
weight DNA in a homogeneous electric 
field. Because the electric field is homoge- 
neous, relative mobilities between adjacent 
lanes in a gel are not subject to artifactual 
variation. It is therefore possible to carry out 
analysis of the variation in molecular weight 
between germline and rearranged DNA. 

We used the FIGE technique to character- 
ize the Sal I fragments that encode the y- 
chain locus in germline and rearranged con- 
figurations; that is, a single 425-kb Sal I 
fragment derived from Ly65, a B cell lym- 
phoma (nonrearranged) DNA, hybridized 
to both variable and constant region probes 
(Fig. 2A). A smaller Sal I restriction frag- 
ment was found in digests of DNA from the 
T cell lines CCRF-HSB-2 and HPB-MLT; 
at the resolution afforded in this analysis the 
broad band in HSB-2 and the upper band in 
MLT appear to comigrate. HPB-MLT con- 
tains two rearrangements, one to Vy1.2 and 
the other to another V y l  family member. 
The resolved doublet in MLT would then 
represent rearrangements to these family 
members. The HSB-2, and MLT Sal I frag- 
ments do not encode the Jy1.2 and Vy4 
segments because they do not hybridize to 
these probes (Fig. 2). The germline size of 
the Sal I fragment is 425 kb whereas the Sal 
I fragment (or fragments) in HSB-2 is ap- 
proximately 340 kb. The linkage between 
Vy2 and Vy3 is less than 10 kb. HSB-2 
contains one chromosome with a germline 
Vy2 and a rearranged Vy3; the other chro- 
mosome contains only a rearranged Vy2. 
Hence the HSB-2 Sal I fragment is an 
unresolved doublet, one band contributed 
by each chromosome. The difference in mo- 
lecular weight between the Sal I fragments 
in HSB-2 and Ly65 is 85 kb. This segment 
of 85 kb represents the distance between 
Vy3 and Jy2.3. The distance between Vy3 
and Vy4 is known, as is the complete physi- 
cal map of the joining-constant-region lo- 
cus. Thus, after adjustment for the 9 kb 
between Vy3 and Vy4 and the 25 kb be- 
tween Jy2.3 and Jyl.1, the Jy-to-Vy4 dis- 
tance is about 50 kb. Figure 2B shows the 
physical map of the human T cell y locus 
with relevant distances. 

We determined the complete molecular 
map of the human TCRy locus (Fig. 2B). 
Rearrangement of y-chain segments occurs 
by deletion of the sequences separating vari- 
able and joining segments. By measuring the 
sizes of the fragments bearing rearranged y- 
chain genes, we can calculate the sizes of the 
deletions. The basis of our physical map 
relies on two independent lines of data: 
direct linkage of TCRy genes on restriction 
fragments resolved by conventional agarose 
gel electrophoresis, and direct linkage of 
TCRy genes resolved by the FIGE method. 
It is apparent that there are intrinsic differ- 

ences between resolving restriction frag- 
ments of high molecular weight and those of 
conventional size. Few restriction enzymes 
yield large fragments. Those that have a rare 
distribution in mammalian DNA are sensi- 
tive to methylation. The distribution of rare 
cutting enzymes is also problematic. Several 
reports have shown that rare cutting en- 
zymes are distributed nonrandomly in the 
mammalian genome (7, 8). It is important 
that our two physical approaches agree and 
furthermore that they confirm the deletion 
data. The loss of the well-characterized 
markers Vy4 or Jy1.2 with the retention of 
Vy l  or Jy2.3 is due to gene rearrangement. 
The most striking feature of the map is the 
proximity of the most 5' Jy to the most 3 '  
Vy; this distance is about 50 kb. The overall 
size of the locus therefore is approximately 
160 kb. 

