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Molecular Evidence for the Functional Role of Dopamine D,
Receptor in the Morphine-Induced Rewarding Effect and
Hyperlocomotion

Minoru Narita,' Keisuke Mizuo,' Hirokazu Mizoguchi,> Mamoru Sakata,' Michiko Narita,' Leon F. Tseng,”> and
Tsutomu Suzuki'

Department of Toxicology, Hoshi University School of Pharmacy and Pharmaceutical Sciences, Shinagawa-ku, Tokyo 142-8501, Japan, and 2Department of
Anesthesiology, Medical College of Wisconsin, Milwaukee, Wisconsin 53226-0509

The aim of the present study was to investigate the role of dopamine D receptors in the rewarding effect and hyperlocomotion induced
by a prototypical u-opioid receptor agonist morphine using dopamine D, receptor knock-out mice. The u-opioid receptor in the brain
determined by the [tylosil-3,5-"H(N)]-[p-Ala?,N-MePhe *,Gly-ol’|enkephalin binding assay was not significantly changed by a deletion of
the dopamine D; receptor gene. Furthermore, we found that no significant differences in G-protein activation by morphine in the limbic
forebrain and lower midbrain were noted between the two genotypes. These results suggest that the function of the u-opioid receptor
itself was not affected by a deletion of the dopamine D, receptor gene. To ascertain the morphine-induced rewarding effect in both
genotypes, the conditioned place preference paradigm was performed. Deletion of the dopamine D, receptor gene resulted in a remark-
able enhancement of the morphine-induced rewarding effect. Furthermore, knock-out mice with deletions of the dopamine D5 receptor
revealed a dramatic potentiation of morphine-induced hyperlocomotion. Under these conditions, aloss of the dopamine D, receptor gene
had no effect on the basal levels of dopamine and the increased dopamine turnover by morphine in the limbic forebrain. These findings
provide further evidence that dopamine D, receptor contributes to the postsynaptically negative modulation of the mesolimbic dopami-
nergic pathway that is associated with the rewarding effect and hyperlocomotion through the stimulation of u-opioid receptors induced

by morphine in the mouse.
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Introduction

Many studies have suggested that the mesolimbic dopaminergic sys-
tem that projects from the ventral tegmental area (VTA) to the nu-
cleus accumbens is critical for the initiation of opioid reinforcement
and hyperlocomotion (Stinus et al., 1985, 1986; Wise and Rompre,
1989; Koob, 1992). Use of the conditioned place preference para-
digm and intra-VTA administration of the selective p-opioid recep-
tor agonist [D-Ala’,N-MePhe* Gly-ol®]enkephalin (DAMGO) or
a prototypical p-opioid receptor agonist, morphine, produces the
rewarding effect (Bals-Kubik et al., 1993; Narita et al., 2001). Either
DAMGO- or morphine-induced place preference can be blocked by
dopamine antagonists (Phillips et al., 1983; Shippenberg and Herz,
1988; Shippenberg et al., 1993). It has been recognized that the hy-
perlocomotion induced by morphine can be blocked by treatment
with dopamine receptor antagonists into the nucleus accumbens
(Maldonado etal., 1990; Funada et al., 1994). These findings indicate
that the dopamine-containing neurons of the midbrain VTA, which
has a high density of w-opioid receptors, play a critical role in the
rewarding effects by w-opioids.
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In humans, five dopamine receptor subtypes (D,—Ds) have
been identified by molecular cloning (Civelli et al., 1993; Ging-
rich and Caron, 1993). These five dopamine receptors are classi-
fied into two subfamilies according to their pharmacological pro-
files and sequence homologies. The D, -like receptor subtypes are
composed of the D, and Dj receptors, which are coupled to stim-
ulatory subsets of heterotrimeric G-proteins. In contrast, the D,-
like subtypes consist of D,, D3, and D, receptors, which are cou-
pled 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 (1990) has been extensively character-
ized. The dopamine D5 receptor shows a distinct distribution in
limbic areas of the brain, including the nucleus accumbens and
olfactory tubercle (Sokoloff et al., 1990). Several pharmacological
studies with dopamine D5 receptor-preferring agonists such as
7-hydroxy- N, N-di-n-propyl-2-aminotetralin ~ (7-OH-DPAT)
suggest that the dopamine D receptor regulates the inhibitory
effect to produce hyperlocomotion in rodents (Suzuki et al.,
1995; De Boer et al., 1997). Several investigators proposed the
hypothesis that the dopamine Dj; receptor agonist is able to in-
hibit locomotion though a presynaptic autoreceptor mechanism
by inhibiting the firing of dopaminergic cell bodies and dopa-
mine release at nerve terminals (Meller et al., 1993; Devoto et al.,
1995; Gainetdinov et al., 1996). However, the dopamine Dj re-
ceptor mRNAs cannot be detected in the rat midbrain area (Bou-
thenet et al., 1991; Landwehrmeyer et al., 1993; Richtand et al.,
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1995). It has been also proposed that the inhibition of spontane-
ous locomotion by dopamine D receptor agonists is indepen-
dent of dopamine release at the terminal (Waters et al., 1993).
The latter report indicates the possibility that the dopamine D,
receptor acts predominantly as the postsynaptic receptor.

