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Abstract

In the present experiment rats were trained on a three-lever, drug-discrimination task to discriminate the cues associated with 0.30 mg/

kg of the indirect dopamine (DA) agonist, amphetamine (AMPH), saline (SAL), and 0.03 mg/kg of the DA, D2 receptor antagonist,

haloperidol (HAL). Choice behavior determined from tests on 0.30 and 0.15 mg/kg AMPH, SAL 0.03 and 0.015 mg/kg HAL provided a

behavioral baseline presumed to represent changes along a continuum of DA mediated, interoceptive cues. Results from separate groups

tested on 0.30 and 0.15 mg/kg AMPH, SAL, 0.03 and 0.015 mg/kg HAL, 24 h post-treatment with an acute 7.5 mg/kg dose of AMPH,

showed rapid tolerance and withdrawal to the AMPH cue and sensitization to the HAL cue. The same tests 24 h following treatment with

1.0 mg/kg HAL showed rapid tolerance to the HAL cue, sensitization to the AMPH cue, but not AMPH-like withdrawal cues. Analysis of

the results showed that tolerance to the AMPH and HAL cues reflected neuroadaptive baseline shifts and not weaker cue properties. These

findings are consistent with predictions from opponent process theory of motivation and provide an animal model to study the

motivational consequences that aversive symptoms of AMPH withdrawal such as dysphoria and anhedonia can have on drug-taking

behavior.
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1. Introduction

Opponent process theory of motivation (Solomon and

Corbit, 1973; Solomon, 1980; Barrett, 1985; Koob et al.,

1989, 1997) postulates that following use of a mood altering

drug, there is an initial period of mood enhancement

followed by a rebound period during which the mood state

is opposite that first experienced, i.e., withdrawal. The

rebound period is thought to reflect neuroadaptive processes

that oppose the drug’s primary action in an attempt to

maintain homeostasis. Symptoms of withdrawal observed
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following termination of drug use reflect a temporary period

during which the opponent processes are no longer opposed

by the drug’s primary action. In the absence of further drug

use, homeostasis is gradually recovered.

The importance of aversive mood-related symptoms of

withdrawal, as opposed to physical signs of withdrawal in

motivating compulsive drug use is emphasized by the fact

that physical signs of withdrawal are not prominently

associated with withdrawal from drugs like cocaine and

amphetamine (Gawin, 1991) yet have a high abuse

potential. The opponent process theory of motivation

(Markou et al., 1993) proposes that initially, the mood

enhancement (Fischman et al., 1976; Smith and Beecher,

1960) associated with drugs like amphetamine (AMPH) and

cocaine motivate their use. Continued use is theoretically

maintained by both the motivation to escape the aversive
d Behavior 81 (2005) 1–8
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mood states associated with withdrawal (negative reinforc-

ing properties), and the motivation to reinstate the mood

enhancement initially experienced (positive reinforcing

properties).

The main objective of the present experiment was to test

for the development of aversive symptoms of withdrawal

following treatment with amphetamine, using an animal

behavior thought to parallel the mood altering properties of

drug’s in humans. The challenge in developing animal

models relevant to studying drug abuse in humans is that the

response of interest is drug-induced, subjective changes in

hedonic state. On the basis of an extensive literature, it has

been suggested that drug-induced interoceptive cues in

animals parallel the mood altering properties of drugs in

humans, and theoretically, are mediated by common

physiological mechanisms (Balster, 1991; Preston and

Bigelow, 1991; Kamien et al., 1993; Colpaert, 1999,

1996, 1978). More specifically, Colpaert (1999) states that

results from early animal drug-discrimination studies

characterizing the cue properties of opiates (Colpaert,

1978) have provided evidence that drug-produced intero-

ceptive stimuli in animals are homologous with the

subjective effects opiates produce in humans (Preston and

Bigelow, 1991; Altman et al., 1977). Whereas, previous

drug-discrimination studies have comprehensively detailed

characteristics of the cues associated with amphetamine’s

primary effect, the present study was designed to detect and

characterize the cues associated with the neuroadaptive

processes that develop following treatment with amphet-

amine and to understand the relationship between these

processes and the development of tolerance.

An earlier drug-discrimination experiment (Barrett and

Leith, 1981) designed to study tolerance, trained rats to

discriminate 0.50 mg/kg AMPH from SAL, following

which training was suspended while rats were injected with

increasing doses of AMPH over a four-day period.

