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Both in vitro binding studies and studies of dopamine uptake have indicated that there is a heterogeneity of action of cocaine
and cocaine analogs. Both high- and low-affinity binding sites have been identified. Some drugs that bind to the dopamine
transporter show both high- and low-affinity components whereas others do not. Behavioral studies have indicated that the
high-affinity component appears to be the one most directly involved in the actions of cocaine related to abuse. These conclu-
sions are based on correlations of affinities and psychomotor stimulant effects. In addition, tolerance to the psychomotor
stimulant effects of cocaine occurs with a concomitant change in only the high-affinity component for dopamine uptake. Cer-
tain dopamine uptake inhibitors may have only actions mediated by the low-affinity component. These drugs bind to the
dopamine transporter and inhibit dopamine uptake; however, they do not have behavioral effects like those of cocaine. This
finding is a critical point of inquiry for the dopamine hypothesis because, based on the neurochemical data, these drugs
should have behavioral actions like those of cocaine. In contrast, some of these drugs antagonize the behavioral effects of co-
caine, suggesting that the low-affinity site somehow modulates the actions mediated by the high-affinity site. Recently, some
benztropine analogs have been discovered that bind to the dopamine transporter and inhibit dopamine uptake monophasi-
cally but have behavioral effects that are dissimilar to those of cocaine. These compounds may prove useful in determining
the behavioral significance of heterogeneity of actions at the dopamine transporter. Further, these studies may provide leads
to novel therapeutics for the treatment of cocaine abuse. © 1997 Elsevier Science Inc.
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AS DESCRIBED elsewhere in this special issue, the actions
of dopamine as a neurotransmitter are terminated by trans-
port of released transmitter back into the presynaptic cell.
Ligand binding techniques have shown that cocaine has affin-
ity for the dopamine transporter protein, and functional as-
says have shown that cocaine increases concentrations of la-
beled dopamine in presynaptic terminals. Further, the
behavioral effects of cocaine appear to be mediated by this ac-
tivity at the dopamine transporter, although cocaine also in-
hibits the uptake of norepinephrine and serotonin. Kuhar,
Ritz, and colleagues (36) examined the relationship between
the affinity of cocaine and several related drugs for the vari-
ous monoamine uptake sites and reinforcing effects. The po-
tency of these drugs to maintain behavior in self-administra-
tion procedure was compared to the affinity of the drugs in
displacement of labeled mazindol from transporters of
dopamine (striatum) or norepinephrine (frontal cortex) and
in displacement of paroxetine from serotonin transporters

(brain stem). A direct relationship was found between the po-
tency to inhibit the binding to the dopamine transporter and
the potency with which these drugs maintain self-administra-
tion behavior. In addition, the relationship was stronger for
the affinity of these drugs at the dopamine transporters than it
was for the others. From this result, Kuhar and his colleagues
argued that binding to the dopamine transporter was the im-
portant action for the reinforcing effects in abuse of cocaine.
This correlation has been reported for other behavioral ef-
fects of cocaine, such as the psychomotor stimulant effects on
locomotor activity [(7); but see also (25,37,44)] and the stimu-
lation of operant behavior (42).

A number of recent studies have shown that there is a het-
erogeneity in the actions of some drugs at the dopamine trans-
porter. For example, Madras and her colleagues (30) have
found that the binding of cocaine is better described by a two-
site model than by a one-site model. In addition, the binding
of the cocaine analog WIN 35,428 has also been reported to
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be better fit by a two-site model than by single-site models
(23,31). Further, this heterogeneity of binding appears to be
due to more than one binding site on the dopamine trans-
porter, as opposed to binding to other distinct receptors, be-
cause the binding of WIN 35,428 to the cloned dopamine
transporter is better described as two sites than as one site (4).
It has also been shown that mazindol and GBR 12935 may
bind to a site on the dopamine transporter that is different
from the site for cocaine binding (3), further suggesting the
presence of more than one binding site.

