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Abstract--Binding of the radiolabeled antidepressant [3H]nomifensine to rat and rabbit striatal mem- 
branes has been characterized. The specific binding of [3H]nomifensine to striatal membranes was stable, 
reversible and saturable. Saturation experiments indicated that [3H]nomifensine labeled a single site 
with an affinity (Kd) of 80 nM and a total number of binding sites (Bmax) of 6.5 pmoles/mg protein both in 
rat and rabbit striatal membranes. The affinity constants obtained from kinetic analyses and competition 
experiments were in fairly good agreement with those obtained in saturation experiments. Compounds 
known to inhibit [3H]dopamine uptake in vitro, such as nomifensine, 4-hydroxy-nomifensine, mazindol, 
amfonelic acid and benztropine, were the most potent competitors of nomifensine binding. Additionally, 
the absolute potencies of various drugs in competing for [3H]nomifensine binding to rat and rabbit 
striatal membranes correlated closely with their potencies in inhibiting [3H]dopamine uptake into striatal 
synaptosomes. Specific [3H]nomifensine binding was dependent on the presence of NaCI which is also 
consistent with its association with the dopamine uptake pump. The number, but not the affinity, 
of striatal [3H]nomifensine binding sites was reduced significantly following in vivo lesions with 6- 
hydroxydopamine. The number of [3H]nomifensine binding sites was found to be highest in areas rich 
in dopamine nerve terminals such as the striatum and olfactory tubercle. These results suggest that [3H] 
nomifensine binds to a site on dopaminergic nerve terminals associated with the dopamine uptake pump. 

The primary mechanism for inactivation of biogenic 
amines released into the synapse is high affinity 
uptake into nerve terminals. Tricyclic antidepres- 
sants are potent  inhibitors of the neuronal uptake of 
both norepinephrine and serotonin, effects which 
are thought to contribute to their clinical efficacy as 
antidepressants [1-3]. Recent studies have described 
specific and saturable high affinity binding sites 
for [3H]imipramine [4-9] and for [3H]desipramine 
[10-13] in membranes isolated from both brain and 
platelets. The binding sites for [3H]desipramine and 
[3H]imipramine appear to be associated with the 
neuronal uptake sites for norepinephrine and sero- 
tonin respectively [4-7, 10-13]. Nomifensine, which 
also possesses antidepressant [14, 15], is more potent 
than any of the classical tricyclic antidepressants, 
such as desipramine or imipramine, at inhibiting the 
neuronal uptake of dopamine [2, 3]. In the present 
study we have characterized a binding site for [3H]- 
nomifensine in rat and rabbit striatal membranes 
which appears to be associated primarily with the 
neuronal dopamine uptake site. 
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L. D., and USPHS NS 09199 to N. R. Z. 
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MATERIALS AND METHODS 

Tissue preparation. Male Sprague-Dawley rats 
(150-180 g) and albino rabbits (1.5-3 kg) were killed 
by decapitation. Striata and other brain regions were 
dissected and homogenized in ice-cold Tris-HC1 tis- 
sue buffer (50 mM Tris-HC1, 120 mM NaC1, 5 mM 
KC1; pH 7.4) with a Brinkmann Polytron PT-10 at 
setting 5 for 10 sec. The homogenate was centrifuged 
at 50,000 g for 10 min at 4 °. The pellet was washed 
twice by resuspension and centrifugation in assay 
buffer. The washed striatal membranes were resus- 
p e n d e d  by homogenization at a concentration of 
500/~g protein/ml for both rat and rabbit. 

Binding assays. Radioligand and drugs were dis- 
solved in 1 mM HC1. The binding of [3H]nomifensine 
was routinely measured after incubation at 0 ° for 
1 hr. Binding was initiated by addition of 210 #1 
aliquots of membranes resuspended in the Tris-HC1 
tissue buffer to tubes containing 20/A of appropriate 
[3H]nomifensine concentrations and 20/tl of drugs 
or vehicle. For both competition and saturation 
experiments, specific binding was defined as the dif- 
ference in radioligand bound in the absence and 
presence of 100/~M benztropine. Reactions were 
terminated by addition of 5 ml of ice-cold Tris-HC1 
buffer, and the contents were immediately filtered 
through glass fiber filters (Schleicher and Schuell No. 
30). Each filter was washed twice with 5 ml of the 
cold buffer. Radioactivity was determined by liquid 
scintillation spectrometry in 3ml of 3a70 fluor 
(Research Products International Corp., Mt Pros- 
pect, IL). The counting efficiency was approximately 
40%. 
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The final concentrations of [3H]nomifensine (sp. 
act. 45 Ci/mmole) used in competition experiments 
were 2-6nM. Between eleven and twenty con- 
centrations of each drug (1 riM-100 pM) were exam- 
ined for their ability to inhibit the total binding of 
[3H]nomifensine. Total binding was measured in the 
presence of vehicle. Competition curves were ana- 
lyzed by fitting the data to a two-site model using an 
iterative computer program (BIPHAS). The input 
in this program corresponded to specifically bound 
and free values. These values were used to find the 
equation of best fit to a two-site model of receptor 
binding. The equation of best fit is defined as the 
combination of values for which the sum of the 
differences between the observed and calculated 
values, squared, is least. The statistical significance 
between the equations of best fit for a two-site model 
and a one-site model was evaluated using F-test 
analysis. 