It should be noted that these pharmacological approaches are
not conclusive, because serious questions exist with respect to the
selectivity of dopamine D5 receptor ligands. This problem can
now be solved by the molecular biological technique of targeted
gene deletion. It has been generally accepted that the use of mice
lacking dopamine receptor subtypes can provide direct evidence
for the physiological mechanisms of individual receptor subtypes
(Baik et al., 1995; Rubinstein et al., 1997).

The dopamine D, and D, receptors have been shown to play a
substantial role in the rewarding and locomotor enhancing effect
induced by w-opioid receptor agonists (Shippenberg and Herz,
1987, 1988; Maldonado et al., 1997; Narita et al., 2001). Little is
known, however, about the role of dopamine D5 receptors in the
rewarding effect of u-opioid receptor agonists. The present study
was therefore designed to investigate the role of dopamine Dj
receptors in the morphine-induced rewarding effect using dopa-
mine D, receptor knock-out mice.

Materials and Methods

The present study was conducted in accordance with the Guiding Prin-
ciples for the Care and Use of Laboratory Animals, Hoshi University, as
adopted by the Committee on Animal Research of Hoshi University,
which is accredited by the Ministry of Education, Culture, Sports, Science
and Technology of Japan. All efforts were made to minimize the number
of animals used and their suffering.

Animals. The dopamine D; receptor knock-out mice (C57BL/6]J-
Drd3"P¢) and their wild-type mice were used in the present study
(The Jackson Laboratory, Bar Harbor, ME). The dopamine D receptor
knock-out mice used in our experiments were N5 congenic C57BL/6
mice genotyped and generated by a backcrossing strategy. Animals were
housed in a room maintained at 22 = 1°C with a 12 hr light/dark cycle
(light on 8:00 A.M. to 8:00 P.M.). Food and water were available ad
libitum.

RT-PCR assay. Total RNA in the whole brain was extracted using the
SV Total RNA Isolation System (Promega, Madison, WI) following the
manufacturer’s instructions. The purified total RNA was quantified by
spectrophotometer at A260. To prepare first-strand cDNA, 1 ug of RNA
was incubated in 100 pl of buffer containing 10 mwm dithiothreitol (DTT),
2.5 mm MgCl,, dNTP mix, 200 U of reverse transcriptase II (Invitrogen,
Grand Island, NY), and 0.1 mwm oligo (dT)12-18 (Invitrogen). The do-
pamine D, receptor gene was amplified in a 50 ul PCR solution contain-
ing 0.8 mm MgCl,, dNTP mix, and DNA polymerase with the following
synthesized primers: a sense primer of the dopamine D; receptor at
position 391-407 (5'-GCA GTG GTC ATG CCA GTT CAC TAT CAG-
3') of the receptor and an antisense primer at position 498526 (5'-CCT
GTT GTGTTG AAA CCA AAG AGG AGA GG-3"), which were designed
according to sequence accession numbers U26915 in GenBank. The RT-
PCR was performed under conditions used previously (Narita et al.,
2002a,b). Briefly, samples were heated to 95°C for 2 min, 55°C for 2 min,
and 72°C for 3 min and cycled 40 times through 95°C for 1 min, 55°C for
2 min, and 72°C for 3 min. The resulting 137 bp product amplified with
the above primers was subcloned into pGEM-T vector (Invitrogen, San
Diego, CA) by the T-A cloning method. DNA sequencing for the inserted
region confirmed that the amplified nucleotides corresponded to those
of murine dopamine Dj receptor cDNA. The mixture was run on 1%
agarose gel electrophoresis with the indicated markers. The agarose gel
was stained with ethidium bromide and photographed with UV
transillumination.