Tolerance was observed when rats were challenged with

0.35 mg/kg AMPH post-chronic AMPH. The 0.35 mg/kg

dose of AMPH produced only 10% responding on the

AMPH lever compared to 79% when tested prior to chronic

treatment. Because the rats challenged with 0.35 mg/kg

AMPH responded as though tested with SAL, this finding

was described as demonstrating complete tolerance. One

finding of interest in that study was the observation that

when the same rats were tested on SAL following chronic

AMPH, they made a greater percent of their responses on

the SAL lever than at any other time during the experiment.

Observation of this small increase (from 90% to 95%) in

SAL lever responding was possible because the rats were

trained on a reinforcement schedule (VI-30 s, TO-15 s) that

yielded graded rather than quantal measures of discrim-

ination (Barrett et al., 1994). Since it is known that animals

will respond on the SAL lever when challenged with bthird
stateQ cues, this small increase in SAL lever responding post

chronic AMPH suggested the presence of cues qualitatively

different from SAL cues. The objective of a follow up study
by Haenlein et al. (1985) was to pursue this possibility and

develop a drug-discrimination procedure that would be

sensitive to detecting bidirectional changes in cue state

following treatment with AMPH. Since it is known that

dopamine (DA) plays a central role in mediating AMPH’s

cue properties (Van Groll and Appel, 1992; Exner and

Clark, 1992; Callahan et al., 1991; Dworkin and Bimle,

1989; Nielsen et al., 1989; Woolverton and Cervo, 1986;

Nielsen and Jepsen, 1985), rats were trained to discriminate

between AMPH, an indirect DA agonist and HAL, a D2

antagonist. The results from the Haenlein et al. (1985) study

showed that rats could learn to discriminate changes along a

continuum of presumed DA mediated cues, and that when

tested on SAL 24 h following chronic AMPH treatment,

responded primarily on the HAL lever before the pretreat-

ment baseline was recovered. These results confirm the

presence of withdrawal cues following AMPH, but consid-

ered alone do not prove that they are HAL-like. An

alternative explanation is that because the rats are forced

to respond on either the AMPH or HAL lever, it is possible

that responding occurred on the HAL lever because the

withdrawal cues were more similar to HAL than AMPH.

However, results from recent three-lever studies (Caul et al.,

1996; Stadler et al., 1999) that involved training rats to

discriminate among the cues associated with AMPH, SAL

and HAL show this not to be the case. Those studies also

reported that rats responded on the HAL lever during

withdrawal from AMPH, a finding that provides strong

support for the interpretation that the cues associated with

AMPH withdrawal are HAL-like. If the cues were different

from HAL, rats trained on the three-lever task would have

responded on the SAL lever.

The purpose of the present experiment was to train rats

on a three-lever AMPH–SAL–HAL discrimination prior to

determining AMPH and HAL dose–response functions.

Rats were then treated with a single large dose of AMPH

and HAL to determine if the respective treatments would

shift the dose–response functions in the predicted directions.

On the basis of opponent process theory it was predicted

that rats tested 24 h after treatment with a large single dose

of AMPH would show baseline shifts opposite those

observed 24 h following treatment with a large single dose

HAL. Of special interest was the extent to which the

baseline shifts predicted diminished (tolerance) and

enhanced choice (sensitization) of the AMPH and HAL

levers.
2. Materials and methods

2.1. Apparatus

Six commercially available operant chambers (BRS/

LVE model No. RTC-022) each housed in a sound-

attenuating chamber were used for training rats on the

discrimination task. The front panel of each box was
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divided into thirds by two plastic dividers that extended

from the ceiling to the grid floor and extended 6.0 cm into

the chambers. In the center of each of the three divisions a

response lever requiring a force of 28 g to activate was

mounted 4.92 cm above the floor. Responding on the

levers was reinforced with food pellets (45 mg: P.J. Noyes )

delivered by a pellet dispenser mounted in the center of the

opposite back panel. A house light in each chamber was

turned on and off to signal the start and end of a session.

Experimental sessions were controlled and data recorded by

a computer and interface equipment located outside the

experimental room.

