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Abstract

Rationale: Previous drug-discrimination studies have focused on characterizing the cue properties associated with amphetamine’s (AMPH)
primary effect. Results from recent experiments indicate that equally prominent cues are associated with AMPH withdrawal.

Objectives: The purpose of the present study was to investigate the extent to which AMPH-induced withdrawal cues, opposite to those
associated with AMPH’s primary effect are observed.

Methods: Since dopamine (DA) has been implicated in mediating the AMPH cue, rats were trained to discriminate between 0.25 mg/kg
AMPH, an indirect DA agonist, and 0.033 mg/kg haloperidol (HAL), a DA antagonist at the D2 receptor site. Training doses were chosen so
that rats responded about equally on both levers when tested on saline (SAL) providing a behavioral baseline sensitive to assessing AMPH-
related bidirectional changes in cue state. Following acquisition of the discrimination, rats were tested for choice of responding on the AMPH
and HAL levers at intervals from 6 to 72 h following treatment with a single dose of 3.0 mg/AMPH. Also, in order to investigate the
relationship between withdrawal and tolerance to AMPH’s cue properties, AMPH dose-response curves were determined 24 h following
treatment with SAL, 1.5 and 3.0 mg/kg AMPH.

Results: At short intervals after treatment with 3.0 mg/kg AMPH, rats responded primarily on the AMPH lever followed by a shift to
predominant responding on the HAL lever 16-30 h post-treatment, before returning to predrug levels. Treatment with 1.5 and 3.0 mg/kg
AMPH produced parallel dose-response curve shifts to the right.

Conclusions: Following a single dose of AMPH, robust cues associated with AMPH withdrawal were observed that lasted approximately
three times longer than the cues associated with the drug’s primary effects. Furthermore, results from the tolerance tests indicate that tolerance
reflects a baseline shift rather than a loss in drug efficacy.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The drug-discrimination procedure has proven to be a
valuable tool in characterizing the interoceptive cue proper-
ties of drugs in both animals and people. In animals, the
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procedure has been used to identify drugs with similar cue
properties, characterize the neurotransmitter—receptor inter-
actions responsible for mediating a drug’s cue properties and
to help identify the neuroanatomical sites where these
interactions are thought to occur. A drug that has received
considerable attention in the drug-discrimination literature is
the CNS stimulant amphetamine (AMPH), a drug with a long
history documenting its potential for abuse (Ellinwood,
1973). Drug-discrimination studies have comprehensively
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investigated the mechanisms mediating amphetamine’s
primary cue properties and the results converge on an
important role for the neurotransmitter dopamine (DA). For
example, other drugs thought to activate DA function such as
cocaine (D’Mello and Stolerman, 1977), methylphenidate
(Rush and Pazzaglia, 1997) and L-cathinone (Huang and
Wilson, 1986) generalize to the amphetamine cue. More
specifically, results from studies that have evaluated DA
agonists have shown that D, agonists including quinpirole,
pergolide and piribedil all generalize to amphetamine (Evans
and Johanson, 1987; Arnt, 1988; Nielsen et al., 1989;
Callahan et al., 1991). Likewise, D, antagonists including
haloperidol (HAL), pimozide, raclopride, sulpiride, spiroper-
idol and sulpiride have been shown to block the amphetamine
cue (Jarbe, 1982; Nielsen and Jepsen, 1985; Amt, 1988;
Nielsen et al., 1989; Callahan et al., 1991). Evidence that the
specific DA reuptake inhibitor GBR 12909 completely
generalizes to amphetamine (Van Groll and Appel, 1992) is
also consistent with a role for DA. Results from experiments
with D; agonists and antagonists are less clear. Several
studies reported that neither the full D, agonist SKF 81297
nor the partial D agonist SKF 38393 generalize to amphet-
amine (Arnt, 1988; Kamien and Woolverton, 1989; Nielsen et
al., 1989; Callahan et al., 1991; Reavill et al., 1993), although
a number of experiments found that the D antagonists SCH
23390 and SCH 39166 block the amphetamine cue (Nielsen
and Jepsen, 1985; Arnt, 1988; Kamien and Woolverton,
1989; Van Groll and Appel, 1992). Taken together, the
literature clearly suggests that DA is involved in mediating
the amphetamine cue at D, receptors although a role for D,
receptors is less clear. Studies aimed at identifying the
neuroanatomical locus of the amphetamine cue have found
that rats trained to discriminate systemically administered
amphetamine will generalize to amphetamine injected
directly into the nucleus accumbens (Nielsen and Scheel-
Kruger, 1986), while 6-OHDA lesions of the nucleus
accumbens disrupt amphetamine generalization (Dworkin
and Bimle, 1989). Studies have described the conditions that
produce chronic tolerance to the amphetamine cue (Barrett
and Leith, 1981; Young et al., 1992) and have characterized
its temporal properties (Jones et al., 1976; Silverman and Ho,
1980). In all of the studies cited above, rats were trained on a
conventional, saline (SAL)-amphetamine discrimination,
which provides a unidirectional measure of the interoceptive
cues associated with amphetamine’s primary effects. Results
from several recent studies (Barrett et al., 1992; Barrett and
Smith, 1988; Michaelis et al., 1988; Smith et al., 1995),
specifically designed to provide a behavioral measure
sensitive to bidirectional changes in cue state, have discov-
ered that the gradual dissipation and eventual disappearance
of a drug’s primary cue is often accompanied by the gradual
development and eventual appearance of robust and long
lasting withdrawal cues that previously had gone undetected.
Initial findings suggest that the withdrawal cues are
qualitatively opposite to those associated with the primary
cue and account for a significant percent of the overall change

