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Abstract

Six novel monoamine reuptake inhibitors were screened for their intrinsic effects on brain stimulation reward (BSR), as well as for their

potential to reduce cocaine-induced reward-enhancement in that paradigm. Two of the compounds, nocaine-3B and 5-ara-74A (disubstituted

piperidines) significantly reduced locus of rise (LOR), threshold measure of reward, at some doses. One compound, 1-RV-96A (a hybrid of

the GBR and WIN-like agents) significantly reduced reward (increased LOR), but only at the highest dose tested. No effect of dose was

found for MC9-20 (a GBR-like acyclic analogue of the N-bisarylmethoxyethyl-N0-phenylpropyl piperazine), nocaine-250B or 4-ara-42C

(disubstituted piperidines). When cocaine (10 mg/kg, ip) and selected, hedonically neutral doses of novel compounds were combined, the

following findings were obtained: MC9-20 (2.5 mg/kg, ip) showed a significant increase in cocaine-induced reward enhancement (0.2 log

units or 53%). In contrast, nocaine-250B and 1-RV-96A (both at 10 mg/kg, ip) demonstrated a significant reduction (0.13 log units or 41%) in

cocaine-induced reward enhancement ( P < .01 and P < .05, respectively), as measured by changes in LOR. There were no differences in the

maximum behavioral output (MAX) at either dose of each of the six drugs, or when selected doses were combined with cocaine. These

results indicate that nocaine-250B and 1-RV-96A constitute two potential anticocaine compounds worthy of further behavioral and

biochemical evaluation. D 2001 Elsevier Science Inc. All rights reserved.
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The 1997 National Household Survey on Drug Abuse

reported that approximately 3.6 million people in the USA

alone abuse cocaine regularly (SAMHSA, 1998). With such

a substantial number of individuals who are either already

addicted or are on a path to addiction, there is a need for the

development of a medication to treat cocaine dependence

that despite intensive research efforts, does not yet exist

(Alterman et al., 1994; Altman et al., 1996; Dewey et al.,

1998; Glowa et al., 1997; Klein, 1998; Mendelson and

Mello, 1996; Smith et al., 1999).

From the behavioral perspective a potential pharma-

cotherapeutic agent should not exhibit abuse potential when

administered alone and it should substantially reduce cocai-

ne's reinforcing properties, even in the presence of elevated

blood levels of the addictive substance (Carroll et al., 1999).

In addition, to be most effective, a pharmacological treat-

ment should also reduce craving, which is often experienced

after a period of abstinence and is thought to be a major

factor in relapse (Alterman et al., 1994; Altman et al., 1996;

Gawin, 1991; Robinson and Berridge, 1993). It is possible

that no one single agent could address both aspects of

addiction. Thus, it is likely that once cocaine's reinforcing

properties are pharmacologically blunted, another agent,

designed to target craving alone, could be administered.
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The present report addresses the first issue of this drug

discovery process, i.e., the identification of an agent that

would reduce cocaine's reinforcing effects, without being

either positively or negatively hedonic by itself. In addi-

tion, it also demonstrates that brain stimulation reward

(BSR) paradigm is a useful and effective drug-screening

behavioral model.

Cocaine inhibits the transport of serotonin (SERT),

norepinephrine (NET), and dopamine (DAT) with similar

potency (Woolverton and Johnson, 1992), yet it is the

inhibition of DAT, particularly in the mesocorticolimbic

terminals fields, that is thought to be largely responsible for

the reinforcing and euphorigenic effects of cocaine (Ritz et

al., 1987; Volkow et al., 1997). Since this drug's action at

the DAT seems to be critical to its abuse liability, modula-

tion of cocaine binding, specifically at the DAT, represents

a conceivable strategy in the development of an effective

pharmacotherapeutic agent (Johnson et al., 1992; Kitayama

et al., 1992; Smith et al., 1999). However, some potent

DAT inhibitors, such as benztropine used to treat Parkin-

son's disease, or buproprion given to treat nicotine depen-

dence, do not possess abuse liability (Rothman, 1990). This

discrepancy between the action of cocaine and other DAT

inhibitors may be explained by the fact that cocaine has a

rapid onset of action. In addition, experimental evidence

suggests that cocaine may have an effect on behavior

separate from its function at the DAT by binding to SERT

and NET (e.g., Ritz et al., 1987; Smith et al., 1999; Volkow

et al., 1997; Woolverton and Johnson, 1992). Accumulating

evidence also points to the fact that multiple binding

locations exist on the DAT itself (e.g., Boja et al., 1992;