Membrane preparations. Mice were killed by decapitation, and the
whole brain except cerebellum, lower midbrain (containing the VTA), or
limbic forebrain (containing the nucleus accumbens) was rapidly dis-
sected for each purpose. The tissue was homogenized using a Potter-
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Elvehjem tissue grinder with a Teflon pestle in 20 vol (w/v) of ice-cold
Tris buffer containing 50 mm Tris-HCL, pH 7.4, for the w-opioid receptor
binding assay, or in ice-cold Tris-Mg>" buffer containing 50 mm Tris-
HCI, pH 7.4, 5 mm MgCl,, and 1 mm EGTA for the [ *>S]GTPyS binding
assay. The homogenate was centrifuged at 4°C for 10 min at 48,000 X g.
The pellet was resuspended in ice-cold Tris buffer or [ **S]GTP+S bind-
ing assay buffer containing 50 mm Tris-HCI, pH 7.4, 5 mm MgCl,, 1 mm
EGTA, and 100 mm NaCl and centrifuged at 4°C for 10 min at 48,000 X
g. The resultant pellet was resuspended in ice-cold Tris buffer or
[?*S]GTPyS binding assay buffer and stored at —70°C until use.

w-Opioid receptor binding assay. The w-opioid receptor binding assays
were performed in duplicate with [*H] DAMGO (specific activity, 67.0
Ci/mmol; Amersham Biosciences, Arlington Heights, IL) at 0.2-20 nm in
a final volume of 1.0 ml that contained 50 mm Tris-HCI buffer, pH 7.4,
and 0.1 ml of the homogenated membrane fraction. The amount of
membrane proteins used in each assay was in the range of 90-140 ug, as
determined by the method of Bradford (1976). The test tubes were incu-
bated for 2 hr at 25°C. Specific binding was defined as the difference in
bindings observed in the absence and presence of 10 um unlabeled
DAMGO. Incubation was terminated by collecting membranes on
Whatman GF/B filters using a Brandel cell harvester. The filters were then
washed three times with 5 ml Tris-HCI buffer, pH 7.4, at 4°C and trans-
ferred to scintillation vials. Then, 0.5 ml of Soluene-350 (Packard Instru-
ment Company, Meriden, CT) and 4 ml of Hionic Fluor Cocktail (Pack-
ard Instrument Company) were added to the vials. After a 12 hr
equilibration period, radioactivity in the samples was determined in a
liquid scintillation analyzer.

[*°S]GTPYS binding assay. The membrane homogenate (3-8 ug pro-
tein per assay) was incubated at 25°C for 2 hr in 1 ml of assay buffer with
various concentrations of the agonist, 30 um GDP, and 50 pm
[*>S]GTPyS (specific activity, 1000 Ci/mmol; Amersham Biosciences).
The reaction was terminated by filtration using a Brandle cell harvester
and Whatman GF/B glass filters presoaked in 50 mm Tris-HCI, pH 7.4,
and 5 mm MgCl, at 4°C for 2 hr. Filters were then washed three times with
5 ml of an ice-cold Tris-HCl buffer, pH 7.4, transferred to scintillation
counting vials containing 0.5 ml of Soluene-350 and 4 ml of Hionic
Fluor, and equilibrated for 12 hr, and the radioactivity in the samples was
determined with a liquid scintillation analyzer. Nonspecific binding was
measured in the presence of 10 um unlabeled GTP7yS. Comparable re-
sults were obtained from at least three independent sets of experiments.