Saturation curves were constructed using twelve 
concentrations of [3H]nomifensine (2-250 nM). The 
saturation curves for specifically bound radioligand 
were transformed by the method of Scatchard [16]. 
Analyses of both competition and saturation curves 
were used to determine the density of binding sites 
(Bmax) and the equilibrium-dissociation constants 
(Kd values). 

Protein concentrations were determined by the 
dye-binding method of Bradford [17] using bovine 
serum albumin as the standard. Sodium hydroxide 
(0.1N) was added to each sample to solubilize the 
proteins before assay. 

6-Hydroxydopamine lesions. Rats were anes- 
thetized with methoxyflurane. Control animals 
received bilateral infusions under stereotoxic control 
(L 1.2, V3.5) of 10#1 vehicle (10mM citrate, 
150 mM NaC1, 10 mM glucose and 5 mM sodium 
ascorbate; pH6.1) at a rate of 1/A/min into each 
lateral ventricle. 6-Hydroxydopamine-treated ani- 
mals received a treatment identical to that of the 
controls with the exception that the infusion con- 
tained 100/~g 6-hydroxydopamine (free base)/10/ul 
vehicle. Animals were killed 16 days after the 
injection. 

Dopamine levels. The concentration of dopamine 
in the striatum was determined by liquid chroma- 
tography and electrochemical detection (LCEC 
Application Notes 12 and 14, Bioanalytical Systems, 
West Lafayette, IN, 1982). A known amount of 
striatal tissue (approximately 10mg) was homo- 
genized by sonication in 400/tl of 0.1 M perchloric 
acid (pH 1) containing 1.3mM disodium EDTA, 
7.9mM sodium metabisulfite and 0.29/tM dihy- 
droxybenzylamine (internal standard). Following 
centrifugation of the homogenate at 30,000 g and 4 ° 
for 10 min, catecholamines were isolated from the 
supernatant fraction onto acid-washed alumina by 
gentle shaking for 10 min in 1.5 vol. of 1.5 M Tris 
buffer (pH 8.6) containing 1.3 mM disodium EDTA 
and 7.9 mM sodium metabisulfite. The suspension 
was spun in a microfuge, and the supernatant fraction 
was aspirated off. The alumina was washed twice 
more by mixing with a solution containing 1.3 mM 
disodium EDTA and 7.9 mM sodium metabisulfite, 
centrifugation, and aspiration. The catecholamines 
were eluted from the alumina by gentle shaking in 

480/~1 of the original perchloric acid tissue buffer 
(pH 1). After filtering (filter pore size 0.2/2m) the 
perchloric acid solution containing the catechol- 
amines, 100/tl of this solution was injected into the 
high performance liquid chromatograph. The mobile 
phase, 0.15 M monochloroacetate (pH 3) containing 
2 mM disodium EDTA and 0.12 mM sodium octyl- 
sulfate, had a flow rate of 1.8ml/min. The tem- 
perature of the Biophase ODS column (5 ~M) was 
30 °, and the electrode potential was 0.65 V. The 
concentrations of dopamine in the samples were 
calculated from the peak height ratios and a standard 
curve of peak height ratios for known concentrations 
of dopamine. The recovery of dopamine in the 
samples was approximately 42%. 

Drugs were obtained from commercial sources or 
the pharmaceutical company of origin. The sources 
of the drugs were: nomifensine, M-1 (4-OH-nomi- 
fensine), M-2 (3-methoxy-4-OH-nomifensine) and 
M-3 (3-OH-4-methoxy-nomifensine) from Hoechst- 
Rousset Pharmaceuticals (Somerville, NJ); benz- 
tropine from Merck Sharp & Dohme Research Lab- 
oratories (West Point, PA); amfonelic acid from 
Sterling-Winthrop Research Institute (Rensselaer, 
NY); mazindol from Sandoz Pharmaceuticals (East 
Hanover, NJ); and bupropion from Bourroughs 
Wellcome Laboratories (Research Triangle Park, 
NC). [3H]Nomifensine (sp. act. 45 Ci/mmole) was 
custom synthesized by New England Nuclear 
(Boston, MA). 

