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Abstract

Instrumental responding for intravenous cocaine in rats at 85% of free-feeding weight was significantly decreased 50% by

D-fenfluramine plus phentermine (D-Fen/Phen, 5 mg/kg of each for 1 day). A similar effect was obtained in normal-weight rats self-

administering a cocaine—heroin mixture. Treating normal-weight animals with fluoxetine (5 mg/kg) for 4 days also significantly decreased

cocaine self-administration by half, and then adding phentermine caused an additional decrease in cocaine intake. Animals that were well

trained to self-administer drug did not self-administer intravenous D-Fen/Phen or Flu/Phen. The present results confirm that serotonergic

drugs can decrease cocaine, or cocaine/heroin, self-administration in rats, and that phentermine adds to the effect. Based on related research

with the same dose of D-Fen/Phen, it is suggested that effectiveness in reducing cocaine reinforcement is due in part to a satiating effect in

which dopamine and acetylcholine are released in the nucleus accumbens. D 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

There has been a long search for treatments that effec-

tively and safely reduce self-administration of addictive

drugs such as cocaine. In the rat model, serotonergic drugs

have been sometimes shown to reduce intravenous self-

administration of cocaine. This has been demonstrated with

a serotonin precursor L-tryptophan (Carroll et al., 1990b;

McGregor et al., 1993) and the reuptake blocker fluoxetine

(Carroll et al., 1990a; Peltier and Schenk, 1993; Richardson

and Roberts, 1991); although negative results were also

reported (Porrino et al., 1989; Tella, 1995) and clinical

efficacy of fluoxetine was questioned (Grabowski et al.,

1995). Serotonin depleters and receptor blockers can

decrease cocaine seeking under some conditions (Schenk,

2000; Tran-Nguyen et al., 1999). This suggested that sero-

tonergic drugs by themselves are of limited use. The question

addressed here is how to make them more effective.

Drugs of abuse act in part on a system that reinforces

eating behavior (Di Chiara et al., 1993; Hoebel, 1985;

Hoebel and Hernandez, 1990; Hoebel et al., 1999; Wise,

1998). Therefore, researchers have hypothesized that appe-

tite suppressants might help to inhibit drug intake (Rada and

Hoebel, 2000b). The combination of D,L-fenfluramine,

which is largely serotonergic (Garattini et al., 1986), and

phentermine that is partly dopaminergic and noradrenergic,

and perhaps indirectly serotonergic as well (Baumann et al.,

2000, Mendlin et al., 1999; Rowland et al., 2000) increases

extracellular monoamines in various parts of the brain

(Balcioglu and Wurtman, 1998; Shoaib et al., 1997) and

proved especially potent for appetite reduction and weight

loss in therapy for obesity (Weintraub, 1992). The combina-

tion also reduced cocaine intake in animals (Glowa et al.,

1997; Rothman et al., 1998) and may reduce cocaine-related

symptoms in humans (Hitzig, 1993; Kampman et al., 2000),

but this combination was reported to have toxic side effects

in rats (Harvey and McMaster, 1977; Lew et al., 1997) and

humans (Teramae et al., 2000). Other drug combinations

and multifunction drugs were then tested in a variety of

contexts in attempts to inhibit the appetite for food or drugs,

e.g., D-fenfluramine (D-Fen) plus phentermine (Ehrlich et al.,
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1996), fluoxetine plus phentermine (Devlin et al., 2000;

Rowland et al., 2000), phentermine alone, which has mul-

tiple monoaminergic effects (Baumann et al., 2000; Roth-

man et al., 2001; Wojnicki et al., 1999) and combination

serotonin-norepinephrine reuptake inhibitors (Heal et al.,

1999). There is a need to relate these treatments to an

underlying neurochemical theory to aid in the development

of effective therapy.

During a satiating meal, acetylcholine is released in the

nucleus accumbens (Mark et al., 1992). This may contrib-

ute to normal satiety by inhibiting incentive motivation or

other aspects of reinforcement (Hoebel et al., 1999; Lei-

bowitz and Hoebel, 1998; Rada and Hoebel, 2000b; Rada

et al., 2000). Therefore, appetite suppressants that mimic

normal satiety by increasing extracellular acetylcholine in

the accumbens would theoretically be candidates for drug

abuse therapy. The D-isomer of fenfluramine (dexfenflur-

amine) is interesting as a serotonin uptake blocker, releaser

and receptor agonist (Grignaschi et al., 1995; Neill and

Cooper, 1989; Samanin et al., 1991). A prior report from

this laboratory showed that treatment with D-fenfluramine

combined with phentermine (D-Phen/Fen) is one means of

increasing the release of acetylcholine in the nucleus

accumbens, along with increased dopamine, thus, mimick-

ing these aspects of the satiation process (Rada and

Hoebel, 2000b). The purpose of the present study was to

use the same dose of D-Fen/Phen that had been shown to

release accumbens acetylcholine and dopamine in the

feeding study, to determine if this would inhibit cocaine

self-administration. Fluoxetine combined with phentermine

was also tested. The results with both drug combinations

were positive.

2. Method

2.1. Subjects and apparatus

Two groups of male Sprague–Dawley adult rats weighing

300–500 g were housed on a reverse day-night schedule in

temperature-controlled facilities. The animals were bred and

raised at Princeton University (Experiment 1) or purchased

from Taconic (Experiment 2). Each animal was implanted

with a jugular vein catheter and trained to self-administer

cocaine or a cocaine-heroin mixture in its own Plexiglas

chamber equipped for operant conditioning. Each chamber

was equipped with a signal light and a lever that delivered

45 mg Noyes food pellets and/or intravenous drug delivery.

