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Abstract

Conditioned stimuli (CS) can be devalued by exposure to those stimuli in the absence of primary reward. We tested the hypothesis that

dopamine (DA) mediates the control of behavior by conditioned appetitive stimuli. Long±Evans rats were trained to respond for sucrose

under a heterogeneous chain schedule in which seeking responses (lever press) turned on a houselight [variable interval (VI)-120 s]; taking

responses (wheel turn or chain pull) in the presence of the houselight were reinforced [fixed ratio (FR)-1] by a sucrose pellet. When

responding on this schedule was stable, the levers were retracted and subjects had access to the sucrose-taking manipulandum only. Sucrose-

taking responses were either extinguished or reinforced under the influence of the DA antagonist, pimozide. Control groups were also

reinforced for sucrose-taking responses but received no injection or a vehicle injection prior to each session. Responses of extinction and

pimozide-treated groups declined over sessions. Sucrose-seeking responses were measured in a later test when subjects had no access to the

sucrose-taking manipulandum or to the reinforcer. Both extinction and pimozide manipulations reduced seeking responses, relative to the

respective control groups. Pimozide injections in the home cage had no effect. These data support the idea that DA mediates the conditioned

reinforcing properties provided by access to the taking link of the chain. D 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Instrumental responding for primary rewards is con-

trolled by associations that are formed between environ-

mental stimuli, the operant response, and the reinforcer

(Colwill and Rescorla, 1986; Dickinson, 1994). Instrumen-

tal responding may also be acquired, maintained, and

facilitated by a conditioned stimulus (CS) that predicts a

primary reinforcer (Mackintosh, 1974). The mesolimbic and

nigrostriatal dopamine (DA) systems are clearly involved in

instrumental responding for both primary and conditioned

rewards (Beninger and Olmstead, 2000; Cador et al., 1991;

Koob and Swerdlow, 1989; Salamone et al., 1997; Schultz

et al., 1997; Wise and Rompre, 1989), however, the

mechanism by which DA influences these behaviors is

unclear. It is unlikely that mesolimbic DA mediates the

incentive value of primary rewards because dopaminergic

manipulations or excitotoxin lesions of the nucleus accum-

bens do not affect hedonic reactions (Pecina et al., 1997) or

the reassignment of incentive value to a food reward

(Balleine and Killcross, 1994; Dickinson et al., 2000).

Moreover, in many cases, operant responding is not dis-

rupted by systemic or intra-accumbens DA antagonism or

by DA lesions (Amalric and Koob, 1987; Beninger and

Ranaldi, 1993; Dworkin et al., 1988; Phillips et al., 1987;

Roberts et al., 1977). Dopaminergic manipulations disrupt

operant responding under some schedules of reinforcement,

but these effects are quite distinct from the effects of

extinction or prefeeding (Salamone et al., 1997, 1999).

Taken together, these data suggest that DA blockade does

not impair the impact of primary rewards. On the other

hand, DA may interact with the conditioned associations

that are acquired during instrumental learning.

Recently, we examined the learned associations that

control operant responding for either a sucrose reward or

a cocaine infusion (Olmstead et al., 2001). Animals were

trained to respond under a two-link heterogeneous chain

schedule in which responding in the initial, seeking link

gave access to the opportunity to perform a different, taking

response that produced the reinforcer. Seeking responses

under this schedule appear to reflect the motivation to obtain
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the reinforcer in that the rate of responding increases with

reward magnitude (i.e., sucrose concentration; Olmstead et

al., 2000). Seeking responses per cocaine infusion also

increase with dose, as long as the satiety producing effects

of the drug have dissipated. On the other hand, seeking and

taking responses (at least for cocaine) are dissociable

because they are differentially affected by changes in dose

and the introduction of a time-out period. Following training

on the seeking-taking chain schedule, the taking response

was extinguished in the absence of the opportunity to

perform the seeking response (Olmstead et al., 2001). This

extinction treatment effectively devalues the reinforcing

properties of the taking link without devaluing the reinforcer

itself. In a subsequent extinction test, seeking responses

were reduced in the extinction group relative to a control

group that had not undergone the devaluation procedure.

These results show that there is an associative link between

the neurons controlling the taking response and those

controlling the seeking response, such that weakening the

control of behavior by the former reduces the control of

behavior by the latter.

