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Abstract-High-affinity binding of (3H](~)2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene 
([3H]-ADTN) was improved by use of a subcellular fraction (P4) of tissue obtained from calf brain. The 
highest concentration of binding sites was found in caudate nucleus which was evaluated extensively. 
Binding of 0.5 nM [3H]-ADTN was optimal at 25” and pH 7.5 to 8.0 when a cation-free medium 
containing antioxidants was used and was 82-87% displaceable (“specific”). The T* for association was 
20 min, and for dissociation 38 min, under these conditions. Analysis of association-dissociation kinetics 
and of ligand saturation isotherms revealed an apparent affinity (KJ of l-2 nM and a binding maximum 
(B,,X) of 422 fmoles/mg protein. The process proved to be reversible by, and monophasically competitive 
with, several potent dopamine agonists, with Hill constants close to unity. Stereoselectivity was found 
with eight isomer-pairs. Binding of [3H]-ADTN was selective for 3,4_dihydroxyphenethylamines and 
lO,ll-dihydroxyaporphines with potent dopamine-agonist actions, but not for adrenergic catecholamines 
or other catechols, or blockers of dopamine uptake. Dopamine antagonists competed more weakly and 
in poor correspondence with their in uiuo activities. There was a close correspondence between lcso 
values obtained for fifty of the agents tested with both 13H]-ADTN and [3H]-(-)apomorphine (r and 
slope > 0.9), supporting impressions of the structure-activity characteristics of dopamine agonist binding 
sites based on prior studies with [3H]-apomorphine 

The use of dopamine (DA) agonists and antagonists 
to label binding sites proposed to be associated with 
DA receptors recently has been thoroughly reviewed 
[ 11. Biochemical and pharmacological characteriza- 
tion of the high-affinity binding of tritiated DA 

agonists as ligands usually has employed [3H]-DA 
or [3H]-( -)apomorphine (APO). The latter is a com- 
plex, rigid structural analog of DA which permits 
extensive chemical and stereochemical modifications 
with which to explore characteristics of the pres- 
umptive receptive surface [2-4]. Nevertheless, while 
APO has many properties of a DA agonist, it also 
has mixed agonist/antagonist properties and has been 
reported to interact with sites defined by the binding 
of tritiated neuroleptic DA antagonists [l, 41. The 
aminotetralins, such as 2-amino-6,7-dihydroxy- 
1,2,3,4_tetrahydronaphthalene (ADTN), are an 
additional class of rigid DA analogs containing a 
chiral carbon atom proposed as a possible probe of 
DA receptors. ADTN has the properties of a DA 
agonist [5], with most of its activity residing in the 
(+)-enantiomer [6]. 

Tritiated racemic ADTN has been available for 
use in binding assays, but only recently in sufficiently 
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high specific radioactivity to permit exploration of 
high-affinity binding in the nanomolar range. Earlier 
use of generally labeled [3H]-ADTN of lower specific 
activity yielded a potentially misleading impression 
of binding, with affinity in the micromolar range at 
which DA transport sites and other tissue compo- 
nents might be encountered [7]. With more intensely 
labeled [3H]-ADTN, recent reports have evaluated 
the binding of this DA agonist in tissues of the basal 
ganglia of several species, including rat [8-121 and 
human [13], as well as in beef caudate tissue [14,15]. 
In the studies cited, there has been much less bio- 
chemical and pharmacological characterization of 
high-affinity binding of [3H]-ADTN than with other 
ligands. Work with calf caudate tissue has been 
especially limited and includes several unexpected 
and inconsistent observations. These include atypi- 
cally low affinities for DA agonists (10-200 nM), 
higher affinity for some DA antagonists than for 
agonists, and higher affinity for Padrenergic agonists 
than for some DA agonists-often under unfavorable 
conditions of assay involving a low proportion of 
specific binding (cu. 30%) and a low density of bind- 
ing sites (68-100 fmoles/mg protein) [14,15]. 

We now report application of methods found pre- 
viously to yield a high proportion of specific binding 
of [3H]-AP0 [2,16] to a calf caudate membrane 
preparation to evaluate high-affinity binding of 
t3H]-ADTN under well characterized conditions of 
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assay. An extensive structure-activity evaluation is 
provided by over eighty compounds. including rigid 
aporphine analogs of DA not previously available, 
and direct comparisons between potency rankings 
with [‘HI-ADTN and [“HI-APO. 

MATERIALS AND METHODS 

Methods 

Tissue prepration. Tissue of the caudate nucleus 
was prepared as described previously [2, 161. Thus, 
caudate tissue was dissected from brain tissue (cu. 
3.5 $brain) of calves (not treated with meat tender- 
izing proteases) within 1.5 min of death, placed on 
dry ice, stored overnight at -7O”, and prepared for 
binding assays on the following day. Tissue was 
thawed to 4” in 0.32 M sucrose (5 ml/g tissue), hom- 
ogenized using a glass Potter-Elvehjem homogenizer 
and Teflon pestle (clearance, 0.25 mm) with ten 
up-and-down strokes at 600 rpm and centrifuged at 
1OOOg for 10 min. The resulting nuclear and debris 
pellet was discarded, and the supernatant fraction 
(S,) was collected and immediately centrifuged at 
20,OOOg for 20min at 4” in a Sorvall RC2-B; the 
supernatant fraction (Sz) was discarded and the 
resulting pellet (Pz) was resuspended in 100 vol. of 
purified water at 4”, immediately mixed in a Fisher 
Vortex Genie mixer, allowed to stand for 15 mm at 
4”, remixed, further disrupted with a Brinkmann 
Polytron (PT-10 probe) set at 6 for 30 set, and cen- 
trifuged at 8000g for 20 min. The supernatant frac- 
tion (SX) was saved, and the loose intermediate layer 
of suspended tissue (“buffy coat”) above a 
mitochondria-rich pellet was resuspended using a 
small volume of SX: both Si and “buffy coat” were 
combined and centrifuged at 38,000 g for 20 min. the 
final pellet obtained (PA) was resuspended in pure 
water (1 ml/g wet weight caudate) and frozen at 
-20” in l-ml portions to be used in the receptor 
assay within 4 months. 

