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Role of dopamine D; and D; receptors in mediating
the U-50,488H discriminative cue: comparison with

methamphetamine and cocaine
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Shiro Tomiyasu?, Yoshi Tsukiyama® & Tsutomu Suzuki'

Department of Toxicology, Hoshi University School of Pharmacy and Pharmaceutical Sciences, Japan', Department of Anesthesia, Palliative Care Team, Nagasaki
Municipal Hospital, Japan’ and Division of Palliative Medicine, Wakayama Medical University Hospital, Japan’

ABSTRACT

Substitutions of the dopamine D, or Ds receptor agonists for the discriminative stimulus effect induced by U-50,488H,
methamphetamine (METH) and cocaine in rats were examined. The D, receptor agonist R-propylnorapomorphine
[(=)-NPA] failed to substitute for U-50,488H cue, while the D; receptor-preferred agonist (+/—)-7-hydroxy-
dipropylaminotetralin hydrobromide (7-OH-DPAT) produced dose-related increases in drug-appropriate responding up
to 0.03 mg/kg, which fully substituted. At doses greater than 0.03 mg/kg of 7-OH-DPAT, there was a dose-dependent
decrease in the percentage of responses on the U-50,488H-appropriate lever. Furthermore (—)-NPA and 7-OH-DPAT at
high doses substituted for the discriminative stimulus effect induced by both METH and cocaine, indicating that
7-OH-DPAT at high doses may interact with D, receptors. These results suggest that the stimulation of D, receptor may
be critical for the production of the discriminative stimulus effect induced by METH and cocaine, whereas the stimu-
lation of Dj receptor may contribute to the production of the U-50,488H cue.

Keywords Cocaine, drug discrimination, dopamine Dj receptor, methamphetamine, U-50, 488H.
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INTRODUCTION

The kappa-opioid receptor is one of three well-described
seven transmembrane spanning G-protein coupled opioid
receptors. The kappa-opioid receptor is distributed
throughout areas of the brain associated with pain per-
ception and arousal including the nucleus accumbens,
hypothalamus, periaqueductal grey, raphe magnus and
rostral ventral lateral medulla (Mansour et al. 1987).
Kappa-opioid receptor agonists are potent analgesics
(Millan 1990), but they elicit many significant side effects
including psychotomimesis (Pfeiffer et al. 1986).

Based on several studies, regulation of the mesolimbic
dopamine system is thought to be responsible for the
drug-induced either rewarding or aversive effects (Spana-
gel, Herz & Shippenberg 1990). Methamphetamine
(METH) and cocaine are highly abusable psychomotor
stimulants with a wide range of behavioural actions that
appear to be mediated by stimulation of the dopamine

© 2010 The Authors, Addiction Biology © 2010 Society for the Study of Addiction

neurotransmitter system (Woolverton & Cervo 1986;
Munzar & Goldberg 2000; Narita et al. 2003). In con-
trast, it was reported that the kappa-opioid receptor
agonist U-50,488H produced marked aversions for the
drug-associated place (Bals-Kubik, Herz & Shippenberg
1989). In addition, we have demonstrated previously
that the cue of the discriminative stimulus effects of
U-50,488H might be associated with its aversive effects in
rats (Mori et al. 2004). Furthermore, previous studies
demonstrated that kappa-opioid receptor agonists
attenuate the dopamine-related behaviours by the inhi-
bition of dopamine release (Funada et al. 1993; Narita
et al. 1993). Similar to kappa-opioid receptor agonists,
stimulation of pre-synaptic D, and D; receptors by
dopamine or by lower doses of D, and D; receptor agonists
leads to activation of a negative feedback loop and to
attenuation of the further release of dopamine (Devoto
etal. 1995; Rodenhuis etal. 2000). Therefore, the
present study was designed to ascertain the role of the
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dopamine receptor subtypes in the discriminative stimu-
lus effect induced by U-50,488H, METH and cocaine.

METHODS

The present study was conducted in accordance with the
Guiding Principles for the Care and Use of Laboratory
Animals, Hoshi University as adopted by the Committee
on Animal Research of Hoshi University, which is accred-
ited by the Ministry of Education, Science, Sports and
Culture of Japan.

SUBJECTS

Twenty-four male Fischer 344 rats (Charles River Japan
Inc., Atsugi, Japan.) weighing between 210 and 230 g
(80% free-feeding weight) were used in this study. Water
was freely available for all of the rats in their individual
home cages. The rats were housed at a room temperature
of 22 = 1°C with a 12-hour light /dark cycle (lights on
8 AM—8 PMm).