The present experiment used the same behavioral para-

digm to test the hypothesis that decreased DA neurotrans-

mission during performance of the taking response will lead

to a decrease in seeking responses in a subsequent extinction

test. Subjects were trained to respond for sucrose pellets

under a heterogeneous chain schedule using a lever press as

the seeking response and a wheel turn or a chain pull as the

taking response. When responding on the chain schedule

had stabilized, the sucrose-taking response was devalued in

one of two ways. One group experienced the taking manip-

ulandum in extinction; the second group was reinforced for

taking responses under the influence of the DA receptor

blocker, pimozide. The effectiveness of the devaluation

treatment was subsequently evaluated by measuring seeking

responses, which no longer provided access to the taking

link or to the reinforcer. If pimozide, like the extinction

manipulation, results in reduced performance of the seeking

response, it would indicate that DA mediates the condi-

tioned reinforcing properties provided by access to the

taking link of the chain.

2. Method

2.1. Subjects

Seventy male Long±Evans rats (Charles River, Canada)

weighing 300±350 g at the beginning of the experiment

were housed in pairs on a 12-h light/dark cycle with lights

on at 19:00 h. Behavioral testing was conducted during the

dark cycle. Animals were given 1 h/day of free access to

regular chow in their home cage, maintaining body weight

at 85±90% of their free-feeding weight. Water was freely

available in the home cage. All experiments were con-

ducted in accordance with the Canadian Council on

Animal Care and Queen's University Animal Care Com-

mittee regulations.

2.2. Apparatus

Training and testing took place in eight sound-attenuated

operant chambers (26.5� 22� 20 cm) that were fitted with

two retractable levers (3.5 cm wide), each 4 cm from the

outer wall. A retractable response wheel and chain were

located on opposite sides of the chamber. All manipulanda

were 9 cm from the grid floor. Sucrose pellets (45 mg;

Bioserve) could be delivered to a recessed magazine (3.8 cm

wide and 5.5 cm from the grid floor) which was situated

between the two levers. The illumination of the houselight

in each chamber acted as the discriminative stimulus.

External noise was masked by ventilating fans mounted

on the side of each chamber. The manipulanda and stimuli

were controlled by an IBM-compatible 486 computer with

software written in house.

2.3. Drugs

Pimozide (Janssen, Pharmaceutica; Beerse, Belgium)

was dissolved in a vehicle solution containing 6-mg tartaric

acid/1-ml distilled water. The solution was prepared daily

and injected 90 min before behavioral testing (1.0 mg/kg

ip). The dose and route of administration were based on

previous research (Beninger and Hahn, 1983; Beninger et

al., 1987; Wise et al., 1978a).

2.4. Behavioral procedures

2.4.1. Training

Thirty-nine animals were trained to respond for sucrose

under a heterogeneous chain schedule. Responding on one

lever in the first link of the chain (sucrose-seeking) turned

on a discriminative stimulus (houselight), indicating that

responses on either the chain or wheel (sucrose-taking)

would produce a sucrose pellet. The choice of right vs. left

lever as the sucrose-seeking manipulandum and wheel or

chain as the sucrose-taking manipulandum was counter-

balanced within groups.

In the first stage of training, the sucrose-seeking lever

was retracted and responses on the sucrose-taking manip-

ulandum were reinforced on a fixed-ratio (FR-1) schedule

of reinforcement, only in the presence of the discrimina-

tive stimulus. Over seven sessions, the latency to turn on

the discriminative stimulus following the presentation of

the reinforcer was increased from 0, 2, 5, 15, 30, 60 to

120 s. Animals could receive a maximum of 20 pellets

per 2-h session. Animals were tested at the 120-s latency

until responding was stable (20 pellets received in less

than 50 min).

Once sucrose-taking responses were stable (three to four

sessions at the 120-s latency), the chain schedule was

introduced. Both sucrose-seeking and sucrose-taking
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manipulanda remained in the chamber throughout the chain

schedule sessions. The first response on the sucrose-seek-

ing lever initiated a variable interval (VI) schedule and the

first response meeting the VI contingency turned on the

houselight. In the presence of the discriminative stimulus,

food-taking responses were reinforced on an FR-1 sche-

dule. After the sucrose pellet was delivered, the houselight

turned off and the cycle began with the next sucrose-

seeking response. The VI contingency was increased across

sessions through 2, 5, 15, 30, 60 to 120 s. Five baseline

sessions on the chain schedule were conducted at the 120-s

VI. Animals could receive a maximum of 20 rewards per

2-h session.