There are six hun~an loci that encode 
immunoglobulin-like genes. Yancopolous 
and Alt (9) speculated that all of these loci 
are substrates for the same enzyme or en- 
zymes. However, little is known about the 
substrate preferences of these enzymes. As 
this is the first complete characterization of a 
mammalian immunoglobulin-like locus, 
there is little opportunity to compare the 
organization to other loci. As more loci are 
completely described, canonical feanires 
may emerge in the organization of the germ- 

TCRP chain locus, which has one VP chain 
segment on the 3' side of the constant- 
region locus ( l l ) ,  whereas most of the Vp 
segments sit in tandem array, presumably on 
the 5' side of the joining-region locus (12). 
However, the physical distance between the 
other variable and joining segments in other 
loci remain to be determined. Knowledge of 
these distances will provide further informa- 
tion about the com~lex mechanism bv 
which two segments located at great dis- 
tance in germline DNA can be joined to- 
gether toform a functional gene. 
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Cocaine Receptors on Dopamine Transporters Are 
Related to Self-Administration of Cocaine 

Although cocaine binds to several sites in the brain, the biochemical receptor 
mechanism or mechanisms associated with its dependence producing properties are 
unknown. It is shown here that the potencies of cocaine-like drugs in self-administra- 
tion studies correlate with their potencies in inhibiting [3H]mazindol binding to the 
dopamine transporters in the rat striaturn, but not with their potencies in binding to a 
large number of other presynaptic and postsynaptic binding sites. Thus, the cocaine 
receptor related to substance abuse is proposed to be the one associated with dopamine 
uptake inhibition. 

C OCAINE IS A POU~ERFUI. REINFORC- tem, and nerve conduction. In man, CNS 
er that has become a popular drug of effects that are related to the abuse of co- 
abuse. It has a variety of pharmaco- caine include feelings of well-being and eu- 

logical effects on the central nervous system 
('Ns), the Addiction Research Center, National Institute on Drug 
temperature, the sympathetic nenrous sys- Abuse, P.O. Box 5180, Baltimore, MD 21224. 
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phoria (1). Brain dopamine systems are 
thought to mediate reinforcement ( 2 ) ,  and it 
is often assumed that cocaine's inhibition of 
dopamine uptake is the mechanism underly- 
ing its reinforcing effects. However, there 
are no receptor binding data that support 
this notion. Indeed, several cocaine binding 
sites have been found (3), but the receptor 
or receptors related to its reinforcing effects 
and abuse have not been identified as such. 
Some of these binding sites are related to 

1 -  Slope = 0.63 i 0.063 

0.1 1 10 100 1000 
Relative concentration to inhibit binding 

Fig. 1. Relation between the relative behavioral 
doses of cocaine and related compounds in self- 
administration studies and their relative inhibi- 
tory concentrations for ['H]mazindol bindng at 
the dopamine transporter. Linear regression of 
logarithms of relative behavioral doses on loga- 
rithms of relative inhibitory concentrations for 
compounds 1 through 10 from Table 1 were 
calculated with BMDP (21). T'alue shown is 
slope + SD. Compound 11 (open circle) was not 
included in the regression analysis (see text for 
discussion). A two-tailed test of significance was 
applied (P < 0.00001). 

nen7e terminal transport mechanisms for 
monoamine neurotransmitters (3-5). 

A fundamental requirement for the identi- 
fication of a pharmacologically relevant re- 
ceptor is the demonstration of a significant 
relation between the potency of drugs in 
producing a response and the potency of 
drugs at the binding site. Thus, the identifi- 
cation of a receptor that mediates the rein- 
forcing effects of cocaine, the goal of this 
study, requires that a relation exist between 
the potency of a variety of cocaine-related 
drugs in relevant models of substance abuse 
and their potency at a binding site in the 
brain. 

Drug self-administration by primates, ro- 
dents, and other species, as is used in oper- 
ant conditioning studies, is considered to be 
a useful model of human drug talung and 
has been used in the preclinical assessment 
of abuse liability and the reinforcing effects 
of drugs. In such experiments, animals per- 
form a learned behavioral response to obtain 
access to the test drug. Most drugs that 
humans abuse can filnction as reinforcers of 
drug self-administration behavior in animals 
(6). Therefore, we used concentration-re- 
sponse data from our own (7) and published 
studies (8-15) of drug self-administration to 
determine the relative potencies of cocaine- 
related drugs with respect to reinforcing 
effects. Because various classes of drugs may 
share some stimulant properties with co- 
caine, but may have different pharmacoki- 

netics and rnecha~~~*.- . -~  ,.faction, we mainly 
considered dnigs \~rnllar to cocaine. These 
included cocalne, c-clc~rrw analogs, ester- and 
amide-contalninr 1' , 1 1  ?ncsthetics structur- 
ally related to t :  ~!nc., and some other psy- 
chostimulant compounds (Table 1). Of 
these drugs, compounds 1 through 11 are 
positive reinforcers, while compounds 12 
through 16 are not (8-15). Compound 1 7  
has not been tested in drug self-administra- 
tion studies. 

