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Studies in experimental animals have shown that individuals exhibiting enhanced sensitivity to the locomotor-activating and rewarding

properties of drugs of abuse are at increased risk for the development of compulsive drug-seeking behavior. The purpose of the present

study was to assess the effect of constitutive deletion of delta-opioid receptors (DOPr) on the rewarding properties of morphine as well

as on the development of sensitization and tolerance to the locomotor-activating effects of morphine. Locomotor activity testing

revealed that mice lacking DOPr exhibit an augmentation of context-dependent sensitization following repeated, alternate injections of

morphine (20mg/kg; s.c.; 5 days). In contrast, the development of tolerance to the locomotor-activating effects of morphine following

chronic morphine administration (morphine pellet: 25mg: 3 days) is reduced relative to WT mice. The conditioned rewarding effects of

morphine were reduced significantly in DOPrKO mice as compared to WT controls. Similar findings were obtained in response to

pharmacological inactivation of DOPr in WT mice, indicating that observed effects are not due to developmental adaptations that occur

as a consequence of constitutive deletion of DOPr. Together, these findings indicate that the endogenous DOPr system is recruited in

response to both repeated and chronic morphine administration and that this recruitment serves an essential function in the

development of tolerance, behavioral sensitization, and the conditioning of opiate reward. Importantly, they demonstrate that DOPr has

a distinct role in the development of each of these drug-induced adaptations. The anti-rewarding and tolerance-reducing properties of

DOPr antagonists may offer new opportunities for the treatment and prevention of opioid dependence as well as for the development

of effective analgesics with reduced abuse liability.
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INTRODUCTION

Opioid drugs are used clinically for the treatment of
moderate-to-severe pain. They produce analgesia by the
activation of mu-, delta-, or kappa-opioid receptors (MOPr,
DOPr, and KOPr, respectively). Their chronic administra-
tion is associated with the development of tolerance and
physical dependence. These consequences of chronic drug
administration are limiting factors in the use of opiates for
the management of pain (Bailey and Connor, 2005; Corbett
et al, 2006).
Both analgesia and tolerance of the MOPr agonist,

morphine, are abolished in MOPr knockout (KO) mice,
indicating that the MOPr is essential for both of these effects

(Matthes et al, 1996; Sora et al, 1997). However, several lines
of evidence suggest the involvement of the DOPr in
morphine tolerance. Initial studies using DOPr antagonists
(Abdelhamid et al, 1991) and more recent studies
using DOPrKO mice (Zhu et al, 1999; Nitsche et al, 2002)
showed that the development of morphine tolerance is
attenuated in mice lacking functional DOPr. Importantly,
however, although tolerance develops to other actions of
morphine including its rewarding and locomotor-activating
effects (Timar et al, 2005), only antinociception was assessed.
Acute MOPr agonist administration can increase or

decrease locomotor activity depending on the dose admi-
nistered and time of testing. Furthermore, chronic opioid
treatment may result in tolerance or an augmentation (eg
sensitization) of these effects. Tolerance and sensitization
represent distinct forms of long-term plasticity that occur in
response to continuous or repeated drug administration.
Sensitization in rats can last as long as a year after the last
administration of the drug, whereas tolerance is a more
transient effect. Both phenomena have been implicated inReceived 18 March 2008; revised 28 June 2008; accepted 30 June 2008
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the development and escalation of drug taking behavior
(Robinson and Berridge, 1993; Zernig et al, 2007).
Highly selective DOPr antagonists such as naltrindole

(NTI) and naltriben (NTB) do not suppress the antinoci-
ceptive effect induced by acute morphine administration
(Narita et al, 1993). In contrast, both drugs significantly
suppress morphine-induced hyperlocomotion in mice. They
also attenuate increases in dopamine (DA) turnover (Narita
et al, 1993) in the nucleus accumbens (NAc) that have been
implicated in mediating the locomotor stimulant effects of
opiates. These results suggest that DOPr contribute at least
in part to the locomotor-activating and DA-releasing effects
of MOPr agonists.
The mechanisms mediating functional interactions be-

tween DOPr and MOPr are not clear. However, hetero-
dimerization of MOPr and DOPr has been reported in cell
expression systems (Jordan and Devi, 1999; Law et al, 2005;
Gupta et al, 2006). Evidence, that chronic morphine
exposure promotes an increase in DOPr cell-surface
expression has also been obtained (Cahill et al, 2001;
Morinville et al, 2003).
Recently, Portoghese and coauthors (Daniels et al, 2005)