The intravenous catheter was connected to a syringe pump

via an overhead swivel and counterbalanced arm.

2.2. Procedures for training and testing

The experiment was conducted in two parts with male

rats (N = 7 total). Four rats at a reduced body weight were

trained with cocaine (Experiment 1a) and three at normal

weight with a cocaine-heroin mixture (Experiment 1b).

This experimental protocol was approved by the Insti-

tutional Review Committee for the use of animal subjects.

2.2.1. Experiment 1a: D-Fen/Phen and cocaine

self-administration

Male rats were maintained at 85 ± 5% of normal body

weight by daily food restriction and trained to lever press for

food pellets on a continuous reinforcement schedule with a

5-s simultaneous cue light. When an animal learned to

provide itself with food in this manner, a silastic catheter

(Konisberg Instruments) was constructed with two small

silicone bumps 3 cm from the beveled end. Rats were

anesthetized with xylazine supplemented with ketamine.

The catheter was implanted in the jugular vein with 0–0 silk

thread (Ethicon) and attached to stainless steel tubing of a

connector pedestal (Plastics One, #313-001) and secured to

the skull. The catheter attachment point was bolstered with a

piece of PE-160 tubing, or in later animals, eliminated by

the use of continuous tubing from the top of the connector to

the vein. The catheter was then flushed with heparinized

saline (33 units/cc). Incisions were treated with Bacitracin

ointment and the rat was given intramuscular penicillin

(Butler). Three days later the animal was placed in its

self-administration chamber and permanently connected to

the syringe pump.

Each daily session lasted 4 h in the middle of the dark

cycle. A ration of chow was given at the end of the session

to maintain 85% body weight. Initially, lever presses trig-

gered a cocaine infusion (0.25 mg/0.1 ml saline/infusion)

plus the accustomed food pellet and 5-s light. After 2 days,

the food pellet delivery was stopped, and the animal

responded for cocaine and cue light. Responses were

recorded on a cumulative counter and a strip-chart recorder.

Each experimental session began with three priming infu-

sions of cocaine. Following each session, the catheter was

flushed with 0.1 cc of heparinized saline to prevent clotting.

Rats that pressed at widely fluctuating baseline rates from

day to day were excluded from the study. The remaining

subjects were tested daily for about a week, during which

time their response rate for cocaine stabilized to within 15%

for 3 consecutive days. The experimental animals were then

given D-fenfluramine (Servier Laboratories) combined with

phentermine (Sigma) at a dose of 5 mg/kg of each drug in

saline ip, 15 min prior to the start of a 4-h self-administra-

tion session, using an ABA design (Day 1: saline; Day 2:

D-Fen/Phen; Day 3: saline).

2.2.2. Experiment 1b: D-Fen/Phen and cocaine–heroin self-

administration

Male rats were prepared with catheters (Can-Am

Research Lab Supplies) exiting between the shoulder

blades via a connector attached to the skin and velcro

body jacket (Can-Am Res.). Rats in this group were

trained to self-administer drug in the same fashion as

above, but at a normal body weight. Cocaine was mixed
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with heroin for self-administration (0.18 mg/kg cocaine

plus 0.30 mg/kg heroin/0.01ml/2-s infusion iv) for 6 days

of training, and then the dose was halved to 0.09 mg/kg

cocaine plus 0.15 mg/kg heroin per infusion for 7 more

days of training. After 7 days of stable responding for drug

during the 4-h daily access period, the 3-day ABA-treat-

ment design was then used as above.

2.2.3. Experiment 2: Flu/Phen and cocaine

self-administration

For the Flu/Phen experiment, animals were fed between

cocaine tests by allowing them to lever press for Noyes

pellets ad libitum. Each response for a food pellet also

triggered a 0.2-ml injection of intravenous saline, limited to

3 ml/day, to keep the cannula patent. During the 4-h cocaine

access period, lever presses delivered cocaine (as in Exp. 1a)

and the 5-s light, but not food. Rats readily distinguished the

two conditions, as shown by hovering and rearing at the

lever and light during cocaine self-administration instead of

traversing the cage to the food magazine. Following a stable

baseline, the first 4 days of treatment consisted of intra-

peritoneal injections of fluoxetine (Eli Lilly, 5 mg/kg) given

15 min prior to cocaine access. On the fifth day, phenter-

mine was added to the fluoxetine (5 mg/kg of each drug in

saline ip). The sixth day no drug treatment was given in

order to establish that the self-administration system was

working properly and cocaine was still a potent reinforcer

by itself. If the apparatus or headpiece broke during the

experiment, the rat was removed from the study; however,

the data up to that time point were retained as valid. Thus,

the number of rats for baseline days was 10, and 5 for Day 5

when Flu/Phen was given. Then, two rats were removed to

for testing at a later date, leaving three for the recovery test

on Day 6.

To determine if rats would self-administer Flu/Phen, two

from this study and two more that were well trained to self-

administer cocaine de novo were offered the Flu/Phen

combination (0.25 mg of each drug/0.1 ml/infusion) to

self-administer as a substitute for cocaine. Three others

from the other experiments were offered D-Fen/Phen, and

three, saline.

3. Results

In Experiment 1a, intraperitoneal D-Fen/Phen signifi-

cantly decreased lever pressing for intravenous cocaine.