in cue state induced by drug administration (Barrett et al.,
1992; Barrett and Smith, 1988; Barrett and Steranka, 1983;
Smith et al., 1995). The purpose of the present experiment
was to use the bidirectional measure previously described
(Barrett et al., 1992) to characterize the intensity and duration
of the rebound cues as a function of treatment dose of
amphetamine and to investigate the relationship between
withdrawal and the observation of rapid tolerance. Rapid
tolerance is defined here as the diminished response to a drug
upon administration of a second dose 24 h after the first dose
(Silveri and Spear, 2001).

2. Materials and methods
2.1. Subjects and apparatus

Thirty-six male Sprague-Dawley rats obtained from
Harlan Laboratories, Indianapolis, IN weighing approxi-
mately 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. 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. On the front panel of
each chamber, two response levers were mounted 4.92 cm
above the floor and required a 28-g force to activate.
Responding on the levers was reinforced with food pellets
(45 mg: P.J. Noyes) delivered by a pellet dispenser to a cup
centered on the opposite back panel of the chamber.
Experimental sessions were controlled and data recorded
by a computer and interface equipment located outside the
experimental room. 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 a two-lever task to discriminate between
amphetamine and haloperidol

The rats in the present experiment had received training
on a three-lever, amphetamine—saline—haloperidol discrim-
ination prior to being switched to the two-lever, amphet-
amine—haloperidol task used in this experiment. The three-
lever training occurred during daily 20-min training sessions
in the operant chambers described above with the exception
that three levers were positioned on the front panel of each
chamber. Reinforcement during the three-lever training was
programmed on a concurrent, variable interval 30 s, time-
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out 15 s (VI-30”, TO-15") schedule of reinforcement. Rats
were injected subcutaneously (s.c.) with either 0.30 mg/kg
AMPH, SAL or 0.035 mg/kg HAL 15 min before the
training sessions. A total of 123 three-lever training sessions
consisting of 42, 41 and 40 with SAL, HAL and AMPH,
respectively, was given before the rats were switched to a
two-lever, AMPH-HAL discrimination. Periodically during
the three-lever training, acquisition of the discrimination
was monitored during 2.5-min extinction periods scheduled
at the beginning of the 20-min training sessions as described
below. Training was changed to the two-lever task when it
became apparent that it was better suited to establishing a
discrimination baseline that was not only sensitive to
bidirectional cue changes, but could be made equally
sensitive in both directions. This equality of bidirectional
sensitivity can be assured in the two-lever procedure by
adjusting the training doses of AMPH and HAL such that,
when rats are tested on SAL following criterion discrim-
ination, they make about 50% of their responses on each
lever. Changing from three-lever to two-lever training
involved removing the middle lever. For 12 rats, the middle
lever had been associated with SAL so for these subjects the
levers associated with AMPH and HAL remained the same.
For 12 rats, the AMPH lever remained the same and the
lever previously associated with SAL was now paired with
HAL. For the remaining 12 rats, the HAL lever remained
the same and the lever previously associated with SAL was
now paired with AMPH. The preliminary training three-
lever training appeared not to affect in any way the results
obtained from the two-lever discrimination task. Two
observations support this conclusion. First, by the time all
rats had reached criterion discrimination and dose-response
functions had been determined in the two-lever study, no
differences were apparent among the three groups of 12 rats
that experienced different specific changes in drug-appro-
priate levers when the saline lever was withdrawn. Second,
portions of this experiment replicated exactly portions of
previous two-lever studies where rats were trained exclu-
sively on the same AMPH-HAL discrimination.

Training continued on the two-lever discrimination with
responding on the correct levers reinforced on the con-
current VI-30”, TO-15" as described above. Periodically,
during training, acquisition of the discrimination was
monitored during 2.5-min extinction periods scheduled at
the beginning of the 20-min training session. This allowed
for monitoring acquisition of the discrimination uncon-
founded by reinforcement. During the remaining 17.5 min
of the session, correct responding was reinforced on the
concurrent schedule. Discrimination training continued until
choice of the correct lever during the 2.5-min extinction
periods reached a criterion of 85% correct or greater
following injections of both AMPH and HAL. A second
criterion was that rats responded about equally (50%) on
both the AMPH and HAL levers when tested on saline
following attaining 85% correct lever choice. This required
adjustments in the AMPH and HAL training doses such that

by the end of acquisition the training doses for AMPH and
HAL were 0.25 and 0.035 mg/kg, respectively.

3.2. General testing procedures

Throughout this experiment, certain precautions were
taken to limit or at least control for possible withdrawal
effects influencing the outcome of the treatments being
investigated. First, because there are some rebound effects
associated with training doses as small as those used in the
present experiment, the AMPH and HAL training trials were
given on alternate days. This procedure attempts to maintain
constancy in the cues associated with the two levers during
training. Also, throughout the experiment in order to
preclude withdrawal cues associated with the drugs given
on training sessions from influencing test results, 3 drug-free
days always preceded a test session. Thus, the following 3-
week sequence was followed. Following a test on Tuesday,
training resumed Wednesday through Friday of the first week
and continued Monday through Friday of the second week
before another test was scheduled on Tuesday of the third
week. The test sessions consisted of 5-min extinction periods
during which responding on both levers was recorded.
Following the 5-min tests, rats were returned to their home
cages where they received their daily allotment of food.