2.4.2. Devaluation

2.4.2.1. Extinction. Sixteen animals were randomly

assigned to extinction and reinforcement groups (N = 8

each). For half of the animals in each group, the wheel

was the sucrose-taking manipulandum. The sucrose-seeking

lever was retracted and the sucrose-taking manipulandum

remained in the chamber throughout the devaluation ses-

sions. During each session, the discriminative stimulus was

turned on at random intervals averaging 120 s. For the

reinforcement group, the first response in the presence of the

discriminative stimulus produced a sucrose pellet and turned

off the houselight. For the extinction group, the discrimina-

tive stimulus stayed on for 20 s, but sucrose-taking

responses did not produce a sucrose pellet. Sessions con-

tinued until rats in the extinction group were making fewer

than five responses on the sucrose-taking manipulandum per

2-h session. Using this criterion, rats in both the extinction

and reward groups completed 10 devaluation sessions.

2.4.2.2. Pimozide. A second set of rats (N = 19) was split

into pimozide (N = 11) and vehicle (N = 8) groups. Again,

the sucrose-taking manipulandum was counterbalanced

within groups. Animals were injected with pimozide (1.0

mg/kg ip) or vehicle 90 min before each devaluation

session. All rats were returned to their home cages during

the 90-min interval. During the session, only the sucrose-

taking manipulandum was in the chamber and the discrimi-

native stimulus was presented at random intervals of 120 s.

Both pimozide and vehicle groups were reinforced (FR-1)

for sucrose-taking responses in the presence of the discri-

minative stimulus. Rats could receive a maximum of 20

pellets per 2-h session. Sessions continued until pimozide-

treated rats were making fewer than five responses per

session (five sessions in total).

2.4.2.3. Home cage. The remaining four animals served as

controls for the effect of repeated pimozide injections on

operant responding. These animals were trained on the chain

schedule but did not undergo any devaluation training. They

received one pimozide injection per day and were returned

to their home cage for 5 days.

2.4.3. Testing

Twenty-four hours after the last devaluation sessions,

sucrose-seeking responses were assessed in an extinction

test during which the sucrose-taking manipulandum was

retracted. The session started with the insertion of the

sucrose-seeking lever and ended with its retraction after

30 min. No sucrose pellets were presented and the discri-

minative stimulus was not turned on during this test session.

3. Results

3.1. Training

In order to determine that responses of all groups were

comparable prior to devaluation sessions, data from the last

five sessions on the chain schedule (VI-120 s) were ana-

lyzed using a repeated-measures analysis of variance

(ANOVA) with devaluation treatment as a between-subjects

factor and session as a within-subjects factor. Fig. 1 shows

that the number of drug-seeking responses per reward did

not vary significantly across these five baseline sessions

[ F(4,132) = 1.18, P=.32]. There were no group differences

in the rate of seeking responses per reward [ F(4,33) = 0.37,

P =.86] and no significant group� session interaction

[ F(16,132) = 1.51, P =.1]. The latencies to sucrose-seek

following the presentation of a sucrose pellet are shown in

Fig. 2. There were no significant group differences in this

measure [ F(4,33) = 0.74, P=.58], no significant changes

across session [ F(4,132) = 0.63, P=.46], and no significant

group� session interaction [ F(16,132) = 0.63, P =.85].

Fig. 1. Baseline sucrose-seeking responses: Data points represent the mean

number of seeking responses per reward presentation over the last five

training sessions of the chain schedule (VI-120 s). The five groups

(extinction, reinforcement, pimozide, vehicle, and home cage) were

distinguished by the treatment they received during devaluation sessions.
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These data verify that there were no group differences in the

rate of responding or latency to sucrose-seek prior to the

devaluation manipulations.

3.2. Devaluation

The extinction and pimozide groups required a different

number of devaluation sessions to reach criterion levels of

responding (10 and 5 sessions, respectively). Thus, the

data from these two manipulations were analyzed sepa-

rately using a repeated-measures ANOVA with group

(reinforcement vs. extinction or vehicle vs. pimozide) as

a between-subjects factor and session as a within-subjects

factor. It can be seen in Fig. 3 that sucrose-taking

responses declined across devaluation sessions in the

extinction group but remained stable for the reinforced

group. This effect was verified statistically by a group�
session interaction [ F(9,126) = 7.31, P < .001] and main

effects of group [ F(1,14) = 62.48, P < .001] and session

[ F(9,126) = 7.43, P < .001]. Post-hoc tests (ScheffeÂ) revealed

that responses of the extinction group were significantly

lower than the reinforced group from the fourth session

onwards. There were no differences in sucrose-taking

responses (either between groups or across sessions) when

the discriminative stimulus was off (data not shown; all

F's < 1).

