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Abstract These studies were designed to evaluate the
effects of the putative dopamine D3 receptor agonist
7-hydroxy-N,N-di-n-propyl-2-aminotetraline  (7-OH-
DPAT), alone and in combination with cocaine, in
four rhesus monkeys trained to discriminate cocaine
(0.4 mg/kg, IM) from saline under a fixed-ratio 30
schedule of food presentation. Under these condi-
tions, cumulative doses of cocaine {0.013-1.3 mg/kg)
produced a dose-dependent and complete generaliza-
tion to the training dose of cocaine in all monkeys,
while producing only minimal effects on response rates.
The discriminative stimulus effects of cocaine were
antagonized by the non-selective dopamine receptor
antagonist flupenthixol (0.018 mg/kg, IM) in all four
monkeys. The effects of 7-OH-DPAT (0.01-1.8 mg/kg)
were inconsistent across monkeys. In two of the four
monkeys (monkeys L1990 and 1.958), 7-OH-DPAT
consistently and completely generalized to cocaine
and decreased response rates in a dose-dependent
manner. Both the cocaine-like discriminative stimulus
effects and rate-decreasing effects of 7-OH-DPAT
were antagonized by flupenthixol in these two mon-
keys. Pretreatment with low doses of 7-OH-DPAT
(0.01-0.032 mg/kg) had no effect on the cocaine dose-
effect curve in monkeys L990 and L958; however,
higher doses of 7-OH-DPAT (0.032-0.32 mg/kg)
shifted the cocaine dose-effect curve to the left. In
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the other two monkeys (monkeys 150F and 89B036),
7-OH-DPAT produced a dose-dependent decrease
in response rates but did not consistently general-
ize to cocaine. Flupenthixol did not antagonize
the rate-decreasing effects of 7-OH-DPAT in these
two monkeys, and pretreatment with 7-OH-DPAT
(0.1-0.32 mg/kg) produced a decrease in response
rates but had no effect on the cocaine dose-effect curve.
Time-course experiments revealed that 7-OH-DPAT
(0.32 mg/kg) displayed a slower onset and a longer
duration of effect than the training dose of cocaine.
Finally, the D3/D; dopamine agonist quinpirole com-
pletely generalized to cocaine in three monkeys, and
partially in the fourth monkey. Quinpirole showed the
highest potency in those monkeys in which 7-OH-
DPAT consistently generalized to cocaine. The results
of the present study suggest that, in rhesus monkeys,
7-OH-DPAT produces cocaine-like effects and may
modulate the discriminative stimulus effects of cocaine
in some monkeys.
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Introduction

The high prevalence of cocaine abuse and dependence
has stimulated efforts to develop pharmacothera-
pies that could be used in the treatment of cocaine
abuse. Cocaine inhibits the reuptake of dopamine into
presynaptical terminals (Ritz et al. 1987; Johanson and
Fischman 1989), which suggests that drugs acting on
dopaminergic systems might be useful in modulating
cocaine’s effects. Two major families of dopamine recep-
tors have been described, the D; and D, dopamine
receptors (De Keyser 1992; Gingrich and Caron 1993).
D; and D; dopamine receptor antagonists have been
found to antagonize, at least partially, both cocaine’s



discriminative stimulus (Barrett and Appel 1989;
Kleven et al. 1990; Spealman et al. 1991; see also
Nielsen 1993) and reinforcing effects (Woods et al. 1987,
Bergman et al. 1990; Kleven and Woolverton 1990a;
Caine and Koob 1994; Winger 1994). However, these
compounds produce negative subjective effects and
prominent extrapyramidal side effects that limit their
therapeutic usefulness (Kumor et al. 1986). The rein-
forcing and discriminative stimulus effects of dopamine
receptor agonists have also been examined. It has been
postulated that dopamine agonists might serve as main-
tenance drugs for cocaine abuse treatment, analogous
to the use of the mu-opioid agonist methadone in the
treatment of opioid dependence {e.g. Skjoldager et al.
1993). Like cocaine, both D; and D» receptor agonists
are self-administered by rhesus monkeys (Woolverton
et al. 1984; Weed et al. 1993), and pretreatment with
the D, selective agonist bromocriptine was reported to
decrease cocaine self-administration in rhesus monkeys
(Kleven and Woolverton 1990b). However, bromocrip-
tine-induced decreases in cocaine self-administration
were usually accompanied by side effects such as loco-
motor activation and decreases in food-reinforced
responding. Furthermore, in drug discrimination pro-
cedures, Dy and D; agonists administered alone or in
combination do not completely generalize to cocaine
(Barrett and Appel 1989; Kleven et al. 1990; Spealman
et al. 1991; Witkin et al. 1991).

Taken together, these data suggest that the effects of
cocaine are not mediated entirely by the classically
defined Dy and D, dopamine receptor types. Other
dopamine or non-dopamine receptors may also be
involved, and drugs acting at these other receptors may
be more effective than traditional Dy and D, agonists
and antagonists in modulating the effects of cocaine.
The recently cloned dopamine D3 receptor has been
shown to be structurally and functionally related to the
D37 receptor, and in vitro studies indicate that, like the
D, receptor, the D3 receptor may function as both a
presynaptic autoreceptor and as a postsynaptic recep-
tor mediating the trans-synpatic or non-synaptic
actions of dopamine (Sokoloff et al. 1990; Diaz et al.
1995). However, the D5 receptor presents a distinct neu-
roanatomical distribution, with the highest densities in
the olfactory tubercle-island of Calleja complex and in
nucleus accumbens (Sokoloff et al. 1990; Diaz et al.
1995). Since dopamine release in the nucleus accum-
bens has been implicated in both the reinforcing (Koob
1992) and discriminative stimulus (Wood and Emmett-
Oglesby 1989) effects of cocaine, D3 receptors may
mediate some of cocaine’s effects related to its high
abuse potential, and drugs acting at Ds receptors
may be effective in modulating cocaine’s effects.
Different compounds have been shown to present
different affinities for Dj versus D, receptors (Sokoloff
et al. 1990). Among dopaminergic agonists, quinpi-
role and 7-hydroxy-N,N-di-n-propyl-2-aminotetralin
(7-OH-DPAT) show relatively high affinities for Ds
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receptors, with K; values of 5 nM and 1 nM, respec-
tively (Lévesque et al. 1992; MacKenzie et al. 1994).
In in vitro studies, both 7-OH-DPAT and quinpirole
bound to Dj; receptors with about 10%-fold higher
affinity compared to D; receptors (Lévesque et al.
1992). However, 7-OH-DPAT is a more selective D3
agonist, since quinpirole displays higher affinity for Dy
receptors (Schwartz et al. 1992).

