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Dopamine receptors have been implicated in the behavioural
response to drugs of abuse. These responses are mediated parti-
cularly by the mesolimbic dopaminergic pathway arising in the
ventral tegmental area and projecting to the limbic system. The
rewarding properties of opiates1 and the somatic expression of
morphine abstinence2 have been related to changes in mesolimbic
dopaminergic activity that could constitute the neural substrate
for opioid addiction3. These adaptive responses to repeated
morphine administration have been investigated in mice with a
genetic disruption of the dopaminergic D2 receptors4. Although
the behavioural expression of morphine withdrawal was
unchanged in these mice, a total suppression of morphine reward-
ing properties was observed in a place-preference test. This effect
is specific to the drug, as mice lacking D2 receptors behaved the
same as wild-type mice when food is used as reward. We conclude
that the D2 receptor plays a crucial role in the motivational
component of drug addiction.

Dopamine released by dopaminergic neurons in the ventral
tegmental area exerts a negative control on the mesolimbic
dopaminergic pathway by activating somato-dendritic D2
autoreceptors3,5. The firing of these neurons is negatively regulated
by GABA-mediated interneurons. This control is potentiated by
stimulation of GABA receptors and is reduced by the inhibition of
GABA release6. Opioids indirectly relieve this negative control
by inhibiting the firing of these neurons. This mechanism has
been proposed to mediate the rewarding effects of morphine and

heroin3. Indeed, opiate injections into this area generate self-
administration7, potentiate rewarding brain stimulation8, and pro-
duce a conditioned place preference9. These behaviours seem to
depend on an increased dopaminergic activity10,11, although a
dopamine-independent mechanism has also been postulated12–14.
Moreover, the participation of the dopaminergic mesolimbic
system in physical opiate dependence has also been reported2,15,16.
Particularly, D2 receptors (D2Rs) within the nucleus accumbens
have been shown to be involved in the expression of the somatic
symptoms of opiate withdrawal2.

To establish the role of dopamine D2R in such functions, we
analysed the behavioural response of D2R-null mice4 to morphine.
We have previously shown that D2R-null mice present a decrease in
spontaneous locomotor activity4. However, D2R-deficient mice
compared with their wild-type littermates (n ¼ 12 per group)
retain exploratory behaviour in a stressful environment (Fig. 1a).
A normal habituation to the environment after three consecutive
sessions is also observed (Fig. 1a). To investigate whether morphine
would induce hyperlocomotion in D2R-null mice, as it does in wild-
type mice17, animals were tested in locomotor-activity boxes under
non-stressful conditions. Morphine administration at doses of 2
and 6 mg per kg body weight (n ¼ 6 per group) induced a similar
increase in horizontal locomotor activity in both wild-type and
D2R-null mice (Fig. 1b).

The administration of RB 101 (100 mg per kg body weight,
intraperitoneal (i.p.)), a mixed inhibitor of enkephalin-degrading
enzymes18, also induced hyperactivity in both groups. Indeed, a
significant increase (P , 0:01) in horizontal locomotor activity was
observed in RB101-treated wild-type animals (32 6 7%) and D2R-
null mice (48 6 15%) in comparison to saline-treated animals
(Student’s t-test: tð1;12Þ ¼ 3:613, P , 0:01, and tð1;13Þ ¼ 2:505,
P , 0:05, respectively). Consequently, the motor impairment
observed in D2R-null mice4 does not adversely affect the motor
responses elicited either by exogenous or endogenous opioids. Thus
the mechanisms responsible for opioid-induced enhancement of
locomotion are not altered in D2R-null mice, in agreement with the
previously proposed participation of D1Rs17 and of non-dopaminergic
mechanisms19,20 in this response.