In addition, functional assays of drug actions at the dopa-
mine transporter have also indicated some heterogeneity in the
inhibition of dopamine transport produced by cocaine. Most
often, inhibition of dopamine uptake is assessed by measuring
accumulation of radiolabeled dopamine in synaptosomal
preparations. Under these conditions, the inhibition of uptake
by cocaine and other drugs is monophasic [e.g., (12)]. How-
ever, when uptake is assessed in a chopped tissue preparation
in which the tissue is left in a relatively more intact state com-
pared with synaptosomes, the inhibition of dopamine uptake
produced by cocaine and some of its analogs can be resolved
into two components (24). Figure 1 shows uptake inhibition
produced by cocaine in striatal synaptosomes (open symbols)
and in the chopped tissue preparation (filled symbols). The
right panel shows these studies on tissue from nucleus accum-
bens. These data show two distinct components to the curve
for the chopped tissue preparation, which result in a signifi-
cant nonlinear fit to the concentration–response curve. In
contrast, in the synaptosomes, there is only one linear compo-
nent. In striatal tissue (left panel), the difference between the
two preparations is expressed as a curve that is broader for
the chopped tissue than for the synaptosomes. Thus, hetero-
geneity of action at the dopamine transporter also can be ob-
tained in a functional assay. The relation between the binding

heterogeneity and the two components of uptake inhibition
observed in the functional assay is an important area of re-
search that needs to be fully explored.

The significance of the heterogeneity of interactions of
drugs with dopamine transport for drug abuse and the behav-
ioral pharmacology of cocaine has not been explored. The
purpose of this paper is to examine those implications to the
extent possible with the currently available research findings.
This is an emerging story; however, at this stage, results are suf-
ficient to at least suggest that heterogeneity of actions at the
dopamine transporter appears to have a behavioral significance
that may have implications for how cocaine and its congeners
produce their behavioral effects and may explain why some
dopamine uptake inhibitors are subject to abuse while others
are not. Finally, this information may also provide leads for
the development of useful treatments for cocaine abuse.

 

HIGH-AFFINITY COMPONENT

 

As indicated above, correlations between the affinity of
ligands for the dopamine transporter and potency have been
reported for several behavioral effects, most notably reinforc-
ing effects (36). Studies by Heikkila and his colleagues (16–
19) were among the first to examine this relationship. Both
stimulation of locomotor activity and rotation in unilaterally
6-OHDA-treated animals were found to be related to the
dopamine uptake-inhibiting effects of cocaine and phenyltro-
pane congeners, analogs of mazindol, and a series of dialkyl-
piperazines (GBR 12909 and analogs). These previous results
were further supported by Cline et al. (7), who found that the
potency to produce stimulation of locomotor activity in mice
by a limited number of cocaine analogs was directly related to
the in vivo binding affinities. Similar results were reported for
the relation between in vitro binding affinity and psychomo-

FIG. 1. Effects of increasing concentrations of cocaine on [3H]dopamine uptake in chopped tissue slices (filled
symbols) and synaptosomes (open symbols) prepared from rat striatum (left) and nucleus accumbens (right).
Uptake is expressed as percent of total uptake (in the absence of drug). Values represent mean 6 SEM from
triplicate samples in each of n independent experiments. Sample sizes: striatum: slices (n 5 9), synaptosomes (n 5
3); nucleus accumbens: slices (n 5 7), synaptosomes (n 5 3). Mean total [3H]dopamine uptake values for these
experiments, expressed as pmol/mg protein: striatum: slices (1.5 6 0.4), synaptosomes (19.4 6 0.9); nucleus
accumbens: slices (0.7 6 0.1), synaptosomes (2.0 6 0.1). [Adapted from Izenwasser et al. (24).]
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tor stimulant effects as assessed by stimulation of operant be-
havior in squirrel monkeys (42).

Vaugeois et al. (44) further examined the relationship be-
tween activity of a number of dopamine uptake inhibitors at
the dopamine transporter and psychomotor stimulant effects.
In that study, the ED

 

50

 

 doses for displacement of [

 

3

 

H]GBR
12783 from striatal membranes in vivo were assessed, at the
time of maximal occupancy, for their stimulant effects on lo-
comotor activity. Whereas some of the dopamine uptake in-
hibitors produced large increases in locomotor activity, some
were without effects. The authors suggested that the drugs
should have produced comparable degrees of activation at
these doses if their actions are due exclusively to the degree of
transporter occupancy produced.