Other types of studies also provide infor- 
mation relevant to abuse liability. Drug dis- 
crimination studies, in particular, can deter- 
mine if a drug is cocaine-like, that is, pro- 
duces similar subjective effects in humans or 
similar discriminative effects in animals. 
Drugs 3, 5 ,  6, and 1 7  have been studied 
with this method (16, 17). The behavioral 
potencies of these drugs were similar in both 
drug discrimination and drug self-adminis- 
tration studies in which they were tested. 

Cocaine has well-known inhibitoy effects 
at nenre terminal transporters for mono- 
amine neurotransmitters including seroto- 
nin, dopamine, and norepinephrine, and 
there are cocaine binding sites at these traas- 
porters (3-5). Thus, the potencies of the 
various cocaine-related drugs were exam- 
ined at these sites by in vitro binding tech- 
niques. Choline uptake sites and a variety of 
neurotransmitter receptor sites were also 
examined. Although radiolabeled cocaine 
has been used as the binding ligand for 

Table 1. Potencies of cocaine and related compounds in self-administration and biochemical studies. The relative behavioral potencies in self-administration 
studies were determined by averaging values obtained from studies of cocaine reinforcement (7-15). These could not be determined (ND) for compounds 12 
to 16 due to their low potencies or toxic side effects. Compound 17 was tested only in discrimination studies. Except in two cases, the animals utilized were 
monkeys. [3H]Mazindol was used to label dopamine (W'M nomifensine blank) and norepinephrine transport sites (5 x 10-hM desmethylimipramine 
blank) in striatum and frontal cortex, respectively (IS). Tissues were homogenized, then incubated for 1 hour in buffer (50 mM tris, 120 m M  NaC1, 5 mM 
KCI; pH 7.8; 4°C) containing a final [3H]mazindol concentration of 4 I*. Serotonin transport sites were labeled in brain stem with ['Hlparosetine (19). 
Nonspecific binding was defined by the addtion of 10-hM citalopram. Homogenized tissue was incubated at room temperature in the same buffer as above 
for 90 minutes with a final ligand coilcentration of 0.2 nM. Tissues for all experiments were dissected from the brains of male Sprague-Dawley rats (Harlan 
Sprague-Dawley, Indianapolis, Indana), 60 to 120 days old. Ki values were determined from analyses of competition curves. Standard errors for I<, values 
(mean of three to five assays) were less than 10% of the values. DEAE, diethylaminoethanol. 

Relative Dopamine uptake Serotonin uptake Norepinephrine uptake 
Compound behavioral I<, Relative ICi Relative ICi Relative potency (df) potency (M) potency (M) potency 

1. WIN 35,065-2 
2. \+'IN 35,981 
3. (-)Cocaine 
4. Dimethocaine 
5. (+/-)Norcocaine 
6. Procaine 
7. Chloroprocainr 
8. (+ ) Pseudococaine 
9. Mazindol 

10. Methylphenidate 
11. (+)&nphetanline 
12. Lidocaine 
13. Procainamide 
14. DEAE 
15. WIN 35,065-3 
16. (+)Cocaine 
17. WIN 35,428 
18. (+/-)Cocaine 
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uptake sites in several studies (3 ) ,  we have 
utilized other ligands that bind with higher 
affinities and specificities and provide better 
specific-to-nonspecific binding ratios. We 
used [3~]mazindol binding to identify do- 
pamine transport sites in rat striatal tissue 
and norepinephrine transport sites in rat 
frontal cortex (18) and [3~]paroxetine 
binding to identify serotonin transport sites 
in rat brain stem (19). Other binding sites 
were studied by standard assays (20). 

