
Discovery of Drugs to Treat Cocaine Dependence: Behavioral 
and Neurochemical Effects of Atypical Dopamine Transport 
Inhibitors

Gianluigi Tanda, Amy H. Newman, Jonathan L. Katz
Psychobiology (GT, JLK), and Medicinal Chemistry (AHN) Sections, Medications Discovery 
Research Branch, Intramural Research Program, Department of Health and Human Services, 
National Institute on Drug Abuse, National Institutes of Health, Baltimore, MD 21224

Abstract

Stimulant drugs acting at the dopamine transporter (DAT), like cocaine, are widely abused, yet 

effective medical treatments for this abuse have not been found. Analogs of benztropine that, like 

cocaine, act at the DAT have effects that differ from cocaine, and in some situations block the 

behavioral, neurochemical, and reinforcing actions of cocaine. Neurochemical studies of 

dopamine levels in brain and behavioral studies have demonstrated that benztropine analogs have a 

relatively slow onset and reduced maximal effects compared to cocaine. Pharmacokinetic studies, 

however, indicated that the benztropine analogs access the brain at concentrations above their in 
vitro binding affinities while binding in vivo demonstrates apparent association rates for 

benztropine analogs lower than that for cocaine. Additionally, the off-target effects of these 

compounds do not fully explain their differences from cocaine. Initial structure-activity studies 

indicated that benztropine analogs bind to DAT differently from cocaine and these differences 

have been supported by site-directed mutagenesis studies of the DAT. In addition, benztropine 

analog-mediated inhibition of uptake was more resistant to mutations producing inward 

conformational DAT changes than cocaine analogs. The benztropine analogs have provided new 

insights into the relation between the molecular and behavioral actions of cocaine, and the 

diversity of effects produced by dopamine transport inhibitors. Novel interactions of benztropine 

analogs with the DAT suggest that these drugs may have a pharmacology that would be useful in 

their development as treatments for cocaine abuse.

I. Introduction

A. The dopamine transporter, a biological target for human diseases and 
psychostimulant abuse.

Dopamine (DA) neurotransmission subserves a multitude of normal physiological functions 

in the central nervous system, with many factors affecting DA homeostasis. DA 

neurotransmission is regulated dynamically at the synaptic level by several mechanisms 

including negative feedback circuits induced by DA receptor occupancy that modulate 

neuronal activity, as well as DA synthesis. However, termination of the actions of DA by 

rapidly reducing its synaptic concentrations is critical. This occurs via metabolic degradation 

pathways, including monoamine oxidase (MAO), and catechol-oxymethyl-transferase 

(COMT) enzymes, and by DA uptake (Iversen et al., 2008). DA uptake sites or DA 
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transporters (DATs) are membrane-bound proteins that efficiently transport DA from the 

extra- to the intra-cellular space, and represent the major mechanism for the rapid 

termination of DA neurotransmission.

One of the most prominent of the diseases that involve dysfunctional DA neurotransmission 

is Parkinson’s Disease (PD) in which degeneration of the DA system leads to a reduction in 

neurotransmission in dopaminergic terminal areas that are important for somatic-motor 

functions, but also for emotional-affective functions (Lees et al., 2009). Indeed some of the 

typical symptoms of PD involve a difficulty to initiate movements, as well as depression and 

apathy (Chaudhuri and Schapira, 2009). Drugs that target the DAT, methylphenidate and d-

amphetamine, are clinically effective treatments, and genetic variants in the DAT have been 

implicated in the etiology ADHD (e.g. Hahn and Blakely, 2007). A DA component is also 

involved in other diseases involving emotional and affective functions, including 

schizophrenia, autism, Tourette’s syndrome, and depression (Meisenzahl et al., 2007; 

Steeves and Fox, 2008; Stein, 2008).

The DAT is also the main target for stimulant drugs of abuse, such as cocaine, amphetamine, 

methamphetamine, and methylenedioxymethamphetamine (Zhu and Reith 2008). Stimulant 

abuse and addiction are recognized to be a major public health and socio-economical issues 

(see for example: Substance Abuse and Mental Health Services Administration, http://

www.oas.samhsa.gov) and research efforts over the last two decades have shed light on the 

neurobiological basis of cocaine dependence (Kalivas, 2007; Nestler, 2005). And while 

promising new strategies for the development of medical treatments have been reported (e.g. 

Kharkar et al., 2008; Newman and Katz, 2009; Runyon and Carroll, 2008), cocaine 

addiction remains a condition for which effective medical treatments have not yet been 

identified.

Cocaine acts in the CNS at several pharmacological targets. For example, its local anesthetic 

effects have been well documented together with its effects on Na+ channels (Catterall and 

Mackie, 2006). However, the main activity contributing to the reinforcing effects of cocaine, 

and its consequent abuse liability, involves the blockade of plasma membrane monoamine 

transporters (see review by Carroll et al., 1999). Although cocaine inhibits the transport of 

dopamine, serotonin, and norepinephrine from the synapse into nerve terminals, blockade of 

the DAT is considered the main effect through which the pharmacology of cocaine 

contributes to its behavioral and reinforcing actions (Kuhar et al., 1991; Ritz et al., 1989a).

B. The DAT as a pharmacological target for candidate drugs as psychostimulant abuse 
medications, the atypical DAT inhibitors benztropine analogs.

It has been hypothesized that drugs blocking the DAT will have reinforcing effects similar to 

those of cocaine (Kuhar et al., 1991). However, of the several chemical classes of DAT 

inhibitors synthesized in the last 15–20 years, some have behavioral effects that differ from 

those of cocaine (Newman and Kulkarni, 2002). Because of these variations in behavioral 

effects, these “atypical” DAT inhibitors are being actively investigated to find clues that may 

help in the search for psychostimulant abuse medications.
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Agonist or substitution therapies have been successful in the treatment of opioid (Mattick et 

al., 2009) and nicotine abuse (Stead et al., 2008). As such, drugs that block the DAT, but 

with lower abuse potential compared to cocaine, have been the focus of many of the drug 

discovery programs directed at cocaine abuse treatments. One of the most studied 

compounds, GBR 12909 (Figure 1), which shares some basic pharmacological features with 

addictive psychostimulants, has preclinical effects suggestive of a clinically effective 

treatment. Specifically, treatment with GBR12909 decreases cocaine self-administration in 

animals, at doses that do not affect the behaviors reinforced with food presentation (see 

review by Rothman et al., 2008). However, the appearance of cardiovascular effects in 

clinical trials prevented its further development (Vocci et al., 2005).

Several classes of DAT inhibitors that were tested preclinically for their potential as 

treatments for stimulant abuse have been reviewed elsewhere (e.g. Kharkar et al., 2008; 

Meltzer, 2008; Prisinzano and Rice, 2008; Runyon and Carroll, 2008). The present chapter 

focuses on analogs of benztropine (3α-diphenylmethoxytropane, BZT, Figure 1). This 

parent compound was initially of interest because it shares structural features with both 

cocaine and GBR 12909 (Figure 1). Therefore, solely from a structural perspective, BZT and 

its analogs were of interest. Moreover, though BZT is in clinical use for treatment of early 

stage PD for many years, there are only a few case-reports of its abuse, mainly related to its 

anticholinergic effects (see for example Grace, 1997). Finally, Colpaert et al. (1979) showed 

that BZT did not fully substitute in rats trained to discriminate cocaine from saline 

injections. These considerations suggested that BZT analogs could be of interest for cocaine-

abuse treatment, and may have advantages over DAT inhibitors that share cocaine-like 

preclinical indications of abuse liability. To pursue this possibility, we initiated a program of 

synthesis and evaluation of BZT analogs. A comprehensive review of the chemistry of these 

compounds has been recently published (Newman and Katz, 2008). In the present chapter 

we review preclinical and clinical research that has been conducted on BZT analogs as it 

relates to the potential of these compounds as medications for cocaine abuse.