Recent studies have evaluated the behavioral effects
of 7-OH-DPAT in animals trained to discriminate or
self-administer cocaine. In drug discrimination studies,
7-OH-DPAT was reported to produce a dose-depen-
dent and complete generalization to cocaine in rats
{Geter-Douglass et al. 1994) and a partial generaliza-
tion to cocaine in squirrel monkeys (Spealman 1994).
In addition, 7-OH-DPAT was self-administered in
cocaine-trained rats, and pretreatment with 7-OH-
DPAT shifted the cocaine dose-effect curve to the
left (Caine and Koob 1995). 7-OH-DPAT also main-
tained self-administration when substituted for cocaine
in cocaine-trained rhesus monkeys;, however, naive
monkeys could not be trained to self-administer
7-OH-DPAT under conditions in which cocaine self-
administration was acquired (Nader and Mach, 1996,
in press). It is not clear if these behavioral effects of
7-OH-DPAT reflect a selective stimulation of D3 recep-
tors, but these data suggest that 7-OH-DPAT has effects
that are similar to cocaine and may modulate cocaine’s
reinforcing effects (Caine and Koob 1993, 1995; Geter-
Douglass et al. 1994; Spealman 1994). The finding that
7-OH-DPAT is not self-administered by cocaine-naive
monkeys further suggests that it may have relatively
low abuse lability, even though it maintains drug
self-administration in cocaine-experienced monkeys
(Nader and Mach, 1996, in press).

Drug discrimination assays have been extensively
validated as a tool for evaluating cocaine’s mechanisms
of action in both rodents (Barrett and Appel 1989;
Witkin et al. 1991) and primates (de la Garza and
Johanson 1983; Woods et al. 1987; Kleven et al. 1990;
Woolverton 1991). Thus, drug discrimination assays
could be a good model to evaluate the mechanism of
action of 7-OH-DPAT in comparison with cocaine, and
to examine further the interactions between 7-OH-
DPAT and cocaine. The purpose of the present study
was to extend the characterization of the behavioral
effects of 7-OH-DPAT alone and in combination with
cocaine and the non-selective dopamine antagonist
flupenthixol in rhesus monkeys trained to discriminate
cocaine from saline.

Materials and methods
Subjects

Four adult male rhesus monkeys (Macaca mulatia) served as exper-
imental subjects. All monkeys had a previous history of cocaine
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discrimination. Monkeys weighed 4.8-7.0 kg; their weights were
maintained with a daily diet of multiple vitamins, fresh fruit, and
four to six Lab Diet Jumbo Monkey biscuits (PMI Feeds, St Louis,
Mo.) in addition to banana pellets which they could earn during
daily operant sessions. Water was continuously available. Monkeys
were individually housed in well-ventilated, stainless-steel cages
(66 x 76 x 91 cm). A 12-h light/dark cycle was in effect (lights on
7:00 a.m.—7:00 p.m.).

Apparatus

Experimental sessions were conducted in the home cages, which
were modified to include an operant panel (28 X 28 cm) mounted
on the front wall. The panel contained three Plexiglas response
keys (6.4 x 6.4 cm), 2.54 cm apart in a horizontal row 3.2 cm from
the top of the panel. Keys could be transilluminated by white,
green or red stimulus lights. The central key was not functional
during these experiments. The operant panel supported an exter-
nally-mounted pellet dispenser (Gerbrands, model G5210) that
delivered 1 g banana-flavored pellets (P.J. Noyes, Lancaster, N.H.)
to a receptacle mounted on the cage beneath the response panel.
During sessions, the experimental room was provided with white
noise to mask extraneous sounds. Programming and recording were
accomplished with Apple IIGS computers located in an adjacent
room.

Discrimination training

Experiments were conducted 5 days per week (Monday-Friday)
between 9:30 a.m. and 4:30 p.m. in sessions composed of one to
five cycles. Each cycle consisted of a 15-min time-out period fol-
lowed by a 5-min response period. During time-out periods, stim-
ulus lights were off and responding had no scheduled consequence.
During response periods, the left and right response keys were trans-
illuminated either red (for one key) or green (for the other key) and
monkeys could earn up to ten food pellets by responding under a
FR 30 schedule of food presentation. If 10 reinforcers were obtained
before 5 min had elapsed, stimulus lights were extinguished and
responding had no scheduled consequences for the remainder of
the response period. The side of the red and green key was across
monkeys.

Each monkey was trained to respond differentially on the two
response keys, depending on whether saline or cocaine (0.4 mg/kg)
was injected IM. Injections were given during each time-out period,
10 min before the start of each response period. Following the
administration of saline, only responding on the green key (the
saline-appropriate key) produced food, whereas following the
administration of cocaine, only responding on the red key (the drug-
appropriate key) produced food. Responses on the inappropriate
key reset the FR requirement. If cocaine was administered, it was
only administered during the last cycle. Monkeys were considered
to have acquired discrimination when the following three criteria
were met in all cycles for seven of eight consecutive sessions: 1) the
percent of injection-appropriate responding prior to the delivery of
the first reinforcer was greater than or equal to 80%; 2) the percent
of injection-appropriate responding for the entire cycle was greater
than or equal to 90%; and 3) response rates during saline cycles
were greater than 1.0 responses/s.

Discrimination testing

Once the criteria for cocaine discrimination were met, test sessions
were conducted on Tuesdays and Fridays, with training sessions
continuing on Mondays, Wednesdays and Thursdays. Test sessions
were run only if the three criteria for discrimination were met dur-
ing the immediately preceding training session. During test sessions,

responding on either key produced food, although responding on
one key still reset the ratio requirement on the other key.