APPARATUS

Experiments were conducted in operant-conditioning
chambers (model GT8810; O’Hara Co. Ltd, Tokyo, Japan}
equipped with two levers and a food cup mounted
midway between the levers. White lamps were installed
above each of the levers. White noise was used to mask
extraneous sound. Reinforcement was composed of
20-mg food pellets (O'Hara Co. Ltd).

PROCEDURE

Discrimination training was performed according to the
method described previously (Mori et al. 2004). Briefly,
before they were trained to discriminate between drugs
and saline, all of the rats were trained to press a lever.
Training began under a reinforcement schedule of fixed
ratio 1 (FR 1) in which the rat was presented with a food
pellet each time it pressed a lever. When reinforcement
was provided, the light above the lever was illuminated.
The FR requirement for food reinforcement was gradually
increased to a value of 10. After the response rates had
stabilized under FR 10, the rats were divided into three
experimental groups. The first group (eight rats) was
trained to discriminate between 3 mg/kg of U-50,488H
(i.p., 30 minutes) and saline. The second group (eight
rats) was trained to discriminate between 1 mg/kg of
METH (i.p., 15 minutes) and saline. The final group (eight
rats) was trained to discriminate between 10 mg/kg of
cocaine (i.p., 15 minutes) and saline. In the discrimina-
tion training, training drugs (D) or saline (S) were admin-
istered in a session-to-session sequence of DDSS (double

© 2010 The Authors, Addiction Biology © 2010 Society for the Study of Addiction

alternation schedule), and the assignment of left and
right levers to drug and saline states was counterbal-
anced. The rats were required to respond on the stimulus-
appropriate lever to obtain reinforcement; there were no
programmed consequences for responding on the incor-
rect lever. Substitution tests were only performed after the
discrimination criterion described later had been satisfied
for at least five consecutive daily discrimination training
sessions (accuracy of at least 83% and fewer than 12
responses to obtain the first reinforcement).

SUBSTITUTION TESTS

Following the successful acquisition of discrimination
between training drugs and saline, test sessions were
usually conducted once or twice per week with training
sessions on intervening days. During the test session, the
rats were placed in the operant box until they had made
ten responses on either lever or five minutes had elapsed.
The pre-treatment times and doses of drugs used were
15 minutes for METH (0.1-1 mg/kg, i.p.), cocaine
(1-10 mg/kg, ip.) and (-)-NPA (0.001-0.03 mg/kg,
i.p.); and 30 minutes for U-50,488H (0.3-3 mg/kg, i.p.)
and 7-OH-DPAT (0.003-1 mg/kg, i.p.). I the rats did not
make 10 responses during each test session, the response
was judged to have been disrupted.

DRUGS

The drugs used in the present study were trans-
3,4-dichloro-N-methyl-N-(2-1-pyrrolidinyl)-cyclohexyl)
cyclohexyl benzenacetamide methanesufonate
(U-50,488H; Research Biochemicals International,
Natick, MA, USA), methamphetamine hydrochloride
(METH; Dainippon-Sumitomo Pharmaceutical Co, Osaka,
Japan), cocaine hydrochloride (Takeda Pharmaceutical
Industries, Osaka, Japan), R(-)-propylnorapomorphine
hydrochloride [(—)-NPA; Research Biochemicals Interna-
tional], (+/-)-7-hydroxy-dipropylaminotetralin hydrobro-
mide (7-OH-DPAT; Research Biochemicals International)
and were dissolved in saline. All drugs were administered
in a volume of 1.0 ml/kg.