C. Definitions.

JJC 1–059: N-(3-((3S,5R)-3,5-dimethyl-4-(3-phenylpropyl)piperazin-1-yl)propyl)-4-fluoro-

N-(4-fluorophenyl)aniline

JJC 2–010: 3-(4-(3-(bis(4-fluorophenyl)amino)propyl)piperazin-1-yl)-1-phenylpropan-1-ol

GBR 12909: 1-[2-[bis(4-fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)piperazine

WIN 35,428: (–)-2β-carbomethoxy-3β-(4-fluorophenyl)tropane

RTI 371: 3β-(4-methylphenyl)-2β-[3-(4-chlorophenyl)isoxazol-5-yl]tropane

RTI-121: (–)-2β-carboisopropoxy-3β-(4-iodophenyl)tropane

RTI-55: 3β-(4-iodophenyl)tropan-2 beta-carboxylic acid methyl ester

RTI-31: (–)-2β-carbomethoxy-3β-(4’-chlorophenyl)tropane
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CP 55940: 2-[(1S,2R,5S)-5-hydroxy-2-(3-hydroxypropyl) cyclohexyl]-5-(2-methyloctan-2-

yl)phenol

II. Behavioral studies

A. Stimulation of ambulatory activity

Stimulation of ambulatory activity is one of the common effects produced by 

psychostimulants after systemic administration. This behavior is likely mediated by the 

ability of these compounds to interact with DA transmission in specific brain areas related to 

physiological functions other than control of motor activities (Zahm, 1999). It is interesting 

to note that local application of psychostimulants in specific dopaminergic terminal fields 

that are implicated in the subjective effects and abuse liability of psychostimulant drugs 

increases ambulatory activity (Ikemoto, 2002). Thus, though this behavioral activity is not 

directly related to the reinforcing effects of these compounds, this behavior provides a 

relatively simple preclinical model to investigate psychostimulant-like effects of compounds 

that may have liability for abuse.

The dose-dependent effects of cocaine and standard DAT inhibitors (e.g., methylphenidate, 

mazindol, and nomifensine) on stimulation of ambulatory activity can be graphically 

represented as a bell-shaped, inverted-U curve, with increased stimulation of activity at low 

to intermediate doses, and a decrease of effects at the larger doses (filled symbols in Figure 2 

show cocaine effects). The latter may be the result of the appearance of behaviors other than 

ambulation, i.e. stereotypies, proconvulsive effects, seizures or convulsions, that are likely 

incompatible with locomotion. BZT analogs can produce different levels of ambulatory 

activity, but they most often do not stimulate activity to the same level as that produced by 

cocaine or cocaine-like drugs (Katz et al., 2001; Katz et al., 1999; Katz et al., 2004; 

Newman et al., 1994; Newman et al., 1995; Tanda et al., 2005; Tolliver et al., 1999) (Figure 

2. For chemical structures see Figure 1). In contrast, standard DA uptake inhibitors, such as 

cocaine and methylphenidate, have maximal effects that are generally comparable, if 

relatively restricted time points for measurement are selected, eliminating duration of action 

as an influence on the measurement of maximal effects (Izenwasser et al., 1994). Thus, the 

effects of BZT analogs on this behavioral activity were atypically blunted as compared to 

those of cocaine.

Binding of BZT analogs indicated that they have high-affinity for the DAT and are selective 

for that target over the other monoamine transporters (Katz et al., 1999), suggesting that the 

reduced effectiveness of these compounds was not due to a low affinity for the DAT protein. 

Structure-activity studies indicated that the BZT analogs with a fluoro-substitution in the 

para-position on either of the phenyl rings were less effective than cocaine, but were most 

effective among the BZT analogs. Those with chloro-substitutions, had affinities comparable 

to those of the fluoro-substituted analogs, but were even less effective in stimulating 

locomotor activity than cocaine (Figure 2).

BZT analogs, when administered before cocaine, can modify cocaine-induced stimulation of 

ambulatory activity. For example, in rats injected i.p. with 40 mg/kg of 4’-Cl-BZT cocaine 

(10 mg/kg, i.p.) administered 2 hours later stimulated ambulatory behavior to a greater 
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extent than after saline injection (Tolliver et al., 1999). In contrast, Desai et al. (2005b) 

showed that the BZT analog, JHW 007 blocked the locomotor-stimulant effects of cocaine. 

JHW 007 produced a significant DAT occupancy that was not followed by significant 

cocaine-like stimulant effects. However, the apparent association rate of JHW 007 in vivo 
was slow. Control mice pretreated with saline showed a dose-dependent stimulation of 

ambulatory counts by increasing doses of cocaine, with maximum activity shown at 40 

mg/kg. Cocaine-induced locomotor activity was completely antagonized in mice pretreated 

with a 10 mg/kg dose of JHW 007, while another BZT analog, AHN-2005, only reduced the 

effects of the highest doses of cocaine tested (Desai et al., 2005b). Similarly, a combination 

of AHN 1–055 with cocaine attenuated the cocaine-induced locomotor stimulation 

(Velazquez-Sanchez et al., 2009). In contrast, d-amphetamine pretreatment increased the 

effects of cocaine, suggesting that the absence of an increase in cocaine effects produced by 

AHN 1–055 was not the result of a “ceiling” being reached, above which further increases 

could not be obtained. In addition, the possibility that ambulatory activity was reduced 

through competition with other behaviors, such as focused stereotypies was ruled out. 

Combined d-amphetamine and cocaine treatments produced both robust locomotion and 

stereotyped behavior. In contrast, AHN 1–055 did not enhance the stereotyped behavior 

produced by cocaine alone. These data suggest that the attenuation of the effects of cocaine 

by AHN 1–055 was not due to the induction of competing behaviors, and that its effects in 

combination with cocaine are distinctly different from those produced by classic 

psychostimulants (Velazquez-Sanchez et al., 2009).

B. Cocaine discrimination

Drug-discrimination is a behavioral procedure in which the subjective effects produced by 

the administration of a drug can be studied in human or animal subjects (Holtzman, 1990). 

The more minute details of the procedures differ from one experiment to another, but 

subjects are always trained to emit one response after injection of the training drug and a 

different response after injection of its vehicle. These responses are only intermittently 

reinforced, so the only stimulus for the subject regarding which of the two responses will be 

reinforced is the injection (drug or vehicle) administered before testing (for further details 

see Holtzman, 1990). The subjective effects of cocaine using this procedure have been 

extensively studied (Woods et al., 1987), and only drugs that act through brain mechanisms 

similar to those of cocaine produce cocaine-like responding. Drugs like WIN 35,428, 

methylphenidate or d-amphetamine will generalize to (or substitute for) the cocaine 

discriminative stimulus. There is also a correlation between the potencies of various DAT 

inhibitors in substituting for cocaine and their affinity for the DAT, though the relationship is 

complicated by the modeling of the binding data for one or two DAT sites (Katz et al., 

2000). Further, monoamine uptake inhibitors with affinity primarily for either SERT or NET 

generally do not fully substitute for the cocaine discriminative stimulus (Baker et al., 1993; 

Kleven et al., 1990).

BZT analogs have demonstrated different degrees of effectiveness in substituting for 

cocaine, and most do not fully substitute for the cocaine discriminative stimulus (see for 

example Katz et al., 1999) (Figure 3). BZT analogs with para fluoro substituents of the 

diphenyl ether system are among the more effective, while BZT analogs with other para-
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substitutions, despite binding affinities comparable to those of the fluoro-substituted 

compounds (Newman and Katz, 2009), are clearly less effective (Figure 3). It is important to 

note that the lower efficacy of these compounds in drug-discrimination studies has been 

suggested as reflecting a slow onset of central effects compared to cocaine or other cocaine-

like DAT inhibitors. Thus in some experiments, BZT analogs were administered at different 

times before testing. However, with the exception of AHN 1–055, none of the BZT analogs 

studied produced a larger cocaine-like discriminative effect when tested at times from 5–120 

min before the session (Katz et al., 1999; Katz et al., 2004). AHN 1–055 fully substituted for 

cocaine when administered 90 min before testing, but not at other times.