Rats learned to respond slowly and consistently for cocaine

during the 4-h baseline tests when each response turned on a

stimulus light and a drug infusion. Systemic injection of D-

Fen/Phen decreased total responding about 50% (Fig. 1,

bottom graph). In each case, responding returned to baseline

levels the next day. Statistical analysis of cocaine lever press

rate by ANOVA for four conditions— baseline, saline

Day 1, D-Fen/Phen Day 2 and saline Day 3, showed a

significant effect of the D-Fen/Phen (N = 4; F(3.12) = 7.12;

P < .01). Comparing Day 1 with Day 2, in the ABA design,

paired t tests showed cocaine responses with intraperitoneal

D-Fen/Phen (mean 21.2, S.E.M. 4.4) were significantly less

than when intraperitoneal saline was given as a control

(mean 46.2, S.E.M. 2.8). As seen in Fig. 1, responding

returned to normal on Day 3 (46.2, S.E.M. 10.8). The 2

saline days (Days 1 and 3) were not significantly different.

In Experiment 1b, rats decreased their response rate

for cocaine-heroin from 39 to 5.7 responses per 4-h

Fig. 1. Rate of lever pressing for intravenous cocaine (lower graph,

Experiment 1a) and for a cocaine – heroin mixture (upper graph,

Experiment 1b) during 4-h sessions on 3 successive days in an ABA

design, with and without intraperitoneal injection of D-fenfluramine

combined with phentermine (5 mg/kg of each). D-Fen/Phen significantly

reduced self-administration of the drugs of abuse. Asterisks indicate P< .05

in the upper graph and P < .01 in the lower graph.

Fig. 2. Daily cocaine self-administration is plotted as a percent of the

baseline rate. Self-administration decreased significantly on the 4 successive

days when the rats received intraperitoneal fluoxetine. The effect was

enhanced the following day when the fluoxetine (5 mg/kg) was combined

with phentermine (5 mg/kg). The last day, with no treatment, self-

administration returned to baseline ( * P < .05; ** P < .01).
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session (N = 3; t= 5.0; P < .05) on the day they were

given intraperitoneal D-Fen/Phen (Fig. 1, top graph). The

2 saline treatment days were not significantly different

from each other.

In Experiment 2, fluoxetine alone decreased cocaine

response rate on each of 4 days with no difference between

days (Fig. 2). The addition of phentermine further decreased

responding [F(6,56) = 6.558; P < .001]. When Flu/Phen

treatment was removed, cocaine responding returned to

baseline levels.

In the substitution tests, rats failed to self-administer

D-Fen/Phen or Flu/Phen in place of cocaine. In four animals

with a mean cocaine self-administration rate of 50 responses/

4 h, the response rate decreased significantly to 17 responses

on the day Flu/Phen was delivered intravenously in lieu of

cocaine (N = 4; t = 5.27; P < .05). Similarly, D-Fen/Phen

(N = 3) was not self-administered any more than the operant

rate for intravenous saline (Fig. 3).

4. Discussion

Cocaine was a positive reinforcer in these experiments as

shown by consistent daily responding during baseline tests.

Experiment 1a shows that rats accustomed to responding for

intravenous cocaine take about half as much when treated

with intraperitoneal D-fenfluramine plus phentermine. This

experiment was conducted at 85% of normal body weight,

which is known to lower extracellular dopamine in the

nucleus accumbens (Pothos et al., 1995a,b) and potentiate

cocaine self-administration (Carroll, 1985; De Vry et al.,

1989; Glick et al., 1996) and electrical self-stimulation

(Cabeza de Vaca and Carr, 1998). Experiments 1b and 2

were conducted at normal body weight, with very similar

results. Therefore, body weight does not seem to be a major

factor in the present design. The results show that this dose

of D-Fen/Phen is effective in curbing cocaine intake in the

short term and confirms other studies (Rothman et al.,

1998). The dose of D-Fen/Phen that was used will reduce

food intake and is exactly the dose that increased extra-

cellular dopamine and acetylcholine in the accumbens in a

prior experiment (Rada and Hoebel, 2000b).

Fluoxetine combined with phentermine had a very sim-

ilar effect to D-Fen/Phen on cocaine self-administration.

Fluoxetine was given repeatedly for 4 days, because it

was anticipated that the onset of effectiveness might be

gradual (Blier and de Montigny, 1994). In fact, the drug was

effective in reducing cocaine intake to 60% of baseline

beginning on the first day of treatment (see Fig. 2). The

rapid, beneficial effect of fluoxetine was similar to that

reported by others (Richardson and Roberts, 1991). In the

present study, when phentermine was added to fluoxetine in

equal proportion, cocaine intake decreased further to 20% of

baseline (Fig. 2). This suggests that the combination is more

effective that fluoxetine alone. The results are in agreement

with other studies showing decreased cocaine responding

with serotonergic drug treatment (Peltier and Schenk, 1993),

dopamine agonist treatments (Pulvirenti and Koob, 1994)

and combination serotonin/dopamine agonist treatments

(Glowa et al., 1997).