Fig. 3 also shows that responses of pimozide-treated

animals were reduced compared to the vehicle-treated

animals over the five devaluation sessions [ F(1,16) = 50.47,

P < .001] although neither the main effect of session

[ F(4,64) = 2.12, P=.08] nor the group� session interaction

[ F(4,64) = 1.01, P =.41] were statistically significant.

Responses of pimozide-treated animals were significantly

lower than vehicle-treated animals during the last four

sessions (post-hoc tests). Responses when the discriminative

stimulus was off did not differ between groups or across

sessions (ScheffeÂ's post-hoc test, all P > .05).

Fig. 3. Devaluation of sucrose-taking: Data points represent the mean

number of sucrose-taking responses during extinction and pimozide

devaluation sessions when the discriminative stimulus was on. The

extinction group did not receive any sucrose pellets during the

devaluation sessions, whereas the reinforcement, pimozide, and vehicle

groups were reinforced for responding (FR-1) in the presence of the

discriminative stimulus.

Fig. 2. Baseline latency to sucrose-seek: Data points represent the mean

latency(s) to the first sucrose-seeking response following the presentation of

a sucrose pellet (bottom) over the last five training sessions of the chain

schedule (VI-120 s). The five groups (extinction, reinforcement, pimozide,

vehicle, and home cage) were distinguished by the treatment they received

during devaluation sessions.

Fig. 4. Effects of devaluation on sucrose-seeking: Data points represent the

mean number of sucrose-seeking responses per 5-min bin across a 30-min

extinction test. The top graph shows the responses of the extinction

devaluation group and their control (reinforcement). The bottom graph

shows the responses of the pimozide devaluation group and the two control

groups (vehicle and home cage). Neither sucrose pellets nor the

discriminative stimulus were presented during the test session.
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Sucrose-taking responses in the two control groups

(reinforced and vehicle) were slightly higher than 20

responses per session despite the fact that animals were

responding on an FR-1 schedule and the session ended after

20 presentations of the reinforcer. This apparent discrepancy

is probably due to the calibration of the response wheel; a

single response (turn) of this sucrose-taking manipulandum

sometimes recorded more than one response while only

producing one sucrose pellet.

3.3. Testing

Fig. 4 shows the food-seeking responses of the five

different treatment groups during a 30-min extinction test.

The significant group� time interaction [ F(20,165) = 3.56,

P < .05] and main effect of group [ F(4,33) = 15.46, P < .001]

were due to the fact that both extinction and pimozide

treatments during devaluation sessions reduced subsequent

sucrose-seeking responses, relative to their respective con-

trol groups. Responses of all groups declined across the

session [ F(5,165) = 76.57, P < .001]. Post-hoc tests

(ScheffeÂ) confirmed that responses of the extinction group

were lower than that of the reinforcement group and

responses of the pimozide group were lower than those of

the vehicle group. Moreover, repeated pimozide injections

in the home cage group did not reduce sucrose-seeking

responses compared to vehicle-treated animals. There was

no significant difference between response rates of the two

experimental groups (extinction and pimozide). In contrast,

responses of the reinforcement group were significantly

lower than the other two control groups (vehicle and home

cage) which did not differ significantly from each other.

The latency to the first sucrose-seeking response during

the final test is shown in Fig. 5. A one-way ANOVA

revealed a significant group effect [ F(4,33) = 21.03,

P < .01] and post-hoc tests (ScheffeÂ) showed that the extinc-

tion group was significantly slower to respond than the

reinforcement group but there were no significant differ-

ences between the pimozide, vehicle, and home cage groups.

4. Discussion

When animals are responding under a heterogeneous

chain schedule for a sucrose reward, extinction of the taking

response increases the latency to the first seeking response

and reduces the overall rate of responding in a later test.

This result confirms our recent finding (Olmstead et al.,

2001) using a between, rather than a within, subjects

design. The present experiments also replicate the numerous

reports that DA antagonists produce extinction like

responding for a food reward (Willner et al., 1988; Wise

et al., 1978a,b). Most importantly, the decline in sucrose-

taking responses under the influence of pimozide was

associated with a reduction in sucrose-seeking responses

in a later test. It is unlikely that the reduced responding in

the pimozide-treated animals was due to the motor inhibit-

ing effects of the drug because the animals were drug-free

during testing and repeated pimozide injections in the home

cage had no effect on seeking responses during the final

test. Nor can the drug-induced effect be explained by a

disruption in stimulus discrimination as pimozide does not

block this ability in rats (Beninger, 1982; McFarland and

Ettenberg, 1999; Tombaugh et al., 1980). Although the

pimozide-treated group exhibited longer latencies to

sucrose-seek than either of the two control groups (vehicle

and home cage), the effect was not statistically significant.

