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64

 

(2) 373–378, 1999.—This study examined the role of dopamine D

 

3

 

receptors in the stimulus generalization produced by 7-OH-DPAT and PD 128907 in rats trained to discriminate cocaine
from saline. Twelve male Sprague–Dawley rats were trained to discriminate cocaine (10 mg/kg) from saline in a two-choice
operant procedure using a FR20 schedule of water reinforcement. Stimulus generalization tests were administered with the
D

 

3

 

-preferring agonists (

 

6

 

)-7-OH-DPAT (0.01–0.3 mg/kg), (

 

1

 

)-7-OH-DPAT (0.01–0.3 mg/kg), and PD 128907 (0.01–0.3 mg/
kg), and the selective D

 

2

 

 agonist PNU-39156 (0.01–0.3 mg/kg). Complete generalization to cocaine was observed with (

 

6

 

)-
7-OH-DPAT at doses that markedly suppressed response rate. Only partial stimulus generalization was observed with (

 

1

 

)-
7-OH-DPAT and PD 128907 when these compounds were administered intraperitoneally, although subcutaneous injections
of these compounds produced complete substitution. Response rate was also significantly reduced by these compounds. The
selective D

 

2

 

 agonist, PNU-91356 also fully substituted for the cocaine cue and suppressed response rate in a dose-dependent
manner. To ascertain the importance of D

 

3

 

 receptor actions in the stimulus generalization produced by (

 

6

 

)-7-OH-DPAT (0.1
mg/kg) and PD-128907 (0.3 mg/kg), the fairly selective D

 

3

 

 antagonist, PNU-99194A (2.5–20 mg/kg) was also tested in combi-
nation with these compounds. Although PNU-99194A partially attenuated the stimulus generalization produced by (

 

6

 

)-
7-OH-DPAT, it failed to block PD-128907 substitution for cocaine. These results indicate at least some involvement of D

 

3

 

 re-
ceptors in the stimulus effects of (

 

6

 

)-7-OH-DPAT, although further investigations are clearly warranted. The present results
also suggest that the cue properties of cocaine may be dissociated from the locomotor activating effects of this drug, because
D

 

3

 

/D

 

2

 

 receptor agonists suppress locomotor activity but produce stimulus generalization to cocaine. © 1999 Elsevier Sci-
ence Inc.
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THE dopamine D

 

3

 

 receptor has received considerable atten-
tion in recent investigations of the reinforcing and discrimina-
tive stimulus properties of cocaine. For example, the putative
D

 

3

 

 agonist, 7-hydroxy-

 

N

 

,

 

N

 

-di-n-propyl-2-aminotetralin (7-OH-
DPAT) has been reported to shift the cocaine dose–response
function to the left in animals trained to self-administer co-
caine (8,22). Other researchers have noted that D

 

3

 

-preferring
antagonists reduce the breaking point in animals maintained
on a progressive ratio of cocaine self-administration (25–27).
These data suggest a potential modulatory role of the D

 

3

 

 re-
ceptor in the reinforcing properties, and thereby, abuse liabil-
ity of cocaine.

Presently, the role of D

 

3

 

 receptors in cocaine’s abuse po-
tential remains highly speculative because D

 

3

 

 receptor func-
tions are not well understood. This is largely due to the lack

of highly selective D

 

3

 

 receptor ligands for investigation. How-
ever, several compounds have been reported to bind with
moderate selectivity to D

 

3

 

 over D

 

2

 

 receptors. For instance,
7-OH-DPAT has been reported to have as much as a 100-fold
greater affinity for D

 

3

 

 over D

 

2

 

 receptors (7,20), and PD
128907 has been reported to exhibit a 300-fold or greater
D

 

3

 

:D

 

2

 

 selectivity (15,24).
Drug discrimination procedures are frequently employed

to characterize novel compounds and investigate their recep-
tor mechanisms. It is generally well established that drugs
with similar pharmacological mechanisms exhibit generaliza-
tion to one another in drug discrimination investigations. In
an attempt to characterize the role of D

 

3

 

 receptor mecha-
nisms in the discriminative stimulus effects of psychostimu-
lant drugs, a number of recent studies have examined the ef-
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fects of putative D

 

3

 

 agonists in rats or monkeys trained to
discriminate cocaine or 

 

d

 