3.3. Determination of dose—response functions for
amphetamine and haloperidol

Following criterion discrimination performance, dose—
response functions for AMPH and HAL were determined by
testing groups of rats (»=9) on four doses of AMPH (0.25,
0.125, 0.062 and 0.031 mg/kg) and three doses of HAL
(0.035, 0.018 and 0.004 mg/kg) during 5-min extinction test
sessions.

3.4. Time course of the primary and subsequent withdrawal
cues associated with a single dose of amphetamine

The rats were assigned to one of four groups (n=9)
matched on their SAL test scores. Over a period of 3 weeks,
the four groups were treated with AMPH and given 5-min
extinction tests at two of eight retest intervals (6, 8, 16, 20, 24,
30,48 and 72 h). On Tuesday of the first week, the four groups
were tested either 6, 20, 24 or 48 h following treatment with 3
mg/kg AMPH. Training sessions were resumed on Thursday
through Friday of the first week and continued Monday
through Friday of the second week. On Tuesday of the third
week, the same four groups were tested either 16, 8, 30 or 72
h, respectively, following the same 3 mg/kg dose of AMPH.

3.5. Tests to determine the relationship between rapid
tolerance and withdrawal

Using the same four groups described above, rats were
tested on one of three doses of AMPH (0.25, 0.125 and
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0.062 mg/kg) or SAL 24 h following treatment with either
3.0 mg/kg AMPH or SAL. Following these tests, the rats
were given a 5-min SAL test session to assure that the SAL
baseline still represented a point midway between the
training drugs, i.e., 50% responding on the AMPH and
HAL levers. Four new matched groups were formed using
the saline test scores. These groups were treated with 1.5
mg/kg AMPH and 24 h later tested on the same three doses
of AMPH (0.25, 0.125 and 0.062 mg/kg) and SAL used to
determine the AMPH dose-response curves 24 h following
treatment with SAL and 3 mg/kg AMPH.

3.6. The effect of acute treatment with haloperidol on the
amphetamine dose—response function

A final dose-response function was determined by
treating the same four groups of rats with 0.025 mg/kg
HAL, 15 min prior to being injected with either 0.25, 0.125,
0.062 mg/kg AMPH or SAL. Animals were tested, as
always, 15 min after being injected with the challenge dose
of AMPH.

3.7. Drugs

D-Amphetamine sulphate (Sigma, St. Louis, MO, USA)
and haloperidol (McNeil Laboratories in solution of 5 mg/
ml) were dissolved or diluted in 0.9% saline and injected in
volumes of 1 ml/kg. The doses of D-amphetamine were
calculated as those of the salt.

3.8. Data analysis

The data of primary interest were percent responding on
AMPH and HAL levers during 5-min extinction test
sessions. Because percent lever responding by rats trained
on a concurrent VI=30", TO-15" 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.

4. Results

4.1. Acquisition of the amphetamine—haloperidol
discrimination

From the time the rats were switched from training on the
three-lever procedure to training on the two-lever, AMPH-
HAL task, 10 sessions with AMPH and 10 with HAL were
required for the animals to reach criterion discrimination. By
the conclusion of acquisition and throughout the duration of
the experiment, the rats consistently averaged over 90%
correct lever choice when tested on the training doses of
both AMPH (0.25 mg/kg) and HAL (0.035 mg/kg). When
all rats were tested on SAL following criterion acquisition,

percent choice of the two levers was 51.8% and 48.2% for
the AMPH and HAL levers, respectively. Periodically,
throughout the experiment, rats were tested on SAL in
order to assure that the behavioral baseline remained equally
sensitive to detecting primary and withdrawal cues asso-
ciated with amphetamine. In Fig. 1, a frequency distribution
is plotted of the 100 SAL test scores that resulted from these
tests. Each rat was tested an average of three times on SAL
over the course of the experiment. The scores plotted
represent percent responding on the AMPH lever. As can be
seen, the mean of the distribution was 51.6%, the median
52.9% and the standard deviation 20.3%.

4.2. Determination of dose—response functions for
amphetamine and haloperidol

Fig. 2 shows the results when rats were tested with four
doses of AMPH and three doses of HAL. Separate one-way
ANOVAs computed on results from the four doses of
AMPH and three doses of HAL showed that choice of the
AMPH [F(3,26)=4.5, P<0.01] and HAL [F(2,20)=12.4,
P<0.01] levers varied in an orderly manner as a function of
dose. The SAL data point in Fig. 2 represents the average
percent responding on the two levers when all 36 rats were
tested on SAL immediately prior to determination of the
dose—response functions.

The rats injected with 0.25, 0.125, 0.06 and 0.03 mg/kg
AMPH averaged 35, 27, 36 and 39 responses, respectively,
during the 5-min extinction sessions. The groups injected
with 0.035, 0.015 and 0.008 mg/kg HAL averaged 21, 23
and 30 responses, respectively. Separate ANOVAs used to
test for differences among the four AMPH groups
[F(3,25)=1,5, P=0.34] and the three HAL groups
[F(2,20)=1.3, P=0.29] were not significant.