described bivalent ligands composed of an MOPr agonist
and a DOPr antagonist pharmacophore that target mu-/
delta-heterodimeric opioid receptors. These bivalent ligands
suppressed physical dependence and tolerance without
significantly compromising antinociceptive activity. Using
the conditioned place preference (CPP) procedure, Lenard
et al (2007) have shown that in contrast to morphine and
other monovalent MOPr agonists, these bivalent ligands do
not produce conditioned rewarding effects in mice. These
findings are noteworthy in that they suggest that combined
MOPr agonists/DOPr antagonists lack many side effects of
conventional opioids.
Constitutive DOPr deletion has been used to examine the

role of DOPr in the development of antinociceptive
tolerance and physical dependence (Zhu et al, 1999; Nitsche
et al, 2002). Surprisingly, there is no data in the literature
regarding the influence of constitutive deletion of DOPr on
the conditioned rewarding effects of MOPr agonists.
Similarly, the role of DOPr in mediating the development
of tolerance and sensitization to the locomotor-activating
effects of MOPr agonists has not been assessed. Such
information, however, is important in view of preclinical
evidence that individuals exhibiting enhanced sensitivity to
the locomotor-activating and rewarding properties of drugs
of abuse are at increased risk for the development of
compulsive drug-seeking behavior (Robinson and Berridge,
2000; Kornetsky, 2004; Hyman, 2005). Thus, the aim of the
current studies was to determine whether constitutive
deletion or pharmacological inactivation of DOPr affects
the development of tolerance and sensitization to the
locomotor-activating effects of morphine. The role of DOPr
in mediating the conditioned rewarding effects of morphine
was also examined.

METHODS

Animals

The generation of mice lacking DOPr has been previously
described (Matthes et al, 1996; Filliol et al, 2000). Breeding

pairs of homozygous KO mice, maintained on a pure
C57BL/6 genetic background, were obtained from hybrid
mutant mice (129 SVJ-C57BL/6 backgrounds) by back-
crossing over 15 generations (CDTA, Orleans, France). Male
offspring (3- to 4-month old) weighing 25–30 g were used as
subjects. Additional studies were conducted in C57Bl/6J
mice (25–30 g; Jackson Laboratory, Bar Harbor, ME, USA).
Mice were housed 3–5 per cage in a temperature and
humidity controlled environment with 12 : 12 h light/dark
cycle. Water and food were available ad libitum. Mice were
allowed to habituate to the colony room for at least 7 days
before the commencement of experiments. The animals
were assigned randomly to different pretreatment groups
(8–12 animals per group) within each genotype. Some
animals were discarded due to equipment malfunctioning.
The exact number of animals for each group is specified on
each graph in the ‘Results’ section. All experiments took
place during the light phase. All experimental procedures
were conducted according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
and were approved by the Animal Care and Use Committee
of the National Institute on Drug Abuse (NIDA).

Drugs

Morphine hydrochloride and pellets containing morphine
(25mg) or placebo were supplied by the Research
Technology Branch of the NIDA (Rockville, MD, USA).
Morphine hydrochloride was dissolved in sterile 0.9%
saline. All doses refer to the base weight. The selective
nonpeptide DOPr antagonist NTI hydrochloride (Portogh-
ese et al, 1988) was obtained from Sigma (Sigma-Aldrich, St.
Louis, MO, USA) and dissolved in sterile water.

Experimental Procedures

Sensitization to the locomotor-activating effect of mor-
phine. Morphine injections: WT and KO mice received
alternate day injections of morphine (20mg/kg, 0.1ml per
10 g, s.c.) or saline (0.1ml per 10 g, s.c.) for 5 days in
locomotor activity chambers (see below). Context-depen-
dent behavioral sensitization was tested 7 and 33 days
following the cessation of morphine administration. The
challenge dose of morphine was 5mg/kg.
The DOPr antagonist NTI (0.3mg/kg, s.c.) was adminis-

tered to WT mice 15min before morphine injections to
determine whether pharmacological blockade of DOPr
produces effects similar to constitutive DOPr deletion.
Locomotor activity in response to a challenge dose of
morphine (5.0mg/kg) was assessed on abstinence day 7.
Locomotor activity test: Locomotor activity was measured