Place conditioning. Place conditioning was conducted as described pre-
viously (Suzuki et al., 1990). The apparatus was a shuttle box (15 cm
wide X 30 cm long X 15 cm high) that was made of acrylic resin board
and divided into two equal-sized compartments. One compartment was
white with a textured floor, and the other was black with a smooth floor
to create equally preferred compartments. Only animals that did not
exhibit a significant preference for either the white or black compartment
were used and divided randomly into each separate group of 8—12 mice.
Conditioning sessions (three for drug, three for vehicle) were conducted
once daily for 6 d. Immediately after subcutaneous injection of morphine
or vehicle, these animals were placed in the white or black compartment
for 1 hr. On alternate days, the animals were given injections of saline or
morphine and then placed in the other compartment. On day 7, tests of
conditioning were performed as follows. The partition separating the two
compartments was raised to 7 cm above on the floor, and the neutral
platform was inserted along the seam separating the compartments. Mice
that had not been treated with either drugs or saline were then placed on
the platform. The time spent in each compartment during a 900 sec
session was then recorded automatically using an infrared beam sensor
(KN-80, Natume Seisakusyo Co., Tokyo, Japan). In a pretest, mice spent
458.6 * 36.8 sec (mean * SEM) in the white compartment and 444.2 =
28.4 sec in the black compartment. The mean conditioning score repre-
sents the time spent in the morphine-conditioned compartment minus
that spent in the saline-conditioned compartment. All sessions were con-
ducted under conditions of dim illumination and masking white noise.

Locomotor activity. The locomotor activity of mice was measured by an
activity monitoring system (NS-AS01; Neuroscience Inc., Tokyo) (Na-
rita et al.,, 2002a,b). Briefly, the activity monitor is composed of the
infrared ray sensor placed over an open-top box (23 cm wide X 33 cm
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long X 12.5 cm high), a signal amplification circuit, and a control circuit.
The sensor can detect the movement of animals on the basis of released
infrared rays associated with their temperature. Counts of locomotor
activity were collected in 10 min intervals for 4 hr before treatment for
habituation and for 3 hr after the treatment. The data were analyzed with
a computer-associated analyzing system (Multidigital 32-port Counter
System; Neuroscience Inc.).

Dopamine turnover. Using HPLC with electrochemical detection (HPLC-
ECD), the concentrations of dopamine, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) were determined as described pre-
viously (Narita et al., 1993). The mice were killed 30 min after subcutaneous
injection of saline (10 ml/kg) or morphine (5 mg/kg). The brain was re-
moved quickly, and the limbic forebrain was dissected on an ice-cold glass
plate. The tissues were homogenized in 500 ul of 0.2 M perchloric acid con-
taining 100 uM EDTA(2Na) and 100 ng isoproterenol as an internal stan-
dard. The homogenates were then centrifuged at 20,000 X g for 30 min at
4°C, and the supernatants were maintained at pH 3.0 using 1 M sodium
acetate. Samples were analyzed by HPLC-ECD. The HPLC system consisted
of a delivery system (EP-10, Eicom Co., Kyoto, Japan), an analytical column
(Eicompac, MA-50DS, Eicom Co.), and a guard column (Eicom Co.). Do-
pamine and its metabolites were separated by a column with a mobile phase
containing sodium acetate (0.1 M), citric acid monohydrate (0.1 M), sodium
1-octane sulfonate (170 mg/1), EDTA(2Na) (10 mg/l), and 15% methanol.
The mobile phase was delivered at a flow rate of 1.0 ml/min. Identification of
dopamine and its metabolites was determined according to the retention
times of these standards, and the amounts were quantified by calculating
peak area. The dopamine turnover, “DA ratio,” was calculated as (DOPAC
+ HVA)/dopamine.

Drug and injection procedure. Morphine (Sankyo, Tokyo, Japan) and
D-Phe-Cys-Trp-p-Trp-Orn-Thr-Pen-Thr-NH, (CTOP) (Sigma, St.
Louis, MO) were dissolved in saline. One day before the beginning of the
drug or saline injection, mice were anesthetized with ether and a 2 mm
double needle (tip, 27 gauge X 2 mm; base, 22 gauge X 10 mm; Natsume
Seisakusho) attached to a 25 ul Hamilton microsyringe was inserted into
the unilateral injection site to make the hole. The unilateral injection site
was ~2 mm from either side of the midline between the anterior roots of
the ears. On the day for the drug injection, the head of the mouse was held
against a V-shaped holder without any anesthetics, and the drugs were
injected into the hole. The injection volume was 4 ul for each mouse. The
placement for the injection was confirmed by cresyl violet injection after
all experiments. CTOP (100 pmol per mouse, i.c.v.) was given to mice 10
min before the treatment with morphine or saline.