Mean: 51.6%
50 — SD: 20.3%
Median: 52.9%
n=100

40

30 H

20 H

Frequency Distribution

10

0 A e e
0 20 40 60 80 100
Percent Amphetamine Lever

Fig. 1. The data represent the distribution of % AMPH lever responding
resulting from 5-min SAL extinction tests given during the course of the
experiment. A chi-square test indicated that the distribution did not differ
significantly from a normal distribution (%=2.90, df=5, p=0.716).
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Fig. 2. Percent choice of the AMPH and HAL levers when rats were tested
during 5-min extinction test sessions administered 15 min following
injections with four doses of AMPH, SAL and three doses of HAL. Data
represent means+S.E.M. of nine rats per group. The SAL data point
represents mean lever choice when all 36 rats were tested on SAL following
acquisition.

4.3. Time course of the primary and subsequent withdrawal
cues associated with a single dose of amphetamine

In Fig. 3, responding on the AMPH and HAL levers is
shown as a function of time since treatment with 3 mg/kg
AMPH. As can be seen, rats responded primarily on the
AMPH lever (87-88%) at the short intervals (68 h), shifted
to responding primarily on the HAL lever (70-83%) at
intermediate intervals (16-30 h) and returned to baseline
responding by the 72-h interval. Separate ANOVAs found
that lever choice varied significantly as a function of time
across the 6-, 20-, 24- and 48-h intervals [ F(3,21)=15.5,
P<0.001] as well as the 8-, 16-, 30- and 72-h intervals
[F(3,25)=18.8, P<0.001].

Total number of responses for the 8-, 16-, 30- and 72-h
retest groups during the extinction test sessions averaged 36,
18, 13 and 24 responses, respectively. A one-way ANOVA
indicated the differences were not significant [ F(3,25)=2.7,
P=0.07]. Average total number of responses for the 6-, 20-,
24- and 48-h retest groups was 34, 13, 13 and 13,
respectively. An ANOVA computed on these totals showed
the differences were significant [ F(3,19)=6.6, P<0.03].

4.4. Tests to determine the relationship between rapid
tolerance and withdrawal

In Fig. 4, it can be seen that rapid tolerance, defined as a
rightward shift in the dose-response function, was observed
when rats were tested 24 h following treatment with 1.5 and
3.0 mg/kg AMPH. A 2 treatment (SAL vs. 3.0 AMPH)x4

T T T T
I w ) —_
(=) (=) (=) (=)

E
[« [«
JIAYT [oprrddoreH °,

% Amphetamine Lever

T
~]
(=]

T
(e
(=]

T
O
(=]

0- F100

16 20 24 30 48 72
AMPH-Test Interval (hrs)

o
oo -

Fig. 3. Percent choice of the AMPH and HAL levers during 5-min
extinction test sessions as a function of time following treatment with 3 mg/
kg AMPH. All groups were injected with SAL 15 min prior to testing. Data
represent means+S.E.M. of nine rats per group. The dotted horizontal line
represents mean percent lever choice when all animals were tested on saline
prior to treatment.

test dose (0.00, 0.062, 0.125 or 0.25 mg/kg AMPH)
repeated measures ANOVA was used to test for the effect
of treatment with 3.0 mg/kg AMPH. The results showed that
the shift in the dose-response curve to the right was
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Fig. 4. Percent choice of the AMPH and HAL levers when different groups
of rats were tested on SAL, 0.062, 0.125 or 0.25 mg/kg AMPH, 24 h after
treatment with either SAL (filled circle), 1.5 (open triangle), 3.0 (filled
square) mg/kg AMPH or 15 min after an acute dose of 0.025 mg/kg HAL
(open circle). The data represent the means of nine rats=S.E.M.
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significant [ F(1,50)=13.1, P<0.001] and that treatment did
not interact with test dose [ (3,50)=1.9, P=0.12]. Statistical
analysis examining the effects of treatment with 1.5 mg/kg
AMPH employed a 2 treatment (SAL or 1.5 AMPH) x4 test
dose (0.00, 0.062, 0.125 or 0.25 mg/kg AMPH) factorial
ANOVA. As observed for 3.0 mg/kg AMPH, the shift
observed following 1.5 mg/kg AMPH was also significant
[F(1,50)=12.0, P<0.01] and similar to the results observed
with 3.0 mg/kg AMPH, no significant treatmentXtest dose
interaction [ F(3,50)=1.5, P=0.20] was found indicating
parallel shifts. Since the AMPH dose-response functions in
this experiment extend from 50% (SAL) to 100% (AMPH
training dose), the ED5 rather than the EDs, was computed
to compare the dose representing the midpoint of the
function. Linear regression equations were computed for
each of the three dose—response functions shown in Fig. 4.
Substituting 75% for Y and solving for X (dose) in each
equation, yielded ED-5 doses of 0.064, 0.13 and 0.20 mg/kg
AMPH for the groups pretreated with SAL, 1.50 and 3.0
mg/kg AMPH, respectively. Thus, treatment with 1.5 mg/kg
AMPH caused a 2-fold increase in the ED55 dose, while
treatment with 3.0 mg/kg AMPH increased the ED;5s dose
by a factor of 3.12.