To investigate whether the reward properties elicited by morphine
administration were still observable in D2R-deficient mice, wild-
type and D2R-null morphine-treated mice (n ¼ 8 per group) were
analysed by using the place-conditioning paradigm21. During the
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Figure 1 D2R-null mice preserve exploratory activity and locomotor response to

morphine treatment. a, Exploratory response of D2R-null mice (open squares),

and wild-type littermates (filled squares) in a stressful (highly illuminated) open

field containing unknown objects. This test was performed for three consecutive

days, at 24-h intervals; values represent the number of visits to the unknown

objects (mean 6 s:e:m:). The number of squares crossed (mean 6 s:e:m:) for the

wild-type mice were: day 1, 228:7 6 10:01; 2, 194:8 6 8:2; 3, 161 6 11:9; D2R

mutants, day 1, 154 6 16:6; 2, 61 6 8:4; 3, 47:4 6 4. Number of rearings for wild-

type day 1, 30 6 1:5; 2, 20:8 6 2:1; 3, 18:8 6 1:8; for D2R mutants, day 1, 6:1 6 1:2; 2,

1:9 6 0:6, 3, 1:2 6 0:4. ** P versus same group on day 1 (Dunnett’s test); †† P , 0:01

versus wild-type group (Student’s t-test); n ¼ 12 per group. b, Motor responses to

morphine administration (mean 6 s:e:m:) in D2R-null (open squares) and wild-

type (filled squares) mice, in a non-stressful environment. * P , 0:05, ** P , 0:01,

versus saline group with the same genotype; † P , 0:05, †† P , 0:01, versus wild-

type group receiving the same treatment (Dunnett’s test); n ¼ 6 per group.
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preconditioning phase, D2R-null and wild-type mice both visited
the two compartments of the place-preference apparatus (Table 1),
spending the same time in each compartment (data not shown).
Two other groups of animals with the same genotypes
were administered saline as control. Morphine administration
(3 mg per kg body weight, subcutaneous (s.c.)) induced a clear
conditioned place preference in wild-type mice, indicated by a
significant increase in the time spent in the drug-associated com-
partment during the testing phase. This conditioned behaviour is
completely absent in D2R mutant mice, which spent the same time
in the morphine-designed compartment during the precondition-
ing and the testing phases (Fig. 2a, b). To exclude the possibility that
tolerance might have arisen in D2R-null mice as a result of an
endogenous higher level of enkephalins4, the same experiment was
repeated in a new group of drug-naive animals using a higher dose
(9 mg per kg body weight s.c.) of morphine (n ¼ 8 per group). In
these conditions, D2R-null mice, in contrast to wild-type animals,
also failed to show place preference (Fig. 2a,b). Thus the lack of
place preference is not due to a developed tolerance to endogenous
opioids. Motor and motivational responses to opioids have been
reported to be closely related22,23. However, absence of place
preference is not dependent on the locomotor impairment of
D2R-null mice, as these mice preserve a motor response to endogenous
(RB 101 administration) and exogenous opioids (Fig. 1b); show a
behaviour similar to that of wild-type mice during the precon-
ditioning phase, including the number of visits to each compart-
ment (Table 1); and maintain the locomotor and exploratory
potential to respond to the environment (Fig. 1). Thus there is a
dissociation between opioid-mediated motor and motivational
responses.

The ability of D2R-null mice to show preference to other
incentive stimuli was also investigated, by evaluating their condi-

tioned response to palatable food in the same place-preference
paradigm. Food reward produced the same conditioned place
preference in both wild-type (n ¼ 10) and D2R-null mice
(n ¼ 10), as indicated by a significant increase in the time spent
in the food-associated compartment during the testing phase (Fig.
2c,d). No place preference was observed in the control groups.
Therefore the motivational deficit produced by the absence of D2Rs
selectively affects morphine rewarding properties, but does not
modify food-induced place preference. This suggests that there is
a specific involvement of D2R in the motivational component of
opioid dependence, but not on natural rewards.

