % induction of down-regulation). These
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results are very similar to those reported for the saRaddatz et al. 1995; Tesson et al. 1995), although they
drug treatments on the density gfihidazoline recep- do not discard the possibility that thesite could be an
tors using {Hlidazoxan as radioligand (Olmos et alunknown MAO binding domain different from the active
1992, 1994; Alemany et al. 1995b), which reinforces tede and that allosterically modulates MAO activity
concept that the binding ofH]2-BFI is associated with (Tesson et al. 1995; Parini et al. 1996). In this context,
I,-imidazoline receptors. Since repeated treatment witbwever, kinetic analyses of MAO inhibition in rat liver
antagonist drugs often results in up-regulation of recdyy 2-BFI and other imidazol(ine) compounds, have re-
tors, the increased density ofiinidazoline receptors cently revealed that the drug/enzyme interactions were
found after chronic treatment with cirazoline may sugempetitive for MAO-A, and mixed, but with a predomi-
gest that this drug could be an antagonist at these sitemce of the competitive element, for MAO-B (Ozaita et
However, functional assays would be necessary to deah; 1997). These results suggested that imidazol(ine)
onstrate whether cirazoline and other imidazoline drudsigs, at micromolar concentrations, inhibit MAO-A and
are agonists or antagonists at these receptors. BecAMlB®-B activity most probably through competitive/cat-
phenelzine does not irreversibly bind in vitro to brain aidytic site related mechanisms. Moreover, no direct rela-
liver l,-imidazoline receptors, an indirect in vivo mechdionship was found when the affinities of nine imid-
nism appeared to be responsible for the down-regulataxol(ine) drugs at,limidazoline receptors were related
of the density of these receptors observed after chrotcheir potencies in inhibiting MAO-A or MAO-B activ-
treatment with this MAO inhibitor (Alemany et al. 1995bjty in rat liver, suggesting furher that inhibition of MAO
In this context, the endogenous amine 2-phenylethgktivity by imidazol(ine) drugs is not related to the pos-
amine is also a metabolite of phenelzine and has bédated }-site on MAO (Ozaita et al. 1997). This conclu-
proposed as one of the mediators of its antidepressansifn is also in line with the present finding of a differen-
fects (McManus et al. 1991; Paetsch et al. 1993). lttial protein denaturating pattern fgrimidazoline recep-
known that chronic treatment with phenelzine, after irresrs and MAO isoenzymes. Thus, when liver membranes
versible inhibition of MAO-B, is associated with inwere preincubated at 60 °C the binding #]Ro 41-
creased synaptic levels of 2-phenylethylamine (Patersd9 or fH]Ro 19-6327 to MAO-A or MAO-B isoen-
et al. 1990, 1991). Therefore, the possibility that imymes was abolished, whereas still a 22 %’ldiJ-BFI
creased levels of 2-phenylethylamine could be resporsinding to liver }-imidazoline receptors remained intact
ble for the phenelzine-induced down-regulation gf lat this high denaturating temperature. While these results
imidazoline receptors was tested. However, chromidght further suggest that MAO isoenzymes aninid-
treatments with 2-phenylethylamine alone or 2-phenyzoline receptors are different proteins, the possibility
ethylamine together with the reversible and selectitleat the observed differences could reflect a different
MAO-B inhibitor Ro 19-6327 did not alter the density ofemperature sensitivity of the binding domain of the
I,-imidazoline receptors labelled b§HJidazoxan in the three radioligands at MAO cannot be discarded. Clearly,
rat cerebral cortex. These results discounted any corfuiither work will be needed to clarify this important as-
bution of 2-phenylethylamine in the down-regulation gfect of L-imidazoline sites in relation to MAO.
I,-imidazoline receptors induced by phenelzine. Although these studies cannot exclude the presence of
Recently, it has been demonstrated that at relativalyditional binding sites on MAO (Tesson et al. 1995)
high concentrations some imidazol(ine) drugs, includirigat do not affect the activity of the enzyme (see above),
the I, selective compound 2-BFI, can inhibit in vitrdhe clear relationship observed between drug-induced
MAO activity (Carpéné et al. 1995; MacKinnon et athanges in immunoreactive imidazoline receptor pro-
1995a; Tesson et al. 1995) and also in vivo 2-BFI caugeths of 29/30- 45- and 66-kDa and density gdites in
increases in the extracellular levels of noradrenalinerat brain (Escriba et al. 1996) not only indicated the ex-
rat brain (Nutt et al. 1995). Moreover, the present stuyence of various,imidazoline receptors not related to
shows that the density of-imidazoline receptors la- MAO enzymes, but also that the observed down-regula-
belled by PH]2-BFI in rat brain was decreased afteion of these receptors after chronic treatment with
chronic treatment with phenelzine. Together these finohenelzine (present study; Alemany et al. 1995b) is re-
ings may suggest that the observed effect of pheneldiied to decreased levels of various imidazoline receptor
on l-imidazoline receptors could be due to a direct intgyroteins (29/30- 45- and 66-kDa) and not to an irrevers-
action of PH]2-BFI with MAO isoenzymes. However,ible binding of this drug to these receptors.
the reported differential in vitro effects of clorgyline on
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