An aliquot of the frozen Pq fraction was thawed 
in a 4” water bath immediately before each assay and 
washed with 10 ml of ice-cold 50 mM Tris. HCl 
(pH 7.5) buffer by mixing twice for 15 set with the 
Vortex mixer set at 6. This mixture was centrifuged 
at 48,000 g for 10 min at 4”; the supernatant fraction 
was discarded, and the same washing and centrifu- 
gation steps were repeated. The washed pellet, thus 
prepared, was resuspended in 5 vol. of assay buffer 
containing the following: 50mM Tris’HCl, 5mM 
NajEDTA, 6mM Na-ascorbate, and 12.5 PM 
nialamide, at a final pH of 7.5. The tissue preparation 
was further disrupted with the Polytron set at 6 for 
10 set and transferred with a disposable polypro- 
pylene pipette to the assay tubes. These final tissue 
samples yielded 0.2 to 0.4 mg protein/assay, as meas- 
ured by a commercial dye-absorption method 
(Bio-Rad Protein Assay, Richmond, CA) using bov- 
ine serum y-globulin as standards. 

Binding assay. The standard radioligand binding 
assay was similar to methods described previously 
[2, 16, 171. Thus, it was performed in 13 X 1OOmm 
borosilicate glass culture tubes (VWR Scientific, 
Boston, MA), cleaned with an air stream filtered 
through spun glass. Until the incubation was started, 
assay tubes were kept on ice. The following com- 

ponents were added to the tubes with 
polypropylene-tipped automatically dispensing 
pipettes to provide a final incubation volume of I ml: 
(a) 0.25 ml assay buffer (see above), with or without 
test compound added: (b) 0.25 ml assay buffer. with 
or without 40 ,uM unlabeled apomorphine (APO) for 
[‘HI-ADTN binding or 40 ,uM unlabeled ADTN for 
the [“HI-APO binding as “blanks,” to yield final 
concentrations of 10 PM: (c) 0.25 ml of 2 nM [‘H- 
ADTN or [“HI-APO in the assay buffer to yield a 
final concentration of 0.5 nM of radioactive ligand 
(for kinetic analyses, the concentrations ranged from 
0.1 to 20 nM); and (d) 0.25 ml of membrane prep- 
aration (200-400 ,ug protein) suspended in the assay 
buffer added immediately prior to incubation. 

The incubation was initiated by adding the mem- 
brane suspension and transferring the tubes from the 
ice bath to a slowly agitated 25” water bath for 
60min. Incubation was terminated by the addition 
of 5 ml of ice-cold 50 mM Tris-HCI (pH 7.5) buffer 
to each tube followed by rapid filtration (< 2 set) 
over Whatman glass fiber filters (GF/B. 25 mm 
diameter) held in Millipore manifolds under constant 
vacuum. The filters were washed twice more with 
5 ml of the Tris buffer and then transferred to poly- 
propylene scintillation counting vials, shaken 
thoroughly for 15 min, allowed to equilibrate at 4” 
for 4 hr, and counted for tritium in a TriCarb liquid 
scintillation sepctrometer (Packard Instruments, 
Downers Grove, IL) at cu. 40% efficiency. 

Data were computed as fmoles [‘HI-ADTN or 
[3H]-AP0 specifically bound per mg protein + S.D. : 
S.D. was consistently less than SR of the mean. 
Kinetic analyses were carried out by computing 
association and dissociation constants. as well as 
from saturation isotherms evaluated by the method 
of Scatchard and depicted graphically according to 
Eadie and Hofstee, and the slopes of inhibition func- 
tions were evaluated by the method of Hill-all as 
described in Boeynaems and Dumont 118). 

Materials 

(2 )[S,S - 3H]2-Amino-6,7-dihydroxy- 1,2,3.4-tetra- 
hydronaphthalene ([3H]-ADTN; sp. act. 41.5 Ci/ 
mmole) and ( -)[8,9-3H]apomorphine. HCI ([3H]- 
APO; 38-40 Ci/mmole) were obtained from the New 
England Nuclear Corp. (Boston, MA) at greater 
than 95% purity as confirmed by thin-layer chroma- 
tography (171 before and after representative assays. 
Both were received in an aqueous phosphate buffer 
(10 mM, pH 3.0) containing 5% (vol.) ethanol and 
stored light-free at 4” under argon gas until divided 
into aliquots. Aliquots (2.5 ml) were prepared 
(1.2 mM) in the same buffer and stored at 4” under 
nitrogen in capped polypropylene vials until used in 
the binding assays, typically within 30 days. Authen- 
tic (-)apomorphine.HCI.$HzO (APO) was 
obtained from McFarlan-Smith (Edinburgh, Scot- 
land) and a recently prepared and purified sample 
of authentic unlabeled (%)5.6-ADTN was obtained 
from Burroughs Wellcome (Research Triangle. NC): 
(-+)5,6-ADTN was from Research Biochemicals 
(Wayland, MA). 