Several studies by Rothman and colleagues support the
notion that there are differences in activity among dopamine
uptake inhibitors at comparable occupancies. In those studies,
either locomotor activation or level of extracellular dopamine
was assessed. Initial observations were that the increase in
striatal extracellular levels of dopamine produced by cocaine
were of a smaller magnitude in subjects previously treated
with GBR 12909 (38,39). Those findings were replicated in
subsequent studies of a wider range of doses examining
dopamine levels in the nucleus accumbens (2). In other stud-
ies, Rothman and colleagues (37) suggested that comparable
locomotor stimulant and stereotypy-inducing effects of co-
caine and GBR 12909 were obtained at doses that produced
different levels of transporter occupancy. Despite these re-
sults suggesting differences in intrinsic activity of cocaine and
GBR 12909 in vivo, in vitro studies failed to confirm a phar-
macology of GBR 12909 that resembled that of a partial ago-
nist (14). Further, the in vivo findings of Vaugeois et al. (44),
albeit using only analogs of GBR 12909, were different from
those of Rothman and colleagues. In the Vaugeois et al.

study, GBR 12783 and GBR 13069 produced greater locomo-
tor stimulation than did cocaine at the ED

 

50

 

 doses for in vivo
displacement of [

 

3

 

H]GBR 12783.
Izenwasser et al. (25) also examined actions at the dopa-

mine transporter and locomotor stimulant effects. In that
study, the in vitro binding affinities of a series of uptake inhib-
itors were related to the ED

 

50 

 

value for stimulation of locomo-
tor activity in mice. As discussed above, binding to the
dopamine transporter can be characterized by a two-site
model, therefore this study determined affinities of each dis-
placer drug for both the [

 

3

 

H]WIN 35,428 high- and low-affin-
ity binding sites, if the two-site model fit better than a one-site
model. In general, the correlation among affinities and behav-
ioral ED

 

50

 

 values was higher when the values for the high-
affinity site were used, compared with an overall affinity (us-
ing a one-site model) or the values for the low-affinity site. In
addition, there was a marked difference between the relation-
ship of affinity and behavioral ED

 

50

 

 value for analogs of co-
caine and the dopamine uptake inhibitors that were not con-
geners of cocaine. Indeed, the relationship between binding
affinity and behavioral ED

 

50

 

 values for the structurally dis-
tinctive drugs was weak. These results suggest that the inter-
action between dopamine uptake inhibitors and the trans-
porter may be fundamentally different for some of the drugs,
and suggest, as in the study by Vaugeois et al. (44), that the
translation of action at the transporter to behavior may not
depend solely on transporter occupancy.

The heterogeneity of interactions of drugs with the dopa-
mine transporter has also been supported by results of studies
of chronic cocaine treatment. In one study (21), rats were ex-
posed to cocaine via osmotic minipumps over a period of 7
days at a dose of 50 mg/kg/day. Figure 2 shows the results on
the inhibition of dopamine uptake in both striatum (left
panel) and nucleus accumbens (right panel). The rats exposed

FIG. 2. Effects of increasing concentrations of cocaine on [3H]dopamine uptake in chopped striatum (left) or
nucleus accumbens (right) from animals who had been treated with either continuous cocaine infusions (filled
symbols) or saline (open symbols). Uptake is expressed as percent of total [3H]dopamine for each treatment group.
Values represent pooled mean 6 SEM from triplicate samples in each of n independent experiments. Sample sizes:
striatum: saline (n 5 9), cocaine (n 5 5); nucleus accumbens: saline (n 5 7), cocaine (n 5 5). Control values for
mean total [3H]dopamine uptake, expressed as pmol/mg protein: striatum: saline (1.47 6 0.37), cocaine (1.41 6
0.39); nucleus accumbens: saline (0.73 6 0.11), cocaine (0.69 6 0.21). [Adapted from Izenwasser and Cox (21).]
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to saline (open points) showed a biphasic uptake inhibition
curve, as detailed above. Rather than shifting the cocaine
dose–effect curve to the right in a parallel manner, exposure
to cocaine (filled points) changed the shape of the curve. The
rats exposed to cocaine showed an essentially monophasic
curve that appeared to lack the high-affinity component of the
biphasic curve obtained in the saline-treated subjects. Thus, it
appears from these results that the high-affinity component of
the dopamine uptake inhibition produced by cocaine could be
regulated independently of the low-affinity component.

