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Introduction

(R)-Cocaine (1) is a plant alkaloid purified from the
leaves of Erythroxylon coca and has been a subject of
scientific investigation since the late 1800s. It is one of
the eight possible stereoisomeric forms of methyl 3-(ben-
zoyloxy)-8-methyl-8-azabicyclo[3.2.1]octan-2-carboxylate.!
The other three natural diastereomers are designated as
(R)-pseudococaine (2), (R)-allococaine (3), and (R)-allo-
pseudococaine (4), while the four isomers deriving from
the enantiomer of natural cocaine are (S)-cocaine (5),
(S)-pseudococaine (6), (S)-allococaine (7), and (S)-allo-
pseudococaine (8).2

It is well known that Sigmund Freud was one of the first
investigators who studied the effects of cocaine and who
in fact proposed its use in the treatment of alcohol and
opiate abuse! Even though this error was soon recognized,
cocaine has continued to be abused, and we have experi-
enced a serious cocaine abuse epidemic in this country over
the past decade or s0.> In both animals and humans,
cocaine is one of the most reinforcing drugs known,*® which
presumably relates to its great abuse potential.

Cocaine has many physiological effects. It is a local
anesthetic and this property is responsible for its early
legitimate use in medicine. However, many newer com-
pounds have been developed that are superior to cocaine
for this purpose. Cocaine is also a powerful vasocon-
strictant and as such has some current use in medicine
during nasal or throat surgery where control of bleeding
is desired. Cocaine also has very potent effects on the
sympathetic nervous system, and it is well known to in-
crease heart rate and blood pressure. From the point of
view of drug abuse, the most relevant effects of the drug
include its ability to produce euphoria and its reinforcing
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properties. The latter are readily demonstrated in animal
models and the euphorigenic effects of cocaine are amply
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documented in human subjects.>® In addition to being
a powerful reinforcer, cocaine also has properties common
to other drugs of abuse. For example, tolerance occurs to
some of its effects, and its psychological withdrawal syn-
drome takes place over a long time period, which includes
periods of craving during which relapse to drug use may
often occur.>’

Over the past 10 years, there have been significant ad-
vances in understanding the mechanism of action of co-
caine. The development of drug self-administration® as
a useful animal model for reinforcing properties has led
to exploration of many of the physiological, neurochemical,
neuroanatomical, and pharmacological correlates.

Cocaine has several sites of action in the central nervous
system. It has been shown to block the reuptake of nor-
epinephrine (NE), serotonin (5-HT), and dopamine (D-
A)% 13 as well as to exert effects on the cholinergic mus-
carinic, and ¢ receptors.'*!®> Any one or a combination
of these could mediate effects related to the abuse of co-

(1) The Chemical Abstracts name for natural (-)-cocaine is
[1R-(exo0,ex0)]-3-(benzoyloxy)-8-methyl-8-azabicyclo[3.2.1]oc-
tane-2-carboxylic acid, methyl ester. The 1R designation refers
to the configuration of the natural cocaine ring structure fol-
lowing the Cahn, Ingold, and Prelog (1966) convention. For
simplicity, the more familiar traditional names are used in this
perspective. However, all structures derivable from the natural
and unnatural cocaine ring system will be designated by an R
and S prefix, respectively. Thus, natural and unnatural co-
caine are designated (R)-cocaine (1) and (S)-cocaine (2), re-
spectively.
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W.; Kuhar, M. J. Synthesis and Ligand Binding of Cocaine
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(6) Griffiths, R. R.; Bigelow, G. E.; Henningfield, J. E. Similarities
in Animal and Human Drug-taking Behavior. In Advances in
Substances Abuse; Mello, N. K., Ed.; JAI Press Inc.: Green-
wich, CT, 1980; Vol. 1, pp 1-90.
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(8) Blackburn, K. J.; French, P. C.; Merrills, R. J. 5-Hydroxy-
tryptamine Uptake by Rat Brain in Vitro. Life Sci. 1967, 6,
1653.

(9) Coyle, J. T.; Snyder, S. H. Antiparkinsonian Drugs: Inhibition
of Dopamine Uptake in the Corpus Striatum as a Possible
Mechanism of Action. Science 1969, 166, 889-901.

(10) Ross, S. B.; Renyi, A. L. Inhibition of the Uptake of Tritiated
5-Hydroxytryptamine in Brain Tissues. Eur. J. Pharmacol.
1969, 7, 270-277.

(11) Harris, J. E.; Baldessarini, R. J. Uptake of [*H]Catecholamines
by Homogenates of Rat Corpus Striatum and Cerebral Cortex:
Effects of Amphetamine Analogues. Neuropharmacology
1973, 12, 669-679.

(12) Horn, A. S.; Cuello, C.; Miller, R. J. Dopamine in the Meso-
limbic System of the Rat Brain: Endogenous Levels and the
Effects of Drugs on the Uptake Mechanism and Stimulation
of Adenylate Cyclase Activity. . Neurochem. 1974, 22,
265-270.

(13) Javitch, J. A.; Blaustein, R. O.; Snyder, S. H. [*H]Mazindol
Binding Associated with Neuronal Dopamine and Nor-
epinephrine Uptake Sites. Mol. Pharmacol. 1984, 26, 35-44.

(14) Sharkey, J.; Glen, K. A.; Wolfe, F.; Kuhar, M. J. Cocaine
Binding at Sigma Receptors. Eur. J. Pharmacol. 1988, 149,
171-174.

(15) Sharkey, J.; Ritz, M. C.; Schenden, J. A.; Hanson, R. C.; Kuhar,
M. J. Cocaine Inhibits Muscarinic Cholinergic Receptor in
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Perspective

Postsynaptic Neuron

A\

B. Stimulated

Presynaptic Neuron

C. Normal Dopamine
Reuptake Recovery

D. Cocaine Inhibition of Reuptake

Figure 1. A hypothesis of cocaine’s reinforcing action. When
a nerve terminal in the resting state (A) is stimulated (B), dop-
amine (black triangles) is released and diffuses across the synaptic
gap. The stimulating action of dopamine ends with its reuptake,
by dopamine transporters, into the presynaptic neuron (C).
Cocaine (squares) binds to and blocks the transporter function,
flooding the synapse with excess dopamine (D). Other inhibitors
of dopamine uptake would act in similar fashion.

caine. At present, however, it is mainly the dopaminergic
pathway that has been implicated in the reinforcing
properties of cocaine.!®
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In fact, the predominant theoretical base for the rein-
forcing properties of cocaine is the so called “dopamine
hypothesis™¢18 (cf. Figure 1 for a pictorial representation
of the hypothesis). This hypothesis assumes that cocaine
binds to the dopamine transporter site in a way which
inhibits dopamine transport. Since the dopamine trans-
porter is a unique constituent of dopaminergic nerve ter-
minals serving as the primary mechanism to remove dop-
amine from the synaptic cleft after its release,'® inhibition

(16) Kuhar, M. J.; Ritz, M. C.; Boja, J. W. The Dopamine Hy-
pothesis of the Reinforcing Properties of Cocaine. Trends in
Neuroscience 1991, 14, 299-302.

(17) Wise, R. A. Catecholamine Theory of Reward: A Critical Re-
view. Brain Res. 1978, 152, 215-247.

(18) Wise, R. A.; Bozarth, M. A. A Psychomotor Stimulant Theory
of Addiction. Pharmacol. Rev. 1987, 94, 469-492.
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of dopamine uptake results in a buildup of dopamine in
the synaptic cleft, leading to significant potentiation of
dopaminergic transmission. This potentiation, which
presumably does not occur under natural circumstances,
is responsible for the reinforcing properties of cocaine and
perhaps for some of its euphorigenic effects as well. The
mesolimbocortical pathway is the circuit that has been
related to reinforcing effects of cocaine, particularly do-
paminergic nerve terminals in the nucleus accumbens and
prefrontal cortex.?*2?  Thus, dopamine interaction
(binding) with the dopamine receptors alters the functional
state of limbic areas leading to the observed behavioral
effects of cocaine.

Because of the important role of the dopamine trans-
porter in the action of cocaine, a very large effort has been
focused on the transporter and its characteristics and
properties have been the subject of many studies.

1. The Dopamine Transporter

A. Early Studies. Dopamine transport into dopa-
minergic nerve terminals was demonstrated many years
ago (see Horn? for references). The process was shown
to be saturable and to depend on both sodium and choride
ions.192324  Algo, it was shown quite early that a variety
of drugs inhibited dopamine transport. These included
cocaine, amphetamine, benztropine and some of the tri-
cyclic drugs, and closely related compounds.2® The fruits
of this early work were significant in that it became clear
that the dopamine transporter was an important compo-
nent of a functioning dopaminergic nerve terminal. These
experiments also suggested that the transporter was
pharmacologically significant since it was affected by a
number of drugs the actions of which were, at least in part,
attributed to interaction with this transporter.

B. The Dopamine Transporter as a Cocaine Re-
ceptor. As mentioned briefly above, binding data have
indicated that the dopamine transporter, or at least the
cocaine binding site associated with the transporter, has
the properties associated with drug self-administration.
These studies showed that a highly significant correlation
exists between the potencies of a variety of cocaine-like
compounds in binding at the dopamine transporter with
the potencies of these same compounds in eliciting self-
administration behavior.2>%¢ Because of this close cor-

(19) Kuhar, M. J. Neurotransmitter Uptake: A Tool in Identifying
Neurotransmitter-specific Pathways. Life Sci. 1973, 13,
1623-1634.

(20) Pettit, H. O.; Ettenberg, A.; Bloom, F. E.; Koob, G. F. De-
struction of Dopamine in the Nucleus Accumbens Selectively
Attentuates Cocaine but not Heroin Self-administration in
Rats. Psychopharmacology 1984, 84, 167-173.

(21) Goeders, N. E.; Dworkin, S. L.; Smith, J. E. Neuropharmaco-
logical Assessment of Cocaine Self-administration into the
Medial Prefrontal Cortex. Pharmacol. Biochem. Behav. 1986,
24, 1429-1440.

(22) Fibiger, H. C.; Phillips, A. G. Mesocorticolimbic Dopamine
Systems and Reward. In The Mesocorticolimbic Dopamine
System; Kalivas, P. W., Nemeroff, C. B., Eds.; Ann. N. Y.
Acad. Sci. 1988, 537, 206-215.

(23) Horn, A. S. Dopamine Uptake: A Review of Progress in the
Last Decade. Progress in Neurobiology 1990, 34, 387-400.

(24) Kuhar, M. J.; Zarbin, M. A. Synaptosomal Transport: A
Chloride Dependence for Choline, GABA, Glycine and Several
Other Compounds. J. Neurochem. 1978, 31, 251-256.

(25) Ritz, M. C,; Lamb, R. J.; Goldberg, S. R.; Kuhar, M. J. Cocaine
Receptors on Dopamine Transporters Are Related to Self-ad-
ministration of Cocaine. Science 1987, 237, 1219-1223.