2.2. Animals

Fifty male Sprague–Dawley rats obtained from Harlan

Laboratories, Indianapolis, IN and weighing approximately

250–300 g at the start of the experiment, were housed in

individual cages and food deprived to 85% of their

expected free-feeding weight. The rats were maintained

on a 12-h light–dark cycle (lights on at 0600 h) and given

enough food (Purina Lab Chow) immediately following

each training session and on weekends to maintain their

control weight throughout the experiments. The animals

had free access to water in their home cage. All

experimental procedures were carried out in accord with

the NIH Guide for the Care and Use of Laboratory Animals

(1996 edition).
3. Procedures

3.1. Training on the three-lever amphetamine–saline–

haloperidol discrimination

After the lever press response was acquired, the

reinforcement contingency was changed to a variable

interval 10 s (VI-10 s) and discrimination training was

initiated. Rats were initially injected subcutaneously (sc) 15

min prior to the start of daily 20-min training sessions with

either 0.25 mg/kg amphetamine (AMPH), saline (SAL) or

0.0125 mg/kg haloperidol (HAL). The position of the

correct lever associated with each of the training cues was

counterbalanced across rats and operant chambers so that

the number of rats trained to respond on the left, center and

right lever after injections of AMPH, SAL and HAL was

nearly equal in each chamber. Over a two-week period, the

VI schedule was gradually increased to a VI-30 s and a 10-s

time out (TO-10 s) from reinforcement was introduced for

incorrect lever responses on the 17th training session and

increased to 15 s over several additional sessions. Rein-

forcement on the VI-30 s schedule for correct lever

responses was reinstated after a 15-s period of error free

responding elapsed. The concurrent VI-30 s, TO-15 s

reinforcement schedule remained in effect for the duration

of the experiment. Periodically during training, acquisition
of the discrimination was monitored during 2.5 min

extinction sessions scheduled at the beginning of the 20-

min training sessions. This allowed for monitoring acquis-

ition of the discrimination unconfounded by reinforcement.

During the remaining 17.5 min of the session, correct

responding was reinforced on the VI-30 s, TO-15 s

schedule. In order to improve discrimination, starting with

the 30th training session the training dose of AMPH was

increased to 0.30 mg/kg and the training dose of HAL was

increased to 0.03 mg/kg and remained at these concen-

trations for the duration of the experiment. Discrimination

training continued until no further improvement was

observed in choice of the correct lever for the three training

cues.

3.2. Determination of amphetamine and haloperidol dose–

response functions

In order to determine AMPH and HAL dose–response

functions, the fifty rats were matched on their acquisition

data and then assigned to one of five groups (n=10).

Subjects in the five groups were then given 5-min extinction

tests on either 0.30 mg/kg AMPH, 0.15 mg/kg AMPH,

SAL, 0.015 mg/kg HAL or 0.03 mg/kg HAL.

3.3. Determination of amphetamine and haloperidol dose–

response functions 24 h following treatment with a single

injection of 7.5 mg/kg AMPH

After five days of retraining, in order to study the effects

of a single large dose of AMPH on the AMPH and HAL

dose–response functions, the same five groups described

above were injected with 7.5 mg/kg AMPH 24 h prior to

being given 5-min extinction tests on either 0.30 mg/kg

AMPH, 0.15 mg/kg AMPH, SAL, 0.015 mg/kg HAL or

0.03 mg/kg HAL.

3.4. Determination of amphetamine and haloperidol dose–

response functions 24 h following treatment with a single

injection of 1.0 mg/kg HAL

After 10 days of retraining, in order to study the effects

of a large single dose of HAL on the AMPH and HAL dose–

response functions, the same five groups described above

were injected with 1.0 mg/kg HAL 24 h prior to being given

5-min extinction tests on either 0.30 mg/kg AMPH, 0.15

mg/kg AMPH, SAL, 0.015 mg/kg HAL or 0.03 mg/kg

HAL.

3.5. Drugs

d-amphetamine sulphate (Sigma Chemical St. Louis,

MO, USA) and haloperidol (McNeil Laboratories in

solution of 5 mg/ml) were dissolved or diluted in isotonic

saline and injected in volumes of 1 ml/kg. The doses of d-

amphetamine were calculated as those of the salt.
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Fig. 1. Percent responding on the amphetamine (A), saline (S) and

haloperidol (H) levers when rats were given 5-min extinction tests

following injections of 0.30 mg/kg AMPH, SAL, or 0.03 mg/kg HAL.