RESULTS 

Characterization of [3H]nomifensine binding. The 
binding of [3H]nomifensine to rat and rabbit striatal 
membranes was stable and reversible. At 0 ° in striatal 
membranes from either species, the binding of a 
concentration of [3H]nomifensine equal to half of 
the Ko value reached steady state by 30min and 
was stable for at least 120 min. The association rate 
constant (kl) determined in rabbit striatal mem- 
branes using the pseudo first-order equation was 
3.0 #M × min -1 (inset, Fig. 1A). Specific [3H]nomi- 
fensine binding was rapidly reversed (q - 4 min) by 
the addition of excess competing ligand (100 #M 
benztropine). The rate constant for dissociation (k-l) 
was 0.17 min -1 (inset, Fig. 1B). The kinetic Kd value 
for [3H]nomifensine calculated from the ratio k_~/kl 
was 57 nM. Similar kinetic analysis (data not shown) 
in rat striatal membranes resulted in a Kd value of 
30 nM. 

The pharmacological characterization of [3H]- 
nomifensine binding both in rat and rabbit striatal 
membranes was carried out with tracer concen- 
trations of radioligand (2-6nM). Compounds that 
are potent inhibitors of dopamine uptake [2, 3, 18], 
namely benztropine, mazindol, nomifensine and the 
nomifensine metabolite M-l,  were very effective in 
competing for [3H]nomifensine binding sites (Fig. 
2). All four of these compounds also inhibited the 
binding of [3H]nomifensine to approximately the 
same extent (Fig. 2). Subsequently, 1 0 0 ~  benz- 
tropine was used to define specific binding; this con- 
stituted 80-90% of total binding to striatal 
membranes. Lee et al. '[11] reported increases in the 
high affinity specific binding of [3H]desipramine, but 
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Fig. 1. Kinetic analysis of [3H]nomifensine binding to rabbit 
striatal membranes at 0 °. Specific binding of [3H]nomi- 
fensine (35 nM) was defined as the difference between the 
binding in the absence and presence of 100 pM benztropine. 
Values shown are mean - S.E.M. for N = 3. (A) Associ- 
ation time course. Inset: Pseudo first-order plot. B,q rep- 
resents the amount of specific binding at equilibrium 
(4.3 pmoles/mg protein), and B represents the amount of 
specific binding at each time. The ko~ (0.30 min -l) is the 
slope of this plot. The association rate constant k~ was 
calculated from the equation kl = (kobs) (Beq)/([3H]nomi - 
fensine concn)-(Bm~) and was equal to 3.0 NVl rain -t. The 
Bm~ x w a s  derived from Scatchard analysis in the same tissue 
samples. (B) Dissociation time course. [3H]Nomifensine 
binding was brought to steady state (60 min) before the 
addition of 100 ttM benztropine to all samples at dis- 
sociation time zero. Samples were filtered at various times 
thereafter, and the specific binding remaining was calcu- 
lated. Inset: Semi-logarithmic plot of the decrease in 
specific binding with time. The dissociation rate constant 

(k0, which is equal to the slope, was 0.17 min-L 
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Fig. 2. Competition curves for the inhibition of [3H]nomi- 
fensine binding by various dopamine uptake inhibitors in 
rabbit striatal membranes. Washed rabbit striatal mem- 
branes were incubated with 2-6 nM [aH]nomifensine and 
the concentrations of drugs indicated. M-I, M-2 and M-3 
are metabolites of nomifensine. The values shown are the 

means for three to six independent determinations. 
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Table 1. Pharmacological profile of [3H]nomifensine bind- 
ing sites in rat and rabbit striatum 

[3H]Nomifensine binding* 
Ki value (~M) 

Rabbit Rat 
Drug striatum striatum 

Mazindol 0.01 0.02 
Nomifensine 0.07 0.05 
Amfonelic acid 0.14 0.12 
M-1 0.22 0.20 
Benztropine 0.25 0.27 
Cocaine 0.16 0.36 
Phencyclidine 0.16 0.40 
Bupropion 0.13 0.47 
M-2 1.20 0.59 
M-3 1.40 3.20 
Nortriptyline 2.20 5.40 
Spiperone 5.40 7.90 
Desipramine 18.00 7.20 
Phentolamine 7.40 30.00 
Imipramine 63.00 45.00 

* Ki values were calculated from the [c50 values obtained 
from competition curves using the method of Cheng and 
Prusoff [19]. The inhibition of specific binding of [3H] 
nomifensine (2-6 nM) to rat and rabbit striatal membranes 
was determined using eleven concentrations of competing 
drugs. Results are mean values, N = 3-9. S.E.M. values 
were less than 10% of the mean. 

not  [3H]imipramine, in membranes  pretreated with 
300 mM KC1. Unde r  our  experimental  conditions, 
specific [3H]nomifensine binding defined with either 
benztropine or nomifensine was unaffected by pre- 
t reatment  of rat or rabbit  striatal membranes  with 
KCi (data not  shown). The ICs0 values for the inhi- 
bition of [3H]dopamine uptake into striatal synap- 
tosomes taken from the literature [2, 3, 18] are 
almost identical to the K~ values determined from 
[3H]nomifensine competi t ion experiments for all 
compounds listed in Table 1. For  most anti- 
depressants (i.e. nortriptyline,  desipramine,  imi- 
pramine)  and receptor antagonists (i.e. spiperone, 
phentolamine)  evaluated,  the potencies in decreas- 
ing [aH]dopamine uptake and [3H]nomifensine bind- 
ing were quite similar; however,  these compounds 
were effective only at micromolar  concentrations.  