This may reflect a floor effect as all three groups initiated

responding in less than 18 s. The extinction and pimozide

manipulations produced almost identical rates of responding

during the final seeking test, whereas response rates of one

control group (reinforcement) were much lower than those

of the other two control groups (vehicle and home cage; see

Fig. 4). The only obvious difference between the control

groups was the amount of exposure to the taking link

following training on the chain schedule (10, 5, and 0

sessions), but it is not clear why this would lead to lower

response rates and more rapid extinction in the reinforce-

ment group. Regardless, the critical finding in our study is

that responding of each experimental group was signifi-

cantly different from the respective control group.

We favour the interpretation that both extinction and

pimozide decrease sucrose-seeking by reducing the condi-

tioned reinforcing properties of the sucrose-taking link. This

interpretation is consistent with evidence that post-training

devaluation of a positive reinforcer reduces performance in

a subsequent extinction test (Colwill and Rescorla, 1986;

Dickinson, 1989) and that DA antagonists block the rein-

statement of responding for a food reward following extinc-

tion (Chausmer and Ettenberg, 1997). It is interesting to

Fig 5. Effects of devaluation on the latency to sucrose-seek: Bars represent

the mean latency(s) to the first sucrose-seeking response in the extinction

test. The five groups were distinguished by the treatment they received

during devaluation sessions. EXT= extinction; RNF= reinforcement; PIM=

pimozide; VEH= vehicle; HC= home cage.
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note that the acquisition of conditioned reinforcing proper-

ties to previously neutral stimuli is disrupted by DA

antagonists (Beninger and Phillips, 1981; Ettenberg and

Camp, 1986a,b; Killcross et al., 1987; Nader and van der

Kooy, 1994; Spyraki et al., 1982), but once these are

established, DA is not essential for the expression of

behaviors elicited by the conditioned stimuli (Beninger

and Hahn, 1983; Beninger and Herz, 1986; Franklin and

McCoy, 1979; Horvitz and Ettenberg, 1991; McFarland and

Ettenberg, 1999). Disruption of DA transmission, therefore,

is only effective in altering responses when animals have

repeated exposure to the conditioned stimuli. Experience-

dependent changes in responding under the influence of DA

antagonists are also observed when animals are running for

a sucrose reward (Ikemoto and Panksepp, 1996). Taken

together, these data indicate that DA is essential for the

establishment of associative links between stimuli,

responses, and reinforcers and for acquiring new associa-

tions when the relationship between the three is changed.

An alternative explanation of our results is that the

devaluation treatments simply produced a general reduction

in instrumental performance. This is particularly pertinent to

the pimozide group because DA antagonists (Dickinson et

al., 2000) or nucleus accumbens lesions (Balleine and Kill-

cross, 1994) decrease the general excitatory effect of con-

textual stimuli on instrumental responding. However, the

seeking and taking responses in our paradigm are distinct

(lever press and wheel turn or chain pull, respectively),

making it less likely that the animals generalized between

the two. Moreover, when animals are trained simultaneously

on two different chain schedules, extinction of one taking

link selectively reduces seeking responses associated with

that link (Olmstead et al., 2001). Thus, although DA may

influence general arousal associated with appetitive stimuli,

the present results are more likely due to a reduction in the

conditioned association between the seeking and taking

links in the chain.

Although we cannot rule out the possibility entirely, it is

unlikely that our results can be explained by a change in the

incentive value of the reinforcer. The extinction manipula-

tion could not be acting through this mechanism because

animals had no access to the reinforcer during the devalua-

tion sessions. Thus, it was the association between the

sucrose-taking response and the sucrose that was devalued,

not the sucrose itself. In the pimozide manipulation, rein-

forced sucrose-taking responses declined across devaluation

sessions, but animals consumed all of the pellets that were

presented during these sessions, suggesting that the incen-

tive value of the reinforcer was still intact. Indeed, lesions of

the mesolimbic DA system do not attenuate consumption of

primary rewards (Kelley and Stinus, 1985; Koob et al.,

1978), DA antagonists do not reduce sucrose intake (Ike-

moto and Panksepp, 1996), and neither lesions nor DA

antagonism alter hedonic reactions to a food reward (Pecina

et al., 1997). Some reports indicate that blockage of DA

mechanisms does not reduce operant responding for a food

reward (Amalric and Koob, 1987; Beninger and Ranaldi,

1993; Dworkin et al., 1988; Phillips et al., 1987; Roberts et

al., 1977), although a more thorough analysis of the phe-

nomenon indicates that performance under high ratio sche-

dules is disrupted by these manipulations (Salamone et al.,

1999). The selective effect on reinforcement schedules,

which require a high response output, has been interpreted

as evidence that DA lesions or antagonism decrease the

ability of conditioned stimuli to instigate and sustain operant

responding (Salamone et al., 1997). Finally, when animals

are trained to respond for a sucrose reward, reexposure to

the reinforcer under the influence of pimozide or following

nucleus accumbens lesions does not reduce subsequent

responding for the sucrose (Balleine and Killcross, 1994;