Dose-effect curves

Dose-effect curves for cocaine (0.013-1.3 mg/kg, IM), 7-OH-DPAT
(0.01-3.2 mg/kg, IM) and quinpirole (0.01-1.0 mg/kg, IM) were
determined using a cumulative dosing procedure. In this procedure,
increasing doses of cocaine, 7-OH-DPAT or quinpirole were admin-
istered during each time-out (10 min before the start of each
response period) of a multiple cycle session. Each injection increased
the total, cumulative dose by 1/4 or 1/2 log units. Cumulative dose-
effect curves for cocaine alone were determined on four occasions
for each monkey during the course of the study. Cumulative dose-
effect curves for 7-OH-DPAT alone were determined twice in mon-
keys 1.990 and 1958 and three times in monkeys 150F and 89B036.
Cumulative dose-effect curves for quinpirole were determined once
in each monkey.

Pretreatment studies

Subsequently, a single dose of the dopamine antagonist flupenthixol
(0.018 mg/kg, IM) was administered 25 min (monkeys 150F, 1.990
and 1.958) or 55 min (monkey 89B036) before the start of the first
cycle, and cumulative dose-effect curves for cocaine or 7-OH-DPAT
were redetermined. The dose and pretreatment times for
flupenthixol were based on preliminary results in these monkeys
(X. Lamas, unpublished data). In addition, cocaine dose-effect
curves were redetermined in all four monkeys following pretreat-
ment with 7-OH-DPAT (0.01-0.32 mg/kg). In these experiments,
7-OH-DPAT was administered at the beginning of the first cycle
(i.e. 5 min before the first dose of cocaine). In all pretreatment stud-
ies, dose-effect curves were defermined once.

Time-course studies

Three monkeys (150F, 1990 and L958) were included in this exper-
iment. Sessions consisted of the administration of a single dose of
cocaine (0.4 mg/kg, i.c., the training dose) or 7-OH-DPAT (0.32
mg/kg) followed by a 5-min response period starting at 10, 20,
30, 60, 100, 180, 300 or 420 min after drug administration. Each
time point was tested on a different test day.

Drugs

Cocaine hydrochloride (National Institute on Drug Abuse,
Rockville, Md.), cis-flupenthixol dihydrochloride (Research
Biochemicals, Natick, Mass.) and racemic 7-OH-DPAT (7-hydroxy-
N, N-di-n-propyl-2-aminotetralin hydrobromide; Research Bio-
chemicals, Natick, Mass.) were dissolved in 0.9% bacteriostatic
saline solution. Quinpirole hydrochloride (LY-171555; Research
Biochemicals, Natick, Mass.) was dissolved in sterile water. All
drugs were administered IM in a volume of 0.1-1 mi.

Data analysis

The percent of cocaine-appropriate responding for the entire
response period was computed for individual subjects in each cycle
as [(total number responses on cocaine key/total number responses
on both keys) x 100]. Response rates for each response period were
calculated as (total number of responses on both keys/total time
stimulus lights were illuminated). If a monkey failed to receive a



reinforcer in a test cycle, the results of that cycle were not included
in the percent of drug-appropriate responding, although they were
included in the analysis of response rate. A test drug was consid-
ered to have generalized to the training dose of cocaine if at least
one dose of the test drug produced greater than 90% cocaine-appro-
priate responding.

Mean and individual subjects data of the percent cocaine-appro-
priate responding for the entire response period and the response
rate were plotied as a function of the dose of cocaine or 7-OH-
DPAT in log scale. Under any condition in which a drug produced
at least 50% cocaine-appropriate responding, linear regression inter-
polation of the log dose-effect curve was used to calculate the dose
producing 50% cocaine-appropriate responding (EDso value). If
dose-effect curves for a drug were determined more than once in a
monkey, mean EDsg values in that monkey were calculated by aver-
aging the logs of the EDso values of each determination of the
dose-effect curve.

Results

During training sessions immediately preceding test
days, individual monkeys made an average of more than
99% injection-appropriate responses after the admin-
istration of saline or the training dose of cocaine
(0.4 mg/kg). Average response rates in individual mon-
keys ranged from 1.97 to 3.33 responses/s during saline
training cycles and from 2.13 to 3.38 responses/s dur-
ing cocaine training cycles.

Cumulative doses of cocaine (0.013-1.3 mg/kg) pro-
duced a dose-dependent and complete generalization
to the training dose of cocaine in all four monkeys
while producing only minimal effects on responses rates
(Fig. 1). EDsy values for individual monkeys, corre-
sponding to four determinations of the cocaine dose-
effect curve, are shown in Table 1. Pretreatment with
flupenthixol (0.018 mg/kg) produced a surmountable
antagonism of the discriminative stimulus effects of
cocaine, as shown by rightward shifts in the cocaine
dose-effect curve in all monkeys (Fig. 1). In indivi-
dual monkeys, EDs; values for cocaine increased 2.9-
to 7-fold after flupenthixol pretreatment (Table 1). In
addition, flupenthixol decreased cocaine-appropriate
responding elicited by the training dose of cocaine in
each monkey. At the dose and pretreatment time tested,
flupenthixol did not have a marked effect on the rates
of responding.

The discriminative stimulus effects of 7-OH-DPAT
in cocaine-trained monkeys are shown in Fig. 2. 7-OH-
DPAT produced a dose-dependent and complete gen-
eralization to cocaine during two determinations of the
dose-effect curve in monkeys 1.990 and 1.958. Doses of
7-OH-DPAT that generalized to cocaine in monkeys
L990 and L1958 (0.1-0.32 mg/kg) produced only small
decreases in response rates. A higher dose of 7-OH-
DPAT (1.0 mg/kg) decreased response rates further or
eliminated responding. The overt behavioral effects of
7-OH-DPAT in these two monkeys resembled those of
cocaine (data not shown). In monkeys 89B036 and
150F, complete generalization to cocaine was observed
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Fig. 1 Effects of cocaine alone (filled squares) and after pretreat-
ment with flupenthixol (0.018 mg/kg; open squares) in four rhesus
monkeys trained to discriminate cocaine (0.4 mg/kg) from saline.
Abscissae: dose of cocaine (mg/kg), log scale. Ordinates: percent
cocaing-appropriate responding for entire response period (top
panel), and response rate (responses/s; bottom panel). For cocaine
alone, each data point corresponds to four determinations of the
dose-effect curve in each monkey. Data for flupenthixol plus cocaine
correspond to one determination of the dose-effect curve. Bars
represent sem, and are not shown when they are smaller than the
symbol