The first question is whether the pharmacological

treatments inhibited cocaine reinforcement, substituted

for cocaine, or simply caused malaise or paralysis. The

fact that the treatments have been used with humans, as

well as in numerous animal studies, helps to answer this

question in favor of the reinforcement-inhibition explana-

tion. Fluoxetine, D-Fen and Phen are all appetite suppres-

sants in humans and animals. They are not cocaine

substitutes, with the possible exception of phentermine,

which is self-administered by rats when they are under-

weight (Papasava et al., 1985). The present study found no

evidence for self-administration of D-Fen/Phen or Flu/Phen

at normal body weight. Using activity level to judge

malaise, the literature suggests that these drugs, given

separately or together, do not impair activity in rats (Carroll

et al., 1990a; Richardson and Roberts, 1991) or cause

aversive effects in humans (Anchors, 1997). The obser-

vation that cocaine self-administration resumed at baseline

levels the day after D-Fen/Phen or Flu/Phen treatment

suggests there was no residual illness and no aversion

conditioning. It has been suggested that some drug therapies

enhance the adverse symptoms of cocaine withdrawal,

thereby affecting future cocaine intake (McCance, 1997).

Drug therapies might also decrease withdrawal symptoms

and thereby reduce the need for cocaine. Although such

considerations are factors in long-term therapy, they did not

enter into the present studies because the drug treatments

acted on the first day. The most parsimonious explanation is

that D-Fen/Phen somehow satiated the animal for cocaine by

inhibiting the reinforcing property of the cocaine without

causing compensatory responding for more.

The neurochemical substrates for anorectic drugs provide

clues as to why D-Fen/Phen or Flu/Phen might satiate or

inhibit cocaine intake. Dopamine, acetylcholine, serotonin

and norepinephrine are all strongly implicated. Cocaine and

phentermine may act on systems where eating, sexual

Fig. 3. Rats that were experienced drug self-administrators showed

response extinction leading to a significantly lower rate of responding for

either D-Fen/Phen, Flu/Phen or normal saline (intravenous) in place of the

drug of abuse.
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behavior and stress can increase extracellular dopamine in

the nucleus accumbens (Abercrombie et al., 1989; Baumann

et al., 2000; Becker et al., 2000; Hernandez and Hoebel,

1988; Pettit and Justice, 1989; Pfaus et al., 1995; Tanda and

Di Chiara, 1998; Westerink et al., 1997; Wise et al., 1995).

Extracellular dopamine levels are related to the amount of

cocaine or amphetamine self-administered (Ranaldi et al.,

1999; Wise et al., 1995) or the schedule of responding for

food (Sokolowski et al., 1998). Perhaps, the accumbens

dopamine released by phentermine helps alleviate any

tendency to compensate with more cocaine (Baumann

et al., 2000). On the other hand, dopamine might also act

via the hypothalamus where it can function indirectly to

inhibit dopamine release in the accumbens reinforcement

system (Parada et al., 1990, 1995). The fact that animals

self-inject dopamine or psychostimulants into the accum-

bens shows this is an important locus of dopamine rein-

forcement (Guerin et al., 1984; Hoebel et al., 1983; McBride

et al., 1999). The term reinforcement simply refers to the

contingent increase in response rate, i.e., self-administration.

Evidence is accumulating to show that dopamine in the

accumbens can have incentive properties (Beninger and

Miller, 1998; Berridge and Robinson, 1998).

Acetylcholine interneurons in the accumbens may

oppose some of dopamine’s reinforcement functions,

including the incentive to self-administer drugs of abuse.

Extracellular acetylcholine may rise when a rat starts to

become satiated during a meal (Mark et al., 1992) or when

D-Fen/Phen is given systemically (Rada and Hoebel,

2000b). This suggests that the D-Fen/Phen combination

used in the present study acted in part by increasing

cholinergic functions in the accumbens. A recent report

from this laboratory suggests why phentermine might

augment the serotonergic effects of D-fenfluramine and

fluoxetine. Phentermine at 5 mg/kg released acetylcholine

in the nucleus accumbens, and this effect more than

doubled when the phentermine was combined with an

ineffective 5 mg/kg dose of D-Fen (Rada and Hoebel,

2000b). This supra-additive cholinergic action may inhibit

the accumbens reinforcement effects of cocaine. This

supposition is based on the correlation between ACh

inhibition of feeding (Hoebel et al., 1999) and a possible

effect on cocaine intake. In addition to the effect on

acetylcholine, Phen or D-Fen/Phen given systemically

increased extracellular dopamine (Rada and Hoebel,

2000b). Thus there could be a dopamine substitution effect

by which phentermine diminishes the need for cocaine.

Self-regulation of cocaine dose in a manner that maintains

accumbens dopamine at a high level has been shown by

microdialysis (Pettit and Justice, 1989; Wise et al., 1995).

In the present case, the animals took less cocaine and less

cocaine/heroin when given intraperitoneal D-Fen/Phen at

the dose used by Rada et al. (2000b) to increase extrac-

ellular dopamine and acetylcholine in the nucleus accum-

bens. Theoretically, it is the acetylcholine that helps keep

the animal from engaging in self-administration.

It is quite clear that the drug therapies used here are not

acting by blocking cocaine’s dopaminergic effects at the

dopamine receptor level. The drugs are not known to have

dopamine blocking effects. The D-isomer of fenfluramine is

not a dopamine antagonist (Garattini, 1995), but if the

combination did act that way for some reason, one might

expect to see self-administration increase to compensate for

loss of receptor activity (Caine et al., 1995). There was no

hint of that occurring.

Phentermine is also a norepinephrine releaser (Rothman

et al., 2001). Thus it could act as a multifunctional mono-

aminergic agonist with actions at a-1 receptors in the

hypothalamus that contribute to satiation (Wellman and

Davies, 1991) or via the ventral noradrenergic bundle which

is necessary for satiation, weight control, amphetamine

anorexia and aspects of drug withdrawal (Ahlskog and

Hoebel, 1973; Ahlskog et al., 1984; Aston-Jones et al.,

1999). It is interesting that the subjective effects of amphet-

amine derivatives in humans correlate with norepinephrine

release in vitro. (Rothman et al., 2001).