Carroll et al., 1992; Tella et al., 1996) and that cocaine

affects a site that is distinct from dopamine (DA) or the

amphetamine-binding location on the DAT (Johnson et al.,

1992; Lin et al., 1999b; Wayment et al., 1998). In addition

to the cocaine site, two other regions have been identified,

one that interacts with phenyltropanes (cocaine analogs of

the WIN series) and the other that interacts with diphenyl-

methoxyethylpiperazines or GBR analogs (Carroll et al.,

1992; Newman et al., 1994; Vaughan and Kuhar, 1996),

although no convincing data have yet been reported indi-

cating that the cocaine site might be different from the

WIN site.

The two most recent approaches in the discovery of

successful treatments have been based on extensive struc-

ture±activity relationship studies. These investigations com-

pare the effects of structure modification on the IC50 or Ki

values (in nanomolar) for the inhibition of cocaine binding

and DA uptake at the DAT. The first approach focused on

agents that exhibit a higher affinity for the cocaine-binding

site than for the DA-binding site. Such drugs would block

the binding of cocaine on the DAT while only minimally

inhibiting DA transport alone (Simoni et al., 1993).

Although the DAT is not a true receptor, these agents would

also be analogous to naltrexone (used to treat heroin and

alcohol addiction) in that they would block the binding of

cocaine to the DAT and possibly other monoaminergic

transporters without greatly altering the reuptake of DA.

Since cocaine also strongly inhibits SERT and NET, the

second approach focused on selective monoamine reuptake

inhibitors (disubstituted piperidines), agents that are tai-

lored to have a range of selectivities at the three mono-

amine transporters and also slightly reduce DA reuptake.

These compounds would constitute treatment analogous to

buprenorphine replacement therapy used to treat heroin

addiction and would be expected to possess minimal

hedonic effects. Preliminary studies have shown that these

agents somewhat inhibit DA reuptake, yet they fail to

produce significant locomotor activation, characteristic of

psychostimulants (Kozikowski et al., 1998). In addition, in

a drug-discrimination study one of these agents, nocaine-

3B, failed to produce robust cocaine-like effects (Kozi-

kowski, unpublished observations).

The present paper describes the behavioral evaluation of

six of the recently synthesized monoamine reuptake inhibi-

tors in a BSR paradigm (e.g., Backus et al., 1988; Bauco and

Wise, 1997; Gallistel, 1987; Maldonado-Irizzary et al., 1994;

Miliaressis et al., 1986; Stellar et al., 1983; Wise, 1996). 1-

RV-96A is a hybrid of the GBR and WIN series (cocaine

congeners) (Prakash et al., 1999). It is potent at binding to the

mazindol site on the DAT and reducing DA uptake in vitro,

while also exhibiting selectivity for DAT vs. SERT in rat

synaptosomes (Prakash et al., 1999). MC9-20 is an acyclic

analogue of the N-bisarylmethoxyethyl-N0-phenylpropyl

piperazine, a GBR-like compound (Choi et al., 1999). In

vitro binding data show that this agent strongly inhibits DA

reuptake and is also fairly potent at DAT and NET, but not

SERT (Johnson, unpublished observation). Nocaine-3B,

nocaine-250B (Tamiz et al., 2000), 4-ara-42C, and 5-ara-

74A (Kozikowski et al., 1998) are disubstituted piperidines

that have a high affinity for the DAT (Dutta et al., 1998),

SERT, and also NET (Tamiz et al., 2000). Nocaine-3B binds

more strongly to NET than DAT or SERT. Nocaine-250B,

however, binds more strongly to SERT than DAT or NET

(Tamiz et al., 2000). Both 4-ara-42C and 5-ara-74A are more

potent than cocaine at the cocaine site on the DAT. These

compounds also strongly inhibit the reuptake of DA on that

transporter, with 5-ara-74A being more effective in that

respect than 4-ara-42C (Kozikowski et al., 1998).