-amphetamine (1,4,6,19,28,30).
Several investigators have shown either complete or par-

tial generalization to D

 

3

 

-preferring agonists in rats trained to
discriminate cocaine (1,19,28) or 

 

d

 

-amphetamine (4,6). However,
D

 

3

 

-preferring antagonists [(

 

1

 

)-AJ76, (

 

1

 

)-UH232, (

 

2

 

)-DS121]
have been reported to only partially attenuate the discrimina-
tion of cocaine (10,11) and the more selective D

 

3

 

 antagonist
PNU-99194A [5,6-di-methoxy-2-(dipropylamino)indan-hydro-
chloride] does not block cocaine discrimination (3,4). In a re-
cent study, we reported that PNU-99194A also does not block
the stimulus generalization produced by (

 

1

 

)-7-OH-DPAT in
rats trained to discriminate 

 

d

 

-amphetamine (4). These data
question the importance of D

 

3

 

 receptor modulation of the dis-
criminative stimulus effects of (

 

1

 

)-7-OH-DPAT. Moreover,
(

 

1

 

)-7-OH-DPAT failed to produce complete generalization
for cocaine, indicating that D

 

2

 

 receptors may also be impor-
tant in mediating the cocaine cue (4). However, the training
dose of cocaine is clearly an important determinant of stimu-
lus generalization. Although we observed only partial substi-
tution for 5 mg/kg cocaine (4), Acri et al. (1) reported com-
plete substitution with (

 

6

 

)-7-OH-DPAT in rats trained to
discriminate 10 mg/kg cocaine. The present study further
evaluated D

 

3

 

/D

 

2

 

 agonists for stimulus generalization to 10
mg/kg cocaine.

Several researchers have investigated the role of D

 

2

 

 recep-
tors in the discriminative stimulus effects of cocaine in tests of
substitution with a variety of agonists (5,9,17,29,32) and in
combination tests with antagonists (2,5,9,12,13,17,21,32). The
results of these studies have led to the general conclusion that
D

 

2

 

 receptor activation alone is not sufficient to produce co-
caine-like discriminative stimulus effects (17,32). The devel-
opment of more selective ligands for both D

 

2

 

 and D

 

3

 

 recep-
tors may differentiate the functional roles of these receptors
in the behavioral effects of cocaine. PNU-91356 [(R)-5,6-
Dihydro-5-(propylamino)-4h-imidazo[4,5,1-ij]quinolin-2-(1H)-
one, monohydrochloride] is a highly selective D

 

2

 

 agonist (23).
One aim of the present study was to examine this compound
for stimulus generalization to cocaine and to compare its ef-
fects to those of the moderately selective D

 

3

 

 agonists 7-OH-
DPAT and PD 128907. In addition, this study further exam-
ined the ability of the highly selective D

 

3

 

 antagonist PNU-
99194A to block the stimulus generalization produced by
(

 

6

 

)-7-OH-DPAT and PD 128907.

 

METHOD

 

Subjects

 

The subjects were 12 male Sprague–Dawley rats (Harlan
Breeding Laboratories, Indianapolis, IN) aged 60–90 days
and weighing 250–300 g at the beginning of the study. For the
duration of the study, rats were housed individually in wire
mesh cages, in a colony maintained on a 12 L:12 D cycle (0700
to 1900 h) and at a relatively constant temperature (20–22

 

8

 

C)
and humidity (50–65%). Commercial rat feed was provided
ad lib, and water was restricted to amounts received during
20-min training sessions and an additional 15 min per day. In
addition, free access to water was given for 24 h approxi-
mately every 7 days. The animals were maintained in accor-
dance with the general principles of animal husbandry outlined
by the National Institutes of Health, and the experimental
protocol was reviewed and approved by the Institutional Ani-
mal Care and Use Committee of Western Michigan University.

 

Apparatus

 

Training and testing sessions were conducted in eight stan-
dard operant chambers (MED Associates Inc., St. Albans,
VT; ENV-001), housed in sound- and light-attenuating shells
to provide ventilation and masking noise. Each chamber con-
tained an overhead 28-V houselight and a liquid reinforcer
delivery mechanism (0.1 ml) that was mounted equidistant be-
tween two levers on the front panel of the chamber. A Zenith
320-SX microcomputer programmed with MED-PC instru-
mentation and software (MED Associates Inc., St. Albans,
VT; version 2.0) was used to control experimental events and
data collection.