Due to their reduced effectiveness, BZT analogs have also been tested for their ability to 

interfere with the discriminative-stimulus effects of cocaine. Combinations of standard DAT 

inhibitors with cocaine typically resulted in a leftward shift in the cocaine dose-effect curve. 

In a series of experiments with analogs of BZT substituted with Cl-groups in the 3’-, 4’-, 3’,

4’-, and 4’,4’- positions of the diphenylether system, it was shown that despite of their 

reduced efficacy in substituting for cocaine, these analogs shifted the cocaine discriminative-

stimulus dose-effect curve leftward (Katz et al., 2001). In contrast, N-substituted analogs of 

BZT (e.g. AHN 2–005, JHW 007) did not appreciably shift the cocaine dose-effect curve 

(Katz et al., 2004). Thus, there are differences among the BZT analogs with regard to their 

interactions with cocaine.

Studies have implicated nucleus accumbens (NAc) DA transmission in the discriminative-

stimulus effects of stimulants (e.g. Callahan et al., 1997; Dworkin and Smith, 1988). Tanda 

et al. (2006) examined the subjective effects of cocaine and N-substituted BZT analogs in 

rats discriminating cocaine from saline, and their effects on extracellular DA in the NAc 

shell. All of the compounds tested dose-dependently (1, 3, and 10 mg/kg i.p.) increased NAc 

DA levels, however their maximum effects were different and were obtained at different 

times after injection. Although cocaine and AHN 1–055, dose-dependently generalized with 

the cocaine discriminative stimulus, AHN 1–055 only did so only at 90 min after injection. 

Both AHN 2–005 and JHW 007 produced a substitution greater than vehicle, though neither 

drug fully substituted for cocaine at any dose or time after administration. The subjective 

effects or cocaine were linearly related to the amount of DA released, and independent of 

time after injection. However, the BZT analogs were less effective in producing a cocaine-

like discriminative stimulus effect even at times and doses that produced a stimulation of DA 

levels that was equal to or greater than that shown with cocaine to be effective in producing 

exclusive cocaine-like responding. Other studies have also documented differences in 

behavioral response to similar concentrations of DA produced by psychostimulants (e.g. 

Zolkowska et al., 2009). Thus, comparable levels of DA stimulated by the BZT analogs 

produced less substitution than did cocaine, and the behavioral effects obtained at a given 

level of DA elevation for BZT analogs depended on the time after injection, suggesting a 

rapid desensitization to the effects of DA accompanying the administration of BZT analogs.

C) Self-administration

Drug self-administration is a behavioral procedure in which responses of a subject directly 

produce drug injections. The consistent features of the many variants of the procedure 
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involve training a subject to emit a simple response that produces an intravenous injection of 

the compound. Often subjects are trained with one known compound, such as cocaine, and 

tested with various doses of unknown compounds, as well as vehicle. When rates of 

response are greater than those maintained with vehicle injection, the compound is said to 

have reinforcing effects (see Katz, 1989, for further details). Behavior maintained by drug 

self-injection is often considered the gold standard for the study of the reinforcing effects, 

and thus the abuse liability, of drugs.

The reinforcing effects of cocaine have been extensively documented (Woods et al., 1987). 

The reinforcing effects of BZT analogs were initially compared to those of cocaine in two 

studies. In the first, rhesus monkeys were trained to self administer cocaine, and BZT and its 

3’-Cl- and 4’-Cl-analogs were subsequently tested. Rates of responding maintained by BZT 

and its analogs were relatively low compared to those maintained by cocaine (Woolverton et 

al., 2000) In this study drugs were delivered after each 10th lever press (fixed-ratio 10-

response, or FR 10 schedule).

The reinforcing effects of 3’-Cl-, 4’-Cl-, and 3’,4’-diCl-BZT were further tested in a second 

study, and compared to those of cocaine and GBR 12909 under the FR 10 schedule 

(Woolverton et al., 2001). The rate of self-administration obtained under the FR schedule 

with 3’-Cl- and 4’-Cl-BZT, but not with 3’,4’-diCl-BZT was greater than vehicle, but much 

lower than that maintained by cocaine or by GBR 12909 in the same monkeys. The rate of 

self-administration of 3’,4’-diCl-BZT was not greater than that maintained by vehicle. In a 

second part of the study, rhesus monkeys were trained to respond under a progressive-ratio 

schedule, in which the number of responses required for self administration increases 

progressively until the subject stops responding. The number of responses completed before 

the subject stops responding is often considered a measure of the effectiveness of a 

compound as a reinforcing stimulus (Hodos, 1961). Cocaine and GBR 12909 were the most 

effective reinforcers, and the BZT analogs were the least efficacious, with the rank order as 

follows: cocaine> GBR 12909 > 3’-Cl-BZT = 4’-Cl-BZT >3’,4’-diCl-BZT. In a more recent 

study using rats, progressive-ratio performance maintained by cocaine was greater than that 

maintained by AHN 1–055, which was only marginally greater than that maintained by 

vehicle (Ferragud et al., 2009, in press).

Recently, the reinforcing effects of N-substituted BZT analogs were assessed in rats 

responding under an FR 5 schedule, and compared to those of standard DAT inhibitors 

(Hiranita et al., 2009). The DAT inhibitor, methylphenidate, maintained responding like 

cocaine (Figure 4A), whereas the SERT and NET inhibitors, citalopram and nisoxetine, 

respectively, did not (Figure 4B). Under the same experimental conditions, neither AHN 2–

005 nor JHW 007 maintained rates of responding above those maintained by vehicle (Figure 

4C). AHN 1–055 maintained i.v. self-administration behavior, though maximal rates of 

responding were at a low level as compared to cocaine or methylphenidate (Figure 4C). 

Reinforcing effects of AHN 1–055 were also demonstrated by Ferragud et al. (2009, in 

press) using an FR 1-response injection schedule. In addition, after a two-week period in 

which subjects did not have the opportunity to respond, the responding previously 

maintained by AHN 1–055 was reduced to the rates previously obtained with vehicle 

whereas responding previously maintained by cocaine persisted.
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Pre-session treatments with methylphenidate (p.o.) shifted the dose-response curve for 

cocaine self-administration leftward (Figure 5A), suggesting that methylphenidate did not 

antagonize the reinforcing effects of cocaine, but rather added to them (Hiranita et al., 2009). 

At variance with methylphenidate, AHN 2–005 and JHW 007 (p.o.) shifted the cocaine 

dose-response curve downward (Figure 5C and D), suggesting an antagonistic effect of these 

compounds on cocaine self-administration (Hiranita et al., 2009). The effects of AHN 1–055 

were more complex, with intermediate doses of the compound increasing responding at 

lower doses of cocaine, but decreasing responding for the higher cocaine doses. Also, higher 

doses of AHN 1–055 shifted the cocaine dose-response curve downward, thus significantly 

decreasing and antagonizing cocaine maintained self-administration behavior (Figure 5B). 

Importantly, the BZT analog-induced changes in cocaine self administration were obtained 

at p.o. doses that had no effects on responding maintained by food reinforcement under 

conditions similar to those used for the studies of cocaine-maintained responding (Ferragud 

et al., 2009, in press; Hiranita et al., 2009).

A slower onset of action as compared to cocaine and other psychostimulants may explain the 

lower efficacy of BZT analogs as reinforcers. Because of the importance of contingency 

between the response and the effect of the compound, slow onset of action results in delays 

in reinforcement. A substantial literature in behavioral science confirms delay in 

reinforcement as a factor that decreases the effectiveness of all reinforcers (Skinner, 1938) as 

well as cocaine (e.g. Beardsley and Balster, 1993).