Aporphine compounds were prepared and puri- 
fied by Dr. John L. Neumeyer and his colleagues at 
the Department of Medicinal Chemistry. North- 



Pharmacology of [3H]ADTN binding 2875 

eastern University (Boston, MA). Neuroleptic 
agents were donated by the following sources: (+ j 
and (-)butaclamol (Ayerst Laboratories, New 
York, NY); clozapine (Sandoz Laboratories, Basel, 
Switzerland); cis- and trans-flupenthixol (H. Lund- 
beck & Co., Copenhagen. Denmark); fluphena- 
zine.HCl (E. R. Squibb & Sons, New Brunswick. 
NJ); haloperidol (McNeil Laboratories, Fort Wash- 
ington, PA); chlorpromazine .HCl and trifluopera- 
zine .HCl [as well as (+)amphetamine . H2SOa and 
(+)-p-hydroxyamphetamine.HzSOa] (Smith, Kline 
& French, Philadelphia. PA); loxapine . HCl (Led- 
erele Laboratories, Wayne, NJ); molindone.HCl 
(Endo Laboratories, Wilmington, DL); perphena- 
zine Schering Corp., Bloomfield, NJ); sulpiride 
(S.E.S.I. Laboratories, Be de France); and thiothix- 
ene (Roerig, New York, NY). Other drug gifts were: 
buspirone . HCl (Mead Johnson, Evansville, IN); the 
(+)- and (-)-enantiomers of u-methyldopa- 
mine.HCl and cocaine.HCI (Merck Laboratories, 
West Point, PA); (+)norepinephrine .HCl 
(Sterling-Winthrop Laboratories, Rensselaer, NY): 
N,N-dimethyldopamine and O.O’-dibenzoylapo- 
morphine. HCl (Dr. Robert J. Borgman, Arnar- 
Stone Laboratories, McGraw Park, IL); carbama- 
zepine (Geigy Pharmaceuticals, Ardsley, NY): 
desipramine.HCl (Merrell-Dow Laboratories, Cin- 
cinnati, OH); metergoline (Farmitalia Carlo Erba. 
Milan, Italy); nomifensine (Hoechst Laboratories, 
Somerville, NJ); pergolide (Eli Lilly & Co., Indi- 
anapolis, IN); piribedil (Servier Laboratories, 
Orleans, France); and (*)3-(3-hydroxyphenyl)N-n- 
propylpiperidine (3-PPP; Dr. Arvid Carlsson, Uni- 
versity of Goteborg, Sweden). All other drugs and 
chemicals were obtained from commercial sources 
in the highest available purity. 

RESULTS 

General characteristerics of (‘HI-ADTN binding to 
calf caudate tissue 

Evaluation of several fractions of bovine caudate 
nucleus tissue indicated the highest proportion of 
displaceable or “specific” binding of [3H]-ADTN 

(85%), a high apparent affinity (1.3 nM), and the 
highest apparent binding site density per mg protein 
(422fmoles) in the Pb fraction (Table l), as found 
previously with [3H]-AP0 [2,16]. Thus, the binding 
of [3H]-ADTN to the Pq subcellular fraction of calf 
caudate tissue was evaluated further. When the assay 
employed 0.5 nM [3H]-ADTN as ligand and 10 FM 
APO was used as the “blank” to define specific 
binding, the proportion of specific to total binding 
of tritium was typically 82-87%. Binding was found 
to be linearly dependent on protein (r > 0.90) 
between amounts (per ml) of 0.1 to 1 mg; protein 
concentrations were typically between 0.2 to 0.4 mg 
per assay sample. There was no specific binding when 
tissue was omitted. When pH was varied in the range 
of 6 to 9, a pH optimum appeared at 7.5 to 8.0; 
pH7.5 was routinely used to reduce the risk of 
oxidation of the catechol ligand [ 171. When the tem- 
perature was varied between 0” and 37” (at constant 
pH = 7.5), it was found that 25” was the optimum 
incubation temperature, as determined by the spe- 
cific counts bound per mg protein. When 0.5 to 
1.0 nM [3H]-ADTN was employed as the ligand con- 
centration, less than 5% of the total counts in the 
medium were bound to the membrane preparation, 
indicating “Zone-A” conditions of binding [18] that 
justified omitting corrections for small changes in 
free concentration of ligand (F) in kinetic analyses. 
Thin-layer chromatography indicated that over 90% 
of [3H]-ADTN was recovered after incubation under 
standard assay conditions [ 171. 

The selection of 10 PM APO as an appropriate 
blank is supported by the finding that the amount 
of tritium bound after incubation of 0.5 nM [3H]- 
ADTN for 60 min at 25” was virtually identical after 
excesses of unlabeled APO, ADTN, DA, or 
(+)butaclamol. Thus, the proportion of displaceable 
(“specific”) to total binding in the presence of 10 PM 
or 100 PM APO, or 10,uM ADTN, DA, or 
(+)butaclamol was 81-82% in each case. Moreover, 
the effects of a broad range of concentrations of 
unlabeled APO against the binding of 0.5 nM 
[3H]-ADTN demonstrated apparently monophasic 
competition over three orders of magnitude (IQ 