(26) Bergman, J.; Madras, B. K.; Johnson, S. E.; Spealman, R. D.
Effects of Cocaine and Related Drug in Nonhuman Primates.
III. Self-administration by Squirrel Monkeys. J. Pharmacol.
Exp. Ther. 1989, 251, 150-155.
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relation between the action of drugs at the transporter with
their action in an animal model of the abuse liability of
cocaine, it was hypothesized that the dopamine transporter
is the cocaine “receptor”, or the initial site of action that
ultimately causes the reinforcing properties of the drug.
This is the cornerstone of the dopamine hypothesis. The
extensive evidence supporting this hypothesis has been
summarized'® and includes the following:

(a) The potency of various cocaine-related compounds
in maintaining self-administration can be predicted by
each compound’s affinity for the dopamine transporter but
cannot be predicted by the compound’s affinity for the
norepinephrine or serotonin transporters.?®

(b) Lesion of the dopaminergic innervation of the nu-
cleus accumbens disrupts self-administration of co-
caine,” % whereas lesions of the noradrenergic system or
dopaminergic terminal in the striatum are without similar
effect.”30

(c) Cocaine craving in humans is reduced by indirect
agonists of dopamine (compounds which block DA uptake
such as mazindol and methylphenidate).3!2

(d) The increase of extracellular dopamine levels in the
brain following administration of cocaine has a time course
that is in approximate agreement with the time course of
the euphoria reported by humans taking cocaine.3%3%

C. Development of Binding Agents. The develop-
ment of receptor binding techniques in general®” has led
to the identification of many drug related sites. This
approach has been enormously successful in pharmacology
and has led to a new level of understanding of drug re-
ceptors in the brain and other tissues. While neurotran-
smitter receptors have been a major focus of binding
studies, other drug receptors have been studied as well.
Indeed, many important biological macromolecules can be

(27) Roberts, D. C. S.; Corcoran, M. E.; Fibiger, H. C. On the Role
of Asending Catecholaminergic Systems in Intravenous Self-
administration of Cocaine. Pharm. Biochem. Behav. 1977, 6,
615-620.

(28) Roberts, D. C. S.; Kobb, G. F.; Klonoff, P.; Fibiger, H. C.
Extinction and Recovery of Cocaine Self-administration Fol-
lowing 6-Hydroxydopamine Lesion of the Nucleus Accumbens.
Pharm. Biochem. Behav. 1980, 12, 781-787.

(29) Roberts, D. C. S.; Kobb, G. F. Disruption of Cocaine Self-ad-
ministration Following 6-Hydroxydopamine Lesions of the
VTA in Rats. Pharm. Biochem. Behav. 1982, 17, 901-904.

(30) Martin-Iversen, M. T.; Szostak, C.; Fibiger, H. C. 6-Hydroxy-
dopamine Lesions of the Medial Prefrontal Cortex Fail to In-
fluence Intravenous Self-administration of Cocaine. Pharma-
cology 1986, 88, 310-314.

(31) Berger, P.; Gawin, F. H.; Kosten, T. R. Treatment of Cocaine
Abuse with Mazindol. Lancet 1989, No. 1, 283.

(32) Khantzian, E. J.; Gawin, F. H.; Riordan, C.; Kleber, H. D.
Methylphenidate Treatment of Cocaine Dependence—A Pre-
liminary Report. J. Substance Abuse Issues 1984, 1, 107-112.

(33) Di Chiara, G.; Imperato, A. Drugs Abused by Humans Pref-
erentially Increase Synaptic Dopamine Concentrations in the
Mesolimbic System of Freely Moving Rats. Proc. Acad. Sci.
U.S.A. 1988, 85, 5274-5278.

(34) Hurd, Y. L.; Ungerstedt, U. Cocaine: An in Vivo Microdialysis
Evaluation of Its Acute Action on Dopamine Transmission in
Rat Striatum. Synapse 1989, 3, 48~54.

(35) Bradberry, C. W.; Roth, R. H. Cocaine Increases Extracellular
Dopamine in Rat Nucleus Accumbens and Ventral Tegmental
Area as Shown by in Vivo Microdialysis. Neurosci. Lett. 1989,
103, 97-102.

(36) Kalivas, P. W.; Duffy, P. Effect of Acute and Daily Cocaine
Treatment on Extracellular Dopamine in the Nucleus Accum-
bens. Synapse 1990, 5, 48~58.

(37) Yamamura, H. I, Enna, S. J., Kuhar, M. J., Eds. Methods in
Neurotransmitter Receptor Analysis; Raven Press: New
York, 1990.
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Table 1. Potentials for Inhibition of Radioligand Binding and Dopamine Uptake at the Dopamine Transporter for Selected Dopamine Inhibitors
ICg, uM, for inhibition of

binding
entry [*H]co- [FHJWIN-  [*H]WIN- [*»1)RTI- [*H]- [*H]- [*H]GBR- uptake:

no. compd caine 35428 35065-2 55 BTCP mazindol 12935 [*H]dopamine
1 (R)-cocaine 0.139° 0.15° 1.81° 0.066¢ 1.45¢ 0.843°
2 0.085 0.102¢ 0.387¢ 5.02¢
3 0.068" 0.1 2.75¢
4 0.138/ 0.208* 0.161% 0.687% 0.87/
5 0.36¢ 0.64" 5.2° 2.42!
6 0.068™ 2.47 0.8157
7 0.032° 0.525" 0.69
8 0.384¢ 0.317*
9 0.178¢ 2.48

10 0.8¢

11 1.4°

12 v

13 mazindol 0.009* 0.014* 0.29° 0.007¢ 0.013* 0.077* 0.085°

14 0.008" 0.093" 0.029"

15 0.2767 0.252¢

16 0.072¢

17 0.33°

18 GBR 12909 0.036* 0.033% 0.024¢ 0.001¢ 0.004* 0.003*

19 0.004" 0.001"

20 0.009¢ 0.0357

21 0.0047¢

22 0.092°

23 BTCP 0.042% 0.002* 0.005%k 0.02*

24 0.008* 0.014*

25 Nomifensine 0.12} 0.046% 0.43° 0.034% 0.115% 0.24!

2 0.02+ 0.14* 0.25¢ 0.077*

27 0.22¢

sKline, R. H,, Jr.; Wright, J.; Fox, K. M.; Eldefrawi, M. E. Synthesis of 3-arylecogonine analogues as inhibitors of cocaine binding and dopamine
uptake. J. Med. Chem. 1990, 33, 2024-2027. ®See ref 50. °See ref 51. ¢See ref 52. ¢Berger, P.; Elsworth, J. D.; Arroyo, J.; Roth, R. H. Interaction
of [*H]GBR 12935 and GBR 12909 with the dopamine uptake complex in nucleus accumbens. Eur. J. Pharmacol. 1990, 177, 91-94. /Kiine, R. H., Jr.;
Wright, J.; Eshoran, A. J.; Fox, K. M,; Eldefrawi, M. E. Synthesis of 3-carbamoylecogonine methyl ester analogues as inhibitors of cocaine binding and
dopamine uptake. J. Med. Chem. 1991, 34, 702-705. ¢Boja, J. W.; Carroll, F. L; Rahman, M. A,; Philip, A.; Lewin, A. H.; Kuhar, M. J. New, potent
cocaine analogs: Ligand binding and transport studies in rat striatum. Eur. J. Pharmacol. 1990, 184, 329-332. *See ref 49. ‘ See ref 59. /See ref 92.
*Rothman, R. Private communication. ‘See ref 46. ™Madras, B. K.; Kamien, J. B,; Fahey, M. A.; Canfield, D. R.; Milius, R. A.; Saha, J. K.;
Neumeyer, J. L.; Spealman, R. D. N-Modified fluorophenyltropane analogs of cocaine with high affinity for cocaine receptors. Pharmacol. Biochem.
Behav. 1990, 35, 949. "See ref 93. °Izenwasser, S.; Werling, L. L.; Rosenberger, J. G.; Cox, B. M. Charactsrization of binding of [FH]GBR 12935 to
membranes and to solubilized membrane extracts from terminal yield regions of mesolimbic, mesocortical and nigrostriatal dopamine pathways.
Neuropharmacology 1990, 29, 1017-1024. P See ref 48. “Sharif, N. A.; Nunes, J. L.; Michel, J. L.; Whiting, R. L. Comparative properties of the
dopamine transport complex in dog and rodent brain: striatal®H]GBR 12935 binding and [*H]dopamine uptake. Neurochem. Int. 1989, 15, 325-332.
rSee ref 44. *See ref 45. Boja, J. W.; Kuhar, M. J. [*H]Cocaine binding and inhibition of [*H]dopamine uptake is similar in both the rat striatum
and nucleus accumbens. Eur. J. Pharmacol. 1989, 173, 215-217. “See ref 11. *Bonnett, J.-J.; Lemasson, M.-H.; Costentin, J. Simultaneous evaluation
by a double method of drug-induced uptake inhibition and release of dopamine in synaptosomal preparation of rat striatum. Biochem. Pharmacol.
1984, 33, 2129-2135. “Ross, S. B.; Renyi, A. L. Inhibition of the uptake of *H-dopamine and !4C-5-hydroxytryptamine in mouse striatum slices. Acta
Pharmacol. Toxicol. 1976, 36, 56—66.

identified and characterized by binding techniques.®

[®H](R)-Cocaine binding was first reported in 1980 by
Reith and co-workers®® who identified a sodium-in-
dependent binding site in brain that was later shown to
have the characteristics of the serotonin transporter.
Kennedy and Hanbauer® showed that [*H](R)-cocaine
could bind to the dopamine transporter in rat striatal
tissue; this, of course, is the site that later proved to be
the cocaine “receptor” associated with drug self-adminis-
tration.25:%

Several binding ligands for the dopamine transporter
have been identified and developed. These include nom-
ifensine,*! methylphenidate,*? 1-[2-(diphenylmethoxy)-

(38) Kuhar, M. J.; De Souza, E. B. Autoradiographic Imaging:
Localization of Binding Sites Other Than Neurotransmitter
Receptors. In Visualization of Brain Functions; Ottoson, D.,
Rostene, W., Eds.; M Stockton Press: London, 1989; pp 57-66.

(39) Reith, M.E.A.; Sershen, H.; Lajtha, A. Saturable [*H]Cocaine
Binding in Central Nervous System of Mouse. Life Sci. 1980,
27, 1055—-1062.

(40) Kennedy, L. T.; Hanbauer, 1. Sodium-sensitive Cocame Bind-
ing to Rat Striatal Membrane: Possible Relationship to Dop-
amine Uptake Sites. J. Neurochem. 1983, 41, 172-178.

(41) Dubocovich, M. L.; Zahniser, N. R. Binding Characteristics of
the Dopamine Uptake Inhibitor [*H]Nomifensine to Striatal
Membranes. Biochem. Pharmacol. 1985, 34, 1137-1144.

ethyl]-4-(3-phenylpropyl)piperazine (GBR 12935),4344
mazindol,!* N-[1-(2-benzo(b)thiophenyl)cyclohexyl]-
piperidine (BT'CP),% and cocaine and its analogues®40:46-52

(42) Janowsky, A.; Schweri, M. M.; Berger, P.; Long, R.; Skolnick,
P.; Paul, S. M. The Effects of Surgical and Chemical Lesions
on Striatal [’H]threo-(+)-Methylphenidate Binding: Correla-
tion with [*H]Dopamine Uptake. Eur. J. Pharmacol. 1985,
108, 187-191.