Each bar represents the meanFSEM of 50 subjects.
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3.6. Data analysis

The data of primary interest were percent choice of the

AMPH, SAL and HAL levers during the 5-min extinction

test sessions. Because, percent lever responding by rats

trained on a concurrent VI=30 s, TO-15 s schedule of

reinforcement is normally distributed (Barrett et al.,

1994), parametric statistics including one- and two-way

repeated measures analyses of variance (ANOVAs), were

used to evaluate the results from the present experiments.

Following significant findings in the ANOVA tests, the

Neuman–Keuls test was used to make post hoc paired

comparisons.
39

50

11 8

61

31

5

41

54

2

23

75

1

12

87AMPH Tolerance Withdrawal

%
L

ev
er

 R
es

po
nd

in
g

80

60

40

20

0
A S

0.30 0.030.15 0.00 0.015

AMPH (mg/kg) HAL (mg/kg)SAL

H A S H A S H A S H A S H

Fig. 2. (A) Lever choice from 5-min extinction tests is plotted for the five

groups (n=10) tested on either 0.30 mg/kg AMPH, 0.15 mg/kg AMPH,

SAL, 0.015 mg/kg HAL, or 0.03 mg/kg HAL prior to treatment with 7.5

mg/kg AMPH. (B) Lever choice is plotted for the same tests given 24 h

following treatment with 7 mg/kg AMPH. Each bar represents the

meanFSEM of 10 subjects.
4. Results

4.1. Acquisition of the three-lever amphetamine–saline–

haloperidol lever discrimination

A total of 66 training sessions were required for the rats

to attain criterion discrimination as defined by the

observation of asymptotic discrimination for each of the

three levers. Fig. 1 shows percent choice of the AMPH,

SAL and HAL levers when rats were given 5-min

extinction tests on 0.30 mg/kg AMPH, SAL and 0.03

mg/kg HAL, following 22 AMPH, 23 HAL and 21 SAL

training sessions. As can be seen, the 50 rats made an

average of 86% of their responses on the AMPH lever

when tested on the 0.30 mg/kg training dose of AMPH,

76% on the SAL lever when tested on SAL, and 84% on

the HAL lever when tested on the 0.03 mg/kg training

dose of HAL.
4.2. Determination of amphetamine and haloperidol dose–

response functions

In Fig. 2A, lever choice is plotted for the five groups

tested on either 0.30 mg/kg AMPH, 0.15 mg/kg AMPH,

SAL, 0.015 mg/kg HAL, or 0.03 mg/kg HAL. Separate

repeated measures ANOVAs comparing percent choice of

the AMPH lever following injections of 0.30 and 0.15 mg/

kg AMPH and SAL, and percent choice of the HAL lever

following injections of 0.03 and 0.015 mg/kg HAL and

SAL, showed that in both cases lever choice varied

significantly as a function of Test Dose ( pb.001). New-

man–Keuls tests used to compare individual means indi-

cated that percent AMPH lever responding was significantly

( pb.01) greater following 0.30 mg/kg AMPH (84%) than

0.15 mg/kg AMPH (44%) or SAL (7%) and significantly

greater following 0.15 mg/kg AMPH than SAL ( pb.01).

Comparable tests showed that percent HAL lever respond-

ing was significantly greater when tested on 0.03 mg/kg
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mg/kg HAL. (B) Lever choice is plotted for the same tests given 24 h

following treatment with 1.0 mg/kg HAL. Each bar represents the

meanFSEM of 10 subjects.
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(92%) HAL than when tested on 0.015 mg/kg HAL (55%)

( pb.01) or SAL (17%), ( pb.01) and significantly greater

when tested on 0.015 mg/kg HAL than on SAL ( pb.01).