Table 1, [)H]-ADTN binding kinetics in calf caudate membrane fractions* 

Tissue fraction (n%) 
B IndX 

(fmole/mg protein) 
% Specific 

binding 

Crude pellet 1.0 91 71 
Pz pellet 1.7 225 74 
Pz (after water and 

polytron) 1.4 340 76 
P, (standard perparation) 1.3 422 85 

* The crude pellet was prepared from homogenate, centrifuged at 48,000 g for 20 min 
twice, and washed with buffer without discarding subcellular fractions, much as reported 
in previous studies by other laboratories. The PZ was made from S, without osmotic shock 
or rehomogenization with the Polytron; the third fraction was PZ subjected to water at 0 
for 10 min and disruption in the Polytron set at 6 for 30 sec. Apparent Kd and B,,, values 
were calculated from linear transformations of kinetic data, as in Fig. 1, with six concen- 
trations of [‘HI-ADTN ranging from 0.25 to 5.0 nM, using 10 PM APO as blank; Scatchard 
analysis was highly linear (r = 0.99); each point represents a mean of three separate 
determinations with S.D. < 2 5% of the mean. The data indicate apparent enrichment 
of binding sites with each succeeding step, with a corresponding improvement in the 
proportion of saturable (“specific”) binding. 
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= 4.9 nM); the Hill constant (181 of this process (nH 
was 1.09. Up to 85% of total binding was displaced 
by 500nM, and there was no further inhibition up 
to 100,~~M. This observation further supports the 
choice of 1OpM APO to define the blank for all 
subsequent pharmacologic experiments. 

The binding of 0.5 nM [“HI-ADTN to Pj fractions 
prepared from calf brain regions revealed very weak 
binding in frontal cortex, hypothalamus, occipital 
cortex, cerebellum, and brainstem-medulla, ranging 
from 2 to 6% of that in caudate tissue. The propor- 
tion of specific binding ranged from 4 to 17%. 

Kinetic &h~r~~t~r~st~&s of [“H]-ADTN binding tofrac- 
tions of cutf caudate 

The binding of low concentrations of [‘HI-ADTN 
to calf caudate (P4) revealed a saturable, high-affinity 
component of binding which appeared to follow 
monophasic saturation (Fig. 1). A linear (r = 0.99) 
transformation of these data (Fig. 1, inset) revealed 
estimates of apparent binding site density (B,,,) of 
422 fmoles/mg protein and affinity (I&) of I .27 nM. 
The time-course of binding of [“HI-ADTN to P, was 
also followed past equilibrium over 180min at 25”. 
Binding equilibrated approximately by 60 min. after 
which there was little (~5%) additional binding for 
the next lOOmin. To some tubes, excess unlabeled 
APO (10 HIM) was introduced after 60 min. and the 
assays were foflowed over the next 2 hr to approx- 
imate equilibrium of dissociation of 80% of the 
bound [?H]-ADTN at 180 min. Conversion of these 
data to linear logarithmic expressions allowed com- 
putation of kinetic constants for association and dis- 
sociation [18]. Values of T&for association (19.6 min) 
and dissociation (38.3 min) were computed. The 
ratio of the computed association (0.0346) and dis- 
sociation (0.0181) constants yielded a value of 
apparent Kd = 1.91 nM, in good agreement with the 
value of I& (1.27 nM) obtained by linear analysis of 
a saturation isotherm (see Fig. 1). 

0 2 4 6 8 IO I2 14 I6 18 20 

Fig. 1. Effect of concentration of [%I]-ADTN on specific 
binding. Data were obtained with bovine caudate (Pi frac- 
tion) by incubating at 25” for bOrnin, with and without 
10 /LM APO to define a blank-all as described in Methods. 
Data renresent mean values of three independent experi- 
ments, each analyzed at all points in triplicate (S.E.M. < 
15% of means). Inset: Eadie-Hofstee [18] linearized plot 
of the saturation isotherm indicating apparent B,,, = 

422 fmoles/mg protein and Kd = 1.3 nM. 

Determinations of tcSri values for eighty-one com- 
pounds are summarized in Table 2. For comparison. 
results with I’HJ-APO under similar conditions for 
most of the same compounds also are shown (Table 
2). The first seven compounds are dopamine (DA) 
agonists, including DA, (-)apomorphine. pergo- 
lide, and (i)ADTN, all of which had IC,~S values of 
less than 5 nM. Among the most potent competitors 
for [3H]-ADTN (and [7H]-APO) binding were both 
the mono- and di-.W-methylated congeners of DA 
(epinine and ‘~,~-d~meth~ldopamine) with IG~S val- 
ues of 2.8 and 6SnM. respectively, as well as the 
Ievo-enantiomer and the racemate of 10.1 I- 
dihydroxy-~-propylnorapo~hine (NPA). which 
yielded 1~50s values of 2.0 and 3.5 nM respectively 
(compounds 2 and 4, Table 2). 

A comparison of (-) vs (+)NPA (IC’?,, = 2 vs 
70 nM; compounds 2 and 19a, Table 2) indicates that 
the (-)stereoisomer of NPA was the more active 
form with respect to competition with the high-affin- 
ity binding of [3H]-ADTN; its Hill constant was 1 .OO. 
In addition to NPA, stereoselectivity of binding was 
demonstrated by several other pairs of compounds: 
(-) vs (~)2,lO,li-trihydroxyaporphine (compounds 
17 and 48: QI= II vs 16OOnM); (-) ss (?)I]- 
hydroxy-~-~-propylnoraporphine (compounds 9 and 
16: ICKY, = 7 vs 40nM); (i) vs (-) I.2-dihydroxy- 
aporphine (compounds 21 and 44: I(‘~<, = IJS and 
1140 nM): (-) vs (+)norepinephrine (compounds 
18 and 32: IC~(~ = 45 vs 371 nM); (A) vs (-)butacla- 
mol (compounds 20 and 68: ICY,, = 74 vs 80,000 nM): 
and (-) vs (+) cu-methyldopamine (compounds 36 
and 43: QJ = 488 vs 1130 nM): in addition, the phar- 
macologically more active geometric cis-isomer of 
flupenthixol was more potent (compounds I5 and 
52: 30 vs 5000 nM; Table 2). 