(43) Janowsky, A.; Berger, P.; Vocci, F.; Labarca, R.; Skolnick, P.;
Paul, S. M. Characterization of Sodium-dependent [*H)GBR-
12935 Binding in Brain: a Radioligand for Selective Labelling
of the Dopamine Transport System. J. Neurochem. 1986, 46,
1272-1276.

(44) Andersen, P. H. Biochemical and Pharmacological Character-
ization of [*H)GBR 12935 Binding in Vitro to Rat Striatal
Membranes: Labeling of the Dopamine Uptake Complex. oJ.
Neurochem. 1987, 48, 1887-1896.

(45) Vignon, J.; Pinet, V.; Cerruti, C.; Kamenka, J.-M.; Chiche-
portiche, R. [*H]N-[1-(2-Benzo(b)thiophenyl)cyclohexyl]-
piperidine ([*H]BTCP): a New Phencyclidine Analog Selective
for the Dopamine Uptake Complex. Eur.J. Pharmacol. 1988,
148, 427-436.

(46) Schoemaker, H.; Pimoule, C.; Arbilla, S.; Scatton, B.; Javoy-
Agid, F.; Langer, S. Z. Sodium Dependent [*H]Cocaine Bind-
ing Associated with Dopamine Uptake Sites in the Rat Stria-
tum and Human Caudate Putamen Decrease after Dopami-
nergic Denervation and in Parkinson’s Disease. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 1985, 329, 227-235.
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(Table I). Of these, [*H]cocaine has appeal as a probe for
the effects of cocaine-like compounds at the dopamine
transporter. However, in addition to being nonselective,?%
it suffers from relatively low affinity associated with a high
dissociation rate.3*4 The other radioligands, mazindol,
GBR 12935, BTCP, 38-(4-fluorophenyl)tropan-28-
carboxylic acid methyl ester (WIN 35,428), 38-phenyl-
tropan-28-carboxylic acid methyl ester (WIN 35,065-2),
and 38-(4-iodophenyl)tropan-28-carboxylic acid methyl
ester (RTI-55), all have higher affinity and are, therefore,
expected to be experimentally more useful. However, the
observation that mazindol and GBR bind to only one site
while [*H](R)-cocaine labels two sites suggests that the
former two ligands may not reveal all the important in-

formation regarding cocaine binding.
N N
COMe O N—j
HO
X J
cl

WIN 35,065-2, X = H

WIN 35428 X = F
RTI55, X = |
Mazindol
NH,
oy J
N N
¢ YT
Nomifensine GBR-12935

(i‘fOzCHs
'!‘ 6
Methyiphenidate
PCP.R = O‘

BTCP, R = @—]\
s

Four ligands, [PH]WIN 35,428, [*(H]WIN 35,065-2, [-
H]BTCP, and ['#*I]RTI-55, exhibit the presence of both
high- and low-affinity binding sites, just like cocaine. For
binding assays, [FH]WIN 35,428 and [*H]WIN 35,065-2 are
both useful. The ratios of their binding affinities at the

(47) Calligaro, D. O.; Eldefrawi, M. E. Central and Peripheral Co-
caine Receptors. J. Pharmacol. Exp. Ther. 1987, 243, 61-67.

(48) Calligaro, D. O.; Eldefrawi, M. E. High Affinity Stereospecific
Binding of [*H]Cocaine in Striatum and Its Relationship to the
Dopamine Transporter. Membr. Biochem. 1988, 7, 87-106.

(49) Madras, K.; Fahey, M. A.; Bergman, J.; Canfield, D. R.;
Spealman, R. D. Effects of Cocaine and Related Drugs in
Nonhuman Primates. I. [*H]Cocaine Binding Sites in Cau-
date-putamen. J. Pharmacol. Exp. Ther. 1989, 251, 131-141.

(50) Madras, B. K.; Spealman, R. D.; Fahey, M. A.; Neumeyer, J.
L.; Saha, J. K.; Milius, R. A. Cocaine Receptors Labeled by
[*H]28-Carbomethoxy-38-(4-fluorophenyl)tropane. Mol.
Pharmacol. 1989, 36, 518~524.

(61) Ritz, M. C.; Boja, J. W.; Grigoriadis, D. E.; Zacek, R.; Carroll,
F.1; Lewin, A. H.; Kuhar, M. J. [*H]WIN 35,065-2: A Ligand
for Cocaine Receptors in Striatum. J. Neurochem. 1990, 55,
1556—-15662.

(52) Boja, J. W.; Patel, A.; Carroll, F. I; Rahman, M. A,; Philip, A.;
Lewin, A. H.; Kopajtic, T. A.; Kuhar, M. J. ['*IJRTI-55: A
Potent Ligand for Dopamine Transporters. Eur.J. Pharma-
col. 1991, 194, 133-134.
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two sites are 14 and 29,55! respectively, in reasonable
agreement with the ratio of 58, observed for [*H](R)-
cocaine.” The B, ratios of the low- to high-affinity
binding sites are 13 and 26, respectively; the ratio observed
for (R)-cocaine is 15. Both ligands exhibit reasonable
selectivity for the dopamine transporter, and both are
likely to be more resistant than cocaine to metabolic or
chemical degradation due to the replacement of the ben-
zoyl group by an aromatic ring. This is manifested in the
greater percentage of specific binding observed in in vivo
binding studies with these ligands,?® although the higher
affinities of these compounds may be an important factor
as well. The higher specific to nonspecific binding ratios
observed for [PH]WIN 35,428 and [*H]WIN 35,065-2
compared to cocaine recommend these ligands for reducing
methodological difficulties and uncertainties.®**! Another
promising ligand is [*H]BTCP, which, in spite of its
structural similarity to phencyclidine (PCP), has been
found to be highly selective for the dopamine transporter.#
The relatively high affinity, low dissociation rate and low
nonspecific binding displayed by this ligand highly rec-
ommend it for binding assays. A possible concern is that
although the affinity ratio for the two binding sites of
[CH]BTCP resembles that of cocaine (22 and 58, respec-
tively), the B, ratio is only 2. A similar situation obtains
for the iodinated ligand ['?TJRTI-55 which has a similar
ratio of binding affinities (23) but exhibits a B,,,, ratio of
3 for the low- to high-affinity sites. This is apparently due
to larger B, for the high-affinity site.’? The high affinity
of [**I)RTI-55 for the dopamine transporter and the
possibility of labeling it with iodine-123 or with carbon-11
suggest that compounds of this basic structure will be
useful in imaging studies such as autoradiography, positron
emission tomography (PET), and single photon emission
computed tomography (SPECT) scanning®? (see section
2.A).

D. Cocaine Binding Site. Competitive or Allosteric.
Cocaine, methylphenidate, and dopamine have been shown
to competitively inhibit [FHJGBR 12935 binding.54% In
addition, competitive inhibition of dopamine uptake in
striatal tissue by 1-[2-[bis(4-fluorophenyl)methoxy]-
ethyl]-4-(3-phenylpropyl)piperazine (GBR 12909), cocaine,
methylphenidate, benztropine, and nomifensine has been
demonstrated.’*%® These reports are consistent with the
hypothesis that [*H]GBR 12935 labels the dopamine
binding site on the transporter. However, other studies
with cocaine and mazindol in rat striatum, and with ma-
zindol and dopamine in human caudate, suggest that co-
caine binds to an allosterically-linked site.”® In these
studies, cocaine, but not mazindol, was found to decrease
the By, of [FH]GBR 12935 binding rather than decreasing
affinity, suggesting allosteric interactions between cocaine
and the GBR 12935 site.

Several investigators have reported evidence which
supports the premise that cocaine inhibition of the dop-
amine transporter occurs by its binding to a site on the
transporter that is different from the dopamine recognition

(53) Scheffel, J.; Boja, J. W.; Kuhar, M. J. Cocaine Receptors: In
Vivo Labeling with [*H]-(-)-Cocaine, [*H]WIN 35,065-2 and
[PH]WIN 35,428. Synapse 1989, 4, 380-392.

(54) Andersen, P. H. The Dopamine Uptake Inhibitor GBR 12909:
Selectivity and Molecular Mechanism of Action. Eur. J.
Pharmacol. 1989, 166, 493-504.

(55) Krueger, B. K. Kinetics and Block of Dopamine Uptake in
Synaptosomes from Rat Caudate Nucleus. J. Neurochem.
1990, 55, 260~267.

(56) Berger, P.; Elsworth, J. D.; Reith, M. E. A.; Tanen, D.; Roth,
R. H. Complex Interaction of Cocaine with the Dopamine
Uptake Carrier. Eur. J. Pharmacol. 1990, 176, 251-252.
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site on the transporter.1¥%40 In addition, the fact that
dopamine is more potent than cocaine in inhibiting
[*H]dopamine accumulation in vitro but is much less po-
tent than cocaine in displacing specifically bound [*H]-
(R)-cocaine is consistent with different recognition sites
for dopamine and cocaine.®*5” A different explanation for
this observation was suggested in a detailed study of the
effect of cations on [*H]mazindol binding and on [*H]-
dopamine binding and uptake.?® In this study, the lower
potency of dopamine to displace [*H]Jmazindol relative to
its potency to inhibit [*H]dopamine uptake was explained
based on a model involving initial binding, translocation
and a rate-determining reorientation step. Nevertheless,
the authors concluded that the binding of dopamine and
mazindol took place at overlapping sites.

One Site or Multisite. Two early studies suggested
a single site for [*H](R)-cocaine binding to mammalian
brain.®* In addition, mazindol and GBR 12935 have been
shown to bind to only one site on the dopamine trans-
porter.’* However, present evidence has demonstrated that
there are at least two binding sites for (R)-cocaine asso-
ciated with the dopamine transporter, one with high and
another with low affinity. Thus, [*H](R)-cocaine,*
[FH]WIN 35,428, [SH]WIN 35,065-2,5! [*H]BT'CP,* and
['#I]RTI-55% all label two binding sites. The two sites
have kd = 0.1-210 nM and 2.57 nM to 26.4 uM, depending
on the radioligand, tissue source, species, and buffer used.
Both WIN 35,428 and (R)-cocaine are reported to bind
with higher affinity to the less abundant site. Since ma-
zindol and GBR 12909 inhibited only approximately 90%
of total [PH]JWIN 35,428 binding,* it may be that the site
labeled by the GBR compounds and mazindol corresponds
to a subset of sites labeled by [*H]WIN 35,428, but it is
not clear how these sites relate to the high- and low-affinity
sites for (R)-cocaine. A key unanswered question is
whether the two cocaine binding sites are related to distinct
proteins, distinct sites on the same protein, or to two
different affinity states of one protein.®

The fact that the clinical effects of cocaine are produced
by plasma concentrations of less than 1 xM® suggests that
the high-affinity site may be the most physiologically
relevant receptor site, although significant numbers of
low-affinity sites would be occupied at this concentration
as well. Whether the high-affinity site alone is relevant
to cocaine abuse or whether both high- and low-affinity
sites play a role in the reinforcing properties of cocaine is
unknown.