in Plexiglas cages (43� 44� 25 cm) using an Opto-Varimex
system (Columbus Instruments, Columbus, OH). The
horizontal sensor of the system consisted of two arrays of
15 infrared beams, which were perpendicular to each other.
The beams were spaced 2.4-cm apart. The Opto-Varimex
was equipped with a Columbus Instruments data collection
system and software package for an IBM computer (Auto-
Track System V3.20A; Columbus Instruments). The location
of an animal was read by the Auto-Track system 10x/s. The
distance traveled by each animal during 5min intervals was
determined for each session. All animals were habituated
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for 2 h to the locomotor activity chambers 1 day before the
commencement of the experiments. On the test or
pretreatment days, animals were placed in the locomotor
activity chambers and following a 1 h habituation period,
baseline locomotor activity was measured for 2 h. They were
then injected with saline (0.1ml per 10 g, s.c.) and
locomotor activity was measured for another 2 h. Animals
were then injected with morphine and activity was again
measured for 2 h. This design enabled within-group
comparison of morphine-evoked locomotion to basal and
saline-evoked locomotion and the assessment of treatment
effects between groups.

Tolerance to the Locomotor-Activating Effects of
Morphine

Morphine pellet implantation: Mice were anesthetized with
isoflurane and implanted s.c. with one pellet containing
25-mg morphine or placebo. Pellets were removed under
the same anesthesia 3 days later.
Locomotor activity test: Locomotor activity was quanti-

fied as described above 24 h following pellet removal.

Morphine-Induced CPP

CPP apparatus: Six CPP chambers, equipped with a matrix
of photo beams spaced one inch apart and directed
immediately above the surface of the floor, were used to
measure automatically the locomotor activity and time
spent in each compartment.
Each chamber was divided into three compartments: two

conditioning compartments and one start compartment.
The conditioning compartments were identical in size
(30� 30� 20 cm) and had dark patterned walls. They were
equipped with removable Plexiglas floors that differed in
texture. One floor was smooth; the other was rough (raised
diamond pattern). The start compartment (20� 6� 20 cm)
had a gray smooth plastic floor. It contained two photo
beams that when broken, activated the monitoring software.
Animals were placed directly into this compartment for
testing. All animals were tested in total darkness. The CPP
procedure consisted of three phases: preconditioning,
conditioning and postconditioning.
Preconditioning: For preconditioning, one compartment

was equipped with the smooth floor and the other with the
rough floor. On day 1, animals were habituated to the
apparatus. They were placed in the gray compartment and
allowed to explore the three compartments freely for
15min. On the following day (preconditioning, pretest),
each mouse was again allowed free access to the compart-
ments for 60min. Locomotor activity and time spent in each
compartment were measured during this period. Animals
that spent more than 85% of the time in one compartment
were eliminated from the experiment. Preliminary studies
demonstrated that naive WT animals spend ca. 50% of the
time in each of the conditioning compartments indicating
that the CPP procedure is unbiased in this genotype.
Conditioning: This phase consisted of a 6-day schedule of

conditioning sessions (three saline, three morphine), each
60min in duration. One conditioning session was con-
ducted per day and the presentation order of morphine and
saline was alternated. During this phase, both conditioning

compartments were equipped with floors of the same
texture (either smooth or rough) and animals were allowed
free access to each. Half of the animals were injected with
morphine and placed immediately in the smooth floor
compartments whereas the other half were injected with
saline was placed into the rough floor compartments. The
presentation order of saline and morphine and floor pairing
was counterbalanced within each genotype and treatment
group. The doses of morphine (10 and 15mg/kg, s.c.) used
for conditioning were those used in other studies (Cunning-
ham et al, 1992). To determine whether pharmacological
blockade of DOPr in WT mice produces effects similar to
the results of constitutive deletion of DOPr, WT received the
DOPr antagonist NTI (0.3mg/kg, s.c.) 15min before
morphine (10mg/kg; s.c.; 3 days) and saline (0.1ml per
10g; s.c.; 3 days) conditioning sessions.
Post-conditioning phase: Preference for the morphine- or

saline-paired place was tested on day 8 by allowing
uninjected mice free access to the three compartments for
60min and measuring the time spent in each. As in the
preconditioning test, one compartment contained the rough
floor, whereas the other contained the smooth floor.
It has been shown that some effects of conditioning in

mice can be missed completely if short test duration is used
(Cunningham et al, 1998, 2003). The use of 60-min test
sessions is appropriate in mouse CPP studies because mice,
unlike rats, typically remain active throughout the test
(Cunningham et al, 2003, 2006).
Data analysis: Horizontal locomotor activity expressed as