In contrast,  amphetamine  was reported to be 
60-fold more potent  at inhibiting 

]dopamine uptake [2,20] than inhibiting [3H]- 
nomifensine binding (Table 2). Likewise, the cat- 
echolamines dopamine and norepinephrine were 
much weaker in inhibiting [3H]nomifensine binding 
than their reported Ki values for uptake [21] into 
rat striatum (Table 2). The indirect acting agent 
tyramine was also 40-fold less potent  at competing 
for [3H]nomifensine binding than for [aH]dopamine 
uptake [22] (Table 2). 

Saturat ion studies of the specific binding of [3H]- 
nomifensine,  over a concentrat ion range of 2 -  
250/tM, resulted in linear Scatchard plots both in 
rat (data not  shown) and rabbit  (Fig. 3) striatal 
membranes .  It is interesting to note  that the observed 
affinities, as well as the number  of binding sites, were 
identical in both species (Table 3). In this range 
of concentrat ions the Scatchard plots were linear, 
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Table 2. Comparison between the potency to inhibit [3H] 
nomifensine binding and [3H]dopamine uptake of indirect 

releasing agents and biogenic amines 

[3H]Nomifensine [3H]Dopamine 
binding* uptake¢ 

K i value (#M) 

Rabbit Rat Rat 
Drug striatum striatum striatum 

Amphetamine 13 15 0.245 
Dopamine 16 6.3 0.4§ 
Norepinephrine 86 40 1§ 
Tyramine 54 32 III 
Serotonin 180 68 

* Ks values were calculated from the IC50 values obtained 
from competition curves using the method of Cheng and 
Prusoff [19]. The inhibition of specific binding of [3H] 
nomifensine (2-6 nM) to rat and rabbit striatal membranes 
was determined using eleven concentrations of competing 
drugs. Results are mean values, N = 3-9. S.E.M. values 
were less than 10% of the mean. 

? K i values for inhibition of [3H]dopamine uptake are 
from: $ Hyttel [3], § Snyder and Coyle [21], and II Heikkita 
et  al.  [22]. 

Fig. 3. Direct Scatchard analysis of [aH]nomifensine bind- 
ing to rabbit striatai membranes. Membranes were incu- 
bated with various concentrations of [3H]nomifensine (2- 
250 mM) for 60 min at 0 °. Nonspecific binding was meas- 
ured in the presence of 100 #M benztropine. Values shown 
are from a representative experiment performed in duplic- 
ate. (A) Saturation curve. (B) Transformation of the satu- 

ration data by the method of Scatchard. 
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Fig. 4. [3H]Nomifensine binding to a single site in rabbit striatal membranes. Rabbit striatal membranes 
were incubated with either 6 nM (a, b) or 60 nM (c, d) [3H]nomifensine. Inhibition of the binding of 
[3H]nomifensine was determined by 20 concentrations of either nomifensine (1 nM-100/~M; a, c) or 
benztropine (1 nM-100 #M; b, d). Points shown are from a single experiment, performed in triplicate. 

Insets: The same data plotted according to the method of Scatchard. 
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Table 3. Affinity and number of striatal [3H]nomifensine binding sites 
determined from Scatchard analysis* 

g d  B m a x  

Tissue N (nM) (pmoles/mg protein) 

Rabbit striatum 10 80 -+ 5.3 6.4 -+ 1.2 
Rat striatum 10 82 -+ 7.0 6.6 -+ 0.6 

* Values are means --- S.E.M. 
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Fig. 5. Sodium chloride-dependency of specific [3H]nomi- 
fensine binding to rat striatal membranes. Specific binding 
of 2.5 nM [3H]nomifensine was measured as described in 
Materials and Methods in the presence of various con- 
centrations of NaCI (0-212 mM). The osmolarity of the 
assay buffer was maintained by replacing NaCI by an equiv- 
alent concentration of choline chloride. Specific binding in 
the absence of NaC1 was negligible. Results are the mean 

values -+ S.E.M. for N = 3-4. 

suggesting that [3H]nomifensine binds to a single site 
in striatal membranes .  