during one determination of the 7-OH-DPAT dose-
effect curve; however, in monkey 89B036, complete gen-
eralization was observed only at a high dose of
7-OH-DPAT (1.8 mg/kg) that produced a substantial
decrease in response rates. This dose could not be tested
in other determinations of the dose-effect curve due to
elimination of responding. During other determina-
tions of the 7-OH-DPAT dose-effect curve in these
monkeys, 7-OH-DPAT elicited only saline-appropriate
responding up to doses that eliminated responding.
After the administration of cumulative doses of 7-OH-
DPAT, these two monkeys appeared catatonic and
sedated, resembling the effects of flupenthixol. EDsy
values for the cocaine-like discriminative stimulus
effects of 7-OH-DPAT in individual monkeys are shown
in Table 1.

The effects of pretreatment with flupenthixol (0.018
mg/kg) on the 7-OH-DPAT dose-effect curves in indi-
vidual monkeys are shown in Fig. 2. In monkeys 1990
and L958, flupenthixol antagonized the cocaine-like
discriminative stimulus effects of 7-OH-DPAT, shifting
the 7-OH-DPAT dose-effect curves to the right and
increasing the EDso values 9.5- to 27-fold (Table 1).
Flupenthixol pretreatment also shifted the 7-OH-
DPAT dose-effect curves for response rates to the right
in monkeys 1990 and 1958. After pretreatment with
flupenthixol in monkeys 150F and 89B036, 7-OH-
DPAT elicited only saline-appropriate responding
up to doses that markedly decreased or eliminated
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Table 1 EDs; values (mg/kg)

for cocaine-appropriate Treatment Monkey
responding induced by
cocaine, 7-OH-DPAT or L1990 1.958 150F 89B0O36
quinpirole aloe Of - sl Cocaine Alone 0.131 0.167 0.13 0.167
(0.072-0.238)  (0.13-0.228)  (0.072-0.227)  (0.072-0.226)
monkeys. The range of EDso +0.18 Flu® 0.92 0.72 0.72 0.50
values for cocaine and 7-OH- +0.01 DPAT® 023 - 7 -
DPAT alone is shown in +0.032 DPAT  0.049 0.072 - -
p +0.1 DPAT 0.016 0.20 0.072 ND®
+0.32 DPAT - ND¢ 0.23 0.18
DPAT Alone 0.069 0.10 0.18¢ 1.3¢
(0.053-0.093)  (0.056-0.18)
+0.018 Flu 1.8 0.95 ND*® ND*®
Quinpirole Alone 0.058 0.12 0.39 ND®
*Flupenthixol; " 7-OH-DPAT; ®not determined because all values for cocaine-appropriate responding
were greater than or equal to 50%; 97-OH-DPAT generalized to cocaine during only one determina-
tion of the 7-OH-DPAT dose-effect curve; “not determined because cocaine-appropriate responding
never exceeded 50%; (-) not performed
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dose 7-OH-DPAT (mg/kg) Fig. 3 Time-course of the discriminative stimulus effects of cocaine

Fig. 2 Effects of 7-OH-DPAT, alone ( filled triangles) and after pre-
treatment with flupenthixol (0.018 mg/kg; open triangles) in rhesus
monkeys trained to discriminate cocaine (0.4 mg/kg) from saline,
Abscissae: dose of 7-OH-DPAT (mg/kg), log scale. Ordinates: per-
cent cocaine-appropriate responding for entire response period (fop
panels), and response rate {responses/s; bottom panels). For 7-OH-
DPAT alone, each data point corresponds to two (monkeys 1990
and L958) or three (monkeys 150F and 89B036) determinations
of the dose-effect curve. In monkey §9B036, the highest dose
(1.8 mg/kg) was tested only once. Data for flupenthixol plus 7-OH-
DPAT correspond to one determination of the dose-effect curve.
Error bars in the top panels have been omitted for clarity. Other
details are as in Fig. 1

responding. In addition, flupenthixol pretreatment did
not antagonize the rate-decreasing effects of 7-OH-
DPAT in monkeys 150F and 89B036 (Fig. 2).
7-OH-DPAT (0.32 mg/kg) displayed a slower onset
and a longer duration of action than the training dose
of cocaine (Fig. 3). Cocaine (0.4 mg/kg) elicited 100%
cocaine-appropriate responding within 10 min in all
three monkeys tested, but after 60 min, none of the
monkeys responded on the cocaine-appropriate key.
Cocaine produced only small changes in response rates
over time. 7-OH-DPAT (0.32 mg/kg) decreased res-
ponse rates within 10 min after its administration, but

(0.4 mg/kg; squaresy and 7-OH-DPAT (0.32 mg/kg; triangles) in
rhesus monkeys trained to discriminate cocaine (0.4 mg/kg) from
saline. Abcissae: time after drug administration (min), log scale.
Ordinates: percent cocaine-appropriate responding for entire
response period (fop panels), and response rate (responses/s; bottom
panels). Data above “SL” (circles) correspond to average response
rates after saline administration on training days immediately pre-
ceding time-course test days. See Methods for other details

peak effects on cocaine-appropriate responding were
observed from 20 to 100 min after its administration.
The effects of 7-OH-DPAT were no longer evident after
180 min in monkeys 150F and 1990 and after 420 min
in monkey L958. During these time-course experi-
ments, 7-OH-DPAT produced complete generalization
to cocaine only in monkeys 1.990 and L958; in mon-
key 150F, 7-OH-DPAT produced a maximum of 43%
cocaine-appropriate responding.