D) Place Conditioning

Place conditioning is a behavioral procedure used to indirectly assess the reinforcing or 

aversive effects of compounds. As with drug discrimination, the actual details of the 

procedure can differ from one experiment to the next, but all consist of placing the subject 

on one side of an enclosure after compound administration, and on the other side after 

vehicle injection. The texture of floors, illumination and other features of the two sides differ 

substantially. The majority of published studies proceed in three different phases, starting 

with a “pre-conditioning” test of how the subject distributes its time on the two sides of the 

chamber. The second “conditioning” phase involves confining the subject to one of the two 

sides by closing a door between them. When the subject is confined on one side it is 

pretreated with a compound, and when confined to the other side it is injected with vehicle. 

A final “testing” phase follows in which subjects have free access to both sides of the 

chamber (door open) in a compound-free condition, and the time spent in each side is 

recorded. It has been repeatedly found that appropriate doses of psychostimulants 

administered during the conditioning phase increase the time spent by animals in the 

compound-paired compartment during the testing phase, i.e. place conditioning.

As noted above, one hypothesis for the lower reinforcing efficacy of BZT analogs in self-

administration studies as compared to cocaine might result from the delayed onset of their 

effects. For example, Tanda et al. (2005; 2009) have shown that BZT analogs increase 

extracellular levels of DA in dialysates from the NAc at a lower rate as compared to cocaine 

(see Section E below). In self-administration studies, a slow onset of effect would produce a 

delay of reinforcement that might decrease the rate or amount of behavior maintained. Even 
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a fully effective drug such as cocaine maintains less behavior when its presentation is 

delayed in a self-administration study (e.g. Balster and Schuster, 1973). In a place 

conditioning study, the time between compound treatment and placement of the subject in 

the chamber can be varied to accommodate a delay in onset of effect and thus not alter the 

effectiveness of the compound.

Place conditioning with BZT analogs administered from immediately to 90 min before 

conditioning trials was investigated by Li et al. (2005), and results were compared to those 

obtained with cocaine administration. The effects of cocaine were robust and replicated the 

type of dose-dependent effects previously reported (see review by Tzschentke, 1998). The 

N-substituted BZT analogs, AHN 2–005, AHN 1–055, and JHW 007 were less effective and 

only occasionally produced an increase in time spent in the compound-paired compartment. 

For example, AHN 2–005 (0.1–10.0 mg/kg) produced a significant place conditioning only 

at the dose of 3 mg/kg when administered 45 min before the conditioning session. At all 

other times and doses, the effects of AHN 2–005 were not different from vehicle. 

Administration of JHW 007 (1.0–10.0 mg/kg) significantly increased time spent in the 

compound-paired compartment only when the dose of 10 mg/kg .i.p. was administered 45 

min before the subject was placed in the conditioning chamber, but not when placed in the 

chamber immediately or 90 min before trials, or at any of the other doses or times. The N-

methyl substituted BZT analog, AHN 1–055, had effects no different from those of saline 

across a range of doses from 0.3 to 3.0 mg/kg even when administered i.p. up to 90 min 

before conditioning sessions (Li et al., 2005).

In agreement with Li et al. (2005), in a recent report (Velazquez-Sanchez et al., 2009), AHN 

1–055 did not produce place conditioning in mice when administered 1 h before the 

conditioning sessions using a higher range of doses compared to those used by Li et al. 

(2005). Velasquez-Sanchez et al. (2009) also showed that AHN 1–055 blocked the 

conditioning and rewarding effects of cocaine measured in the place conditioning paradigm. 

These effects of AHN 1–055 paralleled its effects on preventing cocaine-induced early-gene 

activation (Velasquez-Sanchez et al., 2009) in the nucleus accumbens and dorso-medial 

striatum, providing a neurobiological correlate to the antagonism of cocaine conditioning by 

the BZT analog.

Thus, place conditioning experiments with BZT analogs consistently indicate decreased 

effectiveness compared with cocaine. Further, when the delayed onset of effects of BZT 

analogs was taken into account, these experiments further suggest that the reduced cocaine-

like behavioral effects of BZT analogs could not be entirely accounted for by a slower onset 

of action.

E. Neurochemistry

Most of the behavioral and reinforcing effects of cocaine have been related to its ability to 

block the DAT, which consequently leads to increased DA neurotransmission. The effects of 

cocaine on extracellular DA levels in different dopaminergic terminal areas in brain have 

been extensively studied using microdialysis (Kuczenski and Segal, 1992; Pontieri et al., 

1995; Tanda et al., 1997b) and voltammetry techniques (Greco and Garris, 2003).
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The effects of 4’-Cl-BZT were compared with those of cocaine on stimulation of DA levels 

in microdialysis studies in rats. One study was performed with probes implanted only in the 

NAc (Tolliver et al., 1999), and a second study was performed with microdialysis probes 

implanted in specific DA terminal areas, including the shell and core of the NAc, the medial 

prefrontal cortex and the dorsal striatum (Tanda et al., 2005). Results from each study show 

that both cocaine and 4’Cl-BZT dose-dependently stimulated DA levels in all brain regions 

tested. Across the range of doses studied, cocaine was 2–3-fold more potent than 4’-Cl-BZT 

in stimulating DA levels in the brain regions studied (Tanda et al., 2005). The differences 

were most pronounced in the shell of the NAc where cocaine was not only slightly more 

potent but also more effective than 4’-Cl-BZT (Figure 6). A different pattern was observed 

in the prefrontal cortex where 4’-Cl-BZT was more effective than cocaine. Whereas the 

effects of cocaine were rapid and transient, the effects of 4’-Cl-BZT lasted longer with DA 

levels still significantly elevated more than 5 hours after administration of the higher doses. 

The long-lasting effects of 4’-Cl-BZT are likely the result of the slow elimination rate of 

BZT analogs (see below). It should also be noted that although 4’-Cl-BZT effects were 

longer lasting compared to cocaine, its rate of increase in DA levels was much slower than 

that for cocaine (Figure 6). A recent study using mice confirms a lower rate of increase in 

DA levels and a longer duration of action compared to cocaine for the BZT analog, JHW 

007 (Tanda et al., 2009). The duration of the effects of JHW 007 on extracellular DA levels 

was longer than 24 hours at i.p. doses of 10 and 17 mg/kg. The same pattern of activation of 

DA transmission, lower rate of increase and longer duration of action compared to cocaine, 

has been also confirmed for 4’−4”-Cl-BZT, MFZ-4–86, and MFZ-4–87 (unpublished 

observations).

The antagonist effects of JHW 007 on cocaine-induced stimulation of ambulatory activity 

and on cocaine-maintained self-administration suggest the interaction between JHW 007 and 

cocaine might involve alteration of cocaine-induced stimulation of extracellular DA levels. 

For this reason, the effects of combinations of different doses of JHW 007 and cocaine on 

stimulation of DA levels in the NAc shell were examined in mice and compared with 

combinations of cocaine and the DAT blocker, WIN 35,428 (Tanda et al., 2009). 

Isobolographic analysis (Tallarida, 2000; Tallarida, 2007), showed that combinations of 

cocaine and WIN 35,428 produced an increase in extracellular DA levels that was greater 

than a simple additive effect. In contrast, the effects of JHW 007 in combination with 

cocaine were consistently less than additive. At times after injection and at several doses, 

JHW 007 decreased the effects of cocaine on extracellular DA levels in the NAc shell 

(Figure 7). These results, showing a less than predicted level of DA stimulated by cocaine, 

are in agreement with the behavioral effects of combinations of JHW 007 with cocaine 

(Desai et al., 2005b; Hiranita et al., 2009), and suggest that JHW 007 may reduce the 

effectiveness of cocaine in stimulating dopamine neurotransmission in brain areas related to 

its reinforcing actions.