In order to assess whether any of the above compounds

would constitute an effective pharmacotherapeutic candi-

date against cocaine's addiction, each one was first

screened for its intrinsic effect on BSR and also for its

ability to alter cocaine-induced reward enhancement, as

determined by this paradigm. The relationship between the

rate of bar pressing and frequency of stimulation at a set

current intensity was analyzed into two behavioral mea-

sures: the maximum behavioral output (MAX) and the

frequency necessary to sustain half-maximal rate of

responding, called the locus of rise (LOR). MAX mea-

sures performance and, to some extent, motor output of

the animal, and as such is not an effective measure of
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reward magnitude. Instead, LOR is a relatively perfor-

mance-free measure of the reward threshold and is analo-

gous to ED50 in pharmacology (Miliaressis et al., 1986;

Volkow et al., 1997; Wise, 1996). Rightward displace-

ments of the rate±frequency curve (increase in LOR from

the baseline, no drug condition) are indicative of a

decrease in reward (anhedonia) and the leftward shifts

(decrease in LOR in comparison to baseline) are reflective

of an increase in reward (hedonia). For example, low to

intermediate doses of pimozide (an antagonist of the D2

receptor and a potent antipsychotic) shift the rate±fre-

quency curve to the right, thus increasing LOR, high

doses also decrease MAX (Stellar et al., 1983). In con-

trast, amphetamine (e.g., Wise, 1996) and cocaine (e.g.,

Bauco and Wise, 1997; Maldonado-Irizzary et al., 1994)

shift the rate±frequency to the left (decrease LOR) in a

dose-dependent fashion, without significantly altering

MAX. Thus, the characteristic that makes this behavioral

screen unique is that BSR can quantitatively assess pro-

gressive changes in rewarding efficacy of any compound

alone and in combination with another agent (i.e., cocaine)

of interest. Further, the changes in drug reward and

performance/motor capacity can be separately evaluated,

and finally the hedonically positive, negative, or neutral

drug effects can be differentiated.

1. Method

1.1. Subjects and surgery

Adult 300±500 g, male Sprague±Dawley rats (Charles

River, CD strain), 4±12/group, were individually housed in

standard plastic cages on a 12:12-h reversed day±night

cycle (light onset at 7:00 a.m.) in a temperature- (23±

25°C) and humidity- (approximately 55%) controlled col-

ony (Maldonado-Irizzary et al., 1994; Stellar et al., 1988).

Testing was conducted in the light phase. Animals had free

access to food and water at all times, except during the 15-

min behavioral evaluation. At the time of surgery, rats were

anesthetized with sodium pentobarbital (50 mg/kg, ip),

given atropine sulfate (5 mg/kg, sc), and implanted with a

monopolar, stainless steel intracranial electrode (Plastics

One), aimed at the lateral hypothalamus. The coordinates

(bregma as a reference) were: AP: ÿ 3.0 mm, ML: ÿ 1.6

mm, DV: ÿ 7.5 mm (from dura). Skull screws, serving as

the electrode ground, together with the electrode were

secured to the skull with dental acrylic. Animals were

monitored daily and maintained on topical antibiotics (if

needed) for several days until recovery was complete. All

experimental procedures were carried out in accordance

with the National Institute of Health Guide for the Care

and Use of Laboratory Animals (NIH Publication No.

8523), and Institutional Review Committee for the use of

animal subjects (Division of Laboratory Animal Medicine at

Northeastern University).

1.2. Behavioral training

Approximately 1 week following surgery, animals were

placed inside a 25� 25� 25-cm operant chamber fitted

with a lever, lever light, and a house light. All subjects

were trained on a variable interval 1 (VI-1) schedule of

reinforcement to self-stimulate for 0.25-s bursts of square-

wave monopolar cathodal pulses at 100 Hz at the current

that would give the highest rate of responding without

producing any obvious side effects. All animals were found

to reliably bar press for rewarding brain stimulation.

Following 1±3 days of training, six stimulation frequen-

cies (158±16 Hz in 0.2 descending steps) were collected in

90-s trials for the next 3 weeks (stabilization) at the

optimum current. Each frequency trial begun with a free

stimulation burst and was signaled by house light illumina-

tion, which was extinguished for 5 s between trials. It took

15 min to collect the rate±frequency curve. Rats were tested

daily under baseline conditions until LOR and MAX

became stable. Stability was defined as less than 0.1 log

Hz variation in LOR and less than a 20% daily variation in

MAX with no up or down trend in either statistic over 5 test

days. All stimulation and operant controls were delivered by

a Stimtek stimulator/microcontroller connected to an IBM

XT in network with four Stimteks and one PC. When the

initial training was completed, a VI-3 s schedule was

imposed with a 0.1-s time-out during receipt of the stimula-

tion burst delivery, while time-out was in effect responses

were not counted. This manipulation serves to eliminate

false data from spurious stimulation-induced responding.