4.3. Determination of amphetamine and haloperidol dose–

response functions 24 h following treatment with a single

dose of 7.5 mg/kg AMPH

Fig. 2B shows percent responding on the AMPH, SAL

and HAL levers for the groups tested on either 0.30 mg/kg

AMPH, 0.15 mg/kg AMPH, SAL, 0.015 mg/kg HAL, or

0.03 HAL mg/kg, 24 h following treatment with 7.5 mg/kg

AMPH. Tolerance to the AMPH cue can be seen by

comparing AMPH lever choice (see Fig. 2A vs. B) between

the groups tested on 0.30 mg/kg AMPH and 0.15 mg/kg

AMPH pre- and post-treatment with 7.5 mg/kg AMPH. Pre-

AMPH treatment (Fig. 2) A, these two groups made 84%

and 44% of their responses on the AMPH lever, compared

to 39% and 8% post-AMPH (Fig. 2B). A 2 (Pre-Post) �3

(AMPH Test Dose) repeated measures ANOVA computed

on these data indicated significant Pre-Post ( pb.001) and

AMPH Test Dose ( pb.001) main effects as well as a

significant Pre-Post � AMPH Test Dose interaction

( pb.05). Post-hoc Newman–Keuls tests showed that rats

tested on 0.30 mg/kg AMPH ( pb.05) and 0.15 mg/kg

AMPH ( pb.05), but not SAL, made significantly fewer

responses on the AMPH lever post-AMPH treatment.

In Fig. 2B it can also be seen that choice of the HAL

lever increased when rats were tested on 0.30 mg/kg AMPH

(2–11%), 0.15 mg/kg AMPH (14–31%) and SAL (17–54%)

following treatment with 7.5 mg/kg AMPH. A 2 (Pre-Post)
�3 (AMPH Test Dose) repeated measures ANOVA

computed on these data indicated that the overall increase

in choice of the HAL lever was significant ( pb.001).

A 2 (Pre-Post) �3 (HAL Test Dose) repeated measures

ANOVA on percent choice of the HAL lever when the

groups were tested on 0.03 mg/kg HAL, 0.015 mg/kg HAL

and SAL, showed choice of the HAL lever increased

significantly as a function of treatment with 7.5 mg/kg

AMPH 24 h prior to testing ( pb.001). There was also a

significant HAL Test Dose ( pb.001) and Pre-Post � Hal

Test Dose interaction ( pb.001). Newman–Keuls tests

comparing HAL lever pre- and post-AMPH treatment in

the group tested on 0.015 mg/kg HAL showed that the

increase (from 55% to 75%) observed post-AMPH was

significant ( pb.05, one-tailed test). In the group tested on

0.03 mg/kg HAL, the near ceiling level of responding on the

HAL lever (92%) prior to treatment with AMPH, precluded

the observation of enhanced HAL choice at this dose.

4.4. Determination of amphetamine and haloperidol dose–

response functions 24 h following treatment with a single

injection of 1.0 mg/kg HAL

The data presented in Fig. 3B show that when rats were

tested 24 h following treatment with 1.0 mg/kg HAL,
tolerance was observed to the HAL cue. A 2 (Pre-Post) �3

(Hal Test Dose) repeated measures ANOVA comparing

responding on the HAL lever when rats were tested on 0.03

HAL, 0.015 mg/kg HAL and SAL, indicated there was a

significant overall decrease ( pb.001) in choice of the HAL

lever following treatment with HAL, and a significant Pre-

Post � Hal Test Dose interaction ( pb.001). Newman–Keuls

paired-comparison tests showed (compare Fig. 3A to B)

choice of the HAL lever was significantly decreased

( pb.01) for the groups tested on 0.03 mg/kg HAL (92–

52%) and 0.015 mg/kg HAL (55–24%). The significant

interaction was a result of the group tested on SAL showing

no change (17–26%) pre- to post-HAL.
5. Discussion

The results from the present study show that rats can

learn to discriminate among cues associated with AMPH, an
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indirect DA agonist, HAL, a DA, D2 receptor antagonist,

and SAL. By testing rats on two doses of AMPH, SAL and

two doses of HAL, it was possible to show orderly dose-

related changes in choice of the three levers that presumably

reflect changes along a continuum of DA-mediated inter-

oceptive cues. This baseline provided a sensitive index to

assess adaptive changes in an animal behavior thought to be

relevant to understanding the motivational role aversive

symptoms of withdrawal play in motivating drug use in

people.

With regard to AMPH withdrawal, the results showed

that when the rats were tested on SAL 24 h following

treatment with 7.5 mg/kg AMPH, there was a rebound shift

to responding primarily on the HAL lever, i.e., withdrawal.

Furthermore, the data indicate that the interoceptive cues

characterizing this withdrawal period were equivalent to

those observed after an acute injection of 0.015 mg/kg HAL.