E. Isolation and Characterization Studies. Despite
efforts in several laboratories, the dopamine transporter
protein(s) responsible for cocaine’s reinforcing properties
remain largely uncharacterized. In part, this is due to
difficulties in solubilization, purification, and low abun-
dance.

(67) Spealman, R. D.; Madras, B. K.; Bergman, J. Effects of Co-
caine and Related Drugs in Nonhuman Primates. II. Stimu-
lant Effects on Schedule-controlled Behavior. Pharmacol.
Exp. Ther. 1989, 251, 142.

(58) Zimanyi, L; Lajtha, A.; Reith, M. E. A. Comparison of Char-
acteristics of Dopamine Uptake and Mazindol Binding in
Mouse Striatum. Naunyn-Schmiedeberg’s Arch. Pharmacol.
1989, 340, 626-632.

(59) Boja, J. W.; Rahman, M. A.; Philip, A.; Lewin, A. H.; Carroll,
F. L; Kuhar, M. J. Isothiocyanate Derivatives of Cocaine: Ir-
reversible Inhibition of Ligand Binding at the Dopamine
Transporter. Mol. Pharmacol. 1991, 39, 339-345.

(60) Cook, C. E.; Jeffcoat, A. R.; Perez-Reyes, M. Pharmacokinetic
Studies of Cocaine and Phencyclidine in Man. In Pharma-
cokinetics and Pharmacodynamics of Psychoactive Drugs;
Barnett, G., Chiang, C. N., Eds.; Biochemical Publications:
Foster City, CA; 1985; pp 48~74.
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Nevertheless, several studies have appeared in which
photoaffinity and irreversible binding ligands of GBR-type
compounds were utilized in labeling the transporter pro-
tein.51%  The bulk of the evidence indicates that the
dopamine transporter is a glycoprotein of molecular weight
between 58000 and 80000 Da.52%¢ * The carbohydrate
moiety contains sialic acid residues and is N-linked to the
protein. Interestingly, recent studies suggest that there
is a heterogeneity of dopamine transporters and that the
mesolimbic transporters may not be the same as those in
the nigrostriatal neurons.%5:5¢

In addition to the dopamine (DA) transporter, several
other sodium-dependent transporters have been identified
including transporters for serotonin, norepinephrine (NE),
glucose, y-aminobutyric acid (GABA), glycine, L-glutamate,
and choline. A GABA,% a glucose,’”"° and more recently
a norepinephrine’ transporter have been characterized and
cloned. While no significant sequence similarity was found
between sodium-dependent NE transporter and the so-
dium-dependent glucose transporter, 46% identity and
68% homology with the human GABA transporter was
observed. This homology suggests domains responsible for
common mechanisms, while regions of divergence could
account for specificity in substrate/ligand interactions.
Considering the extensive overlap in biochemical properties
between the DA and NE transporters, similar sequence
homology may exist between them. Thus, some of the
information about the NE transporter protein could be
significant for characterization of the DA transporter. In
this regard, the NE transporter was characterized to
possess 12-13 highly hydrophobic regions compatible with
transmembrane domains. Similarly to other transporters,

(61) Berger, P.; Jacobsen, A. E,; Rice, K. C.; Lessor, R. A.; Reith,
M. A, E. Metaphit, a Receptor Acylator, Inactivates Cocame
Binding Sites in Striatum and Antagonizes Cocaine-induced
Locomotor Stimulation in Rodents. Neuropharmacology 1986,
25, 931-933.

(62) Grigoriadis, D. E.; Wilson, A. A.; Lew, R.; Sharkey, J. S.; Ku-
har, M. J. Dopamine Transport Sites Selectively Labeled by
a Novel Photoaffinity Probe: 12I-DEEP. J. Neurosci. 1989,
9, 2664-2670.

(63) Sallee, F. R.; Fogel, E. L.; Schwartz, E.; Choi, S.-M.; Curran,
D. P; Niznik, H. B. Photoaffinity Labeling of the Mammalian
Dopamine Transporter. FEBS Lett. 1989, 256, 219-224.

(64) Berger, P.; Martenson, R.; Laing, P.; Thurkauf, A.; De Costa,
B.; Rice, K. C.; Paul, S. M. Photoaffinity Labeling of the Do-
pamine Reuptake Carrier Protein Using a Novel High Affinity
Azidoderivative of GBR-12935. Mol. Pharmacol. 1991, 39,
429-435.

(65) Lew, R.; Grigoriadis, D.; Wilson, A.; Boja, J. W.; Simantov, R.;
Kuhar, M. J. Dopamine Transporter: Deglycosylation with
Exo- and Endo-glycosidases. Brain Res. 1991, 539, 239-246.

(66) Lew, R.; Vaughan, R.; Simantov, R.; Wilson, A.; Kuhar, M. J.
Dopamine Transporters in the Nucleus Accumbens and the
Striatum Have Different Apparent Molecular Weights. Sy-
napse 1991, 8, 152-153.

(67) Guastella, J.; Nelson, N.; Nelson, H.; Czyzyk, L.; Keynan, S.;
Miedel, M. C.; Davidson, N.; Lester, H. A.; Kanner, B. L
Cloning and Expression of a Rat Brain GABA Transporter.
Science 1990, 249, 1303-1306.

(68) Hediger, M. A.; Coady, J. M.; Ikeds, T. S.; Wright, E. M. Ex-
pression Cloning and ¢cDNA Sequencing of the Na*/glucose
Co-transporter. Nature 1987, 330, 379.

(69) Nakao, T.; Yamaato, L; Anraky, Y. Nucleotide Sequence of
putP, the Proline Carrier Gene of Escherichia coli K12. Mol.
Gen. Genet. 1987, 208, 70.

(70) Hoshino, T.; Kose, K.; Uratani, Y. Cloning and Nucleotide
Sequence of the Gene braB Coding for the Sodium-coupled
Branched-chained Amino Acid Carrier in Pseudomonas aeru-
ginosa PAO. Mol. Gen. Genet. 1990, 220, 461.

(71) Pachelczyk, T.; Blakely, R. D.; Amara, S. G. Expression Clos-
ing of a Cocaine- and Antidepressant-sensitive Human Nor-
adrenaline Transporter. Nature 1991, 350, 350-354.
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gites for N-linked glycosylation and charged residues for
binding the substrate are present.

With the research that is underway at several labora-
tories, the real structure of the DA transporter should be
forthcoming shortly. The availability of protein sequence
data, and ultimately an X-ray structure of the cocaine
binding site at the dopamine transporter would enhance
the process of rational drug design and development.

2. Chemical and Medicinal Chemical Studies

The chemistry of cocaine and its analogues has been
described in several reviews.”>”” In addition, an annotated
bibliography of cocaine has also been published.” In this
perspective, only cocaine analogues prepared as biochem-
ical probes for the cocaine receptor are addressed.

A. Cocaine Biochemical Probes. At present bio-
chemical probes are used in conjunction with imaging and
for receptor isolation and characterization. Imaging
techniques provide information about locus and density
of binding sites, while site-directed probes aid in charac-
terization at the molecular level. The information obtained
from these probes is essential for understanding of the
biochemical mechanism of cocaine abuse and for the design
of analogues with potential for therapeutic use. Both
techniques require high-affinity ligands with high selec-
tivity for and low dissociation rate from the receptor. In
addition, a radioactive label is frequently required or de-
sirable. Several of these approaches have been applied to
investigations of the cocaine binding site.

PET is an imaging method that has been widely used
for the measurements of blood flow, glucose metabolism,
as well as drug binding sites, and other processes. PET
studies utilizing [!!C-N-methy!](R)-cocaine have shown
that in humans the highest uptake is in the striatum™ and
that the time course of [''C-N-methyl](R)-cocaine in hu-
man striatum® was similar to the time courses of the
“high” after intravenous or smoked cocaine.® In addition,
[\'C-N-methyl](R)-cocaine binding in human striatum was

(72) Holmes, J. L. The Chemistry of the Tropane Alkaloids. In The
Alkaloids; Manske, R. H. F., Ed.; Academic Press: New York,
NY, 1950; Vol. 1, pp 271-374.

(73) Fodor, G. The Tropane Alkaloids. In The Alkaloids; Manske,
R. H. F, Ed.; Academic Press: New York, NY, 1960; Vol. 6,
pp 145-177.

(74) Archer, S.; Hawks, R. L. The Chemistry of Cocaine and Its
Derivatives. In Cocaine: Chemical, Biological, Clinical, Social
and Treatment Aspect; Mule, S. J., Ed.; CRC Press: Cleve-
land, OH, 1976; pp 15-32.

(75) Clarke, R. L. The Tropane Alkaloids. In The Alkaloids;
Manske, R. H. F., Ed.; Academic Press: New York, NY, 1977;
Vol. 16, pp 83-180.

(76) Lounasmaa, M. The Tropane Alkaloids. In The Alkaloids;
Brossi, A., Ed.; Academic Press: New York, NY, 1988; Vol. 33,
pp 2-81.

(77) Carroll, F. L; Lewin, A. H. Important Compounds in the Co-
caine Class: A Synthesis Overview. In Emerging Technologies
and New Directions in Drug Abuse Research; Rapaka, R. S.,
Makriyannis, A., Kuhar, J. M., Eds.; National Institute on
Drug Abuse Research Monograph, Supt. of Docs., U.S. Gov-
ernment Printing Office: Washington, DC, in press.

(78) Turner, C. E.; Urbanek, B. S.; Wall, G. M.; Walker, C. W.
Cocaine, an Annotated Bibliography; Research Institute of
Pharmaceutical Sciences, University of Mississippi, University
Press of Mississippi: Jackson, MS; 1988.

(79) Fowler, J. S.; Volkow, N. D.; Wolf, A. P.; Dewey, S.; Christman,
D.; MacGregor, R.; Logan, J.; Schlyer, D.; Bendriem, B.
[*C]Cocaine Binding in Human and Baboon Brain. J. Nucl.
Med. 1989, 30, 761.

(80) Fowler, J. S.; Volkow, N. D.; Wolf, A. P.; Dewey, S. L.; Schlyer,
D. J.; Macgregor, R. R.; Hitzemann, R.; Logan, J.; Bendriem,
B.; Gatley, S. J.; Christman, D. Mapping Cocaine Binding Sites
in Human and Baboon Brain In Vivo. Synapse 1989, 4,
371-377.
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reduced by (R)-cocaine and nomifensine but not by de-
sipramine, suggesting that cocaine binding occurs pre-
dominantly at the dopamine reuptake site.”®8!