 

Drugs

 

(

 

1

 

)-7-OH-DPAT, PNU-91356, and PNU-99194A were
generously provided by Pharmacia and Upjohn, Inc. (Kalama-
zoo, MI). Cocaine hydrochloride was provided by the National
Institute on Drug Abuse (Rockville, MD). (

 

6

 

)-7-OH-DPAT
and PD 128907 were purchased from Research Biochemicals
International (Natick, MA). All drugs were dissolved in sterile
bacteriostatic 0.90% saline. Cocaine was administered intrap-
eritoneally (IP). (

 

6

 

)-7-OH-DPAT and PNU-99194A were
administered subcutaneously (SC). (

 

1

 

)-7-OH-DPAT, PD
128907 and PNU-91356 were administered by both IP and SC in-
jection. All doses of each drug were calculated based on the salt.

 

Training Procedures

 

Twelve rats were trained to discriminate cocaine (10.0 mg/
kg, IP) from saline using a two-lever operant task under a
fixed-ratio 20 (FR20) schedule of water reinforcement. Drug
or saline injections were administered 15 min prior to the be-
ginning of training sessions. Half the animals in each training
group were reinforced with water (0.1 ml) for responding on
the right lever after drug injections and on the left lever after
saline injections. Conditions were reversed for the remaining
animals. Levers were wiped with isopropyl alcohol before
each session to reduce the influence of olfactory stimuli on le-
ver pressing (16).

Training sessions lasted for 20 min, and were conducted
6 days per week. Drug and saline injections were given in a
pseudorandom order, with the limitation that no more than
two consecutive sessions occurred under the same condition.
Training under each condition began on a FR1 schedule.
Once responding was stable, the number of consecutive cor-
rect responses required for reinforcement was gradually in-
creased until the final FR20 was reached. The criterion for
discrimination was set at a minimum of 80% correct-lever se-
lection prior to the delivery of the first reinforcer for 10 con-
secutive training sessions. Each subject was required to meet
this criterion before testing began.

 

Testing Procedures

 

Stimulus generalization tests were conducted with several
doses of cocaine (0, 2.5, 5.0, and 10.0 mg/kg), the D

 

3

 

-prefer-
ring agonists, (

 

1

 

)-7-OH-DPAT (0.01, 0.03, 0.10, and 0.30 mg/
kg), (

 

6

 

)-7-OH-DPAT (0.01, 0.03, 0.10, and 0.30 mg/kg), and
PD 128907 (0.01, 0.03, 0.10, and 0.30 mg/kg), and the D

 

2

 

-selec-
tive agonist, PNU-91356 (0.01, 0.03, 0.10, and 0.30 mg/kg). For
stimulus generalization tests, all injections were administered
15 min prior to test sessions. Additionally, the D

 

3

 

-preferring
antagonist PNU-99194A (2.5, 5.0, 10.0, and 20.0 mg/kg, SC, 30
min) was administered in combination with (

 

6

 

)-7-OH-DPAT
(0.1 mg/kg SC, 15 min) and in combination PD-128907 (0.3



 

D

 

2

 

/D

 

3
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mg/kg SC, 15 min). Test sessions were conducted in a similar
manner to training session with the exception that no rein-
forcers were delivered and each animal was removed from the
chamber upon completion of 20 consecutive responses on ei-
ther lever or when 20 min elapsed, whichever occurred first.
For each drug tested, the order of doses was counterbalanced
among subjects, and half the animals received tests after drug
maintenance sessions while the other half received tests after
saline maintenance sessions. Subjects were administered at
least two training sessions between test sessions, and were re-
quired to maintain the 80% criterion under both training con-
ditions before each test.