To investigate further whether  the binding of 
[3H]nomifensine is to a single site or multiple sites, 
more detailed compet i t ion curves were analyzed. A t  
both low (6 riM; Fig. 4) and higher (60 riM; Fig. 4) 
fractional occupancy with [3H]nomifensine, ei ther 
nomifensine or benztropine produced monophasic  
reductions in binding. Hill coefficients were not  dif- 
ferent from one.  Transformat ion of these com- 
petit ion curves of [3H]nomifensine at both fractional 
occupancies gave l inear Scatchard plots regardless 
of the concentrat ion of radioligand used (insets, Fig. 
4), again suggesting that binding of [3H]nomifensine 
is to a single site. 

Comparison of several characteristics of the striatal 
dopamine uptake pump and [3H]nomifensine 
binding. The high affinity neuronal  uptake of  dopa- 
mine is largely dependent  upon the presence of  NaC1 
[23, 24]. In the present  experiments  we found that 
NaCI was also essential for the expression of specific 
[3H]nomifensine binding (Fig. 5). At  120 mM NaC1, 
specific [3H]nomifensine binding was maximal and 
was increased almost 9-fold, with respect to i mM 
NaC1. The  ECs0 for NaC1 was 100 mM. The strict 
dependence  of  [3H]nomifensine binding on NaCI 
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Fig. 6. Effect of 6-hydroxydopamine lesions of rat striatal dopaminergic nerve terminals on [3HI 
nomifensine binding. A 10 #l volume of 6-hydroxydopamine (100 #g free base) was infused at a rate of 
1 pl/min into each lateral ventricle of an anesthetized rat. Control rats received an equivalent infusion 
of vehicle. Biochemical determinations were performed 16 days later. (A) The dopamine levels in the 
rat striatum were measured using HPLC with electrochemical detection. (B) The number (Bma,) and 
affinity (Ko) of [3H]nomifensine binding sites were determined by Scatchard analysis. Results are the 
mean values S.E.M. for N = 4-6. A n  asterisk (*) indicates P < 0.001 when compared with controls. 

BP 34:8-B 



1142 M.L. DUBOCOVICH and N. R. ZAHNISER 

A: RABBIT STRIATUM B; RAT STRIATUM 

(3 
z 4 
E3 
Z 
a3 
,,, 5 
Z 

u.l "-" 6 

0 --  7 Z 

z 8 
0 
p- 

_~ 9 
"1- 
Z 

imipramine e /  
de sipr amine e / / ' .  

spiperone 
Z~nortriptyline 

M_~2 M - 3  

benztropine e. ~ M = -  I 
coca~B ebupropion 
endmifeneine 

mazin~do[ 
r: 0.95 

M - ~  nortripty'JIf" de$ipralir~i~e 

cocain &'~& M - 2  
benztropi~A ~upropion 

& nomifenaine 
A mazindol 

r= 0 ,96 

I I I I I I I l I I 1 I 
9 8 7 6 5 4 9 B 7 6 5 4 

3H-DOPAMINE UPTAKE INHIBITION 
I-log ICso~(M) 

Fig. 7. Correlation between the affinities of compounds to inhibit [-~H]nomifensine binding and [3H] 
dopamine uptake. The K, values for inhibition of [3H]nomifensine binding in rabbit (A) and rat (B) 
striatal membranes were taken from Table 1. The Its0 values for inhibition of [3H]dopamine uptake into 
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rabbit and 1.0 for the rat striatum. 

suggests that these binding sites are associated with 
the dopamine uptake site in striatal membranes. 

To study further the possible association between 
[3H]nomifensine binding sites and the dopamine 
uptake pump, the number and affinity of [3H]nomi- 
fensine binding sites were determined in striatal 
membranes from rats treated centrally with 6- 
hydroxydopamine. Sixteen days after a single bi- 
lateral intraventricular injection of 6-hydroxydopa- 
mine, the levels of dopamine in the striatum were 
decreased by 80% (Fig. 6). In the lesioned animals, 
there was a concomitant 48% reduction in the num- 
ber of [3H]nomifensine binding sites but no sig- 
nificant change in the Kd values (Fig. 6). It must be 
noted, however, that the higher Kd value and large 
S.E.M. associated with that value for the lesioned 
animals was due to one animal in which the apparent 
affinity was 360 nM. 

In support of the possible association between 
the dopamine uptake pump and [3H]nomifensine 
binding, highly significant correlations were found 
between the potency of the drugs shown in Table 1 
for inhibition of [3H]nomifensine binding in rabbit 
(Fig~7A) or rat striatum (Fig. 7B) with the inhibition 
of [ H]dopamine uptake into rat striatal synap- 
tosomes as reported in the literature [3, 18]. 