F. Human studies

BZT is the only drug in its class approved for human use, due to its efficacy in early stages 

of PD, an effect thought to be due to its antimuscarinic effects. There is only one report in 

which BZT has been evaluated as a potential cocaine-abuse medication in humans (Penetar 
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et al., 2006) in which 16 healthy recreational cocaine users were administered BZT (1, 2 or 4 

mg) or placebo 2 hours before the subjects were allowed to self administer cocaine 

intranasally (0.9 mg/kg). Physiological and subjective measures of cocaine effects were 

monitored in the ensuing 2 hours. BZT alone did not change cardiovascular parameters or 

subjective effects evaluated by visual analog scales. In contrast, cocaine produced several 

subjective responses, most notably an increase in the visual analog scale ratings of “high” 

and “stimulated” and an increase in heart rate. Pretreatment with BZT, did not modify any 

effect produced by cocaine. The absence of adverse subjective and physiological effects 

suggests that higher doses of BZT could be tested in human subjects to better evaluate its 

therapeutic potential as a medication for cocaine abuse.

III. Pharmacokinetic studies

As noted above, one of the initial hypotheses to explain the lower effectiveness of BZT 

analogs as compared to cocaine, and the relatively slower onset of effect for behavioral and 

neurochemical measures, was a slower CNS penetration of BZT analogs. The 

pharmacokinetic parameters of selected BZT analogs have been studied and compared to 

those of cocaine (Othman et al., 2007a; Othman et al., 2007b; Raje et al., 2003; Raje et al., 

2006). In these studies, performed in rats, compounds were administered i.v. to eliminate 

differences in rate of absorption from the injection site. The most prominent difference 

between the BZT analogs and cocaine was the substantially slower disappearance of the 

BZT analogs from plasma and brain. The longer duration of action described for several 

BZT analogs with regard to elevation of NAc DA levels can be explained by their lower 

plasma and brain elimination rates compared to cocaine.

Interestingly, all the BZT analogs studied were found at high concentrations in brain within 

minutes after injection with initial levels of from 4–15 μg/gram of tissue (Othman et al., 

2007a; Othman et al., 2007b; Raje et al., 2003; Raje et al., 2006). The initial compound 

levels equate to 3–27 μM, depending on the particular compound and exceed the Ki values 

of 11–30 nM (Newman and Katz, 2009). The relatively fast appearance of the BZT analogs 

in brain contrasts with the slow onset of their neurochemical and behavioral effects.

IV. Studies of in vivo binding of BZT analogs at the DAT and relationship 

with behavioral and neurochemical effects

Studies of in vivo displacement of [125I]RTI-121 by cocaine was dose- and time-dependent 

with a maximum effect 30 min after injection (Desai et al., 2005b). The BZT analogs, AHN 

1–055, AHN 2–005, and JHW 007, also displaced [125I]RTI-121 binding in a dose- and 

time-related manner (Desai et al., 2005a; Desai et al., 2005b). However, AHN 1–055 and 

AHN 2–005 showed a maximum displacement of [125I]RTI-121 at approximately 150 min 

after injection, and displacement by JHW 007 did not show a plateau up to 4.5 hours after its 

administration (Figure 8). Further, there was no evidence of any decrease in the 

displacement of [125I]RTI-121 by the BZT analogs over the times studied, which follows 

from the slow elimination rate of BZT analogs described in the pharmacokinetic studies. 

When the apparent association rate of JHW 007 for the DAT was calculated as a function of 

the displacement of RTI-121 (as a percentage of specific RTI-121 binding) per minute over 
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the linear portions of the curves, the apparent association of JHW 007 was more than 10-fold 

lower than that for cocaine (Desai et al., 2005b). A lower association rate for BZT analogs 

might fully account for the pharmacokinetic findings that they penetrate the CNS relatively 

rapidly and the in vivo pharmacology showing a slow onset of effects relative to other 

stimulant drugs such as cocaine.

The relationship between DAT occupancy and behavioral effects was assessed by examining 

the relationship between displacement of RTI-121 and the stimulation of locomotor activity 

(Desai et al., 2005a; Desai et al., 2005b) (Figure 9). There was a significant relationship 

between DAT occupancy by cocaine and its stimulation of locomotor activity at the various 

doses and time points. However, one interesting aspect of this correlation is that a 

disproportionately greater effect on locomotor activity than could be predicted by DAT 

occupancy was obtained during the first 5 minutes after cocaine injection. This effect of 

cocaine makes the association of the two variables unexpectedly poor as compared to 

previous comparisons of affinity and potency in self administration among various DAT 

inhibitors (Bergman et al., 1989; Ritz et al., 1987).

Differences from these previous outcomes are likely related to the manner in which the 

binding studies were conducted (e.g. in vivo versus in vitro binding methods; equilibrium 

versus dynamic aspects of binding; single compound versus comparisons of various 

compounds, etc.) or the behavioral endpoint (locomotor activity versus self administration). 

Nonetheless, as the divergence from the regression was observed with data obtained soon 

after injection, association rate was suggested to play an important role in the stimulant 

effects of cocaine (e.g. Volkow et al., 2002).

V. Influence of off-target actions of BZT analogs.

The parent compound, BZT, has affinity for M1 muscarinic and H1 histamine receptors. 

Binding studies performed on BZT analogs have shown that most of them are selective DAT 

inhibitors as compared to other monoamine transporters, however many have affinity for M1 

and H1 receptors (Katz et al., 2001; Katz et al., 2004; Katz et al., 2003). Thus it is possible 

that sites other than DAT may contribute to the differences between the behavioral effects of 

BZT analogs as compared to cocaine. Several studies were initiated to examine these 

possibilities. If the off-target effects of the BZT analogs (those not mediated by the DAT) 

attenuate their cocaine-like activity, then the effects of cocaine should be antagonized, at 

least partially, by the administration of a compound selective for the off-target site.

A. Antagonist activities at muscarinic M1 receptors

The non-selective anticholinergics, atropine and scopolamine, potentiate several behavioral 

effects of CNS stimulants (e.g. Carlton and Didamo, 1961; Scheckel and Boff, 1964). This 

type of interaction was also found for cocaine and either atropine or scopolamine in drug 

discrimination procedures (Katz et al., 1999). Atropine and scopolamine also potentiated the 

locomotor stimulant effects of cocaine (Katz et al., 1999). Thus a potentiation, rather than 

antagonism of cocaine effects occurs with muscarinic antagonists. From these experiments it 

appears that the muscarinic antagonism produced by some of the BZT analogs does not 

account for the attenuation their cocaine-like behavioral effects. BZT analogs have a 
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preferential affinity for muscarinic M1 receptors (Tanda et al., 2007) as compared to the M2-

M5 receptors, a pattern different from of the nonselective muscarinic antagonists, atropine 

and scopolamine(see for example Buckley et al., 1989). The muscarinic antagonists 

trihexyphenidyl and telenzepine that have preferential affinity for muscarinic M1 receptors, 

were studied in combination with cocaine (Tanda et al., 2007). Both of these antagonists 

dose-dependently and selectively potentiated the effects of cocaine on DA levels in the shell 

as compared to the core of the NAc and the medial pre-frontal-cortex (the effects of 

telenzepine in the NAc are shown in Figure 10). As increases in DA in the shell of the NAc 

have been related the acute reinforcing effects of cocaine (Pontieri et al., 1995) and other 

drugs abused by humans (Pontieri et al., 1996; Tanda et al., 2008; Tanda et al., 1997a), the 

potentiation of the effects of cocaine on DA levels selectively in the NAc shell is in 

disagreement with the hypothesis that M1 antagonist effects might be responsible for 

attenuating the reinforcing effects of BZT analogs.