distance traveled (cm) was calculated in 5-min blocks. Total
horizontal activities following injections of morphine or
saline were converted to an area under the curve (AUC)
values using a standard trapezoid method (Gibaldi and
Perier, 1975). The resultant data were subjected to two-way
repeated measures analyses of variances ANOVA (genotype:
WT vs KO; drug: saline vs morphine; days of pretreatment
or days of abstinence) using SPSS and GraphPad Prizm
software. Post hoc or simple main effect analyses were
performed when the initial p value was significant. Linear
regression was plotted for AUC data and analyzed for slope
difference between genotypes with GraphPad Prizm soft-
ware. The CPP data were analyzed by two-way ANOVA
(floor type: smooth vs rough; conditioning: pretest vs
posttest) and further analyses were conducted with post hoc
tests when appropriate with SPSS software. The paired
Student’s t-test was used to analyze CPP data from
experiments with unbiased design. The accepted value of
significance for all tests was pp0.05. The data are presented
as mean±SEM.

RESULTS

Effects of Constitutive DOPr Deletion on the
Development and Expression of Context-Dependent
Behavioral Sensitization to Morphine

Figure 1 shows locomotor activity produced by morphine
on days 1–5 of the morphine treatment regimen in WT and
DOPrKO mice. There was a significant effect of genotype
(F(1,16)¼ 5.4; p¼ 0.04), but no significant drug� genotypes
interaction (F(1,16)¼ 1.01; p¼ 0.33) for the first day of
treatment, indicating a larger locomotor responses to acute
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saline and morphine in DOPrKO. This finding is in
agreement with previous data regarding the anxiogenic-like
phenotype of DOPrKO mice (Filliol et al, 2000; Nieto et al,
2005; Roberts et al, 2001). A repeated measures ANOVA for
all pretreatment days revealed significant main effects of
genotype (F(1,28)¼ 6.5; p¼ 0.02), drug treatment
(F(1,28)¼ 241.4; po0.01) ) and treatment day (F(4,60)¼ 95.1;
po0.01), as well as genotype� drug treatment (F(1,28)¼ 6.4;
p¼ 0.02) and genotype� drug treatment� treatment day
(F(4,60)¼ 5.2; p¼ 0.01) interactions. This analysis indicates
that morphine significantly increased locomotor activity
relative to saline in both genotypes. However, there was a
significant difference between genotypes; the response to
morphine was significantly greater in DOPrKO mice.
Moreover, this difference between genotypes was changing
with treatment days. Although both genotypes exhibited
context-dependent behavioral sensitization (morphine-in-
duced locomotion was significantly higher on the fifth day
compared with the first day: Dunnett’s multiple comparison
testF(F(4,39)¼ 9.1; po0.01) and (F(4,29)¼ 8.9; po0.01) for
WT and DOPrKO, respectively), KO mice developed
sensitization at a faster rate than the WT animals
(Figure 1a). Thus, WT mice showed a sensitized response
to morphine on treatment days 4 and 5 (Dunnett’s multiple
comparison test: (F(4,39)¼ 7.8; po0.01) and (F(4,39)¼ 9.1;
po0.01), respectively), whereas KO animals showed an

augmented response to morphine on days 3–5 (Dunnett’s
multiple comparison test: : (F(4,39)¼ 5.3; po0.01),
(F(4,39)¼ 7.2; po0.01) and (F(4,39)¼ 8.9; po0.01)). Analysis
of the slopes obtained by linear regression of the AUC
values for the two genotypes also confirmed that the rate in
which sensitization developed was significantly greater in
KO mice (Figure 1b; 185800±26260 in WT vs
253600±16780 in KO; F(1,6)¼ 4.9; p¼ 0.05).
Figure 2 shows time course and AUC data for locomotor

activity during saline and morphine challenge on abstinence
days 7 and 33. Morphine-evoked locomotor activity was
significantly greater in KO as compared to WT mice on
abstinence day 7 (F(1,9)¼ 8.6; p¼ 0.03). No difference
between genotypes was apparent on day 33 (F(1,9)¼ 0.6;
p¼ 0.96), indicating that the expression of context-depen-
dent behavioral sensitization is augmented in DOPrKO mice
at early but not later stages of abstinence.
To determine whether pharmacological blockade of DOPr