Serotonin may also have important roles, such as alle-

viating the depressed mood and motivation that can con-

tribute to drug abuse (Hoebel et al., 1999; Markou et al.,

1998). Fluoxetine, which increases extracellular serotonin,

clearly reduces cocaine intake in rats, as shown in this and

earlier studies (Carroll et al., 1990a; Peltier and Schenk,

1993; Richardson and Roberts, 1991). Cocaine or dopamine

can increase extracellular serotonin (Andrews and Lucki,

2001; Essman et al., 1994; Teneud et al., 1996), which may

act in part via 5-HT2 receptors to help control dopamine

release or counteract reduced serotonin function during

withdrawal (McMillen et al., 1993; Meert and Clincke,

1992; Parsons et al., 1996). Serotonin’s role in satiation is

well known, with effects documented extensively in the

hypothalamus where, in combination with other neurotrans-

mitters, serotonin can indirectly cause a decrease in accum-

bens dopamine release while also increasing acetylcholine

and causing satiety (Rada et al., 1999). On the other hand,

serotonin acting locally in the accumbens decreases acet-

ylcholine release, in part via 5-HT1a receptors, which could

be one factor alleviating behavioral depression (Chau et al.,

2001; Rada et al., 1993).

Paradoxically cocaine itself has dopamine, acetylcholine,

norepinephrine and serotonin agonist effects (Cunningham

et al., 1996; Mark et al., 1999; Parsons et al., 1996; Teneud

et al., 1996), qualitatively similar to the drugs being used

here to treat self-administration. However, substitution for

cocaine cannot be the entire explanation for the treatment

results, because the animals did not self-administer D-Fen/

Phen or Flu/Phen. Thus, we suggest that the markedly

reduced drug responding is possibly due in part to the

interaction of serotonergic compounds with the phenter-

mine, resulting in a supra-additive release of accumbens

acetylcholine (Rada and Hoebel, 2000b). This acetylcholine

apparently counteracts dopamine reinforcement of behavior

(Hoebel et al., 1999; Mark et al., 1995; Rada and Hoebel,
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2000a,b). Perhaps this theory can contribute to the devel-

opment of useful therapeutics to forestall the development

of drug abuse or prevent relapse.

Acknowledgments

This research was supported by USPHS grant DA-10608.

References

Abercrombie ED, Keefe KA, DiFrischia DS, Zigmond MJ. Differential

effect of stress on in vivo dopamine release in striatum, nucleus accum-

bens and medial prefrontal cortex. J Neurochem 1989;52:1655–8.

Ahlskog JE, Hoebel BG. Overeating and obesity from damage to a nor-

adrenergic system in the brain. Science 1973;182:166–9.

Ahlskog JE, Randall PK, Hernandez L, Hoebel BG. Diminished am-

phetamine anorexia and enhanced fenfluramine anorexia after midbrain

6-hydroxydopamine. Psychopharmacology 1984;82:118–21.

Anchors M. Fluoxetine is a safer alternative to fenfluramine in the medical

treatment of obesity. Arch Intern Med 1997;157:1270.

Andrews CM, Lucki I. Effects of cocaine on extracellular dopamine and

serotonin levels in the nucleus accumbens. Psychopharmacology (Ber-

lin) 2001;155:221–9.

Aston-Jones G, Delfs JM, Druhan J, Zhu Y. The bed nucleus of the stria

terminalis. A target site for noradrenergic actions in opiate withdrawal.

Ann NY Acad Sci 1999;877:486–98.

Balcioglu A, Wurtman RJ. Effects of fenfluramine and phentermine (fen–

phen) on dopamine and serotonin in rat striatum: in vivo microdialysis

study in conscious animals. Brain Res 1998;813:67–72.

Baumann MH, Ayestas MA, Dersch CM, Brockington A, Rice KC, Roth-

man RB. Effects of phentermine and fenfluramine on extracellular

dopamine and serotonin in rat nucleus accumbens: therapeutic implica-

tions. Synapse 2000;36:102–13.

Becker JB, Rudick CN, Jenkins WJ. The role of dopamine in the nucleus

accumbens and striatum during sexual behavior in the female rat.

J Neurosci 2000;21:3236–41.

Beninger RJ, Miller R. Dopamine D1-like receptors and reward-related

incentive learning. Neurosci Biobehav Rev 1998;22:335–45.

Berridge KC, Robinson TE. What is the role of dopamine in reward:

hedonic impact, reward learning, or incentive salience. Brain Res Rev

1998;28:309–69.

Blier P, de Montigny C. Current advances and trends in the treatment of

depression. Trends Pharmacol Sci 1994;15:220–6.

Cabeza de Vaca S, Carr KD. Food restriction enhances the central reward-

ing effect of abused drugs. J Neurosci 1998;18:7502–10.

Caine SB, Heinrichs SC, Coffin VL, Koob GF. Effects of the dopamine D-1

antagonist SCH 23390 microinjected into the accumbens, amygdala or

striatum on cocaine self-administration in the rat. Brain Res 1995;692:

47–56.

Carroll ME. The role of food deprivation in the maintenance and reinstate-

ment of cocaine seeking behavior in rats. Drug Alcohol Depend

1985;16:95–109.