It should also be noted that the rate of increase in extracellular DA levels obtained with the 

combination of M1 receptor antagonists and cocaine is higher than that obtained with 

cocaine alone (Figure 10). This faster rate of increase is also at variance with that observed 

for BZT analogs, which is lower as compared to cocaine, indicating that the muscarinic 

effects of BZT analogs does not account for the different effects on dopaminergic effects. 

Moreover, in agreement with their ability to potentiate cocaine-induced DA levels 

telenzepine and trihexyphenidyl can potentiate cocaine-induced subjective effects, producing 

small leftward shifts in the discriminative-stimulus dose-effects of cocaine (Tanda and Katz, 

2007). However, these M1 antagonists differed in their ability to interact with cocaine-

induced stimulation of locomotor activity, with trihexyphenidyl potentiating the stimulatory 

effects of cocaine, and telenzepine attenuating the effects of cocaine (Tanda et al., 2007). 

Thus, these experiments suggest that affinity of BZT analogs for, and their actions at, 

muscarinic M1 receptors are unlikely to be the cause of their reduced cocaine-like behavioral 

and reinforcing effects.

In agreement with these studies, BZT analogs with reduced affinity at muscarinic M1 

receptors that retain high affinity and selectivity for the DAT (Agoston et al., 1997b; 

Kulkarni et al., 2004; Robarge et al., 2000; Zou et al., 2003) have been evaluated (Katz et al., 

2004). Of the BZT analogs tested, AHN 1–055 had the highest affinity for the DAT and M1 

receptors, 11.8 and 11.6 nM respectively, and it was also among the more effective of the 

BZT analogs in stimulating ambulatory activity to levels that approached those seen with 

cocaine. AHN 2–005 and JHW 007 had 29.9 and 24.6 nM affinity for DAT, and 177 and 399 

nM for M1 receptors, respectively, but had substantially lower efficacy than cocaine in 

stimulating locomotor activity or substituting for cocaine as a discriminative stimulus (Katz 

et al., 2004).

A few studies have also investigated more directly the influence of antagonism at muscarinic 

receptors on cocaine-induced reinforcing effects. In one study (Ranaldi and Woolverton, 

2002), rhesus monkeys were trained to self-administer cocaine under fixed- and progressive-

ratio schedules. In most cases, combinations of cocaine and scopolamine maintained less 

self-administration than did cocaine alone. The authors concluded that anticholinergic 

actions contribute to the diminished self-administration of BZT analogs relative to cocaine, 
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and suggested that the mechanism involves either antagonism of the reinforcing effect of 

cocaine or punishment of the cocaine self-administration behavior by the anticholinergic 

activity.

Wilson and Schuster (1973) found atropine to increase rates of responding maintained by 

cocaine, a result that is not consistent with punishment by the anticholinergic agent, as 

punishment would involve a decrease in response rate. Further the atropine-induced 

increases in response rates were similar to the effect of lowering the cocaine dose. As 

atropine was administered before the experimental session and independently of responding, 

it was not functioning as a punishing stimulus. All of these considerations imply a 

pharmacologically noncompetitive antagonism (if any) of the reinforcing effects of cocaine 

by anticholinergic effects. Li et al. (2005) evaluated the effects of atropine in a place 

conditioning procedure. Atropine alone produced a trend toward conditioned place 

avoidance, and in combination with cocaine there was also a trend towards decreases in 

effectiveness of cocaine. In contrast to the implications of the Wilson and Schuster (1973) 

results described above, these trends suggest a behavioral rather than pharmacological basis 

to the interaction of anticholinergics with the reinforcing effects of cocaine, and further 

suggest a punishing effect of anticholinergic agents. However, due to the inconsistencies 

between the Li et al and Wilson and Schuster findings, definitive conclusions regarding the 

basis for the interaction of anticholinergics with cocaine for reinforcement are not possible 

at this time.

The hypothesis that the anticholinergic effects of the BZT analogs punish behavior relates 

specifically to self-administration procedures using the BZT analogs. In contrast, non-

competitive pharmacological interactions between cocaine-like and antimuscarinic effects 

could operate more broadly across the range of behavioral end points. As noted above, there 

is a range of pharmacological effects that differ between the BZT analogs and cocaine-like 

DA uptake inhibitors, including drug discrimination, locomotor activity (Katz et al., 1999) 

and c-Fos expression (Velazquez-Sanchez et al., 2009). The preponderance of data suggests 

that antimuscarinic effects enhance rather than antagonize many of the behavioral effects of 

cocaine-like stimulants. However, whether antimuscarinic actions enhance or attenuate any 

cocaine-like effects of individual BZT analogs will need to be empirically determined, and 

may depend on the behavioral endpoint and the spectrum of effects of the doses used of the 

particular BZT analog.

B. Antagonist activities at histamine receptors

Antagonists of histamine receptors have been tested in drug-discrimination studies alone and 

in combination with various behaviorally effective doses of cocaine in rats trained to 

discriminate cocaine from saline injections (Campbell et al., 2005). Results from these 

experiments show that promethazine and triprolidine, selective H1 antagonists, did not 

modify the subjective effects of cocaine at any dose tested, while other H1 antagonists (e.g., 

chlorpheniramine and mepyramine) potentiated the subjective effects of cocaine, producing 

a leftward shift of the cocaine dose-effect curve. The effects of these latter two agents were 

likely mediated by their activity as DAT inhibitors (Bergman and Spealman, 1986; Tanda et 

al., 2008; Tuomisto and Tuomisto, 1980). Similarly, the ratios of H1 to DAT affinities for 
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BZT analogs were not significantly related to, and did not predict outcome for their 

locomotor stimulant effects (Campbell et al., 2005).

As noted, certain histamine receptor antagonists also have actions that are mediated by the 

DAT, and some of these drugs have psychostimulant-like reinforcing effects in animal 

models of abuse (Bergman, 1990; Bergman and Spealman, 1986; Wang and Woolverton, 

2007; Wang and Woolverton, 2009). In microdialysis studies, i.v. administration of 

diphenhydramine, and the enantiomers of chlorpheniramine, dose-dependently and 

selectively elevated DA levels in the shell as compared to the core of the NAc (Tanda et al., 

2008), like it has been shown for virtually all drugs abused by humans (Pontieri et al., 1995; 

Pontieri et al., 1996; Tanda et al., 1997a). However, triprolidine, a selective H1 antagonist, 

did not modify extracellular DA levels of dopamine. Together these results show that affinity 

for both H1 and DAT in diphenhydramine and chlorpheniramine does not prevent certain 

cocaine-like behavioral effects. As this applies to BZT analogs, it suggests that their H1 

antagonist actions are probably not responsible for their reduced cocaine-like behavioral 

effects in animal models of drug abuse.

C. Involvement of other receptors/sites

Most BZT analogs have a high degree of selectivity for the DAT versus SERT and NET 

while cocaine has similar affinity for DAT and SERT with lower affinity for the NET (Katz 

et al., 1999; Katz et al., 2004). Thus, the lack of activity of BZT analogs on other 

monoamine transporters would suggest that agents lacking activity at these sites will be less 

effective than cocaine in producing effects related to drug abuse. However, several studies 

have indicated that the self administration of a variety of monoamine transport inhibitors is 

related to the affinity of compounds for the DAT and not affinity at NET or SERT (Bergman 

et al., 1989; Ritz et al., 1987). In addition, compounds relatively selective for the DAT retain 

reinforcing effects (e.g. Howell et al., 2000; Roberts et al., 1999) while selective SERT or 

NET inhibitors do not show a cocaine-like behavioral profile (e.g. Hiranita et al., 2009; 

Howell and Byrd, 1995; Woolverton, 1987). Collectively these studies indicate that lack of 

effects at the SERT and NET does explain the reduced cocaine-like behavioral effects of 

BZT analogs.