This conclusion is supported by the finding that when rats

were tested on SAL, 24 h post-AMPH, (see Fig. 2B) the

distribution of responses on the AMPH, SAL and HAL

levers was almost identical to that normally observed when

the rats were tested on an acute dose of 0.015 mg/kg HAL

(see Fig. 2A). Specifically, the rats tested on SAL post-

AMPH increased responding on the HAL lever from 17% to

54%, that was virtually identical to the 55% HAL lever

responding observed when rats were tested on 0.015 mg/kg

HAL prior to AMPH treatment. This finding is consistent

with previous results from two-lever, drug-drug discrim-

ination studies (Haenlein et al., 1985) where rats trained to

discriminate between AMPH and HAL responded on the

HAL lever during withdrawal from AMPH. In the Barrett et

al. study, choice of the AMPH and HAL levers following

treatment with 3 mg/kg AMPH changed in a bi-directional

manner as a function of time since drug administration.

When tested at short, post-AMPH intervals (6–8 h), rats

responded primarily on the AMPH lever with responding

gradually shifting to the HAL lever at intermediate intervals

(16–30 h) before returning to pretreatment levels by 48–72

h. Although those data provided convincing evidence for a

withdrawal cue state following treatment with AMPH, it

was less clear whether rats responded on the HAL lever

because the withdrawal cues were qualitatively similar to

the HAL training cue, or simply because the rats were

forced to choose between responding on the AMPH and

HAL lever, and the withdrawal cues were more similar to

HAL. In the three-lever experiment reported here, if the cues

associated with withdrawal were qualitatively different from

HAL, rats would have responded on the SAL lever. Instead

they responded as though administered an acute dose of

0.015 mg/kg HAL.

Although pretreatment with 7.5 mg/kg AMPH resulted

in tolerance to the AMPH cue, it had the opposite effect on

the HAL cue. For example, sensitization to the HAL cue

can be seen by comparing choice of the HAL lever when

rats were tested on 0.015 mg/kg HAL pre- and post-

treatment with 7.5 mg/kg AMPH. By comparing the data
in Fig 2A and B, it can be seen that choice of the HAL

lever increased from 55% pre-AMPH to 75% post-AMPH.

Thus, for the same reason that tolerance to the AMPH cue

does not reflect a weaker cue, sensitization to the HAL cue

does not imply a stronger or more salient cue. In both

cases, what changed was the baseline (compare SAL

results pre- and post-AMPH) at the time the drugs were

tested.

Treating rats with 1.0 mg/kg HAL 24 h prior to tests on

0.30 mg/kg AMPH, 0.15 mg/kg AMPH, SAL, 0.03 mg/kg

HAL and 0.015 mg/kg HAL produced changes in choice of

the three levers, that for the most part, were exactly opposite

(see Fig. 3B) to those observed following treatment with 7.5

mg/kg AMPH. Tolerance to the HAL cue, as defined by

reduced choice of the HAL lever, was observed when rats

were tested on 0.015 HAL and 0.03 mg/kg HAL, 24 h-post

1.0 mg/kg HAL. Also observed was sensitization to the

AMPH cue, as defined by an increase from 44% to 67%

AMPH lever choice when rats were tested on 0.15 mg/kg

AMPH 24-h post HAL treatment. There was one significant

difference between the adaptive changes observed following

AMPH and HAL. In contrast to the shift in responding from

the SAL to the HAL lever when rats were tested on SAL

following treatment with 7.5 mg/kg AMPH, no shift in SAL

lever choice was observed 24 h following treatment with 1.0

mg/kg HAL. This finding was informative because previous

(Barrett et al., 1992; Barrett and Steranka, 1983) two-lever

studies reported AMPH-like rebound cues following HAL

treatment. In the Barrett and Steranka (1983) study, rats

significantly increased responding on the AMPH lever when

tested 24 h following chronic treatment with 1.0 mg/kg

HAL. Failure to observe a similar shift in the present three-

lever experiment simply means that the HAL withdrawal

cue does not substitute for the AMPH cue when rats are

given the additional choice of responding on a SAL lever. It

does not question the presence of post-HAL withdrawal

cues, but rather illustrates the importance of using the two-

lever, agonist–antagonist discrimination as an initial generic

screen for detecting withdrawal cues. It remains for future

three-lever studies to further characterize the HAL rebound

cue. Although the cues associated with HAL withdrawal do

not substitute for AMPH, the present results indicate they

are additive with the AMPH cue and competitive with the

HAL cue. For example, when tested on 0.30 mg/kg AMPH

and 0.15 mg/kg AMPH, 24 h after treatment with 1.0 mg/kg

HAL, rats increased choice of the AMPH lever from 84% to

92% and from 44% to 67%, for the two doses, respectively.