SPECT is another imaging technique with certain ad-
vantages over the PET method. The SPECT method uses
gamma emitting radioisotopes such as iodine-123. No
cocaine ligands suitable for SPECT are presently available.
However, ['2°I]2'-iodococaine and ['2*I]RTI-55 have been
prepared; studies with these compounds suggest that the
iodine-123 labeled analogues may be useful SPECT probes
for the cocaine receptor.?282

The concept of site-directed receptor probess3-% has
been useful in studies of several enzyme and receptor
systems. Receptor “labeling” by means of irreversible
bonding to the binding site allows for “tracking” of the
receptor protein by monitoring radioactivity or by detec-
tion of fluorescence. This allows for the determination of
receptor subtypes, the molecular weight of the receptor
protein, the number of protein subunits, their stoichiom-
etry and biochemical properties. In some cases the du-
ration of pharmacological effects can be monitored as well.
The irreversible bond can be established either by pho-
toactivation of a photoactive ligand at the receptor site or
by chemical reaction of a bionucleophile in the vicinity of
the binding site with a reactive substituent in the ligand.
Typical photoactive moieties are azido groups; while iso-
thiocyanato, bromoacetamido, and maleimido are some of
the chemically reactive substrates used. Photoaffinity
labeling has been used successfully in the identification
and characterization of the dopamine D, receptor,®# and
the two photoaffinity analogues of GBR 12935 (discussed
in section 1.E) have provided valuable information that
suggests some properties of a receptor protein associated
with the GBR site. However, other photoaffinity ligands
are desirable. Since (R)-cocaine and WIN 35,428 bind at
two sites while GBR 12935 binds at only one site, pho-
toaffinity probes with structures similar to cocaine may
label other parts of the receptor protein. Potent pho-
toaffinity probes for the cocaine receptor that are ana-
logues of WIN 35,065-2 have been developed.® The azido
ligand 9 was shown to significantly inhibit ['2%]1-[2-(di-
phenylmethoxy)ethyl-4-[2-(azido-3-iodophenyl)ethyl]-
piperazine binding to the dopamine transporter.® Fur-
thermore, 9 and two ‘iodoazido compounds, 10 and 11,
displace specifically bound [*H]WIN 35,428 with high
affinity®® and show irreversible covalent attachment to a

(81) Logan, J.; Fowler, J. S.; Dewey, S. L.; Wolf, A. P.; Volkow, N.
D.; Christman, D. R.; MacGregor, R.; Schlyer, D. J.; Bendriem,
B. Kinetic Analysis of PET Studies with [*!C]Cocaine in the
Baboon Brain. J. Nucl. Med. 1989, 30, 898.

(82) Basmadjian, G. P.; Mills, S. L.; Kanvinde, M.; Basmadjian, N.
P. Structure Biodistribution Relationship of Radioiodinated
Tropeines: Search for a Molecular Probe for the Characteri-
zation of the Cocaine Receptor. J. Label. Comp. Radiopharm.
1990, 28, 801.

(83) Baker, B. R. Design of Active-Site-Directed Irreversible En-
zyme Inhibitors; John Wiley: New York, 1967.

(84) Takemori, A. E.; Portoghese, P. S. Affinity Labels for Opioid
Receptors. Annu. Rev. Pharmacol. Toxicol. 1985, 25, 193-223.

(85) Newman, A. H. Irreversible Ligands for Drug Receptor Char-
acterization. Annu. Rep. Med. Chem. 1990, 25, 271-280.

(86) Amlaiky, N.; Caron, M. G. Photoaffinity Labeling of the D,-
Dopamine Receptor Using a Novel High Affinity Radio-
iodinated Probe. J. Biol. Chem. 1984, 260, 1983-1986.

(87) Amlaiky, N.; Caron, M. G. Identification of the D;-Dopamine
Receptor Binding Subunit in Several Mammalian Tissues and
Species by Photoaffinity Labeling. J. Neurochem. 1986, 47,
196-204.

(88) Lew, R.; Boja, J. W.; Simantov, R.; Carroll, F. L; Lewin, A.;
Kuhar, M. J. New Photoaffinity Probes for the Cocaine Re-
ceptor. Soc. Neurosci. Abstr. 1990, 16, 746.
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protein located within the dopamine transporter on ex-
posure to UV light. These photoaffinity probes in radio-
labeled form may be useful in the purification and char-
acterization of the receptor proteins.
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The first acylating ligand used to study the cocaine
receptor was metaphit, the m-isothiocyanate derivative of
phencyclidine. Metaphit was reported to bind irreversibly
to the dopamine transporter.6*%1 However, metaphit
also binds irreversibly to the PCP binding site on the
NMDA receptor complex.

(R)-p-Isothiocyanatobenzoylecgonine methyl ester (p-
isococ) and (R)-m-isothiocyanatobenzoylecgonine methyl
ester (m-isococ), compounds more structurally similar to
(R)-cocaine, were found to be somewhat more specific than
metaphit as irreversible binding inhibitors at the cocaine
receptor.”® In contrast, (R)-38-(4-isothiocyanatophenyl)-
tropan-28-carboxylic acid methyl ester (isowin), an ana-
logue of WIN 35,065-2, was ineffective as a site-directed
acylator of the cocaine receptor. p-Isococ also irreversibly
blocked dopamine uptake by the transporter. Most sig-
nificantly, it blocked the high-affinity cocaine site in
preference to the low-affinity site, suggesting that it may
be a powerful probe for studying the role of the high versus
low affinity site.

B. Structure-Activity Studies. Important insights
into the interactions of cocaine with the dopamine
transporter which appear to be significantly implicated to
the CNS effects of cocaine are provided by an under-
standing of the structure—activity correlation of cocaine.
Such correlations can be carried out by comparing effects
of structure variation on the ICy values for inhibition of
binding and of dopamine uptake at the dopamine trans-

(89) Schweri, M. M.; Jacobsen, A. E.; Lessor, R. A.; Rice, K. C.
Metaphit Irreversibly Inhibits [*H]threo-(x)-Methylphenidate
Binding to Rat Striatal Tissue. J. Neurochem. 1987, 48,
102-105.

(90) Snell, L. D.; Johnson, N. M.; Yi, S.-J.; Lessor, R. A.; Rice, K.
C.; Jacobsen, A. E. Phencyclidine (PCP)-Like Inhibition of
N-Methyl-D-aspartate-evoked Striatal Acetylcholine Release,
SH-TCP Binding and Synaptosomal Dopamine Uptake by
Metaphit, a Proposed PCP Receptor Acylator. Life Sci. 1987,
41, 2645-2654.

(91) Zimanyi, L; Jacobson, A. E.; Rice, K. C.; Lajtha, A.; Reith, M.
E. A. Long-term Blockade of the Dopamine Uptake Complex
by Metaphit, an Isothiocyanate Derivative of Phencyclidine.
Synapse 1989, 3, 239-245.
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porter. A listing of these values for selected cocaine ana-
logues and derivatives is shown in Table II.

Several structure-activity studies have been report-
ed.2%% These studies have concluded that requirements
for cocaine binding at the dopamine transporter, which are
associated with the reinforcing effects of cocaine, include:
(a) R configuration of the cocaine structure,2°>% (b) a 8
substituent®® at C-2, preferably a carbomethoxy group,”®
and (c) a benzene ring at C-3;% an ester link at C-3 was
not required.” The effects of stereochemistry,? substitu-
tion at C-2,% C-3,% and N-8 position, as well as the effect
gf thg position of the nitrogen® have been further eluci-

ated.

In order to analyze the effect of a single structural pa-
rameter on the activity of cocaine-like compounds at the
dopamine transporter, the ratios obtained by dividing the
ICy, value for (R)-cocaine (or for an (R)-cocaine analogue)
by the IC4, value for an analogue different in a single
parameter were calculated. Table III lists the ratios of the
ICg, values for inhibition of binding by [3H](R)-cocaine,
[FH]WIN 35,428, and [*H]mazindol as well as for inhibition
of [*H]dopamine uptake. In order to eliminate variations
due to experimental parameters, the ratios were obtained
for IC;, values which had been reported by the same in-
vestigator, usually in the same publication.

This analysis led to the following observations:

1. The largest factor in the activity of cocaine-like
compounds is the configuration. Inversion of configuration
decreases the activity of cocaine by a factor in the range
of 140-330 (entries 12 and 13) and this range increases to
1000 (entry 17) for the WIN analogue. This effect is not
carried over into the cocaine isomers. Thus, the activities
of (S)-pseudococaine (entry 14), (S)-allococaine (entry 15)
and (S)-allopseudococaine (entry 16) are only 1.2-7.4 times
smaller than the activities of the R analogues; however,
they are all much weaker than cocaine.

2. The second largest factor is the substituent at C-2,
Replacement of the carbomethoxy group by hydrogen
(entry 24) or by a carboxy group (entry 28) or by an N-
methylcarboxamido group (entry 27) decreases the activity
by 25-2000. Replacement by acetoxymethyl or hydroxy-
methyl groups (entries 26 and 25) decreases the activity
by factors of only 2-5. Considering the ester group it
appears as though a variety of ester groups can be accom-
modat)ed without substantially altering the activity (entries
18-23).

3. Stereochemistry at C-2 has the third largest effect
on activity. Epimerization from § to a at C-2 results in

(92) Reith, M. E. A.; Meisler, B. E.; Sershen, H.; Lajtha, A. Struc-
tural Requirements for Cocaine Congeners to Interact with
Dopamine and Serotonin Uptake Sites in Mouse Bram and to
Induced Stereotyped Behavior. Biochem. Pharmacol. 1986, 35,
1123-1129.

(93) Ritz, M. C.; Cone, E. J.; Cone, M. J. Cocaine Inhibition of
Ligand Binding at Dopamine, Norepinephrine and Serotonin
Transporters: A Structure-activity Study. Life Sci. 1990, 46,
635—645.

(94) Carroll, F. I.; Gao, Y.; Rahman, M. A.; Abraham, P.; Parham,
K.; Lewin, A. H.; Boja, . W.; Kuhar, M. J. Synthesis, Ligand
Binding, QSAR, and CoMFA Study of 38-(p-Substituted
phenyl)tropan-28-carboxylic Acid Methyl Esters. J. Med.
Chem. 1991, 34, 2719-2725.

(95) Abraham, P.; Pitner, J. B.; Lewin, A. H.; Boja, J. W.; Kuhar,
M. J.; Carroll, F. I. N-Modified Analogues of Cocaine: Syn-
thesis and Inhibition of Binding to the Cocaine Receptor. J.
Med. Chem. 1992, 35, 141-144.

(96) Lewin, A. H.; Gao, Y.; Abraham, P.; Boja, J. W.; Kuhar, M. J,;
Carroll, F. I. 28-Substituted Analogues of Cocaime. Synthesis
and Inhibition of Binding to the Cocaine Receptor. /. Med.
Chem. 1992, 35, 135-140.
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30-200 times lower activity (entries 1, 2, 7, and 8). This
effect is not carried over into compounds with C-3 hydroxy
substituent (entry 3) or C-3a substituents (entry 4), but
these latter compounds have reduced potency.

4. Substitution at nitrogen can have a fairly large effect,
in particular when it changes the electron density at ni-
trogen. Thus, replacement of the 8-methyl group by a
propyl (entry 40) has almost no effect, and replacement
by allyl (entries 38 and 39) or benzyl substituent (entry
41) reduces the activity by a factor of 7 or less. However,
replacement by an acetyl group to create an amide (entry
42) or addition of a methyl group to create a quaternary
salt (entry 37) reduces the activity by factors of 33 and 111,
respectively.