The average total number of responses made during the
test sessions by the group pre-injected with SAL 24 h before
being tested on SAL, 0.062, 0.125 or 0.25 mg/kg AMPH,
were 18, 26, 20 and 22, respectively. The same data for the
groups pre-injected with 3 mg/kg 24 h before being tested on
SAL, 0.062, 0.125 or 0.25 mg/kg AMPH, were 20, 18, 29
and 18 responses, respectively. For the groups pre-injected
with 1.5 mg/kg AMPH 24 h before being tested on SAL,
0.062, 0.125 or 0.25 mg/kg AMPH, the average total number
of responses were 27, 17, 28 and 33, respectively. One-way
ANOVAs computed separately on the dose response data for
the above groups showed that in no case did total number of
responses differ as a function of test dose.

4.5. The effect of acute treatment with haloperidol on the
amphetamine dose—response function

In Fig. 4, it can be seen that injecting rats with 0.025 mg/
kg HAL prior to determining the AMPH dose response
function produced a rightward shift. Between groups and
repeated measures ANOVAs showed that the shift was
significant when compared to the dose-response curve
observed for rats treated with SAL [F(1,50)=25.6,
P<0.001] or 1.5 mg/kg AMPH [F(1,51)=6.4, P<0.01].
The dose-response curve following treatment with 0.025
mg/kg HAL was not different from the dose—response curve
determined 24 h following treatment with 3.0 mg/kg AMPH
[F(1,50)=1.1, P<0.29]. Means for the groups tested on
0.25, 0.125 and 0.062 mg/kg AMPH and SAL were 85%,
74%, 32% and 12% for the four groups, respectively. The
ED55 for these groups was 0.17 mg/kg AMPH, a dose 2.65-
fold higher than the ED5s dose (0.064 mg/kg AMPH)
observed for rats treated with SAL 24 h prior to testing.

The average total number of responses made by the groups
tested on SAL, 0.062, 0.125 or 0.25 mg/kg AMPH were 19,
8, 8 and 19, respectively, and were significantly different as
tested by a one-way ANOVA [ F(3,26)=3.9, P<0.02].

5. Discussion

The results from the present study show that rats can
learn to discriminate differences along a continuum of
presumed DA-mediated cues. By adjusting the training
doses of the indirect DA agonist AMPH and the DA, D2
receptor antagonist HAL, it was possible to obtain a
discrimination baseline that was equally sensitive to
detecting increases and decreases in DA mediated cues.
Of particular interest is the normal distribution of the SAL
test scores that were acquired throughout the experiment
that is plotted in Fig. 1. These data reflect the graded and
normally distributed nature of the response measure
generated by the concurrent VI-30”, TO-15" schedule of
reinforcement used to train rats in this experiment. As can
be seen, on average rats made 51.6% of their responses on
the AMPH lever and 48.4% on the HAL lever when tested
on SAL. In previous AMPH-HAL discrimination studies
(Barrett et al., 1992), we observed that the distribution of
responding on the two levers during SAL tests is precisely
controlled by the training doses of AMPH and HAL. Thus,
small changes in the training dose of either drug shifts the
mean of the distribution.

The findings from the present experiment replicate and
extend the results from previous studies examining the
effects of neuroadaptive processes (Barrett et al., 1992;
Barrett and Smith, 1988; Caul et al., 1996; Smith et al.,
1995) on drug-induced cues and are consistent with
predictions made from an opponent process theory of
motivation (Solomon and Corbit, 1973; Solomon, 1980;
Barrett, 1985; Koob et al., 1989, 1997). Of particular
significance was the observation that the cues associated
with AMPH withdrawal accounted for a far greater
percentage of the total variance associated with AMPH’s
cue properties than did the primary cues. This can be seen in
Fig. 3, where following treatment with 3.0 mg/kg AMPH,
the primary cues are dominant during the first 8§ h. By
interpolating between the 8- and 16-h test intervals, it can be
seen that at about 12 h following treatment with 3.0 mg/kg
AMPH, a brief period of equilibrium occurs between the
decreasing intensity of the drug’s primary cues and the
increasing intensity of the withdrawal cues that oppose the
primary cues. By 16 h after treatment with 3.0 mg/kg
AMPH, rats were making 70% of their responses on the
HAL lever indicating the presence of withdrawal cues
qualitatively opposite to the primary cues initially observed.
Considered alone, the finding that rats responded on the
HAL lever during AMPH withdrawal does not confirm that
the AMPH withdrawal cues are HAL-like. An alternative
explanation is that, because the rats are forced to respond on
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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 which provides strong support for the
interpretation that the cues associated with AMPH with-
drawal are HAL-like, because if they were different from
HAL, rats trained on the three-lever task would have
responded on the SAL lever. In the present study, the
HAL-like cue state continued to increase in intensity such
that by 30 h after treatment with 3.0 mg/kg AMPH, the rats
were making 84% of their responses on the HAL lever. By
referencing the HAL dose—response function plotted in Fig.
2, it can be seen that 84% HAL lever choice would be
equivalent to the %HAL lever responding expected follow-
ing acute treatment with approximately 0.025 mg/kg HAL.
Not until the 48-h test interval did choice of the two levers
approach the 50% non-drug baseline level.