in WT mice produces similar effects, WT mice received the
DOPr antagonist NTI (0.3mg/kg, s.c.) 15min before the
alternate day injections of morphine. Morphine-evoked
locomotor activity was then assessed on abstinence day 7
(Figure 3). Two-factor ANOVA revealed a significant main
effect of morphine treatment (F(1,30)¼ 14.1; po0.01) and a
significant NTI�morphine interaction (F(1,30)¼ 3.7;
p¼ 0.05). Probing of the interaction revealed significant
effects of NTI in morphine-(F(1,15)¼ 4.0; p¼ 0.05), but not
saline-treated animals (F(1,15)¼ 0.1; p¼ 0.77), indicating
that sensitization to the locomotor-activating effects of
morphine is enhanced in mice that had received morphine
previously with a DOPr antagonist.

Effects of Constitutive DOPr Deletion on the Expression
of Tolerance to the Locomotor-Activating Effects of
Morphine

Figure 4 shows that regardless of genotype, chronic
morphine administration produces tolerance to its loco-
motor-activating effects. ANOVA revealed significant main
effect of morphine pretreatment (F(1,21)¼ 35.8; po0.01) and
genotype (F(1,21)¼ 4.3; p¼ 0.05), but no interaction
(F(1,21)¼ 0.9; p¼ 0.35). The locomotor response to the
morphine challenge was reduced in morphine-pelleted mice
regardless of genotype. However, the decrease in activity
was significantly smaller in DOPrKO mice (F(1,11)¼ 63.4;
po0.01). Morphine-evoked locomotion was almost com-
pletely blocked in WT animals and only reduced slightly in
DOPrKO mice, indicating suppression of behavioral toler-
ance to morphine in DOPrKO animals.

Effects of Constitutive DOPr Deletion on the
Conditioned Rewarding Effects of Morphine

The mean time spent in each compartment during the
pretest is shown in Figure 5 as a function of genotype. There
was no difference in pretest data between the two doses of
morphine (10 and 15mg/kg, s.c.) within each genotype
(WT, 10mg/kg, rough vs smooth: 1697.06±122.53 vs
1662.01±128.18; 15mg/kg, rough vs smooth:
1657.22±133.91 vs 1642.55±130.05; KO, 10mg/kg, rough
vs smooth: 1959.45±76.77 vs 1380.66±90.59; 15mg/kg,
rough vs smooth: 1926.05±82.99 vs 1335.81±66.82).

day 1 day 2 day 3 day 4 day 5 

0

10 00 000

20 00 000 WT/Sal (n=8)
DOPrKO/Sal (n=8)
WT/Morph (n=8)
DOPrKO/Morph (n=8)

***
**

**
*

A
U

C

1 2 3 4 5

0

10 00 000

20 00 000

WT/Morph (n=8)

DOPrKO/Morph (n=8)

Days

A
U

C

Figure 1 Development of context-dependent sensitization to mor-
phine-induced hyperlocomotion in WT and DOPrKO mice. Mice were
treated once a day every other day for 5 days in locomotor activity
chambers with either two injections of saline (0.1ml per 10 g, s.c.) or saline
followed by morphine (20mg/kg, 0.1ml per 10 g, s.c.). (a) Area under the
curve (AUC) values for morphine-evoked hyperlocomotion expressed as
means±SEM (b) Linear regressions for the AUC values from WT and KO
mice; *, significant difference from morphine-induced locomotor activity on
the first day of treatment in WT mice; **, significant difference from
morphine-induced locomotor activity on the first day of treatment in
DOPrKO animals (Dunnett’s multiple comparison test; see ‘Results’).
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Therefore, these data were pooled within each genotype for
subsequent statistical analysis of the pretest information
only.
Two-factor ANOVA revealed a significant difference

between genotypes in initial floor preference (F(1,81)¼ 23.0;
po0.01), no significant effect of genotype (F(1,81)¼ 0.4;
p¼ 0.9), and a significant floor� genotype interaction
(F(1,81)¼ 11.1; po0.01). Post hoc analysis revealed a
significant effect of floor type in KO (F(1,43)¼ 56.0;
po0.01) but not WT mice (F(1,37)¼ 0.7; p¼ 0.4). These
findings indicate that in contrast to WT mice that spent
equal time in the smooth and rough floor compartments
(Figure 5a), KO animals exhibited a significant preference
for the rough floor compartment (Figure 5b). In view of this
initial bias, the results of CPP experiments within each
genotype were analyzed as a function of floor assignment.
Figure 6 shows the pre- (A) and posttest (B) data obtained