It is known that m-opioid receptors are responsible for morphine-
induced place conditioned preference24. We investigated whether
changes in the expression of this receptor in the D2R-null back-
ground might be responsible for loss of morphine reward. Analysis
of striatal and ventral mesencephalic mRNA and proteins from
wild-type and D2R-null mice showed there to be a similar level of
expression of this gene and of receptor binding in both genotypes
(Fig. 3, and data not shown). Consequently, lack of place preference
in D2R-null mice is dependent on the loss of the rewarding
properties of morphine resulting from the absence of dopamine
D2Rs.

We then investigated the participation of D2R in the physical
dependence on opiates. The activation of D2R within the nucleus
accumbens has been reported to reduce the severity of the naloxone-
precipitated morphine-withdrawal syndrome, whereas its blockade
in morphine-dependent animals precipitates abstinence2. A severe
degree of dependence was induced in wild-type and D2R-null mice
by chronic administration of increasing doses of morphine. Control
animals of the same genotypes were treated with saline (n ¼ 8 per
group). The manifestation of the somatic symptoms of withdrawal
was evaluated after administration of naloxone. Chronic morphine
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Figure 2 Lack of morphine-induced place preference in D2R-null mice. a, b,

Conditioned place preference induced by morphine in D2R-null mice and wild-

type littermates. a, Scores21 calculated as the difference between postcondition-

ing and preconditioning time spent in the compartment associated with

morphine. b, Time spent in the drug-associated compartment during the pre-

conditioning (white bars) and the testing phases (black bars). (Values represent

mean 6 s:e:m:). ** P , 0:01, versus saline group with the same genotype

† P , 0:05, †† P , 0:01, versus wild-type group receiving the same treatment

(Dunnett’s test); n ¼ 8 per group. The comparison within each group of the time

spent during the preconditioning and testing phases in the morphine-associated

compartment (Student’s t-test) revealed a significant difference (P , 0:01) in wild-

type mice treated with 3 and 9mg per kg morphine (data not shown). c, d,

Conditioned place preference induced by food reward in D2R-null mice and their

wild-type littermates. c, Scores (Con, control group; FC, food-conditioned group)

calculated as the difference between postconditioning and preconditioning time

spent in the compartment associated with food. d, Time spent in the food-

associated compartment during the preconditioning (white bars) and testing

(black bars) phases. * P , 0:05, versus the non-conditioned group with the same

genotype (Dunnett’s test); n ¼ 10 pergroup. The comparisonwithin each group of

the time spent during the preconditioning and testing phases in the food-

associated compartment (Student’s t-test) also revealed a significant difference

(P , 0:05) in food-conditioned wild-type D2R-null mice (not shown). Genotypes

are indicated above the columns.
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treatment induced the classical signs of opiate exposure, such as
Straub reflex and increased locomotor activity in both groups of
animals (data not shown). Naloxone administration had no effect
on the saline-injected groups; conversely, it strongly precipitated the
behavioural symptoms of withdrawal in morphine-treated animals.
No differences between D2R-null and wild-type mice were observed
(Fig. 4), apart from sniffing incidence, which was significantly
higher in D2R mutant mice. However, sniffing is a minor sign of
abstinence and has little significance in the evaluation of withdrawal
severity. Indeed, the global withdrawal scores, calculated for each
animal by using a range of possible scores25 from 0 to 100, were
similar in mutant (64 6 6) and wild-type mice (58 6 5).

These data indicate that although D2 receptors in the nucleus
accumbens might be involved in the modulation of physical opiate
dependence2, they are not required to obtain a complete manifesta-
tion of the somatic signs of opiate withdrawal. In agreement with
this finding, local administration of an opiate antagonist into the
nucleus accumbens did not induce any behavioural sign of with-
drawal in morphine-dependent rats15. Morphine infusion into this
area has also failed to produce an important degree of physical
dependence16.