Also of interest in the present experiment was the finding
that the reduced responding on the AMPH lever (rapid
tolerance) observed when rats were challenged with AMPH
during AMPH withdrawal, was completely accounted for by
the baseline shift and did not reflect a weaker cue. This can be
seen by comparing the dose-response functions for rats
pretreated with SAL and 3.0 mg/kg AMPH. The rats
pretreated with 3.0 mg/kg AMPH made 10% of their
responses on the AMPH lever (90% on HAL lever) when
tested on SAL 24 h later compared to 50% AMPH lever
responding for rats pretreated with SAL. When both groups
were tested on 0.062 mg/kg AMPH, the first dose in the dose—
response curve, the AMPH-pretreated group made signifi-
cantly fewer AMPH lever responses (41%) than the group
pretreated with SAL (80%). This difference satisfies the
operational definition of tolerance. However, it can also be
seen that the test dose of 0.062 mg/kg AMPH produced
nearly identical increases from baseline in %AMPH lever
choice for the SAL-pretreated rats (from 50% to 80%) and the
3.0 mg/kg AMPH-pretreated rats (from 10% to 41%).
Although the difference in %AMPH lever responding
between the two groups is less at the 0.25 mg/kg AMPH
test dose, this is due to the ceiling of 100% inherent in the
measure. The finding that tolerance reflects a baseline shift is
consistent with results from other studies (Barrett et al., 1992;
Smith and Barrett, 1997; Smith et al., 1995) showing that
tolerance often, perhaps usually, reflects an adaptive shift in
baseline. Because many behavioral tasks are not sensitive to
measuring baseline shifts, they have often gone undetected
and, as a result, their relevance to understanding tolerance has
not been apparent. Tolerance and withdrawal in the present
experiment were further characterized by demonstrating that
when an AMPH dose-response curve was determined 30 min
following administration of 0.025 mg/kg HAL, the curve

showed a parallel shift to the right, virtually identical to the
rightward shift observed when the same doses were tested 24
h after treatment with 3.0 mg/kg AMPH.

The present results also contribute to understanding the
variables that determine whether or not tolerance will be
observed to a drug’s cue properties. It has long been known
that demonstrating tolerance in drug-discrimination studies
requires suspending discrimination training while daily
supplemental doses of the training drug are administered
(Shannon and Holtzman, 1976). Using this procedure
tolerance has been demonstrated to the cue properties of a
broad cross section of drugs including amphetamine (Barrett
and Leith, 1981; Young et al., 1992; Caul et al., 1989),
cocaine (McKenna and Ho, 1977; Woods and Emmett-
Oglesby, 1986), midazolam (Sannerud and Griffiths, 1993),
L-cathinone (Schechter, 1986), delta-9-tetrahydrocannabinol
(Semjonow and Binder, 1985; Wiley et al., 1993) and
ethanol (Emmett-Oglesby, 1990). On the other hand, others
(Colpaert, 1995) have failed to show tolerance in studies
where training was continued during chronic administration
of supplemental doses of the training drug. The failure to
show tolerance when training is continued during chronic
drug treatment has generally been explained (Sannerud and
Griffiths, 1993; Hirschhorn and Rosecrans, 1974) by
proposing that continued training affords subjects an
opportunity to gradually transfer stimulus control from the
original cue to a weaker stimulus such that no deficit in
discrimination is observed when subjects are subsequently
tested for tolerance. This explanation is supported by studies
(Beardsley et al., 1987; Overton, 1979; Rosen et al., 1986)
showing that if the dose of a training drug is gradually
reduced after a discrimination is acquired, doses too low to
support acquisition of the discrimination can maintain a
discrimination already acquired. Colpaert (1995) suggests
that if subjects are gradually transferring stimulus control to
a weaker stimulus, a leftward rather than a rightward shift in
the dose-response function should be observed following
continued training during chronic drug treatment, similar to
the leftward shifts observed when training doses are
systematically lowered (Colpaert and Janssen, 1986).
Colpaert (1995) also argued that, if tolerance develops to
a drug’s cue property, it eventually should not make any
difference if training is continued or suspended during
chronic treatment. The implication being that at some point
the cue would be too weak to support discrimination of any
kind.