Carroll ME, Lac ST, Asencio M, Kragh R. Fluoxetine reduces intravenous

cocaine self-administration in rats. Pharmacol Biochem Behav

1990a;35:237–44.

Carroll ME, Lac ST, Asencio M, Kragh R. Intravenous cocaine self-admin-

istration in rats is reduced by dietary L-tryptophan. Psychopharmacol-

ogy 1990b;100:293–300.

Chau DT, Rada P, Kosloff RA, Taylor JL, Hoebel BG. Nucleus accumbens

muscarinic receptors in the control of behavioral depression: antidepres-

sant-like effects of local M(1) antagonist in the Porsolt swim test. Neu-

roscience 2001;104:791–8.

Cunningham KA, Bradberry CW, Chang AS, Reith ME. The role of sero-

tonin in the actions of psychostimulants: molecular and pharmacolog-

ical analyses. Behav Brain Res 1996;73:93–102.

Devlin MJ, Goldfein JA, Carino JS, Wolk SL. Open treatment of over-

weight binge eaters with phentermine and fluoxetine as an adjunct to

cognitive-behavioral therapy. Int J Eating Disord 2000;28:325–32.

De Vry J, Donselaar I, Van Ree JM. Food deprivation and acquisition of

intravenous cocaine self-administration in rats: effect of naltrexone and

haloperidol. J Pharmacol Exp Ther 1989;251:735–40.

Di Chiara G, Acquas E, Tanda G, Cadoni CTI. Drugs of abuse: biochemical

surrogates of specific aspects of natural reward? Biochem Soc Symp

1993;59:65–81.

Ehrlich M, Martinez M, Patterson DM, Hoebel BG. Combined serotonergic

and dopaminergic agonists attenuate oral intake of drugs of abuse in

mice: D-fenfluramine/phentermine. Soc Neurosci Abstr 1996;22:921.

Essman WD, Singh A, Lucki I. Serotonergic properties of cocaine: effects

on a 5-HT2 receptor-mediated behavior and on extracellular concentra-

tions of serotonin and dopamine. Pharmacol Biochem Behav 1994;49:

107–13.

Garattini S. Biological actions of drugs affecting serotonin and eating. Obes

Res 1995;3(Suppl. 4):463S–70S.

Garattini S, Mennini T, Bendotti C, Invernizzi R, Samanin R. Neurochem-

ical mechanism of action of drugs which modify feeding via the sero-

tonergic system. Appetite Suppl 1986;7:15–38.

Glick SD, Visker KE, Maisonneuve IM. An oral self-administration model

of nicotine preference in rats: effects of mecamylamine. Psychopharma-

cology 1996;128:426–31.

Glowa JR, Rice KC, Matecka D, Rothman RB. Phentermine/fenfluramine

decreases cocaine self-administration in rhesus monkeys. NeuroReport

1997;8:1347–51.

Grabowski J, Rhoades H, Elk R, Schmitz J, Davis C, Creson D, Kirby K.

Fluoxetine is ineffective for treatment of cocaine dependence or con-

current opiate and cocaine dependence: two placebo-controlled double-

blind trials. J Clin Psychopharmacol 1995;15:163–74.

Grignaschi G, Sironi F, Samanin R. The 5-HT1B receptor mediates the

effect of D-fenfluramine on eating caused by intra-hypothalamic injec-

tion of neuropeptide Y. Eur J Pharmacol 1995;274:221–4.

Guerin B, Goeders NE, Dworkin SI, Smith JE. Intracranial self-adminis-

tration of dopamine into the nucleus accumbens. Soc Neurosci Abstr

1984;10:1072.

Harvey JA, McMaster SE. Fenfluramine: cumulative neurotoxicity after

chronic treatment with low dosages in rat. Commun Psychopharmacol

1977;1:3–17.

Heal DJ, Aspley S, Prow MR, Jackson HC, Martin KF, Cheetham SC.

Sibutramine: a novel anti-obesity drug. A review of the pharmacolog-

ical evidence to differentiate it from d-amphetamine and D-fenflur-

amine. Int J Obes Relat Metab Disord 1999;22(Suppl.):S18 – 28

(Discussion S29).

Hernandez L, Hoebel BG. Food reward and cocaine increase extracellular

dopamine in the nucleus accumbens as measured by microdialysis. Life

Sci 1988;42:705–12.

Hitzig P. Combined dopamine and serotonin agonists: a synergistic ap-

proach to alcoholism and other addictive behaviors. Maryland Med J

1993;42:153–6.

Hoebel BG. Brain neurotransmitters in food and drug reward. Am J Clin

Nutr 1985;42:1133–50.

Hoebel BG, Hernandez L. Microdialysis studies of psychostimulants.

NIDA Res Monogr 1990;95:343–4.

Hoebel BG, Monaco AP, Hernandez L, Aulisi EF, Stanley BG, Lenard L.

Self-injection of amphetamine directly into the brain. Psychopharma-

cology 1983;81:158–63.

Hoebel BG, Rada PV, Mark GP, Pothos EN. Neural systems for reinforce-

ment and inhibition of behavior: relevance to eating, addiction and

depression. In: Kahneman D, Diener E, Shwarz N, editors. Well being:

the psychological foundations of hedonism. New York: Russel Sage,

1999. pp. 560–74.