 

Data Analysis

 

Dose–response data were presented as the percent of total
responses made on the drug-appropriate lever during test ses-
sions. Response rate was presented as the number of re-
sponses made (on either lever) per second during test ses-
sions. For each dose tested, the mean and SEM were
calculated for each of these dependent measures. In the event
that an animal did not complete at least 15 total responses
during a test session, the percentage of drug-lever responses
for that test was not included in the statistical analyses. Drug-
lever selection that was 80% or greater was considered evi-
dence for stimulus generalization. Drug-appropriate respond-
ing between 20 and 80% was considered evidence for partial
substitution. For drugs that produced stimulus generalization,
the dose–response curve was also analyzed using a nonlinear
regression, and ED

 

50

 

s and confidence intervals were calcu-
lated. One-way analyses of variance were conducted on re-
sponse rate data. Statistical analyses were conducted using the
software GraphPad Prism (GraphPad, Inc., San Diego, CA).

 

RESULTS

 

All subjects met the discrimination criterion stated above.
The mean number of sessions to criterion was 54.67 (SEM 

 

5

 

4.11, range: 37–79). After meeting the initial criterion for dis-
crimination, four animals began to exhibit poor stimulus con-
trol due to equipment failure. After the equipment problem
was fixed, these animals were required to meet the discrimi-
nation criterion (10 consecutive sessions above 80% correct
lever selection prior to first reinforcer) again before they were
administered test sessions.

The cocaine dose–response curve and results of stimulus
generalization tests are displayed in Fig. 1. The ED

 

50

 

 for co-
caine was 1.34 mg/kg (95% confidence intervals: 0.36–4.93
mg/kg). (

 

6

 

)-7-OH-DPAT substituted for cocaine in a dose-
dependent manner (ED

 

50

 

 

 

5

 

 0.02 mg/kg; 95% confidence in-
tervals: 0.006–0.09 mg/kg). This compound also dose depen-
dently reduced response rate, and this effect was statistically
significant, 

 

F

 

(3, 47) 

 

5

 

 6.11, 

 

p

 

 

 

,

 

 0.05. Both 0.1 and 0.3 mg/kg
produced complete stimulus generalization and reduced re-
sponse rate significantly below saline control levels (

 

p

 

 

 

,

 

 0.01).
Eight of the 12 animals tested at 0.1 mg/kg completed the re-
sponse requirement, and all eight exhibited complete stimulus
generalization. Seven of the 12 animals tested at 0.3 mg/kg
completed the response requirement, and six of these animals
exhibited complete stimulus generalization.

(

 

1

 

)-7-OH-DPAT (IP) also produced dose-dependent in-
creases in drug-appropriate responding; however, this com-
pound produced only partial substitution at 0.3 mg/kg. Higher
doses were not examined because eight of the 12 animals pro-
duced six or fewer responses when tested at this dose. Of the
four animals that did complete the FR requirement, three ex-

hibited complete stimulus generalization. The response rate
suppression produced by (

 

1

 

)-7-OH-DPAT was statistically
significant, 

 

F

 

(4, 59) 

 

5

 

 6.72, 

 

p

 

 

 

,

 

 0.001. Subjects were also
tested with two doses of this compound (0.1 and 0.3 mg/kg)
following SC injection (see Fig. 1C). Of the 10 animals that

FIG. 1. (A) Cocaine dose–response curve: percent cocaine-lever
responses and response rate (n 5 12). (B) Results of stimulus gener-
alization tests with (6)-7-OH-DPAT, (1)-7-OH-DPAT, PD 128907,
and PNU-91356 in rats trained to discriminate cocaine (10 mg/kg)
from saline (n 5 12). (C) Results of stimulus generalization tests with
(1)-7-OH-DPAT (n 5 12), PD 128907 (n 5 11), and PNU-91356 (n 5
11) following SC injection. In B and C, the percentage of cocaine-
lever responses is indicated in the top graph, and response rate is
indicated in the bottom graph. See text for details regarding the num-
ber of animals that completed the response requirements during tests.
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completed the FR requirement, nine exhibited complete stim-
ulus generalization following administration of the 0.1 mg/kg
dose of (

 

1

 

)-7-OH-DPAT. Five animals completed the FR re-
quirement following SC administration of 0.3 mg/kg, and four
of these animals exhibited complete stimulus generalization.