Previous studies of the involvement of the dopaminergic system
in opiate rewarding effects have led to conflicting results8,12–14,26–29.
The discrepancies between these reports are probably due to the
experimental conditions used, the pharmacological specificity of

the D2 antagonists, and/or the dose ranges studied. The use of D2R-
null mice as a model system allows the use of intact animals in which
the absence of D2R expression is obtained by genetic manipulation.
Our results have unambiguously demonstrated a dissociation
between the mechanisms involved in the rewarding properties of
opiates, which are related to their addictive capacities, and the
somatic signs of the naloxone-precipitated withdrawal syndrome,
which reveal the physical component of opiate dependence. Thus
dopaminergic D2 receptors are crucial for the rewarding effects of
opiates, but not for the development of physical opiate dependence
or the expression of some acute responses to morphine, such as
hypermotility. We have also demonstrated a selective physiological
involvement of D2Rs in some forms of drug-mediated reward that is
different from that produced using other rewarding stimuli. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

The D2R (−/−) mice and wild-type (+/+) littermates were from the mating of
heterozygous D2R-null mice4. Morphine-HCl and naloxone-HCl were from
Sigma, and RB101 was produced as described18. All behavioural and pharma-
cological experiments were performed in a soundproof room by an observer
who did not know either the genotype of the mice or the pharmacological
treatment.
Open field test. For stressful conditions, a large white rectangular box was
used (70-cm wide, 90-cm long and 60-cm high) that was brightly illuminated
from the top (500 lux) to present four unknown objects, placed 20 cm from
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Figure 3 m-Opioid receptor expression in D2R-null mice. Northern blot analysis of

m-opioid receptor mRNA expression in striatum and ventral midbrain (VMB) of

wild type (+/+) and homozygous (−/−) D2R-null mice (n ¼ 3 per group). b-Actin

was used as an internal control. Bands corresponding to the m-receptor and b-

actin mRNAs are indicated.

Figure 4 Analysis of morphine-induced physical dependence. Incidence of

somatic signs of abstinence (mean 6 s:e:m:) measured during naloxone-precipi-

tated morphine-withdrawal syndrome in D2R-null mice (white bars) and wild-type

littermates (black bars). * P , 0:05, ** P , 0:01, versus saline group with the same

genotype; † P , 0:05, versus wild-type group receiving the same treatment

(Dunnett’s test); n ¼ 8 per group.

Table 1 Frequency of visits to compartments by mice

Wild type Mutant
.............................................................................................................................................................................

3mg per kg morphine

Striped compartment 26:66 6 2:80 18:55 6 3:95
Pointed compartment 25:77 6 2:32 21:66 6 3:24
Total visits 52:44 6 4:85 40:22 6 6:80
.............................................................................................................................................................................