The effects of 7-OH-DPAT pretreatment (0.01-0.32
mg/kg) on the discriminative stimulus effects of cocaine
are shown in Fig. 4. In monkeys 1.990 and 1958, after
pretreatment with low doses of 7-OH-DPAT (0.01
mg/kg in 1.990; 0.032 and 0.1 mg/kg in L938), the
effects of cocaine were within the variability of the dose-
effect curves for cocaine alone (Fig. 4, dashed area). In
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Fig. 4 Effects of cocaine alone (dashed area) and after pretreatment
with 7-OH-DPAT in rhesus monkeys trained to discriminate
cocaine (0.4 mg/kg) from saline. Abscissae: dose of cocaine
(mg/kg), log scale. Ordinates: percent cocaine-appropriate respond-
ing for entire response period (fop panels), and response rate
(responses/s; bottom panels). Dashed areas correspond to the range
of effects of cocaine alone in four determinations of the dose-effect
curve in each monkey. Data for each dose of 7-OH-DPAT plus
cocaine correspond to one determination of the dose-effect curve.
Other details are as in Fig. 1
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contrast, doses of 7-OH-DPAT that generalized to
cocaine by themselves (0.032-0.1 mg/kg in 1.990; 0.32
mg/kg in L.958) produced leftward shifts in the cocaine
curve. After pretreatment with 7-OH-DPAT, response
rates were dose-dependently decreased in these two
monkeys. In monkeys 150F and 89B036, pretreatment
with 7-OH-DPAT decreased response rates but did not
alter cocaine’s discriminative stimulus effects compared
to cocaine alone. EDsp values for cocaine discrimina-
tion following 7-OH-DPAT pretreatments in individ-
ual monkeys are shown in Table 1.
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The discriminative stimulus effects of quinpirole in
cocaine-trained monkeys are shown in Fig. 5.
Quinpirole elicited complete generalization to cocaine
in monkeys 1990 , L958 and 150F, whereas partial gen-
eralization (43% cocaine-appropriate responding) was
observed in monkey 89B036 at a dose (1.0 mg/kg) that
markedly suppressed responding. Response rates were
decreased in a dose-dependent manner in all four mon-
keys. EDsg values for quinpirole’s discriminative stim-
ulus effects in individual monkeys are shown in Table 1.

Discussion

The purpose of these studies was to evaluate the effects
of the putative dopamine D3 agonist 7-OH-DPAT
administered alone and in combination with cocaine
in rhesus monkeys trained to discriminate cocaine from
saline. As has been shown in previous studies in rodents
(Colpaert et al. 1979), pigeons (Johanson and Barrett
1993), non-human primates (Kleven et al. 1990;
Spealman et al. 1991; Lamas et al. 1995; Negus et al.
1995) and humans (Oliveto et al. 1995), cocaine pro-
duced robust discriminative stimulus effects in this
study, and the training dose (0.4 mg/kg) was reliably
discriminated from saline. The cumulative administra-
tion of cocaine produced a dose-dependent and com-
plete generalization to the training dose of cocaine
while producing only minimal effects on response rates
(Fig. 1). In addition, the potency of cocaine in pro-
ducing its discriminative stimulus effects was similar
across monkeys. The non-selective dopamine antago-
nist flupenthixol (Moiler-Nielson et al. 1973; Hess and
Creese 1987) antagonized the discriminative stimulus
effects of cocaine in all four monkeys, as evidenced by
rightward shifts in individual cocaine dose effect curves.
These findings agree with previous studies indicating
that flupenthixol (Spealman et al. 1991; Mello et al.
1995) as well as more selective D; and D, dopamine
receptor antagonists (Barrett and Appel 1989; Kleven
et al. 1990; Witkin et al. 1991; Johanson and Barrett
1993) usually block the discriminative stimulus effects
of cocaine. In addition, the present findings concur with
these previous studies in suggesting that the discrimi-
native stimulus effects of cocaine are mediated at least
in part by dopaminergic systems and involve the stim-
ulation of dopamine receptors.

The behavioral effects of 7-OH-DPAT differed dra-
matically across monkeys in the present study. In two
of four monkeys (1990 and 1.958), 7-OH-DPAT com-
pletely and consistently generalized to cocaine and pro-
duced overt behavioral effects resembling the effects of
cocaine (e.g. visual checking, increase in locomotor
activity). These cocaine-like stimulus effects of 7-OH-
DPAT extend previous studies reporting that 7-OH-
DPAT generalized partially to cocaine in squirrel
monkeys (Spealman 1994) and completely to cocaine
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in rats (Geter-Douglass et al. 1994). Moreovey,
flupenthixol antagonized both the cocaine-like dis-
criminative stimulus effects and the rate decreasing
effects of 7-OH-DPAT in monkeys 1.990 and L1958,
suggesting that 7-OH-DPAT acted as an agonist at
dopamine receptors in these monkeys. Finally, pre-
treatment with 7-OH-DPAT shifted the dose-effect
curve for cocaine discrimination to the left in monkeys
L1990 and 1958, in agreement with the findings in rats
that 7-OH-DPAT shifted the dose-effect curve for
cocaine self-administration to the left (Caine and Koob
1993, 1995), and that quinpirole increased cocaine-
appropriate responding induced by a low dose of
cocaine {Callahan and Cunningham 1993). In dramatic
contrast to the effects of 7-OH-DPAT in monkeys 1.990
and 1.958, the cumulative administration of 7-OH-
DPAT in monkeys 150F and 89B036 elicited primar-
ily saline-appropriate responding and produced overt
behavioral effects (i.e. decreased responsiveness to
external stimuli, ataxia) that were different from the
effects of cocaine. Moreover, in monkeys 150F and
89B036, flupenthixol pretreatment did not alter the
rate-decreasing effects of 7-OH-DPAT. Finally, pre-
treatment with 7-OH-DPAT did not alter the discrim-
inative stimulus effects of cocaine in monkeys 150F and
89B036. These results suggest that 7-OH-DPAT did not
act primarily as a dopamine agonist in monkeys 150F
and 89B036.