Regional distribution of specific [3H]nomifensine 
binding in rat brain. Nomifensine is a potent inhibitor 
of the high affinity uptake of both dopamine and 
norepinephrine [3, 14]. While competition curves of 
desipramine inhibition of [3H]nomifensine binding 
in striatum showed an affinity of approximately 
10/~M for desipramine, those in hippocampus indi- 
cated a binding site with an affinity of approximately 
4 nM for desipramine. The percentage of total [3H]- 
nomifensine binding inhibited in the presence of 
3/~M desipramine in hippocampal membranes, how- 
ever, was low. Therefore, specific binding defined 

as the difference in [3H]nomifensine bound in the 
absence and presence of 3/xM desipramine con- 
stituted only 30% of total binding. To study a pos- 
sible [3H]nomifensine binding site associated with 
norepinephrine uptake, specific binding as defined 
with 3/~M desipramine was examined in a number 
of different regions. Figure 8 illustrates that, when 
3 nM [3H]nomifensine was used, 3 ~tM desipramine 
defined less than 40fmoles/mg protein of specific 
binding sites in areas that are relatively rich in 
norepinephrine such as cortex, hippocampus and 
hypothalamus. Nonetheless, the contribution made 
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Fig. 8. Regional distribution of [3H]nomifensine binding to 
membranes from rat brain. Nonspecific binding of [3H]- 
nomifensine (3 nM) was defined in each area using either 
100 ~M benztropine or 3 ~M desipramine. The open bars 
(n) represent the difference in binding in the absence and 
presence of desipramine. The hatched bars (1~) represent 
the difference in the specific binding defined by benztropine 
and that defined by desipramine. The values are the mean 
4- S.E.M. of four separate experiments performed in 

duplicate. 
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by these binding sites to those defined with 100/~M 
benztropine should be accounted for. It should also 
be noted that 3/~M desipramine will define sites 
associated with the serotonin uptake pump [25]; 
however, low concentrations of [3H]nomifensine 
such as 3 nM used in this study are 300-fold lower 
than the Ic50 value for nomifensine inhibition of [3n]- 
serotonin uptake [3] and would not be expected to 
label these sites. Taking into consideration the above 
findings, the sites associated with dopamine uptake 
were those defined by 100 pM benztropine minus the 
sites associated with norepinephrine uptake defined 
by the low concentration of desipramine. The highest 
density of desipramine defined binding sites labeled 
by [3H]nomifensine were found in rat hippocampus 
and olfactory tubercle, while they were significantly 
lower in other areas investigated (Fig. 8). By far 
the highest density of [3H]nomifensine binding sites 
associated with the dopamine uptake pump was 
found in the striatum and olfactory tubercle of rat 
(Fig. 8) and rabbit (data not shown). In other areas, 
namely in occipital and frontal cortex, hippocampus, 
hypothalamus and midbrain, these binding sites were 
less than 15% of those in striatum (Fig. 8). 

DISCUSSION 

The results of the present investigation demonstrate 
that the antidepressant nomifensine [14, 15], known 
to inhibit the neuronal uptake of catecholamines, 
selectively labeled a site associated with the uptake 
pump for dopamine in brain areas rich in this neuro- 
transmitter. The specific binding of the new radio- 
ligand [3H]nomifensine was stable, reversible and 
saturable. Furthermore, it appeared to label a single 
site in membranes isolated from rat and rabbit stri- 
atum. The affinity constants derived from kinetic 
analyses (Kd: 30-57 nM) were in fairly good agree- 
ment with the Ki values obtained from competition 
and saturation experiments. The kinetics of binding 
were simple. Competition curves were monophasic 
and gave Hill coefficients of one. Scatchard plots 
from both competition and saturation studies were 
linear. The number of [3H]nomifensine binding sites 
found in striatum in either species (Bmax = 
6.5 pmoles/mg protein) was almost identical with the 
number of sites reported for [3H]mazindol, another 
radioligand which labels sites associated with the 
dopamine uptake pump [26]. 

The pharmacological characteristics of the site 
labeled by [3H]nomifensine in the rat and rabbit 
striatum were studied using different agents and were 
found to be almost identical to the site labeled by [3H] 
mazindol in rat striatum [26]. Compounds known to 
inhibit the uptake of [3H]dopamine in vitro, such as 
nomifensine, 4-OH-nomifensine, mazindol, amfo- 
nelic acid, and benztropine [2, 3, 18], were the most 
potent competitors of [3H]nomifensine binding. In 
contrast, the tricyclic antidepressants desipramine, 
imipramine and nortriptyline, known to be potent 
inhibitors ot norepinephrine and/or serotonin 
neuronal uptake [3], were relatively weak inhibitors 
of both [3H]dopamine uptake and [3H]nomifensine 
binding. The excellent correlation between inhi- 
bition of [3H]nomifensine binding and [3H]dopamine 
uptake is shown in Fig. 7. 