The continuous exposure produced by the osmotic mini-
pumps also has been reported to have behavioral effects. For
example, Reith et al. (35) found decreases in the stimulation
of locomotor activity in mice exposed to cocaine via osmotic
minipumps. This tolerance to the stimulant effects of cocaine
may correspond to the selective elimination of the high-affin-
ity component of cocaine’s inhibition of dopamine uptake ob-
served by Izenwasser and Cox (21). Indeed, studies of loco-
motor activation and uptake inhibition in rats exposed to
cocaine via osmotic minipumps showed the selective elimina-
tion of the high-affinity component after cocaine exposures
that produced partial tolerance to the locomotor activating ef-
fects of cocaine (20).

Correlations between the affinity of ligands for the dopa-
mine transporter and potency also have been suggested for the
discriminative stimulus effects of dopamine uptake inhibitors
(8),

 

 

 

although extensive studies have not been reported. One
recent study (22) of the behavioral effects of meperidine may
relate to the behavioral implications of heterogeneity of ac-
tion at the dopamine transporter. Meperidine is an atypical
opioid agonist with some stimulant effects, and it has struc-
tural characteristics resembling those of the phenyltropane
analogs of cocaine. Meperidine has established activity as an
inhibitor of serotonin uptake (5), and in the present study in-
hibited [

 

3

 

H]dopamine uptake in chopped rat caudate puta-
men. However, meperidine differed from cocaine in that its
effects could be characterized as having predominantly a sin-
gle component that corresponded closely with the high-affin-
ity component of cocaine’s actions. Morphine was not active
in inhibiting [

 

3

 

H]dopamine uptake, indicating that the effect
of meperidine was not indirectly initiated via a classic 

 

m

 

-opi-
oid agonist action. Further, meperidine but not morphine dis-
placed [

 

3

 

H]WIN 35,428 binding. These data suggest that some
activity of meperidine might be due to direct activity at the
dopamine transporter mediated by the high-affinity compo-
nent of the inhibition of dopamine transport.

In behavioral studies, squirrel monkeys were trained to
discriminate injections of 0.3 mg/kg cocaine from saline. Pre-
vious studies had established the pharmacological specificity
of this behavioral performance in rats [e.g., (1,9,45)] and pri-
mates (27,28,41). As in the previous studies, cocaine produced
a dose-related substitution, with maximal substitution occur-
ring at the training dose. Neither morphine (open triangles)
nor meperidine (open circles) substituted for cocaine (Fig. 3).
However, in monkeys pretreated with 0.1 mg/kg naltrexone,
meperidine produced cocaine-like discriminative stimulus ef-
fects completely substituting in all monkeys (filled circles),
whereas morphine in combination with naltrexone still did
not substitute for cocaine (filled triangles). The results with
naltrexone indicate that an opioid action that disrupted be-
havior was interfering with the expression of cocaine-like dis-
criminative stimulus effects in the meperidine-treated sub-
jects. When this opioid effect was antagonized by naltrexone,
as evidenced by a shift to the right in the effects of meperidine
on response rates (Fig. 3; lower panel), behavior was restored

and the cocaine-like activity was revealed. This study suggests
that the dopamine uptake inhibition produced by meperidine,
rather than its opioid actions, was responsible for the cocaine-
like discriminative stimulus effects and, further, suggests that
the high-affinity component of cocaine’s effects may be criti-
cal for the production of the subjective effects of cocaine on
which the discriminative stimulus effects are based.