5. Significant and important effects on activity are
obtained by substitution at C-3. Thus, although substi-
tution of the aromatic ring of the benzoyl group reduces
the activity by a factor of 5-15 (entries 44—47), replacement
of the benzoyl group by an aryl group (entries 48-54, WIN
compounds) mostly leads to enhanced activity by factors
of 3-51. Within the WIN series (entries 55-66), the effect
of aromatic substitution on reactivity appears to be well
correlated and predicted by Comparative Molecular Field
Analysis (CoOMFA).* Stereochemical change at C-3 from
B to « decreases the activity by a factor of 63 in the R
configuration (entry 10) but slightly enhances the activity
in the S configuration (entry 11). In 6-methyl-6-azabicy-
clo[3.2.1]octan-38-0l and -3a-ol benzoates (12a and 12b,
respectively), the ratio of ICy, values for inhibition of
[*H]WIN 35,428 binding for the 8 (4.95 xM) and « (19.8
uM) benzoates is 0.25; that is, there is a 4-fold decrease
in activity for the a epimer.”

CH3
\N
/N
Ok O
R, : g

12a. Ry = H, Ry = COCeHs
b. Ry = COCgHs. Row H

Tropacocaine

Substitution at C-3 has had profound effects but is
probably the least understood, in spite of the CoMFA
correlation.®® It appears that rigid 8 configuration and
electron density are required for high activity.

6. The ratio of the IC;, values for inhibition of [PH]WIN
35,428 binding of tropacocaine (5.18 uM) to that of 6-
methyl-6-azabicyclo[3.2.1]octan-38-0l benzoate (12a) (4.95
uM) is only 1.05.% This suggests that the nitrogen of
(R)-cocaine can be moved from the 8- to the 6- and/or
7-position of the azabicyclo[3.2.1]octane ring system
without loss in binding potency.

Several of these observations suggest that compounds
with C-3a stereochemistry may not, in fact, bind in the
exact same manner or to the exact same site as the C-38
epimers. Thus, for example, inversion of configuration of
(R)-allo- (entry 15) and (R)-allopseudococaine (entry 16)
does not have the same effect on activity as that observed
for inversion of configuration of (R)-cocaine (entries 12 and
13) and (R)-WIN (entry 17). Similarly, the effect of C-2
stereochemistry is much smaller for C-3a substituted
compounds than for C-38 epimers (compare entries 1, 2,
and 4), but all « compounds are weak compared to (R)-
cocaine.

Systematic variation of the O-substituent at C-2 appears
to allow for fairly large changes in bulk and lipophilicity
without substantially affecting the activity. The main
advantage of the relative tolerance of the ester moiety to
substitution lies in the potential for introduction of groups
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suitable for use as irreversible ligands, affinity ligands,
photoaffinity labels, and fluorescent probes.

The effects of nitrogen substitution suggest that de-
creased electron density at nitrogen is detrimental to ac-
tivity. Thus, the methiodide salt (entry 37), with full
positive charge at nitrogen, is 111 times less active than
cocaine, the zwitterion (entry 34), with a high percentage
of positive charge at nitrogen is about 100 times less active,
while the amide (entry 42), with partial positive charge at
nitrogen, is 33 times less active, Consistently, replacement
of the methyl group, which is inductively an electron donor,
by groups such as benzyl (entry 41) or allyl (entry 38),
which are electron withdrawers, reduces the activity by a
factor of 7, while replacement by a hydrogen reduces the
activity by 2-7.

With the exception of the GBR series, other inhibitors
of dopamine uptake do not lend themselves to structure—
activity analysis, because not enough structural variants
are known. Within the GBR series, literally hundreds of
compounds have been prepared. However, data relating
to the inhibition of [*H](R)-cocaine or [*H]WIN 35,428
binding are insufficient for structure—activity analysis.

3. Conclusions and Perspectives for Future
Research

Present evidence strongly suggests that inhibition of the
dopamine transporter is necessary for the reinforcing
properties of cocaine. The dopamine hypothesis stipulates
that the reinforcing effects of cocaine are produced by
initial blockage of dopamine reuptake, which potentiates
dopaminergic transmission. Thus, the cocaine binding site
at the dopamine transporter is, in fact, the cocaine receptor
that is somehow ultimately responsible for the reinforcing
properties.

It has been pointed out that not all dopamine uptake
inhibitors exert reinforcing properties similar to those of
cocaine.”’ Do these compounds bind at different sites on
the transporter, or do they have other properties that make
them different from cocaine? It has been suggested that
the abuse liability of reinforcing drugs is greater for those
drugs that enter the brain and occupy receptors rapidly.®
Since it is possible to quantify the relative rate of occu-
pancy of the cocaine receptor after injection of cocaine and
other uptake inhibitors such as mazindol and GBR 12909
using in vivo binding studies, this question can be exam-
ined directly.*®

Little is known about the molecular mechanism by
which the binding of cocaine to the sodium-dependent
dopamine transporter leads to inhibition of reuptake. Key
unanswered questions are: How does cocaine block re-
uptake? Does it block a carrier channel that dopamine
is transported through, or does it operate by some different
mechanism? Whereas it is known that there are two co-
caine binding sites in tissues, a high- and a low-affinity site,
additional studies are needed to determine if the two sites
are related to distinct proteins or to two affinity states of
a single protein. More work will also be required to de-

(97) Rothman, R. B. High Affinity Dopamine Reuptake Inhibitors
as Potential Cocaine Antagonists: A Strategy for Drug De-
velopment. Life Sci. 1990, 46, PL17-21.

(98) Sellers, E. M.; Busto, M.; Kaplan, H. L. Pharmacokinetic and
Pharmacodynamic Drug Interactions: Implications for Abuse
Liability Testing. In Testing for Abuse Liability of Drugs in
Humans; Fischman, M. W., Mello, N. K., Eds.; U.S. Govern-
ment Printing Office: Washington, DC; 1989; p 287.

(99) Pogun, S.; Scheffel, U.; Kuhar, M. J. Cocaine Displaces *H-
WIN-35428 Binding to Dopamine Uptake Sites In Vivo More
Rapidly than Mazindol or GBR12909. Eur. J. Pharm. 1991,
in press.
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Table II. Potencies for Inhibition of Radioligand Binding and Dopamine Uptake at the Dopamine Transporter for Selected Cocaine
Analogues

N
A%“‘
R.
structure® ICs(uM) for inhibition of
con- binding
entry figura- [*Hleo- [*H]WIN-  [*H]- uptake:
no. compd.® tion R1 R2 R3 caine 35428  mazindol [*H]dopamine
1 R B-CO,CH,CH; $-OC(O)Ph CH; 0.13
2 R B-COPh 5-0C(0)Ph CH, 0.112°
3 R $-CO,CH,Ph 8-0C(O)Ph CH, 0.257¢
4 R 8-CO,CHy- 8-0OC(0)Ph CH; 0.248°
CH,Ph
5 R B-COCH, $-0C(0)Ph CH, 0.601°
CH,Php-NO,
6 R B-CO,CH,- B-0OC(O)Ph CH; 0.071¢
CH,Php-NH,
7 R 8-CO,CH, 8-OC(0)Ph CH; 0.196¢
CH,Php-NCS
8 R B-CO,CH,- 8-OC(0)Ph CH, 0.227°
CH;Php-N,
9  tropacocaine R H 8-OC(O)Ph CH; 3.3¢ 5.18¢ 15¢ 1864
10 R §-CH,0OH 8-OC(0)Ph CH; 0.561°
11 R B-CH,0C(0)CH; 8-OC(0O)Ph CH, 0.272¢
12 R B-C(O)NHCH; $-OC(O)Ph CH; 3.18°
13 R 8-CO,CH, B-OC(O)Php-NH, CH, 1.2%/ 3.04¢
14 R ﬂ-002CH3 ﬂ'OC(O)Php-Ns CH3 0.748¢
15  p-isococ R 8-CO,CH; 8-OC(O)Php-NCS CH; 1.05" 2.78%
16  m-isococ R §-CO,CH;, 8-OC(O)Phm-NCS CH; 1.46"
17 R B-COCH, ﬂ-O%(O)NHth- CH, 0.037 0.178
NO,
18 (R)-ecgonine R B-CO,CH, 8-OH CH;, 62¢
methyl ester ]
19  (R)-benzoyl- R 8-CO.H B-0C(O)Ph CH; 62/ 195° 392¢
ecgonine
20 R 8-CO.H 8-OC(O)Php-NH, CH;, 8.25/ 4.51°
21  (R)-ecgonine R $-CO,H $8-OH CH; >1000°
22  (R)-norcocaine R B-CO,CH, B-0C(O)Ph H 0.414  0.303* 1.21¢
23 R 8-CO,CHj, B8-OC(0)Ph H 0.274 2.54
24 R 8-CO,CH;, $-OC(0O)Ph (CH,), 10.7* 20°
25 R $-CO,CH,4 8-OC(0)Ph CH,CH=CH, 1.024d 2.5¢
26 R 8-CO,CH, B-0C(0O)Ph CH,Ph 0.668*
27 R §-CO,CH; 8-OC(0)Ph C(O)CH;, ‘ 3.37%
28 R B8-CO.H B8-OC(O)Ph H 78.2/ 342¢
29  (R)-pseudococaine R a-CQ,CH;, $-OC(0)Ph CH; 14.2 15.8 97¢
30 R a-CO,CH;, 8-OC(0)Ph CH; 8.54d 36¢
31 (R)-pseudo- R a-CO,CH, 8-OH CH, 87¢
ecgonine
methyl ester
32  (R)-allocococaine R 8-CO,CH; a-OC(0)PH CH; 6.2}
33  benztropine R H a-0OC(O)PH CH; 23¢ 21.2* 1104
34 R H a-0C(0)PH CH; 0.2m 0.157* 0.7
35 R H a-OC(O)PH CH; 0.175°
36 R H a-0OC(0)PH CH, 0.247
37 R H a-0C(0O)PH CH; 0.0949
38 R H a-0C(0)PH CH; 1
39 R H 2-OC(0)PH CH; 0.175°
40  (R)-allopseudo- R a-CO,CH;, a-OC(0)PH CH; 28.5¢
cocaine
41 R a-CO,CH;, a-OC(0)PH CH; 59 184
42 (S)-cocaine 8 8-CO,CH; 8-OC(0)Ph CH; 13.V 15.8* 136¢
43 8 $-CO,CH, 8-OC(Q)Ph CH; 10.5¢ 304
44  (S)-pseudococaine S a-CO,CH; B-OC(0O)Ph CH; 109/ 22.5' 116°
45  (S)-allococaine S 8-CO,CH;, a-OC(0)Ph CH; 9.82
46  (S)-allopseudo- S a-CO,CH; 8-OC(0)Ph CH; 6.7
cocaine
47  WIN 35065-2 R 8-CO,CH, B8-Ph CH; 0.044/ 0.023¥ 0.119° 0.96°
48 R B-COCH, 8-Ph CH, 0.041¢  0.085*  0.26° 0.19¢
49 RS RS $-CO,CH; 8-Ph CH; 0.022¢ 1.33¢
50 WIN 35065-3 S B-CO,CH, 8-Ph CH;, 394 2004
51 WIN 35428 R B8-CO,CH; 8-Php-F CH;, 0.027(’ 0.08¢
52 R B8-CO,CH, §-Php-F CH, 0018  0016°  0.056° 0.51°
53 R B-COCH, $-Php-F CH;, 0.03" 0.17¢
54 R B-CO,CH;, B8-Php-NH, CH, 0.192¢ 0.026% 0.567%
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IC50(uM) for inhibition of