The role of specific dopamine receptor subtypes, and
in particular of D3 versus D, receptor subtypes, in
mediating the effects of 7-OH-DPAT in monkeys L990
and 1958 cannot be determined with certainty from
the present results. First, 7-OH-DPAT binds with rel-
atively high affinity to dopamine D receptors (Sokoloff
et al. 1990), and under some conditions, 7-OH-DPAT
appears to display little selectivity for D3 versus D;
receptors (Liu et al. 1993; Potenza et al. 1994). Second,
flupenthixol has been shown to bind to Dy, D, and D3
dopamine receptors with high affinity (Hess and Creese
1987; Boundy et al. 1993; Kula et al. 1994), so antag-
onism by flupenthixol does not by itself imply a selec-
tive role of Ds receptors in the behavioral effects of
7-OH-DPAT. However, the results of this study and of
previous research with quinpirole suggest that stimu-
lation of D3 receptors may contribute to the cocaine-
like discriminative stimulus effects of 7-OH-DPAT. In
the present study, quinpirole produced complete gen-
eralization to cocaine in three monkeys, and partial
generalization to cocaine in the remaining monkey.
Quinpirole was most potent in those monkeys (L990
and L.958) in which 7-OH-DPAT consistently general-
ized to cocaine (Table 1, Figs. 2 and 5). This finding
suggests that 7-OH-DPAT and quinpirole may act
through similar neural mechanisms and, like 7-OH-
DPAT, quinpirole is at least moderately selective for D3
over D receptors (Lévesque et al. 1992). In addition,
quinpirole has also been reported to generalize com-
pletely to cocaine in at least some subjects in rats,

pigeons and squirrel monkeys, whereas other D, ago-
nists showing relatively low affinity for D3 receptors
usually induce lower levels of cocaine-appropriate
responding (Spealman et al. 1991; Callahan and
Cunningham 1993; Johanson and Barrett 1993; Terry
et al. 1994). Since compounds with higher selectivity
for D3 versus D, receptors appear to engender higher
levels of cocaine-appropriate responding, D3 receptors
may play an important role in mediating the cocaine-
like stimulus effects of these compounds. It should be
noted that the present results contrast with a report
that quinpirole (0.05-0.2 mg/kg, 1V} did not general-
ize to cocaine in rhesus monkeys trained to discrimi-
nate IV cocaine from saline (Kleven et al. 1990). The
discrepancy may be related to route of administration
(IM versus IV) or the drug history of the animals used.

This is, to our knowledge, the first study to evalu-
ate the time-course of the effects of 7-OH-DPAT in an
assay of operant behavior. The present study compared
the time courses of 0.4 mg/kg cocaine (the training
dose) and 0.32 mg/kg 7-OH-DPAT, which were the
lowest doses of each drug that consistently produced
levels of cocaine-appropriate responding above 90% in
monkeys 1.990 and 1.958. As previously shown (Lamas
et al. 1995), the discriminative stimulus effects of the
training dose of cocaine were characterized by a rapid
onset and short duration of action. By comparison,
0.32 mg/kg 7-OH-DPAT produced a slower onset of
effects than cocaine, as shown by lack of complete gen-
eralization to cocaine at 10 min after drug adminis-
tration, and a longer duration of action than cocaine.
In general, the time course of the rate-decreasing effects
of 7-OH-DPAT paralleled the time course of its dis-
criminative stimulus effects. Furthermore, the effects of
7-OH-DPAT in the time course experiments were con-
sistent with those obtained in cumulative dosing exper-
iments, since 7-OH-DPAT completely generalized to
cocaine in monkeys 1990 and L9358 but elicited pri-
marily saline-appropriate responding in monkey 150F.

The mechanism of action underlying the rate-
decreasing effects of 7-OH-DPAT in monkeys 150F and
89B036 is not known, and the reason for the individ-
ual differences in the behavioral effects of 7-OH-DPAT
is not clear. One possibility is that the different behav-
ioral effects of 7-OH-DPAT resulted from different
behavioral or drug histories of the monkeys; however,
all monkeys had equivalent training and drug exposure
histories. Another possibility is that 7-OH-DPAT acted
as a partial agonist at dopamine receptors with
sufficient efficacy to produce consistent generalization
in some, but not all, monkeys. According to this
hypothesis, 7-OH-DPAT should have acted as a
dopamine antagonist in those monkeys (i.e. 150F and
89B036) in which it did not produce dopamine agonist
effects (Kenakin 1993). The overt behavioral effects of
7-OH-DPAT were similar to those of the dopamine
antagonist flupenthixol in monkeys 150F and 89B036,
providing some support for this possibility. However,



unlike flupenthixol, 7-OH-DPAT did not antagonize
the discriminative stimulus effects of cocaine in mon-
keys 150F and 89B036. Moreover, if the rate-decreas-
ing effects of 7-OH-DPAT in monkeys 150F and
89B036 resulted from a flupenthixol-like antagonism
of dopamine receptors, it might be expected that
flupenthixol pretreatment would shift the 7-OH-DPAT
dose-effect curve for rate suppression to the left; how-
ever, flupenthixol did not alter the rate-decreasing
effects of 7-OH-DPAT in these monkeys. As a result,
it does not appear that the individual differences in the
behavioral effects of 7-OH-DPAT can be attributed to
partial agonist effects of 7-OH-DPAT at dopamine
receptors. A final possibility is that 7-OH-DPAT pro-
duces multiple effects, and the integration of these
effects may vary across individuals such that different
effects predominate in different monkeys. Dopamine
agonist effects apparently predominated in monkeys
L1990 and 1958, whereas in monkeys 150F and 89B036,
7-OH-DPAT may have produced dopamine agonist
effects that were obscured by other effects that elimi-
nated responding. Consistent with this possibility, 7-
OH-DPAT did generalize completely to cocaine during
one of three determinations in both 150F and 89B036,
suggesting that when high enough doses could be
probed, dopamine agonist effects could be revealed. In
any case, further research with other antagonists would
be required to determine the specific receptor types
involved in the behavioral effects of 7-OH-DPAT.
The overall profile of effects of 7-OH-DPAT sug-
gests that this compound, and possibly other agonists
acting selectively at dopamine D3 receptors, may have
some usefulness as substitutes for cocaine in the phar-
macotherapeutic treatment of cocaine abuse and
dependence. First, 7-OH-DPAT decreased self-admin-
istration of high unit doses of cocaine in rats (Caine
and Koob 1995), suggesting that 7-OH-DPAT may
decrease cocaine taking behavior under some condi-
tions. Second, 7-OH-DPAT functioned as a reinforcer
in monkeys (Nader and Mach, 1996, in press) and rats
(Caine and Koob 1993) trained to self-administer
cocaine, and substituted at least partially for cocaine
in rhesus monkeys (present study), squirrel monkeys
(Spealman 1994) and rats (Geter-Douglass et al. 1994)
trained to discriminate cocaine from saline. These data
suggest that 7-OH-DPAT might produce cocaine-like
effects that could facilitate compliance in a drug treat-
ment program. Finally, drug naive monkeys did not
acquire 7-OH-DPAT self-administration under condi-
tions in which cocaine self-administration was acquired
(Nader and Mach, 1996, in press), suggesting that 7-
OH-DPAT may have relatively low abuse hability in
drug naive subjects. However, 7-OH-DPAT produced
leftward shifts in the dose-effect curves for cocaine self-
administration in rats (Caine and Koob 1995) and
cocaine discrimination in some monkeys (present
study), and the ability of 7-OH-DPAT to enhance the
effects of low cocaine doses would compromise its
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clinical utility. Further parametric studies should clar-
ify the extent to which dopamine D3 receptor agonists
can modulate the reinforcing and discriminative stim-
ulus effects of cocaine in primates, and whether or not
the behavioral effects of 7-OH-DPAT reflect an acti-
vation of D3 receptors or different dopamine receptors
in combination.