Dickinson et al., 2000). Again, this suggests that DA does

not mediate the hedonic pleasures of reinforcers but may be

necessary for the control of behavior by stimuli associated

with the reinforcer (Beninger and Olmstead, 2000; Berridge

and Robinson, 1998).

A critical feature of our paradigm is that animals were

restricted to 20 reinforcers per session. With limited expo-

sure to the instrumental contingency, responding is con-

trolled by an association between the instrumental action

and its consequences (Adams and Dickinson, 1981; Balleine

and Dickinson, 1991; Colwill and Rescorla, 1985; Rescorla,

1992). With extended training, control of responding is

shifted to a strengthened association between environmental

stimuli and the operant response. Under these conditions,

responses that are elicited somewhat automatically by the

environmental stimuli are insensitive to devaluation (Dick-

inson, 1985). In line with this interpretation, preliminary

work showed that devaluation of the sucrose-taking link

through extinction was ineffective if animals could receive

100 rewards per session (Olmstead, Everitt and Dickinson,

unpublished observation). The reduction of seeking

responses following extinction of the taking response con-

firms that sucrose-seeking is driven by an association

between the seeking response and its outcome (access to

the taking link): the finding strengthens our argument that

DA mediates the control of behavior by stimuli associated

with a primary reward. Our results do not address the role of

DA in stimulus± response associations but, given that

extensive training attenuates responses of DA neurons to

conditioned stimuli (Ljungberg et al., 1992), the mainte-

nance of overlearned responses may be independent of

dopaminergic mechanisms. If DA is critical for behaviors

that are driven by stimulus±response associations, the effect

is more likely mediated in the dorsal, rather than the ventral,

striatum (McDonald and White, 1993).

In summary, our results support previous evidence that

DA transmission is critically involved in processes whereby

stimuli associated with primary rewards acquire the ability

to control behavior. This proposal is in agreement with

recent formulations of the role of DA in reward-related

behaviors (Beninger and Olmstead, 2000; Berridge and

Robinson, 1998) and the idea that `̀ DA antagonists could
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be altering arousal functions that are related to aspects of

associative processes'' (Salamone et al., 1997). At a neuro-

nal level, DA alters responses of other neurons to excitatory

or inhibitory stimuli (Surmeir, 2000), suggesting that a

primary function of DA is to modify other connections or

associative links.

Acknowledgments

This work was supported by a Natural Sciences and

Engineering Research Council of Canada (NSERC) grant to

M.C.O. We thank Tony Dickinson for helpful comments,

Emily Spencer for assistance with behavioral testing, Steve

Ferguson for computer expertise, and particularly Roland

Dupras for designing and constructing the operant chambers.

References

Adams CD, Dickinson A. Actions and habits: variations in associative

representations during instrumental learning. In: Spear NE, Miller

RR, editors. Information processing in animals: memory mechanisms.

Hillsdale, NJ: Erlbaum, 1981. pp. 35± 51.

Amalric M, Koob GF. Depletion of dopamine in the caudate nucleus but not

in the nucleus accumbens impairs reaction-time performance in rats. J

Neurosci 1987;7:2129± 34.

Balleine B, Dickinson A. Instrumental performance following reinforcer

devaluation depends upon incentive learning. Q J Exp Psychol 1991;

43:279± 96.

Balleine B, Killcross AS. Effects of ibotenic acid lesions of the nu-

cleus accumbens on instrumental action. Behav Brain Res 1994;65:

181± 93.

Beninger RJ. A comparison of the effects of pimozide and nonreinforce-

ment on discriminated operant responding in rats. Pharmacol, Biochem

Behav 1982;16:667± 9.

Beninger RJ, Hahn BL. Pimozide blocks establishment but not expression

of amphetamine-produced environment-specific conditioning. Science

1983;220:1304± 6.

Beninger RJ, Herz RS. Pimozide blocks establishment but not expression of

cocaine-produced environment-specific conditioning. Life Sci 1986;38:

1425± 35.