By contrast, testing rats on 0.03 mg/kg HAL, post-1.0 mg/

kg HAL reduced choice of the HAL lever from 92% to 52%.

The 52% was virtually identical to the 55% responding on

the HAL lever typically seen in rats following an acute dose

of 0.015 mg/kg HAL (see Fig. 3A). Tests with 0.015 mg/kg

HAL, 24 h post-treatment with 1.0 mg/kg HAL, showed that

choice of the HAL lever was reduced from 55% to 24% and

was not different from the 17% HAL lever responding

normally observed when rats were tested on SAL. Thus, the
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rebound cues present 24 h following treatment with 1.0 mg/

kg HAL completely blocked the cues associated with 0.015

mg/kg HAL.

The current findings illustrating the pronounced shift in

baseline also seem relevant to interpreting data from

cocaine and heroin drug self-administration studies

(Ahmed and Koob, 1999) reporting escalation of drug

intake. In these studies, when rats have limited access to

the drug each day (1 h), they develop stable levels of

intake that remain relatively constant over time. Changing

the dose per injection results in rats adjusting their rate of

intake to achieve a desired pharmacological effect. When

access time was increased to 6 h for cocaine (Ahmed and

Koob, 1999) or 11 h for heroin a gradual increase in intake

during the daily sessions was observed for all doses tested

(vertical shift in dose–response function). Drug self-

administration procedures have no way to directly assess

rebound changes in the non-drug baseline, i.e., shift in

hedonic starting point, that might develop when subjects

are given extended access to the drug each day. In a recent

study, rats trained to self-administer cocaine were also

implanted with stimulating electrodes in the lateral

hypothalamus and trained on an intracranial self-stimula-

tion (ICSS) reward threshold procedure. Changes in ICSS

reward thresholds were used as an operational measure of

brain reward function. The results from this study showed

that the same conditions that resulted in an escalation of

cocaine self-administration produced a baseline increase in

ICSS reward thresholds. More importantly, similar to what

we observed, the authors state that tolerance observed to

the reinforcing properties of cocaine did not result from a

diminished cocaine effect on basal reward thresholds, per

se. Rather, tolerance reflected a baseline increase in reward

thresholds that prevented the thresholds from reaching the

same absolute level as observed prior to prolonged

exposure to cocaine. The tolerance observed in the present

three-lever, drug-discrimination study appeared to exactly

parallel the report in that a post AMPH baseline shift

accounted for tolerance to the AMPH cue, not a

diminished or less discriminable cue.

Finally, the results from the present experiment provide

insight into understanding why tolerance to a drug’s cue

properties is observed when discrimination training is

suspended during chronic drug treatment (see reviews by

Young, 1990, 1991; Young and Sannerud, 1989) but not

when training is continued (Colpaert, 1995). The explan-

ation generally given for this apparent discrepancy

(Sannerud and Griffiths, 1993; Hirschhorn and Rosecrans,

1974) is that continuing training during chronic treatment

allows subjects to gradually transfer the discrimination to a

weaker cue such that when rats are tested following a

chronic regimen, no change in discrimination is observed.

This explanation is supported by studies demonstrating that

doses of a training drug, too low to support acquisition of

a discrimination, will maintain an already acquired

discrimination, if training is continued while the dose is
gradually reduced (Overton, 1979). When training is

suspended there is no opportunity for subjects to transfer

the discrimination to the weaker cue presumably associated

with the training drug. Thus, when subjects are tested for

tolerance following chronic drug treatment, higher doses of

the drug are required to obtain the level of discrimination

previously observed i.e., rightward shift of dose–response

function. Our results suggest that the reason tolerance is not

observed when training is continued during chronic drug

treatment is that rats learn to transfer the discrimination to

qualitatively different, not less salient cues associated with

the response levers. Thus, for example, the cue associated

with the SAL lever would now include withdrawal cues and

the cues associated with the Drug lever would be altered by

withdrawal cues present during the drug training sessions.

However, our results indicate that the discriminable differ-

ence between the cues associated with the SAL and Drug

levers would remain unchanged. This explanation is also

consistent with the fact that subjects can continue receiving

drug training for months and even years without a break-

down in discrimination.
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