When administered IP, PD 128907 also produced only par-
tial substitution for cocaine. Ten animals completed at least
20 responses during substitution tests with 0.3 mg/kg. Two of
these animals emitted 0% drug-appropriate responses, four
animals emitted between 45 and 70% drug-appropriate re-
sponses, and four animals emitted greater than 90% drug-
appropriate responses. Ten animals were also administered
SC injections of PD 128907 (0.1 and 0.3 mg/kg). Nine animals
completed the response requirement following the 0.3 mg/kg
dose, and all nine exhibited complete generalization. This
compound also significantly reduced response rate, 

 

F

 

(4, 59) 

 

5

 

3.75, 

 

p

 

 

 

,

 

 0.01.
The selective D

 

2

 

 agonist, PNU-91356, produced dose-
dependent increases in drug-appropriate responding and pro-
duced complete substitution for cocaine when administered
IP (ED

 

50

 

 

 

5

 

 0.16 mg/kg). Nine animals completed the response
requirement following 0.3 mg/kg, and all nine exhibited com-
plete stimulus generalization at this dose. Subcutaneous injec-
tions of this compound also produced complete substitution at
both 0.1 and 0.3 mg/kg, although only five animals completed
the response requirement following 0.3 mg/kg (SC). This com-
pound also produced statistically significant response rate
suppression, 

 

F

 

(4, 59) 

 

5

 

 6.47, 

 

p

 

 

 

,

 

 0.001.
Figure 2 depicts the effects of PNU-99194A on the stimu-

lus generalization produced by (

 

6

 

)-7-OH-DPAT (0.1 mg/kg)
and PD-128907 (.03 mg/kg). this D

 

3

 

-preferring antagonist did
not block the substitution of PD-128907, and only partially
blocked the substitution of (

 

6

 

)-7-OH-DPAT. This partial an-
tagonism only occurred at the highest dose of PNU-99194A.
Of the six animals that completed the response requirement
during tests with 20 mg/kg PNU-99194A and (

 

6

 

)-7-OH-
DPAT, four emitted between 25 and 70% of their responses
on the cocaine-appropriate lever, and two exhibited greater
than 90% drug-appropriate responding. Three of the six ani-
mals administered 20 mg/kg PNU-99194A with PD-128907
were severely disrupted and made no responses. Thus, higher
doses of PNU-99194A were not examined in combination
with PD-128907.

 

DISCUSSION

 

The results of this study support previous findings that
moderately selective dopamine D

 

3

 

 receptor agonists produce
stimulus generalization in rats trained to discriminate cocaine.
As noted by Acri et al. (1), complete substitution occurs at
doses that severely disrupt responding. The present results
demonstrated only partial substitution for cocaine with PD
128907 and (1)-7-OH-DPAT when these compounds were
administered by IP injection. However, the two highest doses
(0.1 and 0.3 mg/kg) were also tested following SC injection,
and evidence for complete stimulus generalization was ob-
served. This is likely due to better drug absorption via the SC
route. The racemic mixture of 7-OH-DPAT was also adminis-
tered by SC injection, and produced full substitution for cocaine.

The present results suggest that the stimulus properties of
cocaine may be disassociated from the locomotor activation
produced by this drug. As mentioned above, the D3/D2 ago-
nists markedly reduced response rates in the present study.
Observations of the animals following administration of
higher doses indicated sedative effects and a general decline

in activity. This is consistent with previous reports that both
7-OH-DPAT and PD 128907 reduce locomotor activity in rats
(14). In contrast, D3 antagonists have been noted to produce
locomotor activation, especially in rats habituated to their sur-
roundings (18,31). Previous studies clearly indicate that D3
antagonists do not mimic cocaine’s discriminative stimulus ef-
fects (3,4,10,11).

The highly selective D2 agonist, PNU-91356 also exhibited
full substitution for cocaine in the present study. Following IP
administration, this compound exhibited more complete sub-
stitution than either (1)-7-OH-DPAT or PD 128907 at an
equivalent dose. Former research with other D2 receptor ago-
nists in tests of stimulus generalization to cocaine have pro-
vided inconsistent findings. For example, some investigators
reported complete substitution with quinpirole in rats (5,9),
while others reported only partial substitution with this com-
pound and a variety of other D2 selective agonists (32). Addi-
tionally, quinpirole did not substitute for cocaine in monkeys
(17). Investigations of D2 antagonists on cocaine discrimina-
tion have also produced some inconsistent findings. Although
several researchers have reported that the D2 antagonist halo-
peridol fails to completely block the discriminative stimulus

FIG. 2. Effects of PNU-99194A on the stimulus generalization pro-
duced by (6)-7-OH-DPAT (0.1 mg/kg SC; n 5 10) or PD 128907 (0.3
mg/kg SC, n 5 6) in rats trained to discriminate cocaine (10 mg/kg)
from saline. The percentage of cocaine-lever responses is indicated in
the top graph, and response rate is indicated in the bottom graph. The
number of animals that completed the response requirement and the
number of animals that were tested at each dose are represented in
the figure as n/N.
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effects of cocaine (2,5,12,13,21,32), others have observed hal-
operidol to block the cocaine cue (9,17).