FIG. 3. Substitution of meperidine and morphine, alone and in
combination with 0.1 mg/kg naltrexone, for cocaine in squirrel
monkeys trained to discriminate cocaine (0.3 mg/kg) from saline.
Abscissae: drug dose in mg/kg. Ordinates for upper panel: percentage
of responses on the cocaine-appropriate lever. Ordinates for lower
panel: response rate as a percentage of the rate obtained after saline
injections. Open points: effects of meperidine (circles) or morphine
(triangles) when administered alone; filled points: effects of the two
drugs when administered with naltrexone (0.1 mg/kg). The average
percentages of cocaine-appropriate responses during training
sessions in which saline or cocaine was administered were 1.89 6 3.21
or 98.78 6 2.12, respectively. The average response rate (in responses
per second) during training sessions in which saline or cocaine was
administered were 3.33 6 0.81 or 1.89 6 0.60, respectively. Each
point represents the effect in five or six squirrel monkeys. Note that
neither drug substituted for cocaine when administered alone,
whereas meperidine substituted for cocaine in subjects also treated
with naltrexone. [Adapted from Izenwasser et al. (22).]
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LOW-AFFINITY COMPONENT

 

The lack of drugs selective for each of the components has
impeded any attempts to characterize their behavioral signifi-
cance. Currently, there are no compounds that can differen-
tially label high- and low-affinity binding sites, and there are
no compounds that have been shown conclusively to inhibit
dopamine uptake only through a low-affinity component.
However, several compounds characterized as sigma ligands
inhibit dopamine uptake in a monophasic manner, have rela-
tively low potency in doing so, and have relatively low affinity
for the dopamine transporter in studies of displacement of
[

 

3

 

H]WIN 35,428 (23).
Several results suggest a concordance among structures of

drugs that bind to sigma receptors and those that bind to the
dopamine transporter. Cocaine has been shown to bind to
sigma receptors at high concentrations (40). The photoaffinity
label [

 

125

 

I]iodoazido-cocaine recognizes both high- and low-
affinity cocaine binding sites (26). However, when the com-
pound is photoactivated, it derivatizes a polypeptide that has
the pharmacology of a sigma receptor and a 26-kDa molecu-
lar mass, which differs from that of the dopamine transporter
(15). Finally, GBR 12909, a compound selective among
monoamine transporters for the dopamine transporter, also
has relatively high affinity for sigma receptors (10). All of
these results together suggest an overlap of structural require-
ments for sigma- and cocaine-binding sites.

Interestingly, although some sigma ligands inhibit dopamine
uptake (presumably through actions at the dopamine trans-
porter), in behavioral studies sigma ligands generally are not lo-
comotor stimulants. For example, in one study (32) the sigma
ligands rimcazole, haloperidol, (

 

1

 

)-3-PPP, and BMY 14802
only depressed locomotor activity. This depression of activity
occurred despite activity at the dopamine transporter, as indi-
cated in the study by Izenwasser et al. (23). Thus, these drugs
represent a group of compounds that bind to the dopamine
transporter and inhibit dopamine uptake, yet do not have be-
havioral effects like those of cocaine and are not abused. The
lack of cocaine-like behavioral activity runs counter to what
would be expected based on the dopamine hypothesis of the
reinforcing actions of cocaine (29). It is possible that the cocaine-
like behavioral effects of these compounds that would be im-
parted by their actions at the dopamine transporter are miti-
gated by other activities, such as sigma-mediated actions. In
fact, most of the sigma ligands studied by Izenwasser et al. had
higher affinity at sigma receptors than they did at the dopamine
transporter. However, rimcazole, which has been suggested to
be a highly selective sigma ligand (13), had higher affinity at
the dopamine transporter than at sigma receptors. Thus, it is
also possible that sigma activity is not responsible for the lack
of stimulant effects.

One interesting aspect of several sigma receptor ligands is
their activity in combination with cocaine. Menkel et al. (32)
showed that rimcazole and BMY 14802 were capable of an-
tagonizing the locomotor stimulant effects of cocaine in mice.
This antagonist effect occurred at doses that were without ef-
fects when given alone; thus, the antagonism was not merely a
due to the locomotor depressant actions of these drugs pre-
cluding stimulation by cocaine. Similar effects of another se-
lective sigma ligand, DuP 734, were reported in an abstract
(11). In addition, that abstract reported antagonism of the dis-
criminative stimulus effects of cocaine by DuP 734. Because
some sigma ligands have affinity for the dopamine transporter
(23), it is possible that the interactions of sigma receptor
ligands with cocaine are due to actions at a common site
rather than their activity at sigma receptors.