structure®
s binding
entry figura- [*H]co- [PBH]WIN- [*H]- uptake:
no. compd.® tion R1 R2 R3 caine 35428 mazindol [*H]dopamine
55 R B-CO,CH; B-Php-NO, CH, 0.137% 0.010* 0.616%
56 RS B-CO,CH; B-Php-NO, CH, 0.213* 0.903%
57 R B-CO,CH; B-Php-Me CH, 0.002" 0.005Y 0.11v
58 R 6‘COgCH3 ﬁ'Php-CFs CHa 0.013Y
59 R B-CO,CH; B-Php-OMe CH, 0.008*
60 R B-CO,CH; B-Php-I CH, 0.001*
61 R B8-CO,CH; B-Php-Cl CH,4 0.001* 0.002v 0.03Y
62 R 6-C02CH3 6-Php‘N3 CH3 0.002* 0.2¢
63 R B-CO,CH; (-Php-NHAc CH;g ‘ 0.064*
64 WIN 35981 R B-CO,CH; S-Ph H 0.086/ 0.36°
65 R B-CO,CH; (-Php-F H 0.036%
66 R B-CO,CH; (-Php-F CH,CH,CH;,4 0.043¢a
67 R B-CO,CH; f-Php-F CH,CH=CH, 0.023*
68 WIN 35140 R a-CO,CH; g-Ph CH; 2.6/ 2.9+ 385¢
69 R a-CO,CH; f-Ph CH; 3.8¢ 5.59
70 RS a-CO,CH; S-Ph CH;, 1.2 21"

~ ®Only common names are given. ®See structure. °See ref 96. “See ref 92. ¢See ref 93. /Unpublished results. #See ref 88. "See ref 59.
‘Kline, R. H., Jr.; Wright, J.; Eshleman, A. J.; Fox, K. M.; Eldefrawi, M. E. Synthesis of 3-carbamoylecgonine methyl ester analogues as
inhibitors of cocaine binding and dopamine uptake. J. Med. Chem. 1991, 34, 702-705. /See ref 49. *See ref 95. 'See ref 2. ™ See ref 46.
"Rothman, R. Private communication. °Sharif, N. A.; Nunes, J. L.; Michel, J. L.; Whiting, R. L. Comparative properties of the dopamine
transport complex in dog and rodent brain: striatal [*’H]GBR 12935 binding and [*H]dopamine uptake. Neurochem. Int. 1989, 15, 325-332.
? Bonnet, J.-J.; Lemasson, M.-H.; Costentin, J. Simultaneous evaluation by a double labeling method of drug-induced uptake inhibition and
release of dopamine in synaptosomal preparation of rat striatum. Biochem. Pharmacology 1984, 33, 2129-2135. 9See ref 45. "Ross, S. B;
Renyi, A. L. Inhibition of the uptake of *H-dopamine and *C-5-hydroxytryptamine in mouse striatum slices. Acta Pharmacol. Toxicol.
1975, 36, 56-66. *See ref 44. ‘See ref 48. “See ref 50. "Boja, J. W.; Carroll, F. I.; Rahman, M. A.; Philip, A.; Lewin, A. H.; Kuhar, M. J.
New, potent cocaine analogs: Ligand binding and transport studies in rat striatum. Eur. J. Pharmacol. 1990, 184, 329-332. “Kline, R. H.,
Jr.; Wright, J.; Fox, K. M.; Eldefrawi, M. E. Synthesis of 3-arylecgonine analogues as inhibitors of cocaine binding and dopamine uptake. oJ.
Med. Chem. 1990, 33, 2024-2027. *See ref 94. ”See ref 52. ?Boja, J. W.; Kuhar, M. J. [*H]Cocaine binding and inhibition of [*H]dopamine
uptake is similar in both the rat striatum and nucleus accumbens. Eur. J. Pharmacol. 1989, 173, 215-217. °®Madras, B. K.; Kamien, J. B.;
Fahey, M. A.; Canfield, D. R.; Milius, R. A.; Saha, J. K.; Neumeyer, J. L.; Spealman, R. D. N-Modified fluorophenyltropane analogs of
cocaine with high affinity for cocaine receptors. Pharmacol. Biochem. Behav. 1990, 35, 949.

termine if both the high- and low-affinity sites are involved
in the reinforcing properties of cocaine. Despite these gaps
in knowledge, it is reasonable to speculate that a compound
capable of competing with cocaine for its binding site(s)
on the dopamine transporter could modulate dopamine
reuptake. Consequently, cocaine analogues that act as
partial agonists®” or antagonists, if they exist, could have
important clinical applications.

The neuronal dopamine transporter has not been pu-
rified and/or cloned. Once the primary structure of the
dopamine transporter is known, information concerning
the location of binding site(s) might be inferred from se-
quence homology with receptor(s) of known three-dimen-
sional structure. Only after the tertiary structure is known
will information at the molecular level be available. Such
information will greatly enhance SAR studies and the
ability to predict binding properties of untested analogues.
Recent successes with the characterization and closing of
other transporter proteins such as the GABA and nor-
epinephrine transporters suggest that the dopamine
transporter protein will be characterized and cloned in the
near future. Purification of the protein associated with
the dopamine transporter has now become a possibility due
to the availability of the newly developed, more potent and
selective radiolabeled photoaffinity and irreversible probes
described in this perspective.

The SAR data combined with some preliminary mo-
lecular modeling studies® allow speculation on a prelim-
inary pharmacophoric model for the cocaine receptor
(Figure 2). All high-affinity cocaine ligands require the
presence of a basic amino group which is involved in an
electrostatic or hydrogen bonding interaction with the
receptor protein. The SAR data concerning substituents
at the 2-position of cocaine suggest the presence of at least
one and probably two additional hydrogen bond acceptor

H-bond site

H-bond site

lonic

or
H-bond site

Hydrophobic pocket

Figure 2. Schematic representation of putative interactions of
cocaine with its receptor at the dopamine transporter. It is not
known whether the conformation of the N-methyl group has to
be as shown, nor whether the H-bonding sites are discrete. It is
known that the hydrophobic pocket accommodates benzoyl as
well as phenyl groups.

sites localized in the vicinity of the two oxygens of the
2B-carbomethoxy group of cocaine. Potency was reduced
when the 2-position ester group was missing (entry 9, Table
II) or possessed « orientation (entries 29 and 30, Table II).
Affinity for the receptor was also reduced when the ester
group of (R)-cocaine was replaced by substituents con-
taining only one oxygen. The low potency of the N-methyl
amide (entry 12, Table II) suggests that the hydrogen
bond(s) are highly specific. Since electron-donating groups
would be expected to potentiate the hydrogen-bonding
capability of the two oxygens of the ester group, studies
directed toward correlating the negative electrostatic po-
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Table II1. Effect of Structural Variation on Potencies of Cocaine Analogues To Inhibit Radioligand Binding and Dopamine Uptake at
the Dopamine Transporter