(-)Norepinephrine and (-)epinephrine were 
lo- to IOO-fold less potent than the more potent 
dopaminergic agonists tested. The relatively low- 
affinity binding of (-)nor~pjnephrine (c~~Inpound 
18: IC~(~ = 45 nM), (-)epinephrine (compoun~i 3ha: 
500 nM), (I)isoproterenol (compound 55: > 
10,000 nM), and the enantiomers of a-methyldo- 
pamine (compounds 36 and 43: 488 and 1130 nM) 
also suggests that substituents (e.g. OH or CH?) on 
either the cy or /3 carbons of the ethylaminc side 
chain of phenethylamines interfere with [‘II]-ADTN 
binding, and that the binding site defined with a low 
concentration of [“HI-ADTN (0.5 nM) is neither an 
adrenergic (m or /3) receptor nor a non-specific 
catechol-binding site. Other catechols containing a 
carboxyi group were also weak antagonists (DOPA. 
DOPAC: IC\,) > 10.000 nM; compounds 57 and 58, 
Table 2). IMoreover. the DA-uptake blockers. 
(~)amphetamine, nom~fensine. and cocaine. had 
little effect on the binding of (“H-ADTN (Table 2). 

A free lO,ll-dihydroxy configuration yielded 
potent inhibition of [?H]-ADTN binding among 
aporphines (compounds 2, 3, 6, 7, IO. and 11: 
~~~~~ < 12 nM; Table 2). Comparison of monohy- 
droxylated compounds suggests that the 1 I-OH may 
be the more important site for binding within the 
catechol moiety of lO,ll-dihydroxyaporphinrs. Con- 
sider: (-)I I-OH-aporphine vs (?)I()-OH-aporphine 
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Table 2. Potency of binding of eighty-one agents against [‘H]ADTN and [‘H]APO* 

rcsi) (nM) 

2877 

Compound J-IH]-ADTN [‘H]-APO 

1. 
2. 
2a. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
If. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
19a. 
20. 
20a. 
20b. 
21. 
22. 
23. 
24. 
25. 
26. 
26a. 
27. 
27a. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
35a. 
36. 
36a. 
37. 
37a. 
37b. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
48a. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 

(-t)6,7-Dihydroxy-2-aminotetralin (6,7-ADTN) 
(-)lO,ll-Dihydroxy-N-n-propylnoraporphine~HC1 [(-)NPA] 
Pergolide 
N-Methyldopamine (N-Me-DA, epinine) 
(c)10,11-Dihydroxy-N-n-propylnoraporphine~ Hf [(L)NPAJ 
Dopamine (DA) 
(- )Apomorphine I HCI 
(-)Z,lO,~l-Trihydroxy-~-~-propylnoraporphine HBr 
N,N-Dimethyldopamine (N,N-DiMe-DA) 
(-)ll-Hydroxy-N-n-propylnoraporphine . HBr 
(-) 2,lO.l l-Trihydroxy-N-ethylnoraporphine . HBr 
(-)2,10,11-TrihydroxyaporphineaHBr [(-)TA] 
(-)ll-Hydroxyaporphine’ HBr 
( - )Norapomorphine . HBr 
(-)Z,~O,ll-Trihydroxy-~-aliylnoraporphine.HBr 
cis-Flupenthixol 
(%)ll-Hydroxy-N-n-propylnoraporphine.HBr 
(-)2,10,11-Trihydroxynoraporphine.HBr 
(-)Norepinephrine [(-)NE] 
(-)lO,ll-Dihydroxy-Nhydroxyethylnoraporphine.HCI 
(+)lO,l 1-Dihydroxy-.~-~-propylnoraporphine I HC1 [( +)NPA] 
(+ )Butaclamol 
Metergoline 
(-)2,11-Dihydroxyaporphine*HBr 
(+)1,2-Dihydroxyaporphine . HI 
(+)lO-Hydroxyaporphine’HBr 
(-)2,10-Dihydroxyaporphine . HBr 
Haloperidol 
(+)Bulbocapnine (l,2-methylenedioxy-lO-methoxy-ll-hydroxyaporphine) 
(-)lO,ll-[Carboxy-methylenedioxy]aporphine 
(~)3-~3-Hydroxyphenyl]~-n-prop~~piperidine (3-PPP) 
$-)ovl;;rpthebaine~HCI (2.11-dthydroxy-lo-methoxyaporphine) 

Trifluoperazine *HCl 
(-)lO,ll-Methylenedioxy-N-n-propylnoraporphine~HCl (MDO-NPA) 
Fluphenazine . HCI 
(-)Pukateine (1.2-methylcnedioxy-l l-hydroxyaporphine) 
(+)Norepinephrine [(+)NE] 
Perphenazine 
Chlorpromazine. HCI 
(-)2,11 .Dihydroxy-lo-methoxy-N-n-propylnoraporphine . HCl 
(-)N-Chloroethylnorapomorphine 8 HCl (NCA) 
(-)cu-Methyldopamine [(-)uMeDa] 
(-)Epinephrine 
(~)~O-Hydroxy-~-~-propylnoraporphine.HBr 
(-)lO,ll[HeptyIidine-2-dioxy]-~~-propylnoraporphine~ HCl 
Loxapine . HCI 
(-)2-Hydroxy-lO,ll-methylenedioxy-N-n-propylnoraporphine~ HCI 
(-)2-Hydroxy-lO,ll-methylenedioxyaporphine.HCl 
(-)lO,l l-[Methylethyl-methylenedioxy]-N-n-propylnoraporphine HCl 
(2 )Aporphine * I-ICI 
(-)lO,ll-Methyiene~oxyaporphine.HCI 
(~)~-Methy~dopamine 
(-)1,2-Dihydroxyaporphine . HI 
(-)Apocodeine HCl (lo-methoxy-11-hydroxyaporphine) 
(-)lO,ll-[Dimethyl-methyienedioxyl-aporphine*HCI 
(-)lO,ll-Diacetoxy-N-chloroethylnoraporphine.HCl 
(+)2,10,11-Trihydroxyaporphine.HBr 
(+)5,6-Dihydroxy-2-aminotetralin.HBr (S,&ADTN) 
(~)S-Hydroxy-~-~-propylnora~rphine . HI 
(-)8-Nitro-l0,1l-methylenedioxy-N-n-propylnoraporphine ’ HCI 
(-)N-Chlorocthylnorapocodeine ’ HCl 
frans-Flupenthixol 
Molindone . HCI 
(-)2,10-Dimethoxy-11-hydroxyaporphine.HCI 

1.0 
2.0 
2.0 
2.8 
3.5 
3.7 
4.9 
5.5 
6.5 
7.0 

10 
11 
12 
13 
28 
30 
40 
44 
4s 
60 
70 
74 
80 

114 
145 
150 
184 
223 
230 
262 
273 
316 
323 
335 
342 
346 
371 
371 
377 