There were, however, certain interesting dif- 
ferences in the drug specificity to inhibit [3H]nomi- 
fensine binding and [3H]dopamine uptake (Table 2). 
Dopamine and other phenylethylamines, such as 
norepinephrine, amphetamine and tyramine, were 
substantially weaker in inhibiting [3H]nomifensine 
binding than in inhibiting [3H]dopamine uptake into 
the striatum. It is possible that the potent inhibitory 
effect of these compounds on [3H]dopamine uptake 
in the striatum is only apparent [20, 22]. Heikkila and 
colleagues [20, 22] demonstrated that the apparent 
inhibition of [3H]dopamine uptake by d-amphet- 
amine and tyramine in the striatum results from the 
enhanced release of previously accumulated [3H]- 
dopamine. Therefore, the apparent Ki values for 
inhibition of dopamine uptake by dopamine, 
amphetamine, norepinephrine and tyramine in the 
striatum appear to be artificially low and cannot be 
compared with the Ki values for inhibition of [3H]- 
nomifensine binding. Other investigators have often 
reported that substrates for uptake systems are poor 
competitors at binding sites for [3H]imipramine [4], 
[3H]desipramine [10, 11, 13] and [3H]cocaine [27], 
which are associated with the serotonin, norepin- 
ephrine and dopamine uptake pumps respectively. 
It can be concluded from these observations that 
competition studies of radioligand binding to specific 
uptake sites is a more valid method than accumu- 
lation studies to determine the affinities of the uptake 
pump for indirect releasing agents. 

Nomifensine is a more potent inhibitor of the 
uptake of [3H]norepinephrine than [3H]dopamine 
into brain synaptosomes [3,14]; however, the 
regional distribution of [3H]nomifensine binding 
indicated preferential binding to brain areas rich 
in dopamine (i.e. striatum~ olfactory tubercle). By 
contrast, the specific binding' of [3H]nomifensine 
defined with the norepinephrine uptake inhibitor 
desipramine in brain areas rich in norepinephrine, 
such as hypothalamus, hippocampus, cortex or mid- 
brain, represented less than 30% of total binding. It 
is of interest that in the hippocampus the affinity 
(K i = 23 nM) of [3H]nomifensine for the binding site 
defined by desipramine (the putative norepinephrine 
uptake site) was higher than the affinity (Ki = 70 nM; 
Table 1) of this radioligand for the striatal dopamine 
uptake site, as could be expected by its potent effect 
on norepinephrine uptake [3, 14]. The low level of 
specific [3H]nomifensine binding defined with desi- 
pramine in hypothalamus, hippocampus, cortex and 
midbrain may be related to the low density of nora- 
drenergic innervation relative to the dopaminergic 
innervation of the striatum and the olfactory tubercle 
[28]. 

Several lines of evidence suggest that the dopa- 
mine uptake pump and the [3H]nomifensine binding 
site might be associated. First, the numbers of [3H]- 
nomifensine binding sites are highest in areas rich in 
dopamine nerve terminals, namely the striatum and 
olfactory tubercle [27]. Moreover, autoradiography 
of [3H]nomifensine binding sites as defined by 
100~M benztropine in brain slices parallels the 
regional distribution found in isolated brain mem- 
branes [29]. Second, [3H]nomifensine binding to 
membranes of rat striatum increased in a dose- 
dependent manner with the NaCI concentration; 
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little or no binding was observed in the absence of 
NaC1. The NaC1 dependency of [3H]nomifensine 
binding is consistent with its association with the 
dopamine uptake pump, since the active uptake of 
dopamine into nerve terminals requires the presence 
of NaCI [23, 24] and shows the same concentration 
dependency as the binding [23]. Third, the number 
but not the affinity of striatal [3H]nomifensine bind- 
ing sites was reduced significantly following in v ivo  
lesions with 6-hydroxydopamine. The 80% reduction 
in striatal dopamine content observed in the treated 
animals suggests that the nigrostriatal dopamine- 
containing nerve terminals had been disrupted. Simi- 
larly, administration of 6-hydroxydopamine has been 
shown to cause a decrease in the apparent Vmax for 
[3H]dopamine uptake into striatal synaptosomes that 
correlates with the extent of dopamine depletion 
[30]. The decreased number of binding sites is con- 
sistent with but does not prove that [3H]nomifensine 
binds to sites localized on dopaminergic nerve ter- 
minals. Fourth,  the absolute potencies of various 
drugs in competing for [3H]nomifensine binding to 
rat and rabbit striatal membranes correlate closely 
with their potencies in inhibiting [3H]dopamine 
uptake into striatal synaptosomes (Fig. 7) [3, 18]. All 
these results taken together strongly suggest that 
[3H]nomifensine binds to a site on dopaminergic 
nerve terminals associated with the dopamine uptake 
pump. Whether or not the dopamine uptake pump 
(transporter) and the [3H]nomifensine binding site 
are the same or different sites remains to be inves- 
tigated. It has, in fact, been suggested that [3HI 
imipramine and [3H]cocaine bind to components of 
the uptake pumps which are different from the sero- 
tonin and dopamine recognition transport sites 
respectively [25, 27]; however, there are data from 
[3H]imipramine studies in platelets which support 
the opposite conclusion [6]. 