Kampman KM, Rukstalis M, Pettinati H, Muller E, Acosta T, Gariti P,

A.C. Glatz et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 197–204202



Ehrman R, O’Brien CP. The combination of phentermine and fenflur-

amine reduced cocaine withdrawal symptoms in an open trial. J Subst

Abuse Treat 2000;19:77–9.

Leibowitz SF, Hoebel BG. Neuroscience of obesity. In: Bray GA,

Bouchard C, James WPT, editors. Handbook of obesity. New York:

Marcel Dekker, 1998. pp. 313–58.

Lew R, Weisenberg B, Vosmer G, Seiden LS. Combined phentermine/fen-

fluramine administration enhances depletion of serotonin from central

terminal fields. Synapse 1997;26:36–45.

Mark GP, Rada P, Pothos E, Hoebel BG. Effects of feeding and drinking on

acetylcholine release in the nucleus accumbens, striatum, and hippo-

campus of freely behaving rats. J Neurochem 1992;58:2269–74.

Mark GP, Weinberg JB, Rada PV, Hoebel BG. Extracellular acetylcholine is

increased in the nucleus accumbens following the presentation of an

aversively conditioned taste stimulus. Brain Res 1995;688:184–8.

Mark GP, Kinney AE, Grubb MC, Keys AS. Involvement of acetylcholine

in the nucleus accumbens in cocaine reinforcement. Ann NY Acad Sci

1999;877:792–5.

Markou A, Kosten TR, Koob GF. Neurobiological similarities in depression

and drug dependence: a self-medication hypothesis. Neuropsychophar-

macology 1998;18:135–74.

McBride WJ, Murphy JM, Ikemoto S. Localization of brain reinforcement

mechanisms: intracranial self-administration and intracranial place-

conditioning studies. Behav Brain Res 1999;101:129–52.

McCance EF. Overview of potential treatment medications for cocaine

dependence. NIDA Res Monogr 1997;175:36–72.

McGregor A, Lacosta S, Roberts DC. L-Tryptophan decreases the breaking

point under a progressive ratio schedule of intravenous cocaine rein-

forcement in the rat. Pharmacol Biochem Behav 1993;44:651–5.

McMillen BA, Jones EA, Hill LJ, Williams HL, Bjork A, Myers RD.

Amperozide, a 5-HT2 antagonist, attenuates craving for cocaine by rats.

Pharmacol Biochem Behav 1993;46:125–9.

Meert T, Clincke G. Evidence for a possible role of the 5-HT2 antagonist

ritanserin in drug abuse. Ann NY Acad Sci 1992;654:483–6.

Mendlin A, Martin FJ, Jacobs BL. Dopaminergic input is required for in-

creases in serotonin output produced by behavioral activation: an in vivo

microdialysis study in rat forebrain. Neuroscience 1999;93:897–905.

Neill JC, Cooper SJ. Evidence that D-fenfluramine anorexia is mediated by

5-HT1 receptors. Psychopharmacology 1989;97:213–8.

Papasava M, Singer G, Papasave CL. Self-administration of phentermine by

naive rats: effects of body weight and a food delivery schedule. Phar-

macol Biochem Behav 1985;22:1071–3.

Parada MA, Hernandez L, Puig de Parada MP, Paez X, Hoebel BG. Dop-

amine in the lateral hypothalamus may be involved in the inhibition of

locomotion related to food and water seeking. Brain Res Bull 1990;

25:961–8.

Parada MA, Puig de Parada M, Hoebel BG. Rats self-inject a dopamine

antagonist in the lateral hypothalamus where it acts to increase extra-

cellular dopamine in the nucleus accumbens. Pharmacol Biochem Be-

hav 1995;52:179–87.

Parsons LH, Koob GF, Weiss F. Extracellular serotonin is decreased in the

nucleus accumbens during withdrawal from cocaine self-administration.

Behav Brain Res 1996;73:225–8.

Peltier R, Schenk S. Effects of serotonergic manipulations on cocaine self-

administration in rats. Psychopharmacology 1993;110:390–4.

Pettit HO, Justice JB. Dopamine in the nucleus accumbens during cocaine

self-administration as studied by in vivo microdialysis. Pharmacol Bio-

chem Behav 1989;34:899–904.

Pfaus JG, Damsma G, Wenkstern D, Fibiger HC. Sexual activity increases

dopamine transmission in the nucleus accumbens and striatum of

female rats. Brain Res 1995;693:21–30.

Porrino LJ, Ritz MC, Goodman NL, Sharpe LG, Kuhar MJ, Goldberg SR.

Differential effects of the pharmacological manipulation of serotonin

systems on cocaine and amphetamine self-administration in rats. Life

Sci 1989;45:1529–35.

Pothos EN, Creese I, Hoebel BG. Restricted eating with weight loss selec-

tively decreases extracellular dopamine in the nucleus accumbens and

alters dopamine response to amphetamine, morphine and food intake.

J Neurosci 1995a;15:6640–50.

Pothos EN, Hernandez L, Hoebel BG. Chronic food deprivation decreases

extracellular dopamine in the nucleus accumbens: implications for a

possible neurochemical link between weight loss and drug abuse. Obes

Res 1995b;3:525S–9S.

Pulvirenti L, Koob GF. Dopamine receptor agonists, partial agonists and

psychostimulant addiction. Trends Pharmacol Sci 1994;15:374–9.

Rada PV, Hoebel BG. Aversive hypothalamic stimulation releases acetyl-

choline in the nucleus accumbens, and stimulation-escape decreases it.

Brain Res 2000a;888:60–5.