in CPP experiments with 10mg/kg morphine in WT mice.
These animals spent equal time in each of the conditioning
compartments during pretest (F(1,23)¼ 0.104; p¼ 0.75),
indicating that the CPP procedure was unbiased for this
genotype. The repeated measures ANOVA (saline vs
morphine pairing; pretest vs posttest) revealed a significant
main effect of drug pairing (F(1,23)¼ 17.3; po0.01) and a
significant drug� pre- vs posttest interaction (F(1,23)¼ 12.4;
p¼ 0.02). Analysis of the interaction revealed a significant
increase in time spent during posttest in the morphine-
paired compartment as compared to the pretest
(F(1,11)¼ 4.7; p¼ 0.05) or saline-paired compartment during
posttest (F(1,23)¼ 61.9; po0.01), indicating that WT mice
exhibited a significant morphine-induced place preference
regardless of the contextual cue employed. Similar results
were obtained for the 15mg/kg dose of morphine with

significantly greater time spent in the morphine-paired
compartment as compared with the saline-paired
(F(1,22)¼ 16.7; po0.01) or relative to pretest (F(1,10)¼ 4.1;
p¼ 0.05).
Figure 7 shows time spent by DOPrKO mice in each

compartment during the pre- and posttest in experiments
with 10mg/kg of morphine. KO animals exhibit a significant
initial place preference for the rough floor during pretest
(F(1,20)¼ 36.4; po0.01), indicating that the CPP procedure
was biased for this genotype. The two way repeated
measures ANOVA (saline vs morphine pairing; smooth vs
rough floor; pretest vs posttest) revealed a significant
effect of floor type (F(1,20)¼ 16.7; p¼ 0.01), no significant
effect of drug pairing (F(1,20)¼ 0.09; p¼ 0.92), and a
significant floor� pre- vs post-interaction (F(1,24)¼ 10.6;
p¼ 0.04). Subsequent analysis revealed that morphine
was ineffective as a conditioning drug when paired
with the preferred rough floor (F(1,10)¼ 0.12; p¼ 0.74).
However, when morphine was paired with the smooth
floor, time spent in the smooth floor compartment
increased relative to the time spent there during pretest
(F(1,5)¼ 7.9; p¼ 0.04). Similar results were obtained with the
higher dose of morphine (15mg/kg). Animals showed an
initial place preference for the rough floor (F(1,21)¼ 21.5;
po0.01) and an increase in time spent in the less preferred
compartment paired with morphine (F(1,5)¼ 6.1; p¼ 0.048).
These results indicate that DOPrKO exhibit a significant
initial place preference and significant morphine-induced
place preference when the drug was paired with the less
preferred floor. Initial avoidance of the smooth floor by
DOPrKO mice correlates with the anxiogenic phenotype
described for these animals (Filliol et al, 2000; Nieto et al,
2005; Roberts et al, 2001); as in many cases with initial
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Figure 2 Expression of context-dependent behavioral sensitization is augmented in DOPrKO on abstinence day 7 (a–c). There is no difference between
genotypes on abstinence day 33 (d–f). (a, b) Time course of locomotor activity before and after injections of saline and morphine (5mg/kg) in WT (a) and
KO (b) mice on abstinence day 7. Each data point represents the mean (±SEM) of the distance traveled during 10-min interval from eight animals. Abscissa:
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values for morphine-evoked hyperlocomotion expressed as means±SEM; *, significant difference between WT and DOPrKO morphine-treated mice
(Tukey’s post hoc testl; see ‘Results’). (d, e) Time course of locomotor activity before and after injections of saline and morphine (5mg/kg) in WT (d) and KO
(e) mice on abstinence day 33. Other details as in (a) and (b). (f) (AUC) values for morphine-evoked hyperlocomotion expressed as means±SEM.
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avoidance (Schenk et al, 1985; Carr et al, 1989; Swerdlow
et al, 1989), one can assume that any improvement
following drug pairing with the less preferable conditions
is not due to the rewarding, but to anxiolytic properties of
the drug.
As the differential effects of morphine in the two

genotypes could reflect the use of a biased design in KO
mice, additional studies were undertaken to establish
conditions resulting in an unbiased design in KO mice. As
shown in Figure 8c, when clean hardwood laboratory