After VI lever pressing had been established, at the same set

of frequencies as indicated before, stimulation current and

Fig. 1. Chemical structure of cocaine and novel monoamine transpor-

ter ligands.
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burst duration were adjusted to produce vigorous respond-

ing with no signs of aversiveness (turning away from the

lever, defecation, and vocalization). Following intraperito-

neal administration, cocaine produces statistically signifi-

cant LOR shifts in the order of 0.15 to 0.40 log units (30±

60%), and a shift of 0.1 log units is usually considered to be

meaningful (Stellar and Rice, 1989). Thus, when combined

with cocaine, a promising candidate should be capable of

reducing cocaine-induced reward enhancement from 0.1 to

0.3 log units (20±50%).

1.3. Drug preparation and treatment

Once behavioral stability was achieved cocaine hydro-

chloride (Sigma-RBI) was dissolved in 0.9% bacteriostatic

saline, and each dose of a novel compound was dissolved in

25% propylene glycol and 75% distilled water to circumvent

potential solubility problems. All solutions were prepared

fresh daily. (Neither saline nor the combination of propylene

glycol and distilled water alone produced any significant

shifts in the LOR or MAX, n = 4). All injections were

administered by an intraperitoneal route in a volume of 1

ml/kg of body weight. A dose±response curve was estab-

lished by administering three to five doses of each compound,

with each dose given once in a random order, 5 min prior to

testing. The reason for choosing such a short time delay

between injection and behavioral testing was to be able to

observe nearly immediate drug effects, if present. A washout

period of 24 h was imposed between the testing of each dose,

during which baseline responding (an evaluation of stability)

was reassessed. In some instances when LORs did not return

to baseline, an additional 24-h `̀ washout'' period was given.

Each animal was closely monitored for adverse side effects,

such as increased salivation, urination, and hyperactivity. The

day following the evaluation of the last dose of a compound,

cocaine-induced reward enhancement was assessed 10 min

prior to testing by a single injection of 10 mg/kg cocaine

hydrochloride, which produced significant leftward shifts in

the rate±frequency curve. It should be noted that doses as

little as 2 mg/kg have been shown to also potentiate BSR

frequency thresholds (Bauco and Wise, 1997). Finally, rats

were injected with one of two doses (5 or 10 mg/kg, ip) of the

novel compound that had the least effect on baseline LOR and

were thus deemed hedonically neutral; 5 min later, 10 mg/kg

cocaine hydrochloride was administered. Testing begun 10

min following cocaine injection. The same procedure was

repeated 48 h later for the second selected dose of the novel

compound. Testing 15 min after the injection of a novel

compound mimicked procedures, which were previously

shown to be effective in pilot studies (Pimentel et al., 1998;

Pimentel et al., 1999).

1.4. Data analysis

The LOR and MAX measures were obtained from each

rate±frequency curve by a broken line curve fitting (Camp-

Fig. 2. Representative rate± frequency data of two subjects, TP107 and

TP123, that were evaluated under several conditions: baseline (no drug),

cocaine (Coc) alone, Novel compound alone: nocaine-250B (Noc-250B) or

1-RV-96A and cocaine plus a novel agent combination. The numbers in

parentheses indicate doses of respective compounds in milligrams per

kilogram (mg/kg).

Table 1

In vitro pharmacology (average Ki values (in nM) and S.E.M. values) of the novel monoamine transporter ligands

Uptake Selectivity

Binding [3H]mazindol DAT SERT NET SE/DA NE/DA NE/SE

Cocaine 375 � 68 423 � 150 154.7 � 0.4 108.0 � 3.5 0.37 0.26 0.70

Nocaine-250B 63.8 � 2.8 56.0 � 4.7 24.9 � 5.4 182 � 8.0 0.44 3.3 7.3

Nocaine-3B 248 � 8 228 � 30 5880 � 440 89.7 � 5.2 26 0.39 0.015

4-ARA-42C 28.0 � 2.0 69.0 � 8.1 391 � 27 87.6 � 2.9 5.7 1.3 0.22

5-ARA-74A 12.27 � 0.41 19.6 � 2.4 228 � 22 6.53 � 0.71 12 0.33 0.029

1-RV-96A 0.95 � 0.2 1.63 � 0.17 182 � 11 13.8 � 1.9 112 8.5 0.08

MC9-20 12.6 � 0.5 23.3 � 0.1 562 � 108 35.2 � 7.6 24 1.5 0.063

Abbreviations: DAT, dopamine (DA) transporter; SERT, serotonin (SE) transporter; NET, norepinephrine (NE) transporter.
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bell et al., 1985) program and later reported as `̀ difference