DATA ANALYSIS

During the training sessions, accuracy was defined as the
number of correct responses as a percentage of the total
responses before the first food pellet. During the test ses-
sions, performance was expressed as the percentage of
the total responses (on both levers) made on the drug-
appropriate lever. Drugs were considered to have substi-
tuted for the discriminative stimulus effect of training
drugs if more than 80% of the responses were on the
drug-appropriate lever. Response rate was calculated as
the total number of responses before the completion of
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10 responses on the ecither lever divided by the time of only 40% at 0.03 mg/kg. This dose of (—)-NPA,
(minutes) taken to complete 10 responses. however, markedly reduced rates of responding and com-
pletely stopped responding in four of the eight subjects. In
contrast, (=)-NPA fully substituted for either METH
(100% of METH-appropriate responding) or cocaine cue
The rats required approximately 29, 23 and 28 sessions  (100% of cocaine-appropriate responding) in a dose-
to acquire the U-50,488H-saline, METH-saline and dependent manner.
cocaine-saline discrimination, respectively (data not The results of the substitution tests for the dopamine
shown). Once the rats attained the criterion, drug-saline  Dj receptor-preferred agonist 7-OH-DPAT are shown in
discrimination stabilized and was maintained with a  Fig. 2b.In contrast to the D, receptor agonist, 7-OH-DPAT
high degree of accuracy. U-50,488H (0.3-3 mg/kg), at low doses completely substituted for U-50,488H cue
METH (0.1-1 mg/kg) and cocaine (1-10 mg/kg) dose-  (98% of U-50,488H-appropriate responding). At doses
dependently substituted for the training dose without a  greater than 0.03 mg/kg, there was a dose-dependent
reduction in the response rate (Fig. 1). decrease in the percentage of responses on the
The results of a substitution test for the dopamine D,  U-50,48 8H-appropriate lever. Furthermore, 7-OH-DPAT
receptor agonist (—)-NPA are shown in Fig. 2a. (-)-NPA  at high doses dose-dependently substituted for both
displayed no substitution for a U-50,488H cue. (-)-NPA METH (100% of METH-appropriate responding) and
produced a maximum mean U-50,488H-lever selection  cocaine cue (82% of cocaine-appropriate responding).

RESULTS

(a) (b) (c)
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Figure | (2) Dose-response curve for % U-50,488H-lever responding (upper panel) and response rates (bottom panel) in the rats trained
to discriminate between 3 mg/kg U-50,488H and saline. Response rate was calculated as the total number of responses before the completion
of 10 responses on either lever divided by the time (minutes) taken to complete |0 responses. Each point represents the mean percentage
of U-50,488H- or saline-appropriate responding with SEM of eight animals. (b) Dose-response curve for % METH-lever responding (upper
panel) and response rates (bottom panel) in the rats trained to discriminate between | mg/kg methamphetamine and saline. Response rate
was calculated as the total number of responses before the completion of 10 responses on the either lever divided by the time (minutes)
taken to complete 10 responses. Each point represents the mean percentage of methamphetamine- or saline-appropriate responding with
SEM of eight animals. () Dose-response curve for % cocaine-lever responding (upper panel) and response rates (bottom panel) in the rats
trained to discriminate between |0 mg/kg cocaine and saline. Response rate was calculated as the total number of responses before the
completion of 10 responses on the either lever divided by the time (minutes) taken to complete 10 responses. Each point represents the mean
percentage of cocaine- or saline-appropriate responding with SEM of eight animals
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Figure 2 Substitution of (—)-NPA (a) and 7-OH-DPAT (b) to the discriminative stimulus effects of U-50,488H, METH or cocaine (top panel}
and with respense rates (oottom panel) in rats that had been trained to discriminate between 3 mg/kg U and 50,488H (diamond), | mg/kg
METH (squares) or cocaine (triangle) and saline. Response rate was calculated as the total number of responses before the completion of
10 responses on the either lever divided by the time (minutes) taken to complete 10 responses. Each point represents the mean percentage

of drug-appropriate responses with SEM of four to eight animals

The results of the tests of substitution for METH or
cocaine for U-50,488H are shown in Fig. 3. Both METH
and cocaine failed to substitute for the U-50,488H cue.
METH produced a maximum mean U-50,488H-lever
selection of only 28% at 1 mg/kg that caused about a
69% reduction in the response rate compared with the
control training session. Likewise, cocaine produced a
maximum mean U-50,488H-lever selection of only 21%
at 10 mg/kg that caused about a 77% reduction in the
response rate compared with the control training session.

DISCUSSION

Drug discrimination has been used both to classify drugs
in terms of their subjective effects and to identify in vivo
pharmacological properties and mechanisms of drug
action. Furthermore, drug discrimination procedures
have been shown to be useful for distinguishing drug
effects mediated by kappa-opioid receptors from those
mediated by other receptors and for characterizing and
quantifying such drug-receptor interactions (Teal &
Holtzman 1980; White & Holtzman 1983).