If in fact selected sigma ligands, such as rimcazole, are in-
teracting with a low-affinity component on the dopamine
transporter, then efforts to explore structure–activity relations
with one of these compounds as a template would be an im-
portant approach to further characterizing these sites. One
approach is to prepare an irreversible ligand that covalently
binds to the dopamine transporter. An irreversible ligand de-
rived from a compound that interacts with a low-affinity com-
ponent of the dopamine transporter would eliminate those
sites from interaction with other dopamine uptake inhibitors,
such as cocaine. Efforts directed at the development of such
an affinity label are in progress, and it is hoped that these
compounds may provide essential tools with which to study
the pharmacological significance of the low-affinity sites on
the dopamine transporter.

Several studies have suggested that analogs of benztropine
may provide some answers to questions about heterogeneity
of actions at the dopamine transporter. Benztropine is a
dopamine uptake inhibitor (12) that also has antimuscarinic
activity and is used in the treatment of Parkinson’s disease. A
previous study (43) found that the 4

 

9

 

-chloro analog of benz-
tropine inhibited dopamine uptake more potently and selec-
tively than did the parent drug, benztropine. The benztropine
structure is of interest because it shares some of the structural
features of cocaine and GBR 12909, a selective dopamine up-
take inhibitor (Fig. 4). Benztropine and its analogs have the
diphenyl-ether system of GBR 12909 and the 

 

N

 

-methyl-tro-
pane function of cocaine. Newman and colleagues (33,34) de-
veloped phenyl ring-substituted analogs of benztropine with
much greater affinity for the dopamine transporter than the
parent compound. Specifically, halogenation with F or Cl at
the 3

 

9

 

-, 4

 

9

 

-, or 4

 

9

 

,4

 

99

 

-positions resulted in highly selective and
potent dopamine uptake inhibition. In addition, the binding

FIG. 4. Molecular structures of 49chlorobenztropine, cocaine, and
GBR 12909.
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data for these drugs was generally best fit by a one-site model.
Further, these drugs inhibit dopamine transport in vitro, and
the effect was characterized as having one component.

Several aspects of the structure–activity relationships for
these drugs suggest that they are interacting with the dopa-
mine transporter in a manner that is distinct from the way in
which cocaine analogs interact with the transporter. First,
these compounds do not have a substitution at the 2-position
of the tropane ring and retain high affinity for the transporter.
Within the series of cocaine analogs, a substituent at that posi-
tion is considered important to retain activity (6). Further, the
axial (

 

a

 

) stereochemistry at position 3 of the oxygen in the
diphenyl-ether moiety is preferred within the benztropine se-
ries (33), whereas the opposite conformation of the ester link-
age is preferred within the series of cocaine analogs (6). Fi-
nally, large differences in potency result from different 

 

para

 

-
substitutions on the phenyl rings within the benztropine series
(33,34), whereas within the series of cocaine analogs, different

 

para

 

-substituents do not have as great an influence on binding
affinity (6). Thus, there are distinct differences in the struc-
ture–activity relationships for benztropine and cocaine, sug-
gesting important differences between these drugs and how
they are binding to the dopamine transporter.

The behavioral effects of several of these compounds have
been examined. Figure 5 shows the results obtained with a
representative compound, 4

 

9

 

-chlorobenztropine. Cocaine, as
has been shown many times previously, produced a profound
stimulation of locomotor activity in mice. In contrast, 4

 

9

 

-chlo-
robenztropine produced a more modest elevation of activity
that was significant only at a single dose. In addition, 4

 

9

 

-chlo-
robenztropine did not produce cocaine-like discriminative

stimulus effects. Figure 6 shows the dose-related substitution of
cocaine in rats trained to discriminate injection of 10 mg/kg co-
caine from saline. As with the stimulation of locomotor activity,
4

 

9

 