from baseline'' data, which were derived by subtracting the

value obtained for the average baseline value (no drug

condition) from the value under the drug condition. The

values derived in this manner were analyzed by analysis of

variance (ANOVA), with dose and subject as a repeated

measure. Significant differences were further examined by

performing Tukey's protected t comparisons between rele-

vant experimental groups.

2. Results

Fig. 1 illustrates the chemical structure of the novel

compounds and for comparison that of cocaine and Table

1 lists the Ki values for the binding at a mazindol site on the

DAT, uptake at each of the three transporters, as well as the

selectivity of the novel agents.

Fig. 2 shows representative rate±frequency curves for

two animals. In both cases, two of the six novel monoamine

transporter ligands did not significantly shift the rate±

frequency curves as compared to baseline (except for the

highest dose, 20 mg/kg, ip, of 1-RV-96A), indicating that by

themselves these agents are neutrally hedonic. Cocaine lead

to substantial leftward shifts (decrease in LOR or enhance-

ment of reward), which was significantly counteracted (shift

back to baseline) by the coadministration of 10 mg/kg, ip, of

either of the novel candidates.

Fig. 3 illustrates derived data, LOR (difference from

baseline) as a function of dose for each of the com-

Fig. 3. LOR (difference from baseline) as a function of dose for all six compounds: * P < .05, * * P < .01 different from all.
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pounds. No significant effect of dose on reward threshold

(LOR) was found for 4-ara-42C, nocaine-250B (Fig. 2),

and MC9-20. However, there was a significant effect of

dose for nocaine-3B [ F(2,14) = 7.68, P < .01] and 5-ara-

Fig. 4. Effects of cocaine alone (10 mg/kg, ip) in comparison to a combination of cocaine plus selected doses of one of the six novel ligands: * P < .05,

* * P < .01 different from all. Numbers in parentheses indicate a given dose in milligrams per kilogram (mg/kg).
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74A [ F(3,33) = 11.53, P < .01], indicating that these com-

pounds significantly enhanced reward (lowered LOR).

Post hoc analyses revealed that for nocaine-3B the LOR

at 10 and 20 mg/kg ( P < .01) was significantly more

reduced than LOR at 5 mg/kg, for 5-ara-74A, LOR at

20 mg/kg was significantly smaller from 5 and 10 mg/kg

( P < .01). In contrast, 1-RV-96A (Fig. 2) significantly

reduced reward [ F(3,9) = 4.04, P < .05] at the highest dose

tested, 20 mg/kg. The LOR was significantly greater at

that dose in comparison to 10 and 15 mg/kg.

There were occasional side effects associated with the

administration of 5-ara-74A that were not observed for other

compounds. These included increased urination within min-

utes after injection and secretions around the eyes and nose,

suggesting a possible cholinomimetic action. In addition,

some animals injected with 5-ara-74A required an additional

test day, resulting in a 48-h rather than a 24-h time delay

between the administration of each dose, in order for the

LOR to return to its baseline value.

Cocaine reduced LOR (enhanced reward) from 0.15 to

0.40 log units, as reported previously (Bauco and Wise,

1997; Maldonado-Irizzary et al., 1994; Wise, 1996). When

cocaine (10 mg/kg, ip) was combined with 10 mg/kg, but

not 5 mg/kg, of either nocaine-250B or 1-RV-96A (Figs. 2

and 4), a significant reduction in cocaine-induced enhance-

ment of reward was observed for 1-RV-96A [ F(2,6) = 5.84,

P < .05] and nocaine-250B [ F(2,6) = 15.13, P < .01], respec-

tively (0.13 log units, or 41%, for both compounds). In

addition, the LOR produced by the combination of cocaine

and 10 mg/kg of either compound was significantly reduced

in comparison to the combination of cocaine and 5 mg/kg of

either drug ( P < .05 for 1-RV-96A and P < .01 for nocaine-

250B). Conversely, a combination of cocaine (10 mg/kg, ip)

and MC9-20 (2.5 mg/kg, ip) lead to enhancement of

cocaine-induced reward-enhancement [ F(2,8) = 6.34,

P < .05] by 0.2 log units or 53%. In contrast, 5 or 10 mg/

kg of either nocaine-3B, 4-ara-42C, or 5-ara-74A were

ineffective at altering cocaine-induced reward enhancement.