Statistical data analysis. The data are presented as the mean * SEM.
The statistical significance of differences between individual doses that
produced significant conditioning was assessed with an ANOVA fol-
lowed by Dunnett’s multiple test. The comparison of dose—response
curves was analyzed by a computer-associated program (Prism, Graph-
Pad Inc., San Diego, CA). Data for the determination of the density
(Bimay) and affinity (Ky) of binding sites were evaluated with the EDBA
and LIGAND programs (Biosoft, Cambridge, UK). Student’s ¢ test was
used for the statistical analysis of the B, and K values.

Results

Absence of dopamine D; receptor mRNA in dopamine D,
receptor knock-out mice

To evaluate whether the mutation of the dopamine D, receptor
gene could result in a loss of expression of dopamine D; mRNA,
we isolated total RNA from the whole brain of wild-type and
dopamine D5 knock-out mice to perform RT-PCR using dopa-
mine Dj receptor-specific primers. The dopamine D5 receptor
mRNA was readily identified in the whole brain of wild-type but
not dopamine D5 knock-out mice (Fig. 1). To determine whether
the mutation could abolish dopamine D, receptor and affect the
levels of other dopamine receptors, we next measured the levels
of dopamine D,, D,, and D; receptor mRNAs in the forebrain of
dopamine D5 receptor knock-out mice using each specific primer
(Narita et al., 2002a,b). This mutation eliminated dopamine D,
receptors, with no significant changes in either dopamine D, or
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Figure1.  Analysis of dopamine D, receptor mRNA expression by RT-PCR in the mouse whole
brain from wild-type (WT) and dopamine D; receptor knock-out (D;K0) mice. The dopamine D,
receptor gene was amplified ina 50 I PCR solution with synthesized primers (137 bp): a sense
primer of dopamine D, receptor, which is at position 391—407 (5'-GCA GTG GTC ATG CCA GTT
CACTAT CAG-3') of the receptor, and an antisense primer at position 498 —526 (5'-CCT GTT GTG
TTG AAA CCA AAG AGG AGA GG-3"). The PCR products were separated on 1% agarose gel and
visualized after staining with ethidium bromide.

Table 1. j1-Opioid receptor density and affinity determined by HIDAMGO binding
to the mouse brain membrane preparation from wild-type (WT) and dopamine D,
receptor knock-out (D;K0) mice

B.,.ox (fmol/mg protein) K (nm)
WT 70.12 + 378 0.69 = 0.04
D;K0 68.63 = 2.31 0.64 = 0.04

Each value represents the mean with SEM of three samples.

D, receptors (105.8 = 2.5 and 89.9 = 5.1% of wild-type, respec-
tively), confirming the utility of these mice for studying the dis-
tinct role of dopamine D, receptors.

No change in p-opioid receptor density as determined by
[’H]DAMGO binding to the mouse brain membrane
preparations in dopamine D, receptor knock-out mice

To evaluate the population of w-opioid receptors in the mouse
brain, we performed a saturation-binding analysis using
[PH]DAMGO. Saturation binding studies with [°’H]DAMGO at
different concentrations revealed a single high-affinity binding
site that represents the w-opioid receptor. There was no differ-
ence between the wild-type and dopamine D5 knock-out mice in
either the B, or K, value of [’ H]DAMGO binding (Table 1).

Comparison of the stimulation of [ >**S]GTPyS binding by
morphine between dopamine D; receptor knock-out and
wild-type mice

We investigated whether deletion of the dopamine D5 receptor
gene could affect G-protein activation through the stimulation of
u-opioid receptors. The ability of u-opioid receptor agonists to
activate G-proteins in the brain of wild-type and dopamine D5
knock-out mice was examined by monitoring binding to mem-
branes of [*>S]GTPvS. The u-opioid receptor agonist morphine
(0.1-10 uM) produced a concentration-dependent increase in
[**S]GTPYyS binding to membranes of the limbic forebrain (Fig.