385 
420 
468 
488 
500 
516 
548 

cu. 560 
586 
621 
647 
664 
899 

1.130 
1,140 
1.351 
1,359 
1.600 
1,600 
2.600 
4,009 
4.491 

ea. 5,000 
cu. 5.000 
cu. 6.000 
cu. 7,200 

(?)Isoproterenol . HCI 
(+)p-Hydroxyamphetamine.HS04 

>10,000 
>10.000 

1.8 
2.5 

3.4 
5.0 
4.5 
1.0 

25 
13 
5.4 

25 
10 
7.8 

14.4 
23 

260 
36 
30 
50 
25 

230 

124 
112 
295 
630 

70 
143 

204 

580 
850 
770 

70 
590 
800 

1.250 
1,030 

280 

700 

236 
583 

1,381 
367 

1,310 
1 .x00 

750 
2,400 
2,179 
1.060 

cu. 5.000 

cu. lO.OUO 
6,500 

cu. 50,UOO 

>10.000 
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Table 2 (continued). Potency of binding of eighty-one agents against [‘H]ADTN and [‘H]APO* 

57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 

Compound [‘HI-ADTN [H-APO 

r-3,4_Dihydroxyphenylalanine (L-DOPA) > lO.OOf1 
3,4-Dihydroxyphenylacetic acid (DOPAC) > 10,000 
Piribedil ~10.000 
(-)O.O’-Dibenzoylapomorphine HCI > 10,000 
(+)Amphetamine.H:SO~ >10,000 
Nomifensine > 10,000 
Cocaine. HCI >10,000 
Clozapine >10,000 
(-)N-Carbethoxymethyl-norapomorphine I-ICI ca. 13,000 
Busoirone HCI 
(-)~,10,1l-Trihydroxy-N-carbethoxymethylnoraporphine~HCI 

ca. 15.000 
ca. 16.000 

(-)Butaclamol CU. 80.000 
(t)Sulpiride ca. 100,000 
Carbamazepine > 100.000 

> 10,000 
> 10.000 
> 10.000 
> 10.000 

> 10,000 

* Binding assays were carried out as described in Methods with 0.5 nM [3H]-ADTN for 60 min at 2.5”. with and without 
10 PM APO as blank. All test agents were incubated in triplicate, typically with four to six concentrations in the region 
of IC~(,, which was computed from log-probit analysis (S.E.M. was within ? 10% of each mean tabulated). Compounds 
l-50 were olotted in Fig. 2 (lettered comoounds or those after number 50 were not included in Fig. 2 as data were 
incomplete: or the 1~50 eiceehed 5000 nM): 

(compounds 12 vs 22: 12 vs 150nM) and (_‘)ll- 
OH- vs (*)lO-OH-N-propylnoraporphine (com- 
pounds 16 and 37: 40 vs 516 nM). Nevertheless, the 
presence of an ll-OH group per se on aporphines 
was not adequate for potent interaction since the 
presence of a lo-methoxy moiety or other ring-sub- 
stituents (such as the 2-OH or 1,2_methylenedioxy 
moieties on the A-ring) resulted in ll-hydroxylated 
compounds that competed for [3H]-ADTN binding 
relatively weakly [notably, the (-)isomers of mor- 
phothebaine, pukateine, and apocodeine; com- 
pounds 27, 31 and 45: 1~50 = 316, 371, and 1351 nM 
respectively]. Other dihydroxyaporphines were 
weaker competitors than lO,ll-catecholaporphines. 
Examples include (+) and (-)1,2,di-OH-aporphine, 
(-)2,11-di-OH-aporphine, (-)2,10-di-OH-apor- 
phine, and (-)2,1 l-di-OH-lO-MeO-N-propylnora- 
porphine (compounds 21, 44, 20b, 23 and 35: 
Ics[J = 145, 1140, 114, 184 and 420 nM respectively). 
Addition of a 2-OH group to the aporphine system 
tended to reduce the affinity of lO,ll-catecholapor- 
phines (e.g. compounds 7 vs 2, and 11 vs 6: ICSO = 
5.5 vs 2 nM and 11 vs 4.9 nM respectively), and that 
of ll-monohydroxyaporphine (compounds 12 vs 
20b: 12 vs 114 nM). Addition of N-alkyl substituents 
to 2,10.11-trihydroxyaporphines altered affinity in 
the order: n-propyl > ethyl 3 methyl > ally1 > 
hydrogen % carbethoxymethyl (compounds 7, 10, 
11. 14, 17, and 67: IC~Q = 5.5, 10, 11, 28, 44, and 
16,000 nM respectively; all compounds refer to Table 
2). 

The neuroleptic, dopamine receptor blocking 
agents or atypical antipsychotic agents ranked: cis- 
flupenthixol > (+)butaclamol > haloperidol > thi- 
othixene > trifluoperazine > Auphenazine > per- 
phenazine > chlorpromazine > loxapine P moli- 
done > clozapine > sulpiride, with 1~50s values of 
30, 74, 223, 323, 335, 346, 377, 385, 560, 6000, > 
10,000, and ca. 100,000 nM respectively (compounds 
15, 20, 24, 27a, 28, 30, 33, 34, 37b, 53, 64 and 69; 

Table 2). Thus, even the more potent DA antagonists 
displaced [3H]-ADTN at approximately l/10 to l/50 
the potency of DA agonists. In addition, sulpiride 
and clozapine were virtually inactive 
(I& > 10,000 nM; Table 2). 

The congruence of the pharmacologic character- 
istics of high-affinity binding of [‘HI-ADTN and 
[3H]-AP0, based on data from Table 2, is demon- 
strated by plotting data for the fifty compounds that 
were evaluated under similar conditions with both 
ligands and have ICSO values with respect to [jH]- 
ADTN of below 5000nM (Fig. 2). The results 
revealed a close correlation (linear regression of the 
logarithms of the 1~50 data yielded r = 0.94 [P < 
O.OOl] and slope = 0.89). 

1 r-0 .- ‘-‘-_~oLloo ~g.2 --I --.1- 

3510 1000 3000 l0.000 