9mg per kg morphine

Striped compartment 23:36 6 2:88 19:52 6 4:02
Pointed compartment 32:36 6 3:39 23:16 6 4:76
Total visits 55:72 6 6:27 42:68 6 7:42
.............................................................................................................................................................................
Results (mean 6 s:e:m:) are for visits during the preconditioning phase.
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each corner. A total of 63 squares (10 3 10 cm) were drawn with black lines on
the white floor of the field. The presence of six events was quantified during an
observation period of 5 min: squares crossed, rearings, grooming bouts,
defecation boli, urination events and visits to the unknown objects. Values
were analysed by two-way analysis of variance (ANOVA) with repeated
measures (time, within subjects; genotype, between subjects). After main
effect of ANOVA, individual comparisons within subjects were made by the
two-tailed Dunnett’s test, and between subjects by the two-tailed Student’s t-
test.
Locomotor activity boxes. In non-stressful conditions, locomotion was
evaluated in locomotor activity boxes 10 min after saline or morphine-HCl (2
and 6 mg per kg body weight, s.c.) administration in a transparent rectangular
box (30 3 26 3 30 cm) with a metallic grid floor and moderate illumination
(50 lux). Mice were not habituated to the test box. Animal displacements were
measured by drawing 12 squares on the floor. The number of squares crossed
and the number of rearings were counted during a period of 10 min. Values
were analysed by two-way ANOVA (genotype and treatment) between subjects.
After main effect of ANOVA, individual comparisons between groups were
made by two-tailed Dunnett’s test.
Place-preference paradigm. Tests were performed as previously reported21,
except for the conditioning time (18 min) and the size of compartments
(15 3 15 3 15 cm). One compartment of the place-preference apparatus is
randomly chosen to be paired to drug administration and the other to saline.
The drug-assigned compartment could be either the most or the least preferred.
Care was taken to ensure that treatments were counterbalanced as closely as
possible between compartments. Experiments were conducted during the light
phase of the dark/light cycle. The place-preference conditioning schedule
consisted of three phases. (1) Preconditioning phase, during which mice
were placed in the middle of the neutral area and their location was recorded
for the 18 min. After the session, animals were randomized to be paired to drug
or vehicle administration and to be assigned to a compartment. (2) Con-
ditioning phase, during which mice were treated for 6 consecutive days with
alternate injections of morphine-HCl (3 or 9 mg per kg body weight, s.c.) or
saline. Doors matching the walls of the compartment allowed the confinement
of the mice for 20 min immediately after morphine or saline injections. Mice
received the drug on days 1, 3 and 5, and vehicle on days 2, 4 and 6. Control
animals received vehicle every day. (3) Testing phase, which was conducted
exactly as the preconditioning phase (free access to each compartment for
18 min, 24 h after the final conditioning session). Food reward was tested in
animals with limited access to food (normal mouse food plus sucrose) for 5
days before the test. The same procedure was used as for morphine, with the
exception that mice conditioned to food had free access to it (normal mouse
food plus sucrose) in the confined compartment on days 1, 3 and 5, and had no
access to food in the other compartment on days 2, 4 and 6. Control animals
had no access to food in the assigned compartments during this phase (days 1–
6). A fixed amount of food equivalent to 12% of mouse body weight was
applied per day, as previously reported30. Animals were maintained on the same
diet throughout the experimental period. Data were analysed by two-way
ANOVA (genotype and treatment) between subjects. Individual comparisons
were made in each case by the two-tailed Dunnett’s test, after main effect of
ANOVA.
Analysis of abstinence somatic signs. Opiate dependence was induced in
mice by repeated i.p. injection of morphine-HCl, at an interval of 12 h, for 6
days. The morphine-HCl dose was progressively increased as follows: day 1,
10 mg per kg body weight; 2, 20 mg per kg; 3, 30 mg per kg; 4, 40 mg per kg; 5,
50 mg per kg; 6 (only one injection in the morning), 50 mg per kg. Control mice
were treated with saline under the same conditions. Withdrawal was
precipitated only once in each animal by injecting naloxone-HCl (1 mg per
kg, s.c.) 2 h after the last morphine-HCl administration. Mice were placed
individually into test chambers consisting of transparent round plastic boxes
(30 cm diameter, 50 cm height) with a white floor 30 min before naloxone-HCl
injection. During the 15 min before naloxone-HCl injection, mice were
observed to verify the presence of normal behaviour. Somatic signs of
withdrawal were evaluated immediately after the injection of the opiate
antagonist during a period of 30 min. The number of wet-dog shakes, jumping,
sniffing and paw tremor were counted. Teeth chattering, diarrhoea, tremor and
ptosis were evaluated over periods of 5 min, one point being given for the

presence of each sign during each period. The number of periods showing the
sign was then counted (maximum score of 6). Values were analysed by two-way
ANOVA (genotype and treatment) between subjects. Individual comparisons
were made by the two-tailed Dunnett’s test, after main effect of ANOVA.
Northern blot analysis. Total RNA from striatum and ventral midbrain was
purified by the lithium chloride method, and 10 mg RNA was analysed by
northern blot. The 32P random primed probe used to reveal the m-opioid
receptor mRNA corresponds to the 870 base-pair fragment spanning base pairs
785 to 1653 of the mouse m-opioid receptor cDNA24.
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