Although the two views discussed above differ with
respect to predictions about tolerance, they are similar in
one respect. Both explanations implicitly assume that an
inherent characteristic of tolerance to a drug’s cue property
is that tolerance involves a loss in drug efficacy. For
example, the notion that rats learn to transfer cues to a
weaker stimulus (Sannerud and Griffiths, 1993; Young and
Sannerud, 1989) when training is continued during chronic
treatment, conveys the notion of reduced efficacy. Similarly,
Colpaert’s prediction that if tolerance occurs to a drug’s cue
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properties, dose-response functions should shift to the left
when training is continued during chronic treatment, like-
wise assumes that tolerance involves a loss in efficacy. The
results from the present experiment as well as those from
previous experiments suggest that tolerance to a drug’s cue
property seldom reflects a loss of efficacy and when it does,
it is the exception rather than the rule. Conceptually, the
cues associated with the two levers in a drug-saline
discrimination procedure can be thought of as representing
equidistant points on a continuum ranging from the primary
cues initially associated with the drug lever at one end, drug
neutral cues initially associated with the SAL lever
representing the midpoint of the continuum, and withdrawal
cues opposite to the primary cues at the opposite end. It
appears that chronic drug shifts the position of the two cues
toward the withdrawal end of the continuum but that the
distance between them, and therefore their discriminable
difference, remains relatively constant. Application of this
conceptual framework helps clarify issues related to
tolerance. First, with regard to why tolerance is not observed
when training is continued during chronic drug treatment.
The data in Fig. 4 demonstrate what would occur, if after
learning to discriminate between a 0.25 mg/kg dose of
AMPH and SAL, rats were given daily supplemental doses
of 3.0 mg/kg AMPH while discrimination training was
continued. As can be seen, when rats were tested on 0.25
mg/kg AMPH, 24 h following treatment with 3.0 mg/kg
AMPH, they made 82% of their responses on the AMPH
lever which is less than the 93% the SAL-treated rats made
when tested on the same 0.25 mg/kg dose, but nearly
identical to the 80% the SAL-treated rats made when tested
on 0.062 mg/kg AMPH. Taken alone, these data not only
provide strong support for the notion that stimulus control is
being transferred to a weaker cue, but in addition suggest
that the cue is weaker by a factor of four, i.e., rats treated
with 3.0 mg/kg AMPH respond to 0.25 mg/kg AMPH as
though it were 0.062 mg/kg AMPH. An implicit assumption
in this reasoning is that the cues associated with the SAL
lever remain unchanged. The most important new finding
from the present experiment is that this assumption is
incorrect and that the cues associated with the SAL lever
change to the same extent as the cues associated with the
drug lever. This is evident in Fig. 4 where it can be seen that
the group tested on SAL 24 h following 3.0 mg/kg AMPH,
made 90% of its responses on the HAL lever which is
almost identical to the 93% responding observed when rats
were tested on 0.035 mg/kg HAL while determining the
HAL dose—response function (Fig. 2). This observation
makes it clear that stimulus control is not being transferred
to a weaker cue, but rather to a different set of cues. The
new cues associated with the SAL lever would be cues
similar to those normally associated with an acute dose of
0.035 mg/kg HAL. The new cues associated with the
AMPH lever would be cues normally associated with 0.062
mg/kg AMPH. Thus, continued training during chronic drug
treatment would provide subjects the opportunity to transfer

old responses (SAL and AMPH lever responding) to new
cues (responding on the SAL lever in the presence HAL-like
cues and responding on the AMPH lever in the presence of
0.062 mg/kg AMPH-like cues). Our analysis of the data
indicates that the new cues associated with the SAL and
drug lever are no less discriminable from each other than the
original cues. This can be assessed by comparing the %
change from baseline normally observed following a
challenge dose of AMPH with that observed following
treatment with 3 mg/kg AMPH. In Fig. 4, inspection of the
dose—response data for rats pretreated with SAL shows that
0.25 mg/kg AMPH normally produces a 43% increase in
choice of the AMPH lever (from 50% to 93%). When the
same dose is given to rats pretreated with 3.0 mg/kg AMPH,
it produces a 72% increase in %AMPH lever choice (from
10% to 82%). This would seem to suggest that the AMPH
cue was stronger, not weaker, after treatment with 3.0 mg/kg
AMPH. However, examination of the dose-response func-
tion for the rats treated with SAL shows that 43%
underestimates the change from baseline produced by 0.25
mg/kg AMPH because the ceiling restriction inherent in the
measure imposes an upper limit of 100% in this group. This
was not a factor in the AMPH-pretreated rats since the mean
representing 0.25 mg/kg AMPH fell on the linear portion of
the dose-response curve. Thus, a more valid method of
assessing whether a given dose of AMPH was more or less
salient following treatment with 3.0 mg/kg AMPH would be
to compare the percent increase in %AMPH lever respond-
ing observed between two doses representing the linear
portion of the dose-response curves for both groups. In Fig.
4, it can be seen that SAL and 0.062 mg/kg AMPH satisfy
this criterion. This comparison showed that 0.062 mg/kg
AMPH resulted in a 31% increase in %AMPH lever choice
(from 10% to 41%) for the rats pretreated with 3.0 mg/kg
AMPH and a 30% increase in %AMPH lever choice (from
50% to 80%) for rats treated with SAL 24 h prior to testing.
This finding illustrates that tolerance occurs in the absence
of any apparent loss in drug efficacy.

Evidence that tolerance involves a loss in drug efficacy
would require demonstrating nonparallel, dose-response
curve shifts to the right. More specifically, the slopes of the
dose—response functions should become flatter with increas-
ing loss of efficacy. Pharmacologically, efficacy is related to
a drug’s intrinsic activity or magnitude of response per
drug—receptor interaction (Ariens, 1954; Furchgott, 1955).
Drugs with high intrinsic activity require fewer drug—
receptor interactions than drugs with low intrinsic activity
to produce a maximal effect leading to the concept of spare
receptors (Furchgott, 1966). A loss in efficacy would be
observed when receptor-down regulation caused by chronic
drug treatment reduced the population of available receptors
below that required to produce a maximal response. With
opiates Holtzman (1997) has used the irreversible ligand p-
funlatrexamine (B-FNA) to reduce the available population
of p-opioid receptors, the receptor responsible for mediating
most of the effects of opioid drugs. He found that even
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reducing the p-receptor population by 90%, although
causing a dose-response curve shift to the right, did not
reduce morphine’s maximal cue property. In two additional
studies, morphine infusion (0.8 mg/kg/h) for 7 days resulted
in a loss of efficacy to the antinociceptive effect of
buprenorphine (Paronis and Holtzman, 1994) but not to
buprenorphine’s maximal cue property. To our knowledge, a
paper by Young et al., 1991 contains the only report of loss
in cue efficacy as a function of chronic drug treatment. In
that study, it was shown that following twice daily injections
of 10 mg/kg morphine for 14-18 days, cross-tolerance to the
low efficacy agonist nalbuphine was not fully surmounted.
From a pharmacological perspective, tolerance to the drug
cues occurs irrespective of whether training is continued or
suspended during chronic treatment. Thus, the role that
continuing or suspending training during chronic treatment
plays is simply determining the extent to which the
pharmacological tolerance will be manifested behaviorally.
For reasons stated above, tolerance from chronic drug
administration given while training is continued will
generally not be manifested behaviorally. However, when
training is suspended, for reasons illustrated in the data
presented in Fig. 4, tolerance in the form of a parallel
rightward shift in the dose-response function will be
manifested behaviorally.