No differences in MAX were noted (either at the indivi-

dual doses of each compound or when selected doses were

combined with cocaine), as exemplified in Fig. 2.

3. Discussion

The present investigation demonstrated that two of six

novel monoamine reuptake inhibitors (nocaine-250B and 1-

RV-96A) fulfilled the basic behavioral criteria for an effec-

tive pharmacotherapeutic candidate, i.e., they significantly

reduced (41%) cocaine-induced reward enhancement while

possessing minimal hedonic effects when administered

alone (with the exception of the highest dose tested of 1-

RV-96A, which was slightly negatively hedonic). Thus, with

these agents achieving patience compliance could be possi-

ble, a characteristic that among the potential therapeutic

agents proposed thus far has been lacking (e.g., Carroll et

al., 1999; Mendelson and Mello, 1996; Smith et al., 1999).

A 41% reduction in cocaine's reward-enhancing effects is

substantial since cocaine alone causes leftward shifts in the

rate±frequency curve (reduction in LOR) in the order of

30±60%. In addition, thus far, only DA antagonists are able

to completely nullify the reward-enhancing effect of psy-

chostimulants (i.e., bring the leftward shifted curve back to

baseline) (e.g., Wise, 1996). However, these agents would

not constitute good pharmacotherapeutic candidates against

cocaine's euphorigenic effects because they tend to produce

anhedonia and lead to extrapyramidal side effects (e.g.,

Stellar and Rice, 1989).

The effects of the screened analogues on LOR changes are

difficult to explain based on the activity of the drugs at a

single transporter (Table 1). While the available data do not

contain sufficient data points to make a strong conclusion

about the monoamine selectivity vs. LOR, some general

trends can be proposed. In examining the selectivities, there

does seem to be a rough correlation between the NET/DAT

selectivity and the ability of the compounds to induce a

reduction in the LOR (increase reward). For example, the

NET/DAT selectivities for hedonically positive compounds,

cocaine, nocaine-3B, and 5-ARA-74A lie in the range of

0.26 ± 0.39, while the hedonically neutral compounds,

nocaine-250B, 4-ARA-42C, and MC9-20 are in the range

of 3.3±1.5. Consistent with this analysis, 1-RV-96A has a

NET/DAT selectivity of 8.5 and appears to be anhedonic, but

only at the highest dose. These findings appear to support the

earlier reports of the effects of other NET-selective agents,

mainly tricyclic antidepressants, such as desipramine. For

example, chronic (Valentino et al., 1991), but not acute

(McCarter and Kokkinidis, 1988; Moreau et al., 1992)

treatment with desipramine appears to reduce threshold for

BSR (increase reward). It is possible that although those

substances that inhibit the reuptake at NET, such as nocaine-

3B and 5-ara-74A may potentiate reward when given alone,

they do not significantly influence cocaine's reward-enhan-

cing properties. This might be so, perhaps because DAT and

NET are already inhibited by cocaine. The behavioral results

for 4-ara-42C and 5-ara-74A fit with the in vitro binding data,

which showed that 5-ara-74A was more potent than 4-ara-

42C at both binding to the mazindol site on the DAT and also

inhibiting the reuptake of DA.

Nocaine-250B strongly inhibits the reuptake of serotonin

(SE; Ki = 25 nM), while nocaine-3B (Ki = 5880 nM) is much

less potent. Thus, it is possible that some of the reduction in

cocaine-induced reward enhancement might be due to the

activity of this compound at the SERT, rather than the DAT

transporter. Interestingly, inhibition of SERT has been shown

to reduce self-administration of psychostimulants, such as D-

amphetamine (Leccese and Lyness, 1984; Lyness et al., 1980).

In addition, chronic, but not acute pretreatment with fluox-

etine (an SE reuptake inhibitor and an antidepressant) appears

to block the reward-enhancing effect of chronic amphetamine

(Lin et al., 1999a). However, there are some discrepant reports

on the effects of chronic treatment with fluoxetine on BSR
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thresholds, which indicate either no effect (Lin et al., 1999a) or

decrease in reward (Lee and Kornetsky, 1998).