Drugs that were potent in self-administra- 
tion studies were also potent inhibitors of 
binding at the transport sites for dopamine, 
serotonin, and norepinephrine, but they 
showed little inhibition at a large number of 
other presynaptic and postsynaptic sites (Ta- 
bles 1 and 2). Mazindol and the cocaine 
analogs, compounds 1 and 2, were more 
potent inhibitors than (+/-)cocaine and 
(-)cocaine. In addition. the cocaine-related 
hn;gs that have not been shown to h c t i o n  
as positive reinforcers (compounds 12 
through 16) bound to these uptake sites 
with very low potencies. (-)Cocaine was 
most potent at the serotonin uptake site 
under these experimental conditions. There 
was a marked-stereospecificinr at all three 
sites; the behaviorally active stereoisomers 
(-)cocaine and WIN 35,065-2 showed 
much greater potency than (+)cocaine and 
WIN 35,065-3, respectively. Binding inhi- 
bition by cocaine-related drugs was not 
found foi the choline uptake system, howev- 
er. Inhibitory cons t i t  (ICi) values for 
(-)cocaine and (+)cocaine at the [ 3 ~ ] h e -  
micholinium binding site are 248 lJJM and 
40 p44, respectively. These potencies indi- 
cate a marked reverse stereospecificity at 
choline uptake sites and show that cocaine is 
not a Dotent inhibitor of all u ~ t a k e  sites. 

Our findings suggest that dopamine 
transport inhibition is the primary mecha- 
nism associated with the reinforcing effects 
of cocaine, although we cannot rule out 
some involvement of other sites. A multiple 
regression (21) analysis, relating the loga- 
rithms of the relative concentrations to in- 
hibit binding and the logarithms of the 
relative behavioral doses for compounds 1 
through 10, indicates that doPamhe trans- 
porter inhibition is indeed significantly and 
positively associated with the reinforcing 
effects of cocaine (slope = 0.72 i 0.13, 
P < 0.001). These statistics also indicate 
that there is little relation between cocaine- 
reinforced behavior and either serotonin 
transport inhibition (slope =-0.08 * 
0.10, P < 0.45) or norepinephrine trans- 
port inhibition (slope = -0.01 * 0.13, 
P < 0.93). Correlation analysis leads to sim- 
ilar conclusions (22). Thus, it can be seen 
from the multiple regression analysis that 
cocaine binding to the dopamine uptake 

site, after adjustment for the norepinephrine 
and serotonin uptake sites, is the only signif- 
icant contributor to the regression. In other 
words, the cocaine inhibition of dopamine 
transporter alone is sufficient to explain 
most of the variability (multiple R' = 0.94) 
in cocaine self-administration. Further, con- 
firmation of this conclusion is shown in 
Table 3, which examines the order in which 
the sites are added to the regression model. 
If dopamine data are added to either norepi- 
nephrine or to serotonin data, or if dopa- 
mine data are added to the model containing 
both norepinephrine and serotonin data, the 
improvement in the goodness of fit is sub- 
stantial. Conversely, if either norepineph- 
rine or serotonin data, separately or togeth- 
er, are added to the model containing dopa- 
mine, no significant increases in goodness of 
fit are seen. 

Because amphetamines generalize to co- 
caine in drug discrimination studies (23) 
and brain dopamine may be involved in 
mediating their reinforcing effects (24, 25), 
it seemed likely that the mechanism of ac- 
tion associated with amphetamine reinforce- 
ment may also involvk dopamine uptake 
inhibition. However, d-amphetamine inhib- 
ited striatal [3~]mazindol binding with a Ki 
of 3.6 p44 (Table 1) and is self-administered 
in monkeys with a potency relative to co- 
caine of approximately 0.20 (8, 26). Thus, 

Table 2. Receptors not bound by cocaine or 
norcocaine. Dopamine receptors were assessed in 
rat striatal tissue. Benzodiazepine and y-aminobu- 
tyric acid (GABA) receptors were assayed in 
bovine cerebral cortex and cerebellum, respective- 
ly. Glutamate and arginine vasopressin sites were 
assayed in rat cerebellum and rat liver, respective- 
ly. All other receptors were studied in rat frontal 
cortex. Neither (+I-) cocaine nor (+I-)norco- 
caine, in maximum concentrations of 0.1 mM, 
competed with the radiolabeled ligands used for 
b in lng  to any of these receptors. VIP, vasaactive 
intestinal peptide; PCP, phencyclidine; TCP, N- 
(1  [2-thienyl]cyclohexyl) -3,4-piperidine. 