Acknowledgements The authors thank Josephine Avery and Peter
Fivel for their excellent technical assistance and Elizabeth Hall,
DVM, for excellent veterinary support. We also thank Michael
Gatch, PhD, for his helpful comments on the manuscript. This
research was supported in part by grants DA 06829, DA 02519,
DA 04059 and KO award DA 00101 (NKM) from the National
Institute on Drug Abuse, NIH. Xavier Lamas was supported by a
grant from the Ministry of Education and Science of Spain
(“Formacién del Personal Investigador, Subprograma de
Perfeccionamiento para Doctores y Tecndlogos™). Animals used in
this study were maintained in accordance with guidelines of the
Committee on Care and Use of Laboratory Animal Resources,
National Research Council (Department of Health, Education and
Welfare, Publication No. (NIH) 85-23, revised 1985), and with the
McLean Hospital Institutional Animal Care and Use Committee.

References

Barrett RL, Appel JB (1989) Effects of stimulation and blockade
of dopamine receptor subtypes on the discriminative stimulus
properties of cocaine. Psychopharmacology 99:13-16

Bergman J, Kamien JB, Spealman RD (1990) Anatagonism of
cocaine self-administration by selective dopamine Dy and D;
antagonoists. Behav Pharmacol 1:355-363

Boundy VA, Luedtke RR, Gallitano AL, Smith JE, Filtz TM,
Kallen RG, Molinoff PB (1993) Expression and characteriza-
tion of the rat D3 dopamine receptor: pharmacologic proper-
ties and development of antibodies. J Pharmacol Exp Ther
264:1002-1011

Caine SB, Koob GF (1993) Modulation of cocaine self-adminis-
tration in the rat through D-3 dopamine receptors. Science 260+
1814-1816

Caine SB, Koob GF (1994) Effects of dopamine D-1 and D-2
anatagonists on cocaine self-administration under different
schedules of reinforcement in the rat. J Pharmacol Exp Ther
270:209-217

Caine SB, Koob GF (1995) Pretreatment with the dopamine ago-
nist 7-OH-DPAT shifts the cocaine self-administration dose-
effect function to the left under different schedules in the rat.
Behav Pharmacol 6:333-347

Callahan PM, Cunningham KA (1993) Discriminative stimulus
properties of cocaine in relation to dopamine D, receptor func-
tion in rats. J Pharmacol Exp Ther 266:585-592

Colpaert FC, Niemegeers CJE, Janssen PAJ (1979) Discriminative
stimulus properties of cocaine: neuropharmacological charac-
teristics as derived from stimulus generalization experiments.
Pharmacol Biochem Behav 10:535-546

De Keyser J (1992) Subtypes and localization of dopamine recep-
tors in human brain. Neurochem Int 22:83-93

De la Garza R, Johanson CE (1983) The discriminative stimulus
properties of cocaine in the rhesus monkey. Pharmacol Biochem
Behav 19:145-148

Diaz J, Levésque DD, Lammers CH, Griffon N, Martres MP,
Schwartz JC, Sokoloff P (1995) Phenotypical characterization
of neurons expressing the dopamine Ds receptor in the rat brain,
Neuroscience 65:731-745

Geter-Douglass B, Alling KL, Acri JB, Witkin JM, Katz JL (1994)
Characterization of the behavioral effects of (£)-7-hydroxy-
dipropylaminotetralin (7-OH-DPAT). In: Harris LS (ed)



314

Problems of drug dependence 1994 (NLDA Research Mono-
graph 153). US DNHS Publication, Roekville, Md., p. 367
Gingrich JA, Caron MG (1993) Recent advances in the molecular
biology of dopamine receptors. Annu Rev Neurosci 16:299-321

Hess EJ, Creese I (1987) Biochemical characterization of dopamine
receptors. In: Creese 1, Fraser CM (eds) Dopamine receptors.
Alan R. Liss, New York, pp 1-28

Johanson CE, Fischman MW (1989) The pharmacology of cocaine
related to its abuse. Pharmacol Rev 41:3-52

Johanson CE, Barrett JE (1993) The discriminative stimulus effects
of cocaine in pigeons. J Pharmacol Exp Ther 267:1-8

Kenakin T (1993) Pharmacologic analysis of drug-receptor inter-
action, 2nd edn. Raven Press, New York

Kleven MS, Woolverton WL (19902) The effects of continuous infu-
sions of SCH 23390 on cocaine- or food-maintained behavior
in rhesus monkeys. Behav Pharmacol 1:365-373

Kleven MS, Woolverton WL (1990b) Effects of bromocriptine
and desipramine on behavior maintained by cocaine or food
presentation in rhesus monkeys. Psychopharmacology 101:
208-213

Kleven MS, Anthony EW, Woolverton WL (1990) Pharmacological
characterization of the discriminative stimulus effects of cocaine
in rhesus monkeys. J Pharmacol Exp Ther 254:312-317