Despite these somewhat equivocal results, it has been sug-
gested that D2 receptor activation alone is insufficient to pro-
duce cocaine-like discriminative stimulus effects (17,32). How-
ever, with the development of more selective D2 receptor
ligands, the role of D2 receptor actions in cocaine’s discrimi-
native stimulus effects warrants further investigation. Al-
though previously considered a relatively selective D2 agonist,
quinpirole has an equivalent binding affinity for D2 and D3 re-
ceptors (23). Furthermore, although the agonists 7-OH-
DPAT and PD 128907 bind with moderate selectivity to D3
receptors, they also have relatively high affinities for D2 re-
ceptors. Thus, the specific role of D2 vs. D3 receptors in the
cocaine-like discriminative stimulus effects observed with
these compounds (1) are still unclear.

The present study attempted to differentiate the relative
importance of D2 vs. D3 receptors in the discriminative stimu-
lus effects of cocaine by 1) comparing a highly selective D2 ag-
onist to moderately selective D3 agonists, and 2) by challeng-
ing the substitution of (6)-7-OH-DPAT and PD 128907 for
cocaine with a D3 antagonist. PNU-91356 has an approxi-
mately 30-fold higher Ki for D2 receptors than for D3 recep-
tors (23). Thus, the present results suggest that selective D2
receptor activation may be sufficient to produce cocaine-like
discriminative stimulus effects. However, investigations utiliz-
ing selective D3 antagonists to challenge the substitution of
D3/D2 agonists for cocaine are required to confirm this con-
clusion. Recent investigations by Spealman (28) examined the
substitution of PD 128907 for cocaine in monkeys, then as-
sessed three D2 antagonists (nemonapride, eticlopride, and
YM-43611) with differing affinities for D3 receptors in combi-
nation with PD 128907. He reported that the order of potency
with which these antagonists attenuated the substitution of
PD 128907 for cocaine corresponded to the order of affinity
of these compounds at cloned human D3 receptors. Other re-
searchers have also assessed the effects of eticlopride on the
stimulus generalization produced by (6)-7-OH-DPAT in rats

trained to discriminate d-amphetamine, and reported that
(6)-7-OH-DPAT substitution was partially blocked by this
D2/D3 antagonist (6).

Previous investigations from our laboratory (4) indicated
that the relatively selective D3 antagonist PNU-99194A does
not block (1)-7-OH-DPAT substitution for cocaine (5 mg/
kg) or d-amphetamine (1 mg/kg). However, the present find-
ings demonstrate partial antagonism of (6)-7-OH-DPAT
substitution for cocaine (10 mg/kg). These results suggest at
least some involvement of D3 receptors in modulating the dis-
criminative stimulus effects of (6)-7-OH-DPAT. It is intrigu-
ing, though, that PNU-99194A failed to block the substitution
of PD-128907, which is reported to have a greater D3 receptor
affinity than (6)-7-OH-DPAT (15,24). Clearly, additional in-
vestigations are warranted. To investigate the importance of
D2 receptors in the stimulus effects of these D3/D2 agonists,
we are also currently investigating the highly selective D2 an-
tagonist, remoxipride, for blockade of PD-128907 and (6)-
7-OH-DPAT substitution. Preliminary data suggest that re-
moxipride (0.1–3.0 mg/kg) does not antagonize the stimulus
generalization produced by these compounds. In addition, to
further examine the role of D3 receptors in mediating the dis-
criminative stimulus effects of 7-OH-DPAT, we are also cur-
rently testing the effects of PNU-99194A in rats trained to
discriminate the (1)-isomer of this compound. Preliminary
findings also indicate partial antagonism of the (1)-7-OH-
DPAT cue by PNU-99194A.
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