bedding (Beta chip; 3ml) was placed on the smooth floor,
KO mice exhibited no preference for either the rough or
modified smooth floor (t¼ 0.7; d.f.¼ 22; p¼ 0.49). WT
animals showed some initial preference to the smooth floor
(Figure 8a). However, the difference between time spent in
the rough and smooth floor compartments was not
statistically significant (t¼ 1.57; d.f.¼ 22, p¼ 0.13). When
experiments with morphine were conducted using these
conditions, results analogous to those acquired using a
biased design were obtained. Morphine produced condi-
tioned rewarding effect in WT mice after six (three
morphine, three saline) conditioning sessions (Figure 8b;
t¼ 2.61; d.f.¼ 22, p¼ 0.01). Conversely, there was no

Figure 3 Expression of behavioral sensitization is augmented in WT
mice pretreated with the selective DOPr antagonist naltrindole. (a) Time
course of locomotor activity before and after injections of saline (0.1ml per
10 g, s.c.) and morphine (0.1ml per 10 g, s.c.; 5 mg/kg) and morphine-
induced hyperlocomotion expressed as area under the curve (AUC) (b)
for animals treated previously with vehicle (0.05ml per 10 g, s.c.) 15min
before either saline (0.1ml/kg, s.c.) or morphine (20mg/kg, 0.1ml/kg, s.c.)
every other day for 5 days. (c) Time course of locomotor activity before
and after injections of saline (0.1ml per 10 g, s.c.) and morphine (0.1ml per
10 g, s.c.; 5mg/kg) and morphine-induced hyperlocomotion expressed as
AUC (d) for animals previously treated with naltrindole (0.3mg/kg, 0.05ml
per 10 g, s.c.) 15min before either saline (0.1ml/kg, s.c.) or morphine
(20mg/kg, 0.1ml/kg, s.c.) every other day for 5 days. Other details as in
Figures 1 and 2; *, significant difference between vehicle/morphine and
naltrindole/morphine groups (Tukey’s post hoc test; see ‘Results’).
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significant morphine-induced place preference following
six conditioning sessions (Figure 8d; t¼ 1.9, d.f.¼ 22,
p¼ 0.07) in DOPrKO animals. To determine whether
morphine can produce a conditioned response if the
number of environmental pairings is increased, two
additional conditioning sessions were conducted and
animals were then retested. The results show a significant
morphine-induced place preference (Figure 8d; t¼ 2.03,
d.f.¼ 22, p¼ 0.05) in DOPrKO animals that had received
eight conditioning sessions. Taken together, these results
indicate that DOPrKO mice showed lesser ability to acquire
morphine-induced place preference; however, place pre-
ference can be obtained with an increase in conditioning
sessions.
To determine whether pharmacological blockade of DOPr

in WT mice produces similar effects, WT received the DOPr
antagonist NTI (0.3mg/kg, s.c.) 15min before morphine
(10mg/kg, s.c.) and saline (0.1ml per 10 g, s.c.) conditioning
sessions (Figure 9). Administration of NTI alone was
ineffective as a conditioned stimulus (F(1,11)¼ 1.15;
p¼ 0.08). Although morphine produced significant con-
ditioning in vehicle-pretreated mice following six condi-
tioning sessions (morphine-paired place: 2015±129 s;
saline-paired place: 1507±115 s; t¼ 2.9, d.f.¼ 10,
p¼ 0.015), no CPP was apparent in mice that had received
morphine in combination with NTI (1726±113 s vs
1546±80 s; t¼ 1.31, d.f.¼ 10, p¼ 0.22), indicating that
development of morphine-induced CPP can be prevented
by NTI.

DISCUSSION

The present study shows that mice lacking DOPr exhibit an
augmentation of context-dependent sensitization and a
significant reduction in tolerance to the locomotor-activat-
ing effects of morphine. Lack of functional DOPr is also
associated with a reduction in the conditioned rewarding
effects of morphine.
Chronic morphine administration may result in tolerance

or sensitization to the locomotor-activating effects of the
drug depending on the dose, frequency of administration,
treatment duration, and duration of abstinence (Eitan et al,
2003; Contet et al, 2007). To assess the role of DOPr in these
drug-induced forms of long-term plasticity, we used two
distinct morphine pretreatment protocols to induce beha-
vioral sensitization and tolerance. As environmental cues
associated with drug administration have been implicated
in the development of sensitization and compulsive drug-
seeking (Zernig et al, 2007), a context-dependent sensitiza-
tion protocol was employed