© 2010 The Authors, Addiction Biology © 2010 Society for the Study of Addiction

After discrimination acquisition, the rats maintained
drugs-saline discrimination with a high degree of accu-
racy. Under these conditions, (—)-NPA, a selective agonist
at D, receptors (Gao et al. 1990), failed to substitute for
the U-50,488H cue. In contrast, (—)-NPA fully substituted
for both METH and cocaine in the present study. These
data suggest that the D, receptor plays a crucial role in
the expression of the discriminative stimulus effects
induced by psychomotor stimulants, such as METH and
cocaine. This notion is supported by the finding that the
D> receptor plays a primary role in the d-amphetamine
discriminative cue (Nielsen, Randrup & Andersen 1989;
Furmidge, Exner & Clark 1991).

The D,-like subtypes are composed of Dz, D; and Dy
receptors, which are coupled to the inhibitory subsets of
G-proteins and are major targets of the antipsychotics.
Among these receptors, the dopamine D; receptor cloned
by Sokoloff and colleagues has been extensively character-
ized (Sokoloff et al. 1990). The dopamine D; receptor
shows a distinct distribution in limbic areas of the brain,
including the nucleus accumbens and olfactory tubercle
(Sokoloff et al. 1990). 7-OH-DPAT has been identified as a
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Figure 3 Lack of substitution for METH (a) and cocaine (b) to the discriminative stimulus effects of U-50,488H (top panel) and with
response rates (bottom panel) in rats that had been trained to discriminate between 3 mg/kg U and 50,488H and saline. Response rate was
calculated as the total number of responses before the completion of 10 responses on the either lever divided by the time (minutes) taken
to complete 10 responses. Each point represents the mean percentage of drug-appropriate responses with SEM of eight animals

preferential D; agonist (Lévesque et al. 1992), providing a
tool for clarifying the possible functional role of this recep-
tor subtype. Several pharmacological studies with the
dopamine D; receptor-preferring agonist 7-OH-DPAT
suggest that actions mediated by D; receptors may attenu-
ate stimulation of behaviour, such as hyperlocomotion
in rodents (Suzuki et al. 1995). In the present study, we
found for the first time that 7-OH-DPAT at low doses
substituted for the U-50,488H cue, while higher doses
of 7-OH-DPAT produced a gradual decline in the
U-50,488H-lever responding, By contrast, 7-OH-DPAT at

© 2010 The Authors, Addiction Biology © 2010 Society for the Study of Addiction

high doses dose-dependently substituted for both METH
and cocaine cue. The reinforcing effects of 7-OH-DPAT
vary depending on the dose administered. High doses
produce effects similar to the psychomotor stimulants
METH and cocaine, whereas low doses produce the oppo-
site effects (Khroyan, Baker & Neisewander 1995; Chap-
eron & Thiébot 1996). In previous studies with rats
trained to discriminate amphetamine from vehicle, no
substitution for 7-OH-DPAT was found when the training
dose of amphetamine was relatively low (0.3 mg/kg;
Varty & Higgins 1997), but full substitution was found
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when the training dose of amphetamine was high and
comparable with the training dose of METH used in the
previous experiments (1.0 mg/kg; Munzar & Goldberg
2000). Thus, it appears that 7-OH-DPAT can mimic the
discriminative-stimulus effects of either amphetamine or
METH only if the training dose is sufficiently high. Fur-
thermore, dopamine D; receptor-preferring antagonist
PNU-99194A failed to block the stimulus substitution
produced by 7-OH-DPAT in rats trained to discriminate
p-amphetamine (Baker et al. 1998). In addition, 7-OH-
DPAT at any doses is considered to decrease the levels of
dopamine release in the nucleus accumbens (Devoto
et al. 1995). Low doses of 7-OH-DPAT also produce con-
ditioned place aversion (Khroyan et al. 1995). Similar to
D; receptor stimulation, activation of kappa-opioid
receptor decreases the dopamine release and exhibits
conditioned place aversion (Bals-Kubik, Herz & Shippen-
berg 1989). It is therefore likely that low doses of 7-OH-
DPAT substituted for the U-50.488H cue via actions at D
receptors through the decreased release of dopamnine at
the pre-synapse, whereas higher doses of 7-OH-DPAT
acting through D, receptors limit those Ds;-mediated
effects. Opposing effects of Ds- and D»-mediated actions
have been reported previously (Collins et al. 2005).

In conclusion, the stimulation of D2 receptor may be
critical for the production of the discriminative stimulus
effect induced by METH and cocaine, whereas the stimu-
lation of Dj receptor may contribute to the production of
the U-50,488H cue via the inhibition of dopamine
release.
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