Narita et al. » Role of D, Receptors in the Effects of Morphine

40— (A) Limbic forebrain

354
L] wr
| B p3ko

% Stimulation
it

i m[ﬂ

ks 6 5 5

Morphine (log M) -5 5
CTOP (log M)
(B) Lower midbrain
0
60
o o Cwr
o D3KO
S, B
E 30
32 20
52 10+
0 ’—T—EE’_I_:I.]__L
L -6 5 5
Morphine (log M) 5 -5
CTOP (log M)
Figure 2.  Stimulation of [ **S]GTP+S binding to membranes from the limbic forebrain (4)

and lower midbrain (B) by the w-opioid receptor agonist morphine in wild-type (WT) and
dopamine D; receptor knock-out (D3K0) mice. Membranes were incubated with [ **S]GTP~S
(50 pm) and GDP (30 um) with morphine in the presence or absence of the selective w-opioid
receptor antagonist CTOP. The data are shown as the percentage of the basal [*S]GTP+yS (50
pm) binding measured in the presence of GDP (30 wm) and the absence of morphine. Each
column represents the mean with SEM of three samples.

2A) and lower midbrain (Fig. 2 B) from both wild-type and D;
knock-out mice. These effects were abolished by coincubating the
membranes with the specific p-opioid receptor antagonist CTOP
(10 wum) in both wild-type and dopamine D5 knock-out mice
(p < 0.001 vs 10 uM morphine treatment). However, these ef-
fects did not differ significantly between the two genotypes.

Morphine-induced place preference in wild-type and
dopamine D, receptor knock-out mice

In both genotypes, the saline-conditioned group exhibited no
preference for either place. The mean conditioning scores were
4.8 * 41.3 sec for wild-type mice and —12.7 * 46.6 sec for do-
pamine D; knock-out mice. The dose-response curves for
morphine-induced place preference in wild-type and dopamine
D, receptor knock-out mice are shown in Figure 3. In wild-type
mice, morphine (1-5 mg/kg, s.c.) produced a dose-dependent
place preference for drug-associated place (144.7 = 43.9 sec for 5
mg/kg morphine; F(, 54y = 5.38; p < 0.05; vs saline group) (Fig.
3A). In dopamine D5 receptor knock-out mice, lower doses of
morphine (0.1-0.56 mg/kg, s.c.) produced a significant and
dose-dependent place preference for drug-associated place
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Figure3.  Morphine-induced place preference in wild-type (WT) and dopamine D; receptor

knock-out (D;K0) mice. A, Dose—response curve for the morphine-induced place preference in
WTand D,KO mice. Each point represents the mean conditioning score with SEM of 8 =10 mice.
B, Effect of the selective w.-opioid receptor antagonist CTOP on morphine-induced place pref-
erencein D;KO mice. CTOP (100 pmol per mouse) or saline was pretreated intracerebroventricu-
larly 10 min before subcutaneous administration of morphine. Each column represents the
mean conditioning score with SEM of 8 —10 mice. *p < 0.05 versus saline group.

(146.8 = 35.2 sec for 0.56 mg/kg morphine; F, ;,, = 6.50; p <
0.05; vs saline group) (Fig. 3A). The dose relationship for the
morphine-induced place preference in dopamine D; receptor
knock-out mice was significantly shifted to the left by 7.25-fold
(p < 0.01 vs wild-type mice) (Fig. 3A). In addition, the place
preference induced by 0.56 mg/kg morphine in dopamine D,
receptor knock-out mice was completely blocked by intracere-
broventricular treatment with CTOP (100 pmol per mouse;
11.3 * 47.8 sec; F, 5y = 7.24; p < 0.05; vs saline-morphine
group) (Fig. 3B).
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Figure4.  Morphine (MRP)-induced locomotor activity in wild-type (WT) and dopamine D,
receptor knock-out (D;K0) mice. A, Time course changes in the MRP-induced locomotor-
enhancing effect in WT and D,KO mice. Each point represents the mean activity counts for 10
min with SEM of 7-8 mice. B, Total locomotor activity of the MRP-induced locomotor-
enhancing effect in WT and D,KO mice. Each column represents the mean activity for 180 min
with SEM of 7—8 mice. **p < 0.01, ***p << 0.001 versus each saline group. ** p < 0.001
versus MRP-treated WT group.
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Morphine-induced hyperlocomotion in wild-type and
dopamine D; knock-out mice