Receptor Ligand 

D l  Dopamine 
D2 Dopamine 
SI Serotonin 

S2 Serotonin 
P-Adrenergic 
a l-Adrenergic 
a2-Adrenergic 
Benzodiazepine 
Substance P 
Adenosine 

Neurotensin 
VIP 
GABAA 
Glutamate 

Arginine vaso- 
pressin 

PCP 

[ 3 ~ ] S C ~  23390 
[3H] Spiperone 
[ 3 H ] ~ S ~  (in the presence of 

ketanserin) 
[3H]Ketanserin 
[3H]Dihydropropranolol 
[ 3 ~ ] ~ r a z o s i n  
[3H]Para-aminoclonidine 
[3H]Flunitrazepam 
[3H]Substance P 
[3H]N-ethylcarboxyamino- 

adenosine 
[ 3 ~ ] ~ e u r o t e n s i n  
[ 1 2 5 ~ ~ v ~ ~  
[ 3 ~ ] G A B A  
[3H]Glutamate (in presence 

of c1-) 
[3~]Arginine vasopressin 

considering the regression analysis for com- 
pounds 1 through 10, d-amphetamine is 
more Dotent in self-administration studies 

I 

than would be expected on the basis of its 
binding potency at the dopamine uptake 
site, and its data point is somewhat removed 
from the regression line (Fig. 1). This rela- 
tively weak binding potency has been ob- 
served in other studies (27). This is consist- 
ent with many reports indicating that d- 
amphetamine and (-)cocaine have different 
molecular mechanisms of action at the dopa- 
mine nerve terminal (27). CNS stimulants 
can be divided into two classes on the basis 
of their biochemical effects on catechol- 
amine-containing neurons in brain: the am- 
phetamines and the nonamphetamines (co- 
caine and methylphenidate). Drugs in the 
former class inhibit reuptake and are potent 
releasers, while drugs in the latter class 
inhibit reuptake but are more restricted in 
their releasing properties. Also, the effects of 
drugs in the nonamphetamine class are 
blocked by reserpine pretreatment, suggest- 
ing that different pools of dopamine are 
involved in mediating the effects of drugs 
from these two different classes (27). Per- 
haps the dopamine transporter is a relevant 
receptor for amphetamine, but a different 
overall mechanism is utilized. For these rea- 
sons, d-amphetamine was not included in 
our regression analysis (Table 1 and Fig. 1). 

Tricyclic antidepressants also inhibit stria- 
tal [3~]mazindol binding. Imipramine, 
which is not self-administered at tested 
doses (6, 28), is about 30-fold weaker than 
cocaine (18) in inhibiting [3~]mazindol 
binding. If imipramine w;as administered 
such that its blood levels were 30-fold high- 
er than behaviorally efficacious blood levels 
of cocaine (1, 29), then the blood levels of 
imipramine would be in the range for hu- 
man lethality (30). Therefore, at least some 
tricyclic antidepressants and other com- 
pounds that inhibit dopamine uptake may 
not be self-administered because of the toxic 
side effects that occur at blood levels re- 
quired for uptake inhibition and self-admin- 
istration. 

These results relating binding to dopa- 
mine transporters and the reinforcing prop- 
erties of cocaine are consistent with reports 
related to the mechanisms of cocaine self- 
administration. Blood levels of cocaine in 
humans that are associated with subjective 
feelings of "high" are in the micromolar 
range (1, 29), similar to the ICi for (-)co- 
caine at the dopamine uptake site. In the 
clinical setting, compounds potentiating do- 
paminergic transmission, including methyl- 
phenidate and bromocriptine, decrease the 
craving for cocaine (31). In animal studies, 
dopamine-containing neuronal systems, par- 
ticularly in the limbic region leading to the 
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Table 3. Multiple regression test results for order 
of incorporation of the three binding sites, N, 
norepinephrine; S, serotonin; D, dopamine. 

attenuate psychostimulant self-administra- 
tion under some conditions. Norepineph- - - 
rine also amears to have little influence on 