If tolerance to a drug’s cue property generally reflects a
baseline shift and not a loss in drug efficacy, it questions
how the results from cross-tolerance tests should be
interpreted. The results from the present study indicate that
failure to show cross-tolerance would require a significantly
greater change from baseline than normally observed. For
example, in the present study, for cross-tolerance not to be
observed would require a 65% increase in %AMPH lever
choice (from 10% to 75%) compared to the 25% increase
(from 50% to 75%) normally observed for an ED;s dose.
Clearly, not finding cross-tolerance would be the finding of
greater theoretical significance. The above explanation of
tolerance also helps conceptualize why it would be highly
unusual and unexpected if the dose of a training drug had to
be increased during the course of an experiment and predicts
the often reported finding (Colpaert et al., 1978a,b) that
dose-response functions remain relatively constant over
extended time periods.

It is interesting to speculate about the implications the
present results have for understanding chronic drug use. On
the basis of an extensive drug-discrimination 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 physio-
logical mechanisms (Balster, 1991; Preston and Bigelow,
1991; Kamien et al., 1993; Colpaert, 1999, 1996; Colpaert et
al., 1978a,b). To the extent that drug-induced interoceptive
cues in animals and drug-induced hedonic change in humans
represent homologous physiological processes, the present
results identify a potentially important source of motivation
for continued drug use. Some investigators (Wise and

Bozarth, 1987; Stewart et al., 1984) have questioned whether
symptoms of withdrawal play an important role in under-
standing drug abuse, especially abuse of stimulant drugs. For
example, in a recent article, Robinson and Berridge (2000)
state that psychostimulants like amphetamine and cocaine
that do not produce strong withdrawal syndromes can be
highly addictive. Although psychostimulants do not produce
strong physical signs of withdrawal, the present results
suggest that rather profound changes in hedonic state,
opposite those initially observed, occur following exposure
to AMPH. Furthermore, the finding that HAL-like cues are
associated with AMPH withdrawal suggests that withdrawal
reflects a neuroadaptive down-regulation in DA activity.
These changes would seem to parallel the well known
symptoms of dysphoria humans experience during AMPH
withdrawal (Watson et al., 1972). Within the context of an
animal model of drug abuse, the results presented in Fig. 4
illustrate why a person experiencing AMPH withdrawal
would likely be highly motivated to continue using the drug.
First, using the linear regression equation computed for the
rats pretreated with 3.0 mg/kg, a predicted dose of 0.08 mg/kg
AMPH would be required to effectively block the withdrawal
cues and reinstate normal 50% responding on both levers.
The ability of a drug to relieve aversive symptoms of
withdrawal is an example of the drug’s negative reinforcing
properties. In control rats (pretreated with SAL), a dose of
0.08 mg/kg would be expected to produce close to 80%
AMPH lever responding. Following treatment with 3.0 mg/
kg AMPH, the expected dose that would produce 80%
AMPH lever choice would be three-fold higher, i.e., 0.25 mg/
kg AMPH, a dose that would now have both negative and
positive reinforcing properties. In the present study, the
original level of AMPH lever responding observed following
challenge with 0.25 mg/kg was approximately 93% which
theoretically could be reinstated by increasing the dose of
AMPH to approximately 0.50 mg/kg.

The current findings illustrating the pronounced shift in
baseline also seem relevant to interpreting data from drug-
self administration studies (Ahmed and Koob, 1999; Ahmed
et al., 2000) 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 self-injection to achieve a
desired pharmacological effect. When access time was
increased to 6 h for cocaine (Ahmed and Koob, 1997) or
11 h for heroin (Ahmed and Koob, 1998), 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 assess changes in
the non-drug baseline, i.e., shift in hedonic starting point, that
might result after subjects are given extended access to the
drug each day. Our drug discrimination data suggest that the
increase in drug self-administration reflects a baseline shift,
which requires a higher drug dose to achieve the original
desired pharmacological effect.
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Finally, even if a drug’s interoceptive cues are unrelated
to the mood elevating properties of drugs in humans, the
present results nevertheless serve to illustrate the role
adaptive processes can play in determining the acute and
chronic effects of drugs on behavior.

In summary, results from the present experiment dem-
onstrate how training rats to discriminate between a drug
agonist and antagonist can be used to provide a behavioral
measure sensitive to detecting bidirectional changes in cue
state. Furthermore, the results presented here for AMPH and
similar findings previously reported for the anxiolytic agent,
diazepam (Barrett and Smith, 1988), document the presence
of robust and long lasting withdrawal cues associated with
drugs of abuse that might be relevant to understanding the
motivation to use drugs chronically.
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