Based on the in vitro binding data, if SERT was uniquely

critical in cocaine-induced reward enhancement, then we

should expect different results for 1-RV-96A than for

nocaine-250B. The former exhibits a significantly greater

binding affinity at the DA site on the DAT than the SE site

on the SERT, however, its behavioral effects are comparable to

that of nocaine-250B, especially when considering the effects

on cocaine-induced reward enhancement. Interestingly, the

present results may not be surprising, in light of the finding that

the potency of the WIN-series compounds, which are highly

lipophilic, to induce hyperlocomotion in vivo is unrelated to

the in vitro potency of these agents at the DAT (Izenwasser et

al., 1994). It is also possible that unlike in vitro, the in vivo

distribution of these compounds in the two structures differs,

as different pharmacokinetic properties may exist between

these compounds. The behavioral results obtained in the BSR

screen may however, be explained by the observation that

tropanes, such as 1-RV-96A, are more potent than cocaine at

the DAT site (Smith et al., 1999). Thus, the reduction in

cocaine-induced reward enhancement may be due to 1-RV-

96A's ability to effectively displace cocaine from its site on the

DAT, while only somewhat reducing DA reuptake.

Another compound, MC9-20, a modified GBR-like

molecule, had no significant hedonic effects on its own,

yet when combined with cocaine increased cocaine-induced

enhancement of reward. Interestingly, cocaine-induced sen-

sitization (a potential index of abuse vulnerability) does not

generalize to GBR 12909 (Elmer et al., 1996; Tella et al.,

1996). Also, when rats are given a chance to substitute

cocaine for GBR 12909, they do not readily do so (Tella et

al., 1996). In addition, GBR 12909 and its slowly dissociat-

ing, low-efficacy analogues can reduce or delay intravenous

self-administration for cocaine in both rats and primates

without affecting food intake (Glowa et al., 1996; Lewis et

al., 1999). Previous BSR study showed that both GBR

12909 and cocaine enhance reward, yet have different

effects on other behavioral measures, such as general

activity (Maldonado-Irizzary et al., 1994). The possible

explanation for the hedonic behavioral effects is that GBR

12909 and its analogues are lipophilic, and hence are

generally less potent in vivo than would be expected by

their in vitro binding affinities at the DAT (Bonnet and

Costentin, 1986; Kelley and Lang, 1989). Recently, it has

also been shown that another GBR-like compound, 4-CI-

BZT binds with a strong affinity to the DAT in vitro, yet in

vivo it lacks cocaine-like behavioral effects in a drug

discrimination paradigm (e.g., Kline et al., 1997).

It is unknown at the present time the degree and rate at

which these compounds penetrate the blood±brain barrier in

relation to cocaine, their relative distribution within the brain

and their onset of action. An extensive behavioral screen will

require testing these compounds over a longer time period

(extending the duration of a session), as well as screening

their effectiveness against varying doses of cocaine. Since an

effective pharmacological intervention would be adminis-

tered to an already addicted individual, assessing the biolo-

gical and behavioral effects of these novel promising agents

following chronic exposure to cocaine is also critical.

Indeed, it has been shown that depending on the experi-

mental protocol used and brain regions studied, chronic

cocaine administration can lead to either a decrease (e.g.,

Lee and Kornetsky, 1998; Wilson et al., 1996) or an increase

(e.g., Robinson and Berridge, 1993) in the density of the

DAT mRNA in the mesocorticolimbic DA system. Such

changes could affect the efficacy with which the candidate

agents might reduce cocaine-induced reward enhancement.

Further, in the event that these compounds are so

effective that in the presence of elevated blood levels of

cocaine the pharmacological blockage could still be

achieved, another potential problem would surface: a state

of a `̀ pharmacological abstinence''. The reason why this

may be problematic is that inducing abstinence or with-

drawal does little to control craving for the drug (e.g., Smith

et al., 1999; Rothman, 1990). Hence, future search for an

effective pharmacotherapeutic agent would also need to

address this issue. However, the mechanisms of craving

are not well defined (e.g., Altman et al., 1996) and there is

little consensus about which experimental paradigm is best

suited to measure craving, although the intravenous self-

administration/reinstatement model seems to be reliable in

this regard (e.g., Erb et al., 1998; Self et al., 1998). Thus,

whether candidate pharmacotherapeutic agents, in addition

to normalizing the hedonic state and thus enhancing patient

compliance, could also reduce craving, as measured by the

intravenous self-administration/reinstatement paradigm,

remains to be determined.
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