Site variables 
tested 

N adding S 
D adding S 
S adding N 
D adding N 
S adding D 
N adding D 
N and D adding S 
D and S adding N 
N and S adding D 

P value 

0.497 
0.23 
0.0520 
0.37 
0.000062 
0.00054 
0.45 
0.93 
0.0013 

frontal cortex, have been strongly implicated 
in self-administration of cocaine (2, 32). 
Intravenous substitution of dopaminergic 
agonists can maintain cocaine-reinforced be- 
havior (33). Self-administration of cocaine 
via intracranial injections has been inhibited 
by lesions of limbic dopaminergic tracts and 
by concurrent administration of D2 dopa- 
mine receptor blockers; but Dl dopamine, 
muscarinic cholinergic, P-adrenergic, and a- 
adrenergic receptor blockers do not modu- 
late cocaine intake at micromolar levels. 
Injections of dopamine, but not serotonin, 
into the mediac   re frontal cortex after 6-  
hydroxydopamine lesions reinstated this co- 
caine-related behavior (2, 32). The local 
anesthetic effects of cocaine-related drugs do 
not correlate with reinforcing effects, but 
may correlate to binding at sodium channels 
(34,35) or to effects at cholinergic presynap- 
tic or postsynaptic receptors (36). The dis- 
criminative stimulus effects of cocaine are 
also primarily mediated by dopamine path- 
wavs and are not influenced bv various 
hallucinogenic, opiate, barbiturate, or canna- 
binoid compounds (37). Dopamine uptake 
inhibition has also been related to locomotor 
activity, rotational behavior, stereotypy, heart 
rate, and other physiological effects of cocaine 
in rats and mice (5, 35, 38). 

Other neurotransmitters. in contrast to 
dopamine, are apparently not involved in 
the mediation of the positively reinforcing 
effects of cocaine. Serotonin agonists, in 
contrast to dopamine agonists, decrease co- 
caine-reinforced behavior (39). Other sero- 
tonin-related drugs such as fenfluramine, 
imipramine, d-lysergic acid diethylamide 
(LSD), and DOM (2,5-dimethoxy-4-meth- 
ylphenyl-2-aminopropane) are not reinforc- 
ing in animals (6).  In addition, lesions of 
cerebral serotonin neurons with the neuro- 
toxin 5,7-dihydroxytryptamine increase in- 
travenous self-administration of d-ampheta- 
mine; pretreatments with serotonin uptake 
blockers or postsynaptic receptor agonists, 
however, decrease this self-administration 
(40). Thus, serotonin uptake inhibition may 

1 L 

the self-administration of cocaine. Norad- 
renertzic blockers do not affect the reinforc- " 
ing effects of cocaine in animals, whereas, 
dopamine blockers do (2). Also, lesions of 
dorsal and ventral noradrenergic bundles do 
not affect responding for cocaine, while 6-  
hydroxydop&ine lesions of dopamine-con- 
taining nerve terminals in the nucleus ac- 
cumbens and medial prefrontal cortex re- 
duce responding (24, 41). Thus, although 
cocaine affects norepinephrine transport and 
serotonin transport as well as dopamine 
transDort. the above studies are consistent 

I ' 

with our conclusions that dopamine uptake 
inhibition mediates cocaine reinforcement. 

Because [3H]mazindol is the ligand used 
to label dopamine transport sites in our 
study, its binding site is the one associated 
with cocaine's reinforcing properties. In- 
deed, mazindol is self-administered in ani- 
mals (15). It is unknown if mazindol binds 
to the dopamine recognition site on the 
transDorter. to the ionic site. or to some 
other site associated with the dopamine 
transport mechanism. Some evidence has 
been presented that suggests that the site 
recognized by [3H]mazindol is not the same 
site as that which recognizes and binds the 
catecholamines (18, 27). Cocaine is also a 
competitive inhibitor of [3H]mazindol 
binding, and [3~]cocaine binds to the dopa- 
mine transporter (3).  Thus, the cocaine 
binding site may be the same as or at least is 
closely related to the mazindol site. Other 
ligands may bind to this site as well (42). In 
summary, the cocaine binding site related to 
dopamine uptake inhibition i s  proposed to 
be the receptor mediating the reinforcing 
properties of cocaine and at least some other 
psychostimulants. 
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