-chlorobenztropine was distinctive from cocaine; across the
range of behaviorally active doses there was no significant dif-
ference from saline. As can be seen in the lower panel, 4

 

9

 

-
chlorobenztropine was studied at doses that ranged from inac-
tive to those that completely suppressed all behavior. There-
fore, the lack of activity is not likely due to the study of insuf-
ficient dose levels. Thus, benztropine analogs represent a
group of dopamine uptake inhibitors that demonstrate neuro-
chemical similarities to cocaine and other related dopamine

FIG. 6. Effects of cocaine and 49-chlorobenztropine in rats trained
to discriminate injections of cocaine from saline. Ordinates:
percentage of responses on the cocaine-appropriate lever. Abscissae:
drug dose in mg/kg (log scale). Top panel: percentage of responses
emitted on the lever on which rats were trained to respond after
injections of cocaine. Bottom panel: rates at which responses were
emitted as a percentage of response rate after saline administration.
Each point represents the effect in four or six rats. [Adapted from
Newman et al. (33).]

FIG. 5. Dose-dependent effects of cocaine and 49-chlorobenztropine
on locomotor activity in mice. Ordinate: horizontal activity counts
after drug administration. Abscissa: dose of drug in mg/kg (log scale).
Filled point above C represents the effects of saline vehicle control.
Each point represents the average effect determined in eight mice.
The data are from the first 30-min period after drug administration, in
which the greatest stimulant effects were obtained. [Adapted from
Newman et al. (33).]
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uptake inhibitors but are behaviorally distinct. The possibility
of interaction at the low-affinity component, which may not
mediate psychomotor stimulant actions, must be considered.
These compounds differ from cocaine in that they appear to
interact at the dopamine transporter monophasically. Because
these compounds clearly bind to the dopamine transporter
differently from cocaine, as illustrated by their vastly different
structure–activity relations, another binding domain is sug-
gested. Further exploration of the differences in structure–ac-
tivity relations among benztropine analogs and cocaine ana-
logs is an area for further study that may prove to have
implications for a better understanding of the behavioral sig-
nificance of heterogeneity of actions at the dopamine trans-
porter.

 

SUMMARY AND CONCLUSIONS

 

Previous in vitro studies have established that there are
distinct components to the binding of cocaine to brain tissue as
well as to its inhibition of dopamine uptake. However, the sig-
nificance of this heterogeneity for behavior or cocaine abuse is
not clear. In the present paper, we have examined whether this
heterogeneity can be related to distinct behavioral outcomes.
Clearly, some dopamine uptake inhibitors are not subject to
abuse like that of cocaine, and some of these drugs have a
spectrum of behavioral activity that is distinct from that of co-
caine. For example, a number of dopamine uptake inhibitors,
such as some sigma-receptor ligands and analogs of benz-
tropine, despite having activity at the dopamine transporter,
do not stimulate locomotor activity. These compounds also
lack cocaine-like discriminative stimulus effects. In contrast,
the majority of dopamine uptake inhibitors have behavioral

activity like that of cocaine. Meperidine appears to inhibit
dopamine uptake in vitro in a manner that corresponds to the
high-affinity component of the inhibition of dopamine uptake.
In addition, when the opioid actions of meperidine are antago-
nized, a cocaine-like discriminative stimulus effect is revealed.
These results suggest that the behavioral effects of cocaine that
confer its abuse liability are due to activity mediated by the
high-affinity component. Further elucidation of the roles of
these components in the pharmacological actions of cocaine
will require advances in their isolation and independent study.
Finally, it is possible that the heterogeneity of action at the
dopamine transporter may have important implications for the
development of useful therapeutics for cocaine abusers. Be-
cause some sigma ligands that have activity at the dopamine
transporter can antagonize the effects of cocaine, it is tempting
to speculate that the low-affinity component appears not to be
related to the abuse liability of cocaine and may initiate actions
that are incompatible with the induction of pharmacological
events related to cocaine abuse. Development of a better un-
derstanding of how actions mediated by these two components
are translated into pharmacological activity will prove useful
in furthering our understanding of cocaine pharmacology and
the medical treatment of cocaine abuse.
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