Rada PV, Hoebel BG. Supraadditive effect of d-fenfluramine plus phenter-

mine on extracellular acetylcholine in the nucleus accumbens: possible

mechanism for inhibition of excessive feeding and drug abuse. Pharma-

col Biochem Behav 2000b;65:369–73.

Rada PV, Mark GP, Hoebel BG. In vivo modulation of acetylcholine in the

nucleus accumbens of freely moving rats: I. Inhibition by serotonin.

Brain Res 1993;619:98–104.

Rada PV, Helm KA, Hoebel BG. Synergy between serotonin and cholecys-

tokinin (CCK) in hypothalamic control of accumbens acetylcholine

release: a neural satiety mechanism. Appetite 1999;33:272.

Rada PV, Mark GP, Yeomans JJ, Hoebel BG. Acetylcholine release in

ventral tegmental area by hypothalamic self-stimulation, eating, and

drinking. Pharmacol Biochem Behav 2000;65:375–9.

Ranaldi R, Pocock D, Zereik R, Wise RA. Dopamine fluctuations in the

nucleus accumbens during maintenance, extinction, and reinstatement

of intravenous D-amphetamine self-administration. J Neurosci 1999;19:

4102–9.

Richardson NR, Roberts DC. Fluoxetine pretreatment reduces breaking

points on a progressive ratio schedule reinforced by intravenous cocaine

self-administration in the rat. Life Sci 1991;49:833–40.

Rothman RB, Elmer GI, Shippenberg TS, Rea W, Baumann MH. Phenter-

mine and fenfluramine. Preclinical studies in animal models of cocaine

addiction. Ann NY Acad Sci 1998;844:59–74.

Rothman RB, BaumannMH, Dersch CM, Romero DV, Rice KC, Carroll FI,

Partilla JS. Amphetamine-type central nervous system stimulants release

norepinephrine more potently than they release dopamine and serotonin.

Synapse 2001;39:32–41.

Rowland NE, Marshall M, Roth JD. Comparison of either norepinephrine-

uptake inhibitors or phentermine combined with serotonergic agents

on food intake in rats. Psychopharmacology (Berlin) 2000;149:

77–83.

Samanin R, Neill JC, Grignaschi G, Padura IM, Bizzi A, Garattini S. Role

of 5-HT receptors in the effect of D-fenfluramine on gastric emptying

and feeding behaviour as examined in the runway test. Eur J Pharmacol

1991;197:69–73.

Schenk S. Effects of the serotonin 5-HT(2) antagonist, ritanserin, and the

serotonin 5-HT(1A) antagonist, WAY 100635, on cocaine-seeking in

rats. Pharmacol Biochem Behav 2000;67:363–9.

Shoaib M, Baumann MH, Rothman RB, Goldberg SR, Schindler CW.

Behavioural and neurochemical characteristics of phentermine and fen-

fluramine administered separately and as a mixture in rats. Psychophar-

macology 1997;131:296–306.

Sokolowski JD, Conlan AN, Salamone JD. A microdialysis study of nu-

cleus accumbens core and shell dopamine during operant responding in

the rat. Neuroscience 1998;186:1001–9.

Tanda G, Di Chiara G. A dopamine-mu1 opioid link in the rat ventral

tegmentum shared by palatable food (Fonzies) and non-psychostimulant

drugs of abuse. Eur J Neurosci 1998;10:1179–87.

Tella SR. Effects of monoamine reuptake inhibitors on cocaine self-admin-

istration in rats. Pharmacol Biochem Behav 1995;51:687–92.

Teneud LM, Baptista T, Murzi E, Hoebel BG, Hernandez L. Systemic and

local cocaine increase extracellular serotonin in the nucleus accumbens.

Pharmacol Biochem Behav 1996;53:747–53.

Teramae CY, Connolly HM, Grogan M, Miller FA. Diet drug-related car-

diac valve disease: the Mayo Clinic echocardiographic laboratory ex-

perience. Mayo Clin Proc 2000;75:456–61.

A.C. Glatz et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 197–204 203



Tran-Nguyen LT, Baker DA, Grote KA, Solano J, Neisewander JL. Sero-

tonin depletion attenuates cocaine-seeking behavior in rats. Psychophar-

macology (Berlin) 1999;46:60–6.

Weintraub M. Long-term weight control study: conclusions. Clin Pharma-

col Ther 1992;51:642–4.

Wellman PJ, Davies BT. Reversal of phenylpropanolamine anorexia in rats

by the alpha-1 receptor antagonist benoxathian. Pharmacol Biochem

Behav 1991;38:905–8.

Westerink BH, Kwint HF, De Vries JB. Eating-induced dopamine release

from mesolimbic neurons is mediated by NMDA receptors in the ven-

tral tegmental area: a dual-probe microdialysis study. J Neurochem

1997;69:662–8.

Wise RA. Drug-activation of brain reward pathways. Drug Alcohol Depend

1998;51:13–22.

Wise RA, Newton P, Leeb K, Burnette B, Pocock D, Justice JB. Fluctua-

tions in nucleus accumbens dopamine concentration during intravenous

cocaine self-administration in rats. Psychopharmacology 1995;120:

10–20.

Wojnicki FH, Rothman RB, Rice KC, Glowa JR. Effects of phentermine on

responding maintained under multiple fixed-ratio schedules of food and

cocaine presentation in the rhesus monkey. J Pharmacol Exp Ther

1999;288:550–60.

A.C. Glatz et al. / Pharmacology, Biochemistry and Behavior 71 (2002) 197–204204