Beninger RJ, Olmstead MC. The role of dopamine in the control of loco-

motor activity and reward-related incentive learning. In: Miller R,

Wickens JR, editors. Brain dynamics and the striatal complex. Amster-

dam: Harwood Academic, 2000. pp. 29±50.

Beninger RJ, Phillips AG. The effects of pimozide during pairing on the

transfer of classical conditioning to an operant discrimination. Pharma-

col, Biochem Behav 1981;14:101± 5.

Beninger RJ, Ranaldi R. Microinjections of flupenthixol into the caudate-

putamen but not the nucleus accumbens, amygdala or frontal cortex of

rats produce intra-session declines in food-rewarded operant respond-

ing. Behav Brain Res 1993;55:203± 12.

Beninger RJ, Cheng M, Hahn BL, Hoffman DC, Mazurski EJ, Morency MA,

Ramm P, Stewart J. Effects of extinction, pimozide, SCH 23390, and

metoclopramide on food-rewarded operant responding of rats. Psycho-

pharmacology 1987;92:343± 9.

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.

Cador M, Robbins TW, Everitt BJ, Simon H, Le Moal M, Stinus L.

Limbic-striatal interactions in reward-related processes: modulation

by the dopaminergic system. In: Willner P, Scheel-Kruger J, editors.

The mesolimbic dopamine system: from motivation to action. Chiche-

ster: Wiley, 1991. pp. 225±50.

Chausmer AL, Ettenberg A. A role for D2, but not D1, dopamine receptors

in the response-reinstating effects of food reinforcement. Pharmacol,

Biochem Behav 1997;57:681± 5.

Colwill RM, Rescorla RA. Instrumental responding remains sensitive to

reinforcer devaluation after extensive training. J Exp Psychol: Anim

Behav Processes 1985;11:520± 36.

Colwill RM, Rescorla RA. Associative structures in instrumental learning.

In: Bower GH, editor. The psychology of learning and motivation.

Orlando, FL: Academic Press, 1986. pp. 55±104.

Dickinson A. Actions and habits: the development of behavioural autono-

my. Philos Trans R Soc London 1985;308:67± 78.

Dickinson A. Expectancy theory in animal conditioning. In: Klein SB,

Mowrer RR, editors. Contemporary learning theories: Pavlovian con-

ditioning and the status of traditional learning theory. Hillsdale, NJ:

Lawrence Erlbaum, 1989. pp. 279±308.

Dickinson A. Instrumental conditioning. In: MacKintosh NM, editor.

Animal learning and cognition. London: Academic Press, 1994. pp.

45± 79.

Dickinson A, Smith J, Mirenowicz J. The dissociation of Pavlovian and

incentive learning processes in the control of instrumental behavior

under dopamine antagonists. Behav Neurosci 2000;114:468±83.

Dworkin SI, Guerin GF, Goeders NE, Smith JE. Kainic acid lesions of the

nucleus accumbens selectively attenuate morphine self-administration.

Pharmacol, Biochem Behav 1988;29:175±81.

Ettenberg A, Camp CH. A partial reinforcement extinction effect in water-

reinforced rats intermittently treated with haloperidol. Pharmacol, Bio-

chem Behav 1986a;25:1231 ±5.

Ettenberg A, Camp CH. Haloperidol induces a partial reinforcement extinc-

tion effect in rats: implications for a dopamine involvement in food

reward. Pharmacol, Biochem Behav 1986b;25:813±21.

Franklin KBJ, McCoy SN. Pimozide-induced extinction in rats: stimulus

control of responding rules out motor deficit. Pharmacol, Biochem

Behav 1979;11:71± 5.

Horvitz JC, Ettenberg A. Conditioned incentive properties of a food-paired

conditioned stimulus remain intact during dopamine receptor blockade.

Behav Neurosci 1991;105:536±41.

Ikemoto S, Panksepp J. Dissociations between appetitive and consumma-

tory responses by pharmacological manipulations and reward-relevant

brain regions. Behav Neurosci 1996;110:331±45.

Kelley AE, Stinus L. Disappearance of hoarding behavior after 6-hydro-

xydopamine lesions of the mesolimbic dopamine neurons and its rein-

statement with L-dopa. Behav Neurosci 1985;99:531± 45.

Killcross AS, Everitt BJ, Robbins TW. Symmetrical effects of amphetamine

and alpha-flupenthixol on conditioned punishment and conditioned re-

inforcement: contrast with midazolam. Psychopharmacology 1987;129:

141± 52.