Among other targets that might be involved in the reduced cocaine-like behavioral effects 

are the sigma receptors. Antagonists of sigma receptors may modulate various effects of 

cocaine, including stimulation of locomotor activity and reinforcing effects in place 

conditioning procedures (see Matsumoto et al., 2003, for a review). However, sigma 

antagonists failed to reduce the self administration of cocaine (Martin-Fardon et al., 2007).

Cannabinoid CB1 receptors have also been implicated in the neurobiology of cocaine 

addiction (see Arnold, 2005; Tanda, 2007, for review), and (Navarro et al., 2009) have 

suggested that positive allosteric modulators of the cannabinoid CB1 receptor can contribute 

to cocaine-antagonist effects of atypical DAT inhibitors. One compound, RTI-371 is a 

cocaine analog that binds to the DAT but blocks the locomotor stimulation produced by 

cocaine (Navarro et al., 2009). Screening of RTI-371 at various sites found it to be a positive 

allosteric modulator of CB1 receptors. RTI-371 and several other DAT-selective inhibitors 

with atypical actions on locomotor activity, including the BZT analog JHW 007, increased 
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the efficacy of the CB1 agonist, CP 55940 in a calcium mobilization assay. From those 

results Navarro et al. suggested that enhanced endocannabinoid neurotransmission may 

contribute to the cocaine-antagonist effects observed with these atypical DAT inhibitors. 

Consistent with this hypothesis are findings that cannabinoid agonists, including endogenous 

cannabinoids, reduce spontaneous ambulatory activity through their actions at central 

cannabinoid CB1 receptors (Ameri, 1999). Activation of D2 receptors by DA released by 

atypical DAT blockers could enhance endogenous cannabinoid levels (Giuffrida et al., 

1999), and the positive allosteric modulation of CB1 receptors by atypical DAT inhibitors 

might potentiate cannabinoid neurotransmission, that might in turn counteract the 

stimulatory effects of these atypical DAT blockers, a hypothesis that clearly warrants further 

study.

VI. Studies of DAT structure as related to its function

Initial structure-activity studies suggested that BZT and its BZT analogs bind to the DAT 

differently from cocaine and it congeners (Newman et al., 1995), and subsequent site-

directed mutagenesis studies of the DAT supported those conclusions. Several studies have 

demonstrated differences in the effects of mutating the DAT on the binding of BZT or its 

analogs compared to analogs of cocaine (Chen et al., 2004). For example, mutating aspartate 

to glutamate at position 79 in the DAT increased the potency of BZT and its analogs in 

inhibiting DA uptake, whereas cocaine and various classical DAT were unaffected by the 

mutation (Ukairo et al., 2005). Additionally, the affinity of BZT and GBR 12909 was 

affected by the concentration of sodium differently from cocaine in several DAT mutants 

(Chen and Reith, 2004), again suggesting differences from cocaine in how the BZT analogs 

bind to the DAT. Photoaffinity labeling studies also support the concept of different binding 

domains for cocaine and its analogs compared to the BZT analogs (Agoston et al., 1997a; 

Parnas et al., 2008; Vaughan et al., 1999; Vaughan et al., 2007; Zou et al., 2001).

Other evidence supports the notion that the interaction of BZT with the dopamine 

transporter is different from that of other dopamine uptake inhibitors, exemplified by 

cocaine. Reith et al. (2001) compared, among other drugs, the abilities of cocaine and BZT 

to affect the reaction of a methanethiosulfonate (MTS) reagent to various cysteine residues 

within the human dopamine transporter. A previous study (Ferrer and Javitch, 1998) showed 

that reaction of MTS reagents with Cys-90 (located within an extracellular loop) increased 

[3H]WIN 35,428 binding, and cocaine enhanced the reaction of Cys-90 with MTS reagents, 

resulting in even greater augmentation of [3H]WIN 35,428 binding. In contrast, cocaine 

decreased the reaction of MTS reagents with Cys-135 and Cys-342 (located within 

cytoplasmic loops). In contrast to cocaine, BZT had no effect on the reaction of Cys-90 with 

an MTS reagent, and the decrease in the reaction of Cys-135 with an MTS reagent produced 

by cocaine was not obtained with BZT (Reith et al., 2001). These results support the idea 

that different dopamine uptake inhibitors bind to the dopamine transporter in different ways, 

and suggests that there may be differences in the conformational changes in the transporter 

produced by this binding.

Loland et al. (2008) compared the effects of DAT inhibitors on the accessibility of MTSET 

to a cysteine residue inserted into the human DAT (I159C) expressed in COS-7 cells. This 
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cysteine is thought to be inaccessible when the DAT assumes an inwardly facing 

conformation, but accessible when the DAT assumes an outward conformation. Cocaine 

potentiated the DAT inhibition produced by MTSET alone, consistent with the induction of a 

DAT conformation open to the extracellular environment, and thus MTSET. In contrast, BZT 

analogs protected against the DAT inhibition produced by MTSET, suggesting that these 

compounds stabilize the DAT in a closed conformation to which the MTSET had limited 

access.

A previous study suggested that Tyr335 in the DAT is critical for regulating the open/closed 

conformational equilibrium of the DAT (Loland et al., 2002). A Y335A DAT mutation 

impaired DA transport and decreased the potency of cocaine as an inhibitor of DA uptake. 

Cocaine and several cocaine analogs were approximately 100-fold less potent as DAT 

inhibitors in Y335A mutants compared to WT DAT (Loland et al., (2008). In contrast, BZT 

analogs were only 7–58-fold less potent against the Y335A mutant (Loland et al., 2008). 

Further, there was a good relationship between the decrease in potencies of the BZT analogs 

due to the DAT mutation and their effectiveness in stimulating locomotor activity and in 

substituting for cocaine in rats trained to discriminate cocaine injections from those of saline 

(Figure 11). One BZT analog, MFZ 2–71, was of particular interest because it showed a 

Y335A mutation-dependent loss in DAT inhibitory potency that approached that seen with 

cocaine. In addition, MFZ 2–71, had behavioral effects like those of cocaine; it not only 

produced a cocaine-like stimulation of locomotor activity, but it also substituted fully in 

subjects trained to discriminate cocaine from saline injections. Thus the BZT analog MFZ 

2–71 shows promise for differentiating structural features of the BZT structure that promote 

conformational changes of the DAT that may lead to effects unlike those of cocaine, and 

may indeed contribute to cocaine antagonist actions.

Modeling of the DAT complexed with DA and DAT inhibitors, using as a basis the structure 

of the bacterial leucine transporter, showed that the binding of DAT inhibitors and substrates 

(including DA and amphetamine derivatives) overlapped, indicative of a competitive 

inhibition (Beuming et al., 2008). In contrast to the binding of cocaine, the binding of BZT 

analogs preserved the hydrogen bond between Asp79 and Tyr156; that bond has been 

proposed to function as a gate regulating translocation of substrate (Loland et al., 2004). The 

preservation of the Asp79-Tyr156 bond with the binding of a BZT analog is consistent with 

the findings of Loland et al. (2008) suggesting different conformational changes induced in 

the DAT by the binding of cocaine and BZT analogs.