Figure 4 shows the morphine-induced hyperlocomotion in wild-
type and dopamine D5 knock-out mice. We first found that the
mutant mice exhibited an enhanced locomotion in the novel
environment (during 4 hr habituation; data not shown). This
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result was consistent with the report by Xu et al. (1997). After 4 hr
habituation, saline treatment produced no differences in loco-
motion between wild-type and dopamine D, knock-out mice; the
mean total activity counts for 180 min were 215.2 = 42.7 and
294.8 £ 91.3 counts per 180 min, respectively (Fig. 4 B). Mor-
phine (5 mg/kg, s.c.) produced a signiﬁcant increase in locomo-
tion in both genotypes [wild-type mice (F(1 189) = 13.3;p < 0.01
vs saline) and dopamine D; knock-out mice (F; 5,0y = 72.9;p <
0.001 vs saline)]. Under these conditions, the morphine-induced
locomotor enhancing effect was significantly enhanced by a de-
letion of dopamine Dj; receptor gene (Fig. 4).

Levels of dopamine and its major metabolites in the limbic
forebrain area from dopamine D; receptor knock-out and
wild-type mice

As shown in Table 2, the basal levels of dopamine, DOPAC and
HVA, and the dopamine turnover in the limbic forebrain area
were unchanged in dopamine D5 knock-out mice as compared
with that in wild-type mice. Morphine (5 mg/kg, s.c.) produced a
significant increase in levels of DOPAC ( p < 0.01 vs saline) and
HVA ( p <0.01 vs saline) and in dopamine turnover ( p < 0.001
vs saline) in the limbic forebrain area in both wild-type and do-
pamine D; knock-out mice. However, these effects did not differ
significantly between the two genotypes (Table 2).

Discussion

The dopamine Dj; receptor is highly distributed in the nucleus
accumbens, the terminal site of the mesolimbic dopaminergic
system (Sokoloff et al., 1990). The limbic system-selective expres-
sion of the dopamine Dj; receptor has led to particular interest in
this receptor as a potential mediator of some of the psychoeffec-
tive functions of dopamine neurotransmission (Levant, 1997).
Although pharmacological studies using dopamine D5 receptor-
preferring agonists such as 7-OH-DPAT can generally support
this view (Caine and Koob, 1993), the dubious selectivity of these
agonists severely limits conclusions about the physiological func-
tions of the dopamine Dj; receptor.

Knock-out mice with dopamine D5 receptor gene deletions
have been successfully developed by homologous recombination
(Accili et al., 1996; Xu et al., 1997). The availability of transgenic
dopamine D5 receptor knock-out mice allows us to determine the
physiological function mediated via the dopamine D; receptor
and the interaction between p-opioidergic system and dopamine
Dj; receptors. Using dopamine D5 receptor knock-out mice, we
confirmed that a deletion of the dopamine D, receptor had no
effect on either dopamine D, or D, receptors, suggesting the
utility of these mice for studying the distinct role of dopamine D5
receptors (Narita et al., 2002a,b; the present study). In the present
study, we found that the mutation of the dopamine D, receptor
resulted in no detectable change in the p-opioid receptor in the
brain. Furthermore, the elimination of dopamine D, receptor
expression in mutant mice failed to affect morphine-stimulated
[**S]GTPYS binding, indicating no significant change in the abil-
ity of the u-opioid receptor-induced G-protein activation in this
phenotype. These results suggest that deletion of the dopamine
D5 receptor gene could not directly affect the p-opioidergic func-
tion in the brain.

Under the present condition, we investigated the morphine-
induced rewarding effect in mice lacking dopamine Dj; receptor.
A significant place preference for drug-associated place was ob-
served in the mutant mice at 0.56 mg/kg morphine, whereas no
preferences were seen in the wild-type mice at even 1-3 mg/kg.
This enhanced effect was completely reversed by intracerebro-
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Table 2. Levels of dopamine (DA) and its major metabolites (DOPAC and HVA) in the limbic forebrain area from wild-type (WT) and dopamine D, receptor knock-out (D,K0)

mice in the presence or absence of morphine (MRP)

DA DOPAC HVA
(ng/gm wet tissue) DA ratio
WT
Basal 6918.1 = 297.5 632.8 =404 461.3 = 18.2 0.157 = 0.004
MRP 6517.1 £ 278.6 1067.9 * 43.8** 817.3 *+ 26.3*** 0.290 = 0.006***
D,KO
Basal 6525.7 £ 62.3 585.7 = 14 4347 =59 0.156 = 0.002
MRP 6398.9 + 5323 1110.9 + 85.9%* 714.2 = 51.6%* 0.286 = 0.007***