This new radioligand, [3H]nomifensine, may prove 
to be a useful biochemical tool to label sites associ- 
ated with the dopamine uptake pump and to study 
the regulation of these sites (a) after treatment with 
centrally acting drugs and (b) in postmortem brains 
from disease states that affect dopaminergic systems. 
Autoradiographic experiments with [3H]nomifensine 
indicate binding of this radioligand to presynaptic 
dopamine uptake sites in postmortem human cau- 
date nucleaus [29]. Moreover,  we found that the 
density of [3H]nomifensine binding sites to the dopa- 
mine uptake pump was reduced in postmortem 
human caudate nucleus obtained from a Par- 
kinsonian patient. Therefore, [3H]nomifensine 
appears to be a useful radioligand to label sites 
associated with the dopamine uptake pump both in 
isolated membranes and slices from the brain. 

Acknowledgements--We thank Ms. K. Philpott for the 

LCEC determinations and Miss Veronica Whatley for typ- 
ing the manuscript. 

REFERENCES 

1. J. J. Schildkraut and S. S. Key, Science 156, 21 (1967). 
2. J. Hyttel, Biochem. Pharmac. 27, 1063 (1978). 
3. J. Hyttel, Prog. Neuro-Psychopharmac. biochem. Psy- 

chiat. 6, 275 (1982). 
4. R. Raisman, M. S. Briley and S. Z. Langer, Eur. J. 

Pharmac. 61,373 (1980). 
5. J. Talvenheimo, P. J. Nelson and G. Rudnick, J. biol. 

Chem. 254, 4631 (1979). 
6. J. Talvenheimo, P. J. Nelson and G. Rudnick, J. biol. 

Chem. 258, 6115 (1983). 
7. S. Z. Langer, C. Moret, R. Raisman, M. L. Duboco- 

vich and M. S. Briley, Science 210, 1133 (1980). 
8. S. M. Paul, M. Rehavi, P. Skolnick and F. Goodwin, 

Life Sci. 26, 953 (1980). 
9. S. Z. Langer, M. S. Briley, R. Raisman, J-F. Henry 

and P. L. Morselli, Naunyn-Schmiedeberg's Archs. 
Pharmac. 313, 189 (1980). 

10. C. M. Lee and S. H. Synder, Proc. natn. Acad. Sci. 
U.S.A. 78, 5250 (1981). 

11. C. M. Lee, J. A. Javitch and S. H. Synder, J. Neurosci. 
2, 1515 (1982). 

12. M. Rehavi, P. Skolnick, M. J. Brownstein and S. M. 
Paul, J. Neurochem. 38, 889 (1982). 

13. R. Raisman, M. Sette, C. Pimoule, M. Briley and S. 
Z. Langer, Eur. J. Pharmac. 78, 345 (1982). 

14. I. Hoffman, Int. Pharmacopsychiat. 17, (Suppl. 1), 4 
(1982). 

15. K. Rickels, C. C. Weise, K. Sandier, A. Schless, M. 
Zal and N. Norstad, Int. Pharmacopsychiat. 17, (Suppl. 
1), 73 (1982). 

16. G. Scatchard, Ann. N.Y. Acad. Sci. 51,660 (1949). 
17. M. M. Bradford, Analyt. Biochem. 72,248 (1976). 
18. J. Tuomisto, Eur. J. Pharmac. 42, 101 (1977). 
19. Y-C. Cheng and W. H. Prusoff, Biochem. Pharmac. 

22, 3099 (1973). 
20. R. E. Heikkila, H. Orlansky, C. Mytilineou and G. 

Cohen, J. Pharmac. exp. Ther. 193, 47 (1975). 
21. S. H. Snyder and J. T. Coyle, J. Pharmac. exp. Ther. 

165, 78 (1969). 
22. R. E. Heikkila, H. Orlansky and G. Cohen, Biochem. 

Pharmac. 24, 847 (1975). 
23. J. E. Harris and R. J. Baldessarini, Life Sci. 13, 303 

(1973). 
24. R. W. Holz and J. T. Coyle, Molec. Pharmac. 10, 746 

(1974). 
25. M. Sette, M. S. Briley and S. Z. Langer, J. Neurochem. 

40, 622 (1983). 
26. J. A. Javitch, R. O. Blaustein and S. H. Snyder, Eur. 

J. Pharmac. 90, 461 (1983). 
27. L. T. Kennedy and I. Hanbauer, J. Neurochem. 41, 

172 (1983). 
28. N. G. Bacapoulos and R. K. Bhatnager, J. Neurochem. 

29, 639 (1977). 
29. B. Scatton, A. Dubois, M. L. Dubocovich, R. Zahniser 

and D. Fage, Life Sci., in press. 
30. M. J. Zigmond and E. M. Stricker, Experientia 36,436 

(1980). 