Koob GF, Swerdlow NR. The functional output of the mesolimbic dopa-

mine system. Ann NY Acad Sci., 1988;537:216± 27.

Koob GF, Riley SJ, Smith SC, Robbins TW. Effects of 6-hydroxydopamine

lesions of the nucleus accumbens septi and olfactory tubercle on feed-

ing, locomotor activity, and amphetamine anorexia in the rat. J Comp

Physiol Psychol 1978;92:917± 27.

Ljungberg T, Apicella P, Schultz W. Responses of monkey dopamine neu-

rons during learning of behavioral reactions. J Neurophysiol 1992;67:

145± 63.

Mackintosh NJ. The psychology of animal learning London: Academic

Press, 1974.

McDonald RJ, White NM. A triple dissociation of memory systems: hip-

pocampus, amygdala, and dorsal striatum. Behav Neurosci 1993;107:

3 ± 22.

McFarland K, Ettenberg A. Haloperidol does not attenuate conditioned

place preferences or locomotor activation produced by food- or her-

oin-predictive discriminative cues. Pharmacol, Biochem Behav 1999;

62:631± 41.

Nader K, van der Kooy D. The motivation produced by morphine and food

L.D. Johnston et al. / Pharmacology, Biochemistry and Behavior 68 (2001) 583±590 589



is isomorphic: approaches to specific motivational stimuli are learned.

Psychobiology 1994;22:68± 76.

Olmstead MC, Lafond MV, Everitt BJ, Dickinson A. Cocaine-seeking

by rats is a goal directed action. Behav Neurosci. 2001 (in press),

(submitted for publication).

Olmstead MC, Parkinson JA, Miles F, Everitt BJ, Dickinson A. Co-

caine-seeking by rats: regulation, reinforcement and activation. Psy-

chopharmacology. 2000;152:123±31.

Pecina S, Berridge KC, Parker LA. Pimozide does not shift palatability:

separation of anhedonia from sensorimotor effects. Pharmacol, Bio-

chem Behav 1997;58:801± 11.

Phillips GD, Willner P, Muscat R. Anatomical substrates for neuroleptic-

induced reward attenuation and neuroleptic-induced response decre-

ment. Behav Pharmacol 1987;2:129± 41.

Rescorla RA. Response-outcome versus outcome-response associations in

instrumental learning. Anim Learn Behav 1992;20:223±32.

Roberts DCS, Corcoran ME, Fibiger HC. On the role of ascending cate-

cholaminergic systems in intravenous self-administration of cocaine.

Pharmacol, Biochem Behav 1977;6:615± 20.

Salamone JD, Cousins MS, Snyder BJ. Behavioral functions of nucleus

accumbens dopamine: empirical and conceptual problems with the an-

hedonia hypothesis. Neurosci Biobehav Rev 1997;21:341±59.

Salamone JD, Aberman JE, Sokolowski JD, Cousins MS. Nucleus accum-

bens dopamine and rate of responding: neurochemical and behavioral

studies. Psychobiology 1999;27:236± 47.

Schultz W, Dayan P, Montague PR. A neural substrate of prediction and

reward. Science 1997;275:1593± 9.

Spyraki C, Fibiger HC, Phillips AG. Attenuation by haloperidol of place

preference conditioning using food reinforcement. Psychopharmacol-

ogy 1982;77:379±82.

Surmeir DJ. Dopaminergic regulation of striatal physiology. In: Miller R,

Wickens JR, editors. Brain dynamics and the striatal complex. Amster-

dam: Harwood Academic Press, 2000. pp. 195± 207.

Tombaugh TN, Ritch MA, Shepherd DT. Effects of pimozide on accuracy

of performance and distribution of correct responding on a simulta-

neous discrimination task in the rat. Pharmacol, Biochem Behav

1980;13:859±62.

Willner P, Chawla K, Sampson D, Sohokleus S, Muscat R. Tests of func-

tional equivalence between pimozide pretreatment, extinction and free

feeding. Psychopharmacology 1988;106:543± 9.

Wise RA, Rompre PP. Brain dopamine and reward. Annu Rev Psychol

1989;40:191±225.

Wise RA, Spindler J, de Wit H, Gerber GJ. Neuroleptic-induced `anhedo-

nia' in rats: pimozide blocks reward quality of food. Science 1978a;201:

262± 4.

Wise RA, Spindler J, Legault L. Major attenuation of food reward with

performance-sparing doses of pimozide in the rat. Can J Psychol

1978b;32:77±85.

L.D. Johnston et al. / Pharmacology, Biochemistry and Behavior 68 (2001) 583±590590