Each value represents the mean with SEM. The dopamine turnover (DA ratio) was calculated as follows: (DOPAC + HVA)/DA. **p << 0.01, ***p << 0.001 versus basal group.

ventricular administration of a selective p-opioid receptor antag-
onist, CTOP, indicating that the p-opioidergic system is involved
in the increased sensitivity to morphine in dopamine D, receptor
knock-out mice. Furthermore, the dose relationship for
morphine-induced place preference in dopamine D; receptor
knock-out mice was significantly shifted to the left as compared
with that in wild-type mice. A great deal of evidence suggests that
tonic dopamine D, receptor activation is required for the reward-
ing effect of p-opioid receptor agonists (Shippenberg and Herz,
1987, 1988). A recent genetic approach provides direct evidence
for the implication of dopamine D, receptor in the morphine-
induced rewarding effect (Maldonado et al., 1997). Taken to-
gether, the data suggest the possibility that the dopamine Dj re-
ceptor may play a potential role in the negative modulation of the
dopamine D,/D, receptor-dependent rewarding effects induced
by w-opioid receptor agonists.

Various studies have demonstrated that the dopamine D5 re-
ceptor is implicated in motor behavior. A reduction in spontane-
ous locomotion is produced by the dopamine D; receptor-
preferring agonist 7-OH-DPAT (Daly and Waddington, 1993;
Khroyan et al., 1995; De Boer et al., 1997). In the present study,
we failed to find a significant change in saline-induced locomo-
tion in mice lacking dopamine D5 receptor after long-term habit-
uation. Under these conditions, morphine-induced hyperloco-
motion was dramatically enhanced in mutant mice. It has been
widely recognized that, as with the rewarding effect, the mesolim-
bic dopaminergic system plays a critical role in morphine-
induced hyperlocomotion (Narita et al., 2001). Taken together,
our results suggest that the dopamine D5 receptor may be essen-
tial for negative feedback on the mesolimbic dopaminergic path-
way activated by u-opioid receptor agonists.

We demonstrated previously that subcutaneous treatment
with morphine at 5 mg/kg produced a significant increase in the
levels of DOPAC and HVA without any changes in the levels of
dopamine in the limbic forebrain area in mice (Narita et al.,
1993). In the present study, the basal levels of dopamine, DOPAC
and HVA in the limbic forebrain area were unchanged in dopa-
mine D; knock-out mice as compared with that in wild-type
mice. We found that morphine (5 mg/kg, s.c.) produced a signif-
icant increase in levels of DOPAC and HVA and a dramatic en-
hancement of dopamine turnover in the limbic forebrain area in
both wild-type and D5 knock-out mice. However, these levels did
not differ significantly between the two genotypes. It has been
proposed recently, using dopamine D, receptor knock-out mice,
that dopamine release is suppressed by the stimulation of dopa-
mine D, receptor-like autoreceptors (Baik et al., 1995; L’hirondel
et al., 1998). Like dopamine D, receptors, the dopamine D; re-
ceptor is considered to be a family of autoreceptors (Sokoloff et
al., 1990; Gainetdinov et al., 1996). In contrast, a recent anatom-
ical finding that few dopamine D, receptors are detected in the

VTA gives us the idea that dopamine D; receptors could be dis-
tributed postsynaptically in the nucleus accumbens (Bouthenet
etal., 1991; Diaz etal., 2000). Considerable evidence suggests that
the postsynaptic D5 receptors are likely to negatively modulate
the overexcitation of postsynaptic dopamine receptor-regulated
actions (Waters et al., 1993; Xu et al., 1997; Koeltzow et al., 1998).
Thus, aloss of postsynaptic dopamine D5 receptors may cause the
sustained activation of postsynaptic dopamine receptor-
mediated signaling. We propose here that the D, receptor may be
critical for postsynaptically negative modulation of the activated
mesolimbic dopaminergic system by the stimulation of w-opioid
receptors located in the VTA of mice.

In conclusion, the present data provide direct evidence that a
deletion of central dopamine D5 receptor enhances the rewarding
effect and hyperlocomotion induced by morphine without di-
rectly affecting the p-opioid receptor itself in the mouse brain.
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