lCso vs 3U-APOMORPh7NE 

Fig. 2. Correlation of potency of fifty agents against binding 
of [‘H-ADTN and (‘H-apomorphine. Data correspond to 
the numbered compounds in Table 2. Pearson correlation 
factor (1. = 0.94) and the slope function (0.89) were com- 
puted by linear regression analysis by the method of 

least-squares. using the logarithmll, for all tc5,, values, 
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DISCUSSION 

Previous use of [3H]-ADTN as a radioligand to 
label binding sites proposed to be associated with 
DA receptors in the central nervous system has led 
to some results that are inconsistent with expecta- 
tions arising from the use of other DA-agonist ligands 
[l-4], as was mentioned in the beginning of the 
paper. For example, the 1~50 (or K,) for DA vs 
[3H]-ADTN (nM binding is expected to be low, but 
ranged from 3 [12] or 13 nM [16], to 80 [14,210 [19], 
300 nM [8, 91, and 1 mM [7]. Some DA agonists, 
notable DA itself, were reportedly weaker in com- 
petition with [3H]-ADTN than some neuroleptics 
with crude homogenates of rat striatum [8,9,12]. 
With calf caudate homogenates, the adrenergic 
agonist epinephrine was reported to have greater 
affinity than the potent DA agonist apomorphine 
(APO) [15]. Rank-ordering of DA-agonist potency 
has also varied; it was: ADTN > epinine > DA > 
APO in one laboratory [15] and ADTN 1 DA > 
APO in another [14]-both in agreement with thC 
results in Table 2-but ADTN 2 APO > DA in 
others [8,9,12], and ADTN > APO > DA z epi- 
nine in still another [ll]. There does seem to be 
agreement that the (+)-isomer of ADTN is more 
potent than (-)ADTN in da-agonist binding assays 
(15, 16, 191, as expected [l, 3, 121. Such variable 
results with [3H]-ADTN binding reported in the past 
may reflect dissimilarities in the conditions of assay, 
including possible species, or developmental differ- 
ences, the presence or absence of exogenous cations, 
the use of a high assay temperature (> 30”) [8- 
10, 12, 141 that may alter DA-agonist binding sites 
or increase decomposition of such ligands [17], the 
presence of a relatively low proportion of displace- 
able (specific) binding [8-11, 13-151, the use of rela- 
tively high concentrations of ligand 171, or very short 
incubation times [ 121. 

The inconsistencies in previous studies with 
[3H]-ADTN binding and the limited pharmacologic 
characterization available suggested that further 
investigations were warranted. In the work reported 
here, the characteristics of binding of [3H]-ADTN 
to the Pq fraction of calf caudate included a high 
proportion of specific total counts bound (82-85%). 
linear dependency on the amount of tissue, and 
strong dependence on temperature and pH. Since 
physiologic concentrations of Na+ or a physiologic 
mixture of cations decreased [3H]-ADTN binding 
(data not shown) and since complex effects of cations 
on DA-agonist binding have been reported pre- 
viously [20,21], we carried out the present study 
without adding exogenous cations. We have also 
reported previously that the presence of an antiox- 
idant (ascorbic acid) and EDTA is required for a 
high proportion of specific binding and to minimize 
the chemical degradation of DA-agonist ligands 
[2,16,17]. 

While we found a decrease of [3H]-ADTN binding 
on assays conducted at 37”, the significance of this 
change is not clear since a loss of DA-agonist binding 
sites in bovine caudate [16,22] as well as increased 
degradation of the ligand [17] may occur. To com- 
plicate matters further, Bacapoulos [20] has reported 
recently that binding of [‘HI-DA to rat striatal hom- 

ogenates can be increased by pre-incubation of tissue 
at 37”. In contrast, we found that warming bovine 
Pq caudate tissue during preincubation at 37” for an 
hour decreased binding of 0.5 nM [3H]-ADTN. This 
loss was prevented by including a millimolar con- 
centration of DA during the preincubation at 37” 
(unpublished observation). This effect of DA is 
evidently not due to preservation of the ligand since 
[3H]-ADTN was introduced only in a second incu- 
bation for binding at 25” after washing repeatedly 
to remove exogenously added DA. Perhaps DA 
prevents thermal denaturation of a specific agonist 
site, analogous to the stabilizing effect of substrates 
on enzymes [23]; we also found a similar protective 
effect of DA against loss of binding sites by incu- 
bation with a protease. Alternatively, DA may hold 
a crucial membrane component in a physicochemical 
state favorable to the high-affinity binding of an 