VII. Summary and conclusions

During the last two decades many advances have been made in the understanding of the 

behavioral and reinforcing effects of cocaine, as well as the neurobiology underlying the 

effects that lead to its abuse and to addiction. Though a long road remains before a medical 

treatment against cocaine abuse is available, many new pharmacological tools have been 

discovered, and among them are the BZT analogs. These compounds have provided new 

insights into the molecular and behavioral actions of cocaine, and the diversity of effects 

produced by DAT inhibitors. Several BZT analogs have been used in studies of the 

molecular structure of the DAT to elucidate the binding domains of DAT inhibitors, and how 
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differences in the interaction of these compounds with DAT contribute to their 

pharmacological differences. In preclinical studies, different BZT analogs can attenuate or 

block the behavioral, neurochemical, and/or reinforcing actions of cocaine, and may 

represent the starting point to develop new medications for the treatment of cocaine 

addiction.
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Figure 1: 
Chemical structures of cocaine, GBR 12909 and the BZT analogs referred to in the present 

manuscript. For a more complete description of the chemistry of the BZT analogs see 

Newman and Katz (2009).
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Figure 2: 
Dose-dependent effects of 4-F- and 4-Cl-substituted BZT analogs on locomotor activity in 

mice. Ordinates: horizontal activity counts after drug administration. Abscissae: dose of 

drug in μmol/kg, log scale. Each point represents the average effect determined in eight 

mice. The data are from the 30-min period during the first 60 min after drug administration, 

in which the greatest stimulant effects were obtained. Note that the 4-F-substituted 

compounds (left panel) were generally more efficacious than the 4-Cl-substituted 

compounds, and no members of either group had efficacy comparable to that of cocaine. 

Left panel symbols: Filled circles: cocaine; open circles: 4’-F-BZT; squares: 4’,4”-diF-BZT; 

triangles: 3’,4’-diCl,4”-F-BZT; downward triangles: 3’,4’-diF-BZT; diamonds: 3’,4”-diF-

BZT; hexagons: 4’-Br,4”-F-BZT. Right panel symbols: Filled circles: cocaine; open circles: 

4’-Cl-BZT; squares: 4’-Cl-BZT (with the diphenyl-ether system at the asymmetric C3 of the 

tropane ring, in the equatorial, β, configuration); triangles: 4’,4”-diCl-BZT; downward 

triangles: 3’,4’-diCl-BZT. See Figure 1 for compound structures. Modified from Katz et al. 

(1999).
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Figure 3: 
Effects of BZT analogs in rats trained to discriminate injections of cocaine from saline. 

Ordinates for top panels: percentage of responses on the cocaine-appropriate key. Ordinates 

for bottom panels: rates at which responses were emitted (as a percentage of response rate 

after saline administration). Abscissae: drug dose in μmol/kg (log scale). Each point 

represents the effect in four to six rats. The percentage of responses emitted on the cocaine-

appropriate key was considered unreliable and not plotted if fewer than half of the subjects 

responded at that dose. Note that the fluoro-substituted compounds (left panels) were 

generally more effective in substituting for cocaine than the Cl-substituted compounds. See 

Figure 1 for compound structures. Modifed from Katz et al. (1999).
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Figure 4: 
Substitution of different doses of cocaine or other monoamine uptake inhibitors and BZT 

analogues in rats trained to self-administer cocaine (0.32 mg/kg/injection). Ordinates: 

responses per second. Abscissae: injection dose (mg/kg/injection). Each point represents the 

mean (vertical bars represent S.E.M.) of from 6 to 11 subjects. Panel A: Cocaine (filled 

circles) and methylphenidate (open circles). Panel B: Cocaine (filled circles) and citalopram 

(open circles) or nisoxetine (triangles). Panel C: Cocaine (filled circles) and AHN 1–055 

(open circles), AHN 2–055 (triangles up), or JHW 007 (triangles down). Modified from 

Hiranita et al. (2009).
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Figure 5: 
Effects of presession treatment with methylphenidate and N-substituted BZT analogs on 

cocaine self-administration. Ordinates: responses per second. Abscissae: injection dose 

(mg/kg/injection). Each point represents the mean with S.E.M. (n = 6 to 10). 

Methylphenidate, AHN 1–055, AHN 2–005, or JHW 007 were administered orally at 60, 

180, 240, or 300 min before sessions, respectively. Modified from Hiranita et al. (2009).
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Figure 6: 
Time course of effects of systemic administration of cocaine (Panel A) or 4-Cl-BZT (Panel 

B) on extracellular levels of DA in dialysates from the NAC shell. Results are means (with 

vertical bars representing S.E.M.) of the amount of DA in 10-min dialysate samples, 

expressed as percentage of basal values, uncorrected for probe recovery. Modified from 

Tanda et al. (2005).
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Figure 7: 
Effects of combinations of cocaine and JHW 007 at 10 min after injection on extracellular 

levels of DA. Panel A: Dose-dependent maximal effects of JHW 007 administered 10 min 

before compared with those of cocaine administered immediately before assessments. 

Ordinates: change in extracellular DA levels as a percentage of basal values before injection. 

Abscissae: dose of drug in mg/kg, log scale. Panel B: Observed effects of the combinations. 

Ordinates: change in extracellular DA levels as a percentage of basal values during the 30-

min period after cocaine administration. Abscissae: dose of cocaine in mg/kg, log scale. 

Panel C: Observed effects compared with the predicted effects of the combinations. 

Ordinates and abscissae are as in Panel B. The calculated (predicted) additive dose-effect 

curve for cocaine in the presence of 3.0 (top) or 10.0 (bottom) mg/kg of JHW 007 is shown 

by the dashed straight line and the effects of cocaine alone are shown by the dotted line. The 
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experimental (obtained) values are shown by the connected circles. Modified from Tanda et 

al. (2009).
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Figure 8: 
Time course of displacement of specific [125I]RTI-121 accumulation in striatum of mice 

following IP injection of cocaine, AHN 1–055, AHN 2–005, or JHW 007. Ordinates: 

specific [125I]RTI-121 binding as a percentage of that obtained after vehicle injection. 

Abscissae: time. For each point the number of replicates was from 5 to 10 or 13. Note that 

maximal displacement of [125I]RTI-121 was obtained with cocaine at 30 min after injection, 

and at later times with the other compounds. Modified from Desai et al. (2005a, b).
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Figure 9: 
Relationship between dopamine transporter occupancy, determined in studies of 

displacement of [125I]RTI-121 in striatum, and locomotor-stimulant effects of cocaine, AHN 

1–055, AHN 2–005 or JHW 007. Ordinates: difference between mean horizontal activity 

counts after drug and after saline. Abscissae: percent displacement of [125I]RTI-121. For 

each drug, the solid line represents the linear regression of percent occupancy of the DA 

transporter and horizontal locomotor activity when the line is forced to intersect the origin, 

the point representing no occupancy and no effect. Dashed lines represent 95% confidence 

limits for the regression lines. Note that the locomotor-stimulant effects of cocaine are less 

strongly related to DA transporter occupancy than are the effects of AHN 1–055, AHN 2–

005, or JHW 007. Modified from Desai et al. (2005a, b).
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Figure 10: 
Time courses for the effects of pretreatments with increasing doses of telenzepine (TZP) on 

cocaine-stimulated DA extracellular levels in dialysates from the NAc shell (Panel A), and 

NAc core (Panel B). Cocaine (3.0 mg/kg i.p.) was administered at time=0. Each point 

represents means (with vertical bars representing SEM) of the amount of DA in 10-min 

dialysate samples, expressed as percentage of basal values, uncorrected for probe recovery. 

Modified from Tanda et al. (2007).
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Figure 11: 
The relationship between dopamine uptake potency ratios of various dopamine transporter 

ligands in COS-7 cells transfected with the Y335A mutant and WT DAT (affinity ratio) and 

behavioral activity. Top Panel: Correlation of affinity ratio and the degree to which the drugs 

substituted for cocaine in rats trained to discriminate cocaine from vehicle injections. The 

correlation coefficient (r2) was 0.74 (p<0.0001). Bottom Panel: Correlation of affinity ratio 

and the maximal locomotor-activity stimulation in mice. The correlation coefficient (r2) was 

0.59 (p<0.0005). The affinity ratio was calculated from the IC50 values for inhibition of 

[3H]dopamine uptake by the compound in COS-7 cells transiently expressing either DAT 

WT or Y335A. Modified from Loland et al. (2008).
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