Koob GF (1992) Drugs of abuse: anatomy, pharmacology and func-
tion of regard pathways. Trends Pharmacol Sci 13:177-184

Kula NS, Baldessarini RJ, Kebabian JW, Neumeyer JL (1994) S-
(+)-Aporphines are not selective for human D3 dopamine recep-
tors. Cell Mol Neurobiol 14:185-191

Kumor K, Sherer M, Jaffe J (1986) Haloperidol-induced dystonia
in cocaine addicts. Lancet ii: 13411342

Lamas X, Negus SS, Hall E, Mello NK (1995) Relationship between
the discriminative stimulus effects and plasma concentrations
of intramuscular cocaine in rhesus monkeys. Psychophar-
macology 121:331-338

Lévesque D, Diaz J, Pilon €, Martres MP, Giros B, Souil E, Schott
M, Morgat JL, Schwatrz JC, Sokoloff P (1992) Identification,
characterization, and localization of the dopamine D3 receptor
in rat brain using 7-H}-hydroxy-N,N-di-n-propyl-2-aminote-
tralin. Proc Natl Acad Sci USA 89:8155-8159

Liu JC, Cox RF, Greif GJ, Freedman JE, Waszczak BL (1993)
Electrophysiologic effects of 7-OH-DPAT on nigrostriatal vs.
mesolimbic dopamine systems. Soc Neurosci Abstr 19:1374

MacKenzie RG, VanLeeuwen D, Pugsley TA, Shih YH, Demettos
S, Tang 1., Todd RD, O’'Malley KL (1994) Characterization of
the human dopamine Dj receptor expressed in transfected cell
lines. Bur J Pharmacol 266:79-85

Mello NK, Negus SS, Lukas SE, Mendelson JH, Sholar JW
and Drieze J (1995) A primate model of polydrug abuse: cocaine
and heroin combinations, J Pharmacol Exp Ther 274:
1325-1337

Moéller-Nielson I, Pederson V, Nymark M, Franck KF, Bobeck V,
Fjalland B, Christensen AV (1973) The comparative pharma-
cology of flupenthixol and some reference neuroleptics. Acta
Pharmacol Toxicol 33:353-363

Nader MA, Mach RH (1996) Seif-administration of the dopamine
D3 agonist 7-OH-DPAT in rhesus monkeys is modified by pre-
vious cocaine exposure. Psychopharmacology (in press)

Negus SS, Mello NK, Portoghese PS, Lukas SE, Mendelson JH
(1995) Role of delta opioid receptors in the reinforcing and dis-
criminative stimulus effects of cocaine in rhesus monkeys. J
Pharmacol Exp Ther 273:1245-1256

Nielsen EB (1993) Regulation of drug discrimination behaviour by
dopamine Iy and D; receptors, In: Waddington JL (ed) D;: D,
dopamine receptor interactions. Academic Press, London,
pp 159-173

Oliveto AH, Rosen MI, Woods SW, Kosten TR (1995) Discrirm-
inative stimulus, self-reported and cardiovascular effects of
orally administered cocaine in humans. J Pharmacol Exp Ther
272:231-241

Potenza MN, Graminski GF, Schmauss C, Lerner MR (1994)
Functional expression and characterization of human D; and
D3 dopamine receptors. J Neurosci 14:1463-1476

Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ (1987) Cocaine recep-
tors in dopamine transporters are related to self-administra-
tion of cocaine. Science 237:1219-1223

Schwartz JC, Giros B, Martres MP, Sokoloff P (1992) The dopamine
receptor family: molecular biology and pharmacology. Semin
Neurosci 4:99-108

Skjoldager P, Winger G, Woods JH (1993) Effects of GBR 12909
and cocaine on cocaine-maintained behavior in rhesus mon-
keys. Drug Alcohol Depend 33:31-39

Sokoloff P, Giros B, Martres MP, Bouthenet ML, Schwartz JC
(1990) Molecular cloning and characterization of a novel
dopamine receptor (D3) as a target for neuroleptics. Nature
347:146-151

Spealman RD (1994} Dopamine D3 receptor agonists partially
reproduce the discriminative stimulus effects of cocaine. Soc
Neurosci Abstr 20: 1630

Spealman RD, Bergman J, Madras BK, Melia KF (1991}
Discriminative stimulus effects of cocaine in squirrel monkeys:
involvement of dopamine receptor subtypes. J Pharmacol Exp
Ther 258:945-953

Terry P, Witkin JM, Katz JL (1994) Pharmacological characteri-
zation of the novel discriminative stimulus effects of a low dose
of cocaine. J Pharmacol Exp Ther 270:1041-1048

Weed MR, Vanover KE, Woolverton WL (1993) Reinforcing effects
of the D; dopamine agonist SKF81297 in rhesus monkeys.
Psychopharmacology 113:51-52

Winger G (1994) Dopamine antagonist effects of behavior main-
tained by cocaine and alfentanil in rhesus monkeys. Behav
Pharmacol 5:141-152

Witkin JM, Nichols DE, Terry P, Katz JL (1991) Behavioral effects
of selective dopaminergic compounds in rats discriminating
cocaine injections. J Pharmacol Exp Ther 257:706~713

Wood DM, Emmett-Oglesby MW (1989) Mediation in the nucleus
accumbens of the discriminative stimulus produced by cocaine.
Pharmacol Biochem Behav 33:453-457

Woods JW, Winger GW, France CP (1987) Reinforcing and dis-
criminative stimulus effects of cocaine: analysis of pharmaco-
logical mechanisms. In: Fisher S, Raskin A, Uhlenhut EH (eds)
Cocaine: clinical and biobehavioural aspects. Oxford University
Press, New York, pp 21-65

Woolverton WL (1991) Discriminative stimulus effects of cocaine.
In: Glennon RA, Jirbe TUC, Frankenheim J (eds) Drug dis-
crimination: applications to drug abuse research (NIDA
Research Monograph 116). US DHHS Publication, Rockville,
Md., pp 61-74

Woolverton WL, Goldberg LI and Ginos JZ (1984) Intravenous
self-administration of dopamine receptor agonists by rhesus
monkeys. J Pharmacol Exp Ther 230:678-683