N
A%m
Re
ICs A/ICg B? for inhibition of
structure A° structure B® binding u;[)at;l](_e.
entry config- config- [*H]co- [FHJWIN [*H)ma- dop-
no. uration R1 R2 R3 uration R1 R2 R3 caine 35428 zindol amine
1 R $-CO,CH; B-OC(O)Ph CH; R a-CO,CH;, B-0C(0)Ph CH;, 0.005¢ 0.007¢  0.007°
2 R g-CO,CH; $-OC(0O)Ph CH; R a-CO,CH, B-0C(0)Ph CH, 0.01¢/ 0.024/
3 R g-CO,CH; B8-OH CH; R «-CO,CH,4 $-OH CH, 0.712¢
4 R B-CO,CH; o-OC(0U)Ph CH; R a-CO,CH;, a-0C(0)Ph CH, 0.218¢
5 S 8-CO,CH; $-OC(0O)Ph CH, S a-CO,CH, $-OC(O)Ph CH;, 0.12° 0.702¢ 1.17¢
6 S 8-CO,CH; «-OC(O)Ph CH; S a-CO,CH;, a-0C(0)PH CH, 0.145¢
7 R g-CO,CH; $-Ph CH; R a-CO,CH, B-Ph CH, 0.017¢ 0.022¢ 0.001¢
8 R g-CO,CH; $-Ph CH; R a-CO,CH, B-Ph CH, 0.014 0.035
9 RS B-CO,CH; §-Ph CH; RS a-COCH; 8-Ph CH, 0.08% 0.0624
10 R p-CO,CH; $-OC(0)Ph CH; R 8-CO,CH;, a-0OC(O)Ph CHg 0.017¢
11 S p-CO,CH; B-OC(0O)Ph CH, S $-CO,CH, «-0C(0)Ph CH, 1.61¢
12 R 8-CO,CH; B-OC(O)Ph CH; S $-CO,CH,4 B-0C(0)Ph CH, 0.005¢ 0.007¢  0.005°
13 R 8-CO,CH; B-0C(O)Ph CH, S p-CO,CH; $-0C(0)Ph CH, 0.003
14 R a-CO,CH; B-OC(O)Ph CH, S a-CO,CH, B-0C(0)Ph CH; 0.130¢ 0.702¢  0.836°
15 R $-CO,CH; a-OC(O)Ph CH; S B-CO,CH; a-0C(0)Ph CH; 0.631¢
16 R a-CO,CH; a-OC(O)Ph CH, S a-CO,CH, a-0OC(O)Ph CHg 0.421¢
17 R g8-CO,CH; B-Ph CH; S 8-CO,CH;, 8-Ph CH, 0.001/ 0.001/
18 R 8-CO,CH; $-OC(0O)Ph CH; R 8-CO,CH,CH;  -OC(O)Ph CH, 0.785/
19 R $-CO,CH; $-OC(O)Ph CH, R $-CO,Ph $-0C(0)Ph CH, 0.91V
20 R 8-CO,CH; B-OC(O)Ph CH; R 6-CO,CH,Ph B-0C(0)Ph CH, 0.397
21 R 8-CO,CH; B-OC(0)Ph CH; R g-CO,CH,CH,- 8-OC(0)Ph CH, 0.41V
Ph
22 R $-CO,CH; 8-OC(O)Ph CH; R g-CO,CH,CH,- -OC(O)Ph CH; 0.170/
Php-NO,
23 R g-CO,CH; $-OC(O)Ph CH; R g-CO,CH,CH,- $-OC(O)Ph CH, 1.437
Php-NH,
24 R $-CO,CH; $-OC(0O)Ph CH; R H 8-0C(0O)Ph CH, 0.041/ 0.0 0.043¢  0.008
25 R g-CO,CH; $-OC(0)Ph CH; R g-CH,OH 8-0C(0)Ph CH, 0.18%
26 R 8-CO,CH; B-OC(O)Ph CH; R 8-CH,0C(0)CH; B-OC(0O)Ph CH; 0.37¢/
27 R 8-CO,CH; $-OC(0O)Ph CH; R B8-C(O)NHCH;  8-OC(O)Ph CH, 0.032
28 R B-CO,CH; B-0C(0O)Ph CH; R 8-CO,H $-0C(0)Ph CH, 0.001¢ 0.0005  0.002°
29 R g-CO,CH; B-OC(O)PHp- CH; R $-CO,H B-OC(O)Php-NH, CH; 0.15% 0.674¢
H,
30 R 8-CO,CH; B-OH CH; R 8-CO.H 8-OH CH; 0.062¢
31 R 8-CO,CH; B-OC(0)Ph H R 8-CO,H 8-0C(0)Ph H 0.005¢ 0.004¢
32 R $-CO,CH; $-OC(0O)Ph CH; R $-CO,CH,4 $-0C(0)Ph H 0.164¢ 0.337 0.529°
33 R $-CO,CH; B-0C(0O)Ph CH, R $-CO,CH, $-0C(O)Ph H 0.5/ 0.348
34 R 8-CO,H  8-OC(O)Ph CH; R $-CO.H $-0C(0)Ph H 0.793¢ 1.146°
35 R 8-CO,CH; B-Ph CH; R 8-CO,CH, 8-Ph H 0.512¢ 0.722¢
36 R g8-CO,CH; B-Php-F CH; R 8-CO,CH; B-Php-F H 1.2m
37 R g-CO,CH; $-OC(0O)Ph CH, &R B-CO,CH; B-0C(0)Ph (CHy), 0.001} 0.032¢
38 R 8-CO,CH; B-0C(0O)Ph CH; R $-CO,CH; 8-0C(0)Ph CH,CH=CH, 0.13% 0.348
39 R 8-CO,CH; g-Php-F CH; R 8-CO,CH; B-Php-F CH,CH=CH, 0.782"
40 R 8-CO,CH; B-Php-F CH; R 8-CO,CH; B-Php-F CH,CH,CH; 0.419"
11 R 8-CO,CH; $-OC(O)Ph CH; R 8-CO,CH; B-0OC(O)Ph CH,Ph 0.153!
42 R 8-CO,CH; B-OC(0O)Ph CH; R 8-CO,CH, B-OC(O)Ph C(0)CH, 0.03¢¢
43 R 8-CO,CH; $-OC(O)Ph CH; R 8-CO,CH, $-OH CH, 0.103¢
44 R 8-CO,CH; B-OC(O)Ph CH; R B-CO,CH, g-OC(0)Php-NH, CH;, 0.082% 0.211°
45 R p-CO,CH; B-OC(0)Ph CH; R B-CO,CH; B-0C(0)Php-N; CH, 0.136°
46 R 8-CO,CH; B-0C(0O)Ph CH; R 8-CO,CH;, B-OC(O)Php-NCS CH; 0.097° 1.81°
47 R g-CO,CH; B-OC(0)Ph CH; R p-CO,CH; B-0C(O)Phm-NCS CH; 0.070°
48 R 8-CO,CH; B-OC(O)Ph CH; R g-CO,CH; 8-Ph CH, 1.545¢ 2.46¢
49 R 8-CO,CH; B-0C(0O)Ph CH; R 8-CO,CH;, 8-Ph CH, 3.000 4.579
50 R 8-CO,CH; B-0C(0)Ph CH; R 8-CO,CH; g-Ph CH, 4.435° 3.252¢  5.2299
51 R 8-CO,CH; B-0C(O)Ph CH; R 8-CO,CH, B-Php-NH, CH, 0.724*  4.080° 1.5145
52 R 8-CO,CH; B-OC(O)Ph CH; R 8-CO,CH, B-Php-N, CH, 51°
53 R 8-CO,CH; $-OC(0O)Ph CH; R $-CO,CH, B-Php-F CH, 5.00/ 6.3757 6.917 4579
54 R g-CO,CH; $-OC(0O)Ph CH; R 8-CO,CH; B-Php-F CH, 3.78¢ 6.93 3.764¢  9.84¢9
55 R 8-CO,CHy; g-Ph CH, R B8-CO,CH,4 8-Php-F CH;, 1.519 2.1257 2.375
56 R g8-CO,CH; 8-Ph CH; R $-CO,CH, g-Php-F CH, 2.44¢
57 R g8-CO,CH; B-Ph CH; R g-CO,CH, 8-Php-NH, CH; 0.92°
58 R g8-CO,CH; g-Ph CH; R B-CO,CH; B-Php-NO, CH; 2.3°
59 RS  B-COCH; g-Ph CHy; RS B-CO,CHy $-Php-NO, CH, 0.103* 1.445
60 R g-CO,CH; $-Ph CH; R 8-CO,CH, 8-Php-CH,4 CH, 11.5¢ 23.8¢ 8.73¢
61 R g-CO,CH; B-Ph CH; R p-CO,CH, B-Php-CF, CH;, 1.769°
62 R 8-CO,CH; §-Ph CH; R 8-CO,CH;, 8-Php-OCH,; CH, 2.875°
63 R g-CO,CH; B-Ph CH; R $-CO,CH,4 g-Php-1 CH; 23°
64 R g-CO,CH; B-Ph CH; R 8-CO,CH,4 g-Php-Cl CH 239 287 174
65 R g-CO,CH; g-Ph CH; R 8-CO,CH;, B-Php-N, CH, 11.5°
66 R g-CO,CH; B-Ph CH; R 8-CO,CH; B-Php-NHC(O)CH; CH;, 0.359°

°See structure. ®The actual ICy, values are in Tables I and II. See ref 49. 9See ref 2. ¢See ref 93. /See ref 92. #See ref 50. *Kline, R. H., Jr.; Wright, J;
Eshleman, A. J.; Fox, K. M,; Eldefrawi, M. E. Synthesis of 3-carbamoylecgonine methyl ester analogues as inhibitors of cocaine binding and dopamine uptake.
J. Med. Chem. 1991, 34, 702-705. ‘See ref 48. /See ref 96. *Unpublished results. !See ref 95. ™Boja, J. W.; Kuhar, M. J. [*H]Cocaine binding and inhibition
of [*H])dopamine uptake is similar in both the rat striatum and nucleus accumbens. Eur. J. Pharmacol. 1989, 173, 215-217. »Madras, B. K.; Kamien, J. B;
Fahey, M. A,; Canfield, D. R.; Milius, R. A,; Saha, J. K.; Neumeyer, J. L.; Spealman, R. D. N-Modified fluorophenyltropane analogs of cocaine with high affinity
for cocaine receptors. Pharmacol. Biochem. Behav. 1990, 35, 949. °See ref 94. P See ref 59. YBoja, J. W.; Carroll, F. I.; Rahman, M. A,; Philip, A.; Lewin, A. H.;
Kuhar, M. J. New, potent cocaine analogs: Ligand binding and transport studies in rat striatum. Eur. J. Pharmacol. 1990, 184, 329-332. "Rothman, R. Private
communication.
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tential exerted by the ester oxygens should provide in-
formation on binding requirements at the 2-position of the
tropane ring.

An aromatic ring connected directly or indirectly to the
34-position of the tropane ring is required for good affinity
to the receptor. The optimum location and properties of
this binding site have not been defined. Present data
indicate that hydrophobicity, charge, and size are all im-
portant. The evaluation of additional 38-(substituted
phenyl)tropan-28-carboxylic acid methyl esters and aro-
matic ring-substituted ring analogues of cocaine, as well
as new analogues with the aromatic rings linked to the
3-position in chemically different ways will help define the
binding requirements for the aromatic ring site.

From a steric standpoint, the receptor can accommodate
only small increases in size at the nitrogen position or on
the aromatic ring at C-3. In contrast, large groups can
replace the methyl of the carbomethoxy group at C-2 with
very little loss in affinity for the receptor. The solid lines
in Figure 2 roughly represent the sterically disallowed area

of the receptor. Additional studies will be required to more
accurately define the steric requirements of the receptor.

Much additional research is needed before the bio-
chemical, pharmacological, and behavioral roles of the
cocaine receptor(s) are understood. An important issue
is the feasibility of developing a clinically useful compe-
titive cocaine antagonist. If, as some studies suggest, co-
caine interacts competitively with the dopamine binding
site, a compound capable of blocking cocaine binding
without blocking dopamine uptake would be a suitable
antagonist. At this point, no such compound is known.
On the other hand, knowledge of the receptor protein is
limited as is the cascade of molecular events that lead to
the inhibition of dopamine uptake and the reinforcing
properties of cocaine. Present SAR data have provided
a working pharmacophore model for the cocaine binding
site. However, additional new and novel compounds are
needed to more precisely define the structural require-
ments for potent and selective binding to the cocaine re-
ceptor.
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A Novel Class of Calcium-Entry Blockers: The
1-[[4-(Aminoalkoxy)phenyl]sulfonyl]}indolizines

Jean Gubin,* Jean Lucchetti, Jean Mahauzx, Dino Nisato,! Gilbert Rosseels, Martine Clinet, Peter Polster, and

Pierre Chatelain

Sanofi Research Center, 1, avenue de Béjar, B-1120 Brussels, Belgium. Received April 5, 1991

The synthesis and initial biological evaluation of a series of 1-sulfonylindolizines is described. These compounds
have been shown to be representatives of a novel class of potent, slow-channel calcium antagonists. All compounds
were found to be at least as active as the reference calcium antagonists verapamil and cis-(+)-diltiazem. Struc-
ture-activity relationship studies have shown that all compounds possessing an aralkyl group in the amine moiety
and an isopropyl or cyclopropyl group at the 2 position of the indolizine are among the most potent calcium antagonists
known outside the 1,4-dihydropyridine series. The ICy, values for the inhibition of [*H]nitrendipine binding vary
between 0.19 and 4.5 nM whereas the IC;, value for nifedipine is 2.5 nM. One of the compounds in this group (9ab)

has now been selected for clinical development.

Despite the enormous growth in interest in calcium
antagonism during the last 2 decades and its recognition
as a principle with a great potential impact on the treat-
ment of ischemic heart disease and hypertension, there are
comparatively few calcium channel blocking agents cur-
rently in clinical use. These drugs are characterized by
the fact that they belong to only three classes of com-
pounds which are chemically unrelated: the phenyl-
alkylamines, the 1,4-dihydropyridines, and the benzo-
thiazepines. The three well-known prototypes of three
chemical classes are shown in Chart 1.

More recently several novel classes of calcium blockers
have emerged: diphenylbutylpiperidines (fluspirilene),l2
1,3-diphosphonates (belfosdil),? and, in addition, benzo-
thiazinone (HOE 166),%5 the chemical structure of which
bears some resemblance to diltiazem.

Previous studies by us have led to the discovery of 1-
sulfonylindolizines as a new class of potent calcium an-
tagonists.6® The biochemical studies carried out to date

tSanofi Research, 371, rue du Professeur J. Blayac, F-34184
Montpellier, France.
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implicate a new binding site associated with the L-type
calcium channel for the 1-sulfonylindolizines in addition

(1) Galizzi, J. P.; Fosset, M.; Romey, G.; Laduron, P.; Lazdunski,
M. Neuroleptics of the Diphenylbutylpiperidine Series are
Potent Calcium Channel Inhibitors. Proc. Natl. Acad. Sci.
USA 1986, 83, 7513-7517.
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