agonistligand, as DA has been reported to enhance 
the binding of other DA agonists [20,24]; we have 
also found that preincubation with DA can increase 
the binding of [3H]-ADTN to calf caudate P, fractions 
(unpublished observations). The apparent differ- 
ences in responses of bovine and rat striatum to 
heating remain to be elucidated. 

The pharmacology of [3H]-ADTN binding at low 
nanomolar concentrations (Table 2) appears to fol- 
low characteristics expected of a DA-agonist recep- 
tor site, and resembles the high-affinity binding of 
[3H]-AP0 (Fig. 2) as described previously [l- 
4, 16, 171. Thus, adrenergic catecholamines were 
much weaker than DA agonists and the presence of 
a catechol moiety per se was not sufficient to assure 
high-affinity binding. Moreover, blockers of DA 
uptake (Table 2) were not effective against the 
high-affinity binding of [3H]-ADTN, even though 
the latter may interact at DA transport sites at higher 
(,uM) concentrations [7,24]. Neuroleptics were not 
only weak antagonists of [“HI-ADTN binding (Table 
2), but their rank-order of potency bore little cor- 
respondence to their in uivo potencies [25], in con- 
trast to results with tritiated butyrophenone ligands 
[l, 261. In addition, the seven neuroleptics included 
in Fig. 2 were consistently more potent versus 
[3H]-ADTN than [‘HI-APO (3.35-fold * 0.92, 
S.E.M.) for uncertain reasons, although their ICONS 
values against the two DA-agonist ligands were 
closely correlated (logarithmic r = 0.89). In a sep- 
arate analysis of the thirty-five aporphines presented 
in Fig. 2, they showed no significant preference for 
the aporphine ligand, [3H]-AP0, over [3H]-ADTN 
(logarithmic r = 0.95, slope = 0.87 for [3H]-ADTN 
vs [3H]-APO-further suggesting that low concen- 
trations of both ligands (s 1 nM) bind at sites that 
may reflect the DA-structural homologies of both 
ligands 

The structure-activity relationships indicated in 
the findings summarized in Table 2 are described in 
detail in Results. Briefly, 3,4-catechol phenethylam- 
ines without side-chain carbon-substitution (i.e. DA 
and its N-alkyl analogs), as well as N-alkylated 
(-)lO,ll-dihydroxyaporphines, were especially 
potent and most are reported to be DA agonists by 
behavioral tests or stimulation of adenylate cyclase 
[ 1,5]. The 11-hydroxy position of aporphines. cor- 
responding to the meta-OH of DA, appears to be 
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a particularly critical site of interaction with the 
binding site, as we have reported previously [2- 
4,271. Stereochemical selectivity of binding in com- 
petition with [“HI-ADTN was found with several 
isomeric pairs (Table 2). The more potent isomer 
of each pair was consistently the pharmacologically 
more active form in cases in which this is known 
[e.g. (-)catecholaporphines, (+)butaclamol, cis-flu- 
penthixol, and (-)norepinephrine] [2-4]. The results 
obtained by the present structure-activity evaluation 
are not only very similar to results obtained with 
[3H]-apomorphine [2] (Table 2, Fig. 2) and [3H]-DA 
[l], but also provide further support for molecular 
characterizations of DA-agonist binding sites 
described elsewhere [l-4,27-29]. 

The present observations with [3~]-~~~~ and 
[‘HI-APO describe a site with high affinity for DA 
(nM) and low affinity for neuroleptics (0.1 to 
l.OpM). These sites have generally been referred 
to as “D-3” sites, and their biological role is not 
known [I, 21,30.31]. It has also been suggested that 
such sites, as well as some sites characterized by a 
high (nM) affinity for 3H-antagonists of DA, can be 
detected by [3H]-ADTN [30] and have been referred 
to as “D-4” sites [l] or “D-2-high” sites [21,30]. 

In conclusion, the results obtained indicate that 
the high-affinity binding of [3H]-ADTN can be evalu- 
ated under improved conditions that yield a high 
proportion of saturable and displaceable (“specific”) 
high-affinity binding with kinetic characteristics and 
molecular pharmacologic characteristics expected of 
a DA-agonist binding site that may indicate a class 
of DA-agonist receptors in mammalian brain tissue. 
Both [“HI-ADTN and [‘HI-APO appear to be useful 
rigid analogs of DA with which to explore molecular 
pharmacologic characteristics of DA receptors. It 
would appear to be an appropriate and timely step 
now to prepare and evaluate [“HI-( +)ADTN or the 
(+)-enantiomers of its N-alkyl substituted analogs 
as ligands which might have even further specificity 
for DA receptors than [3H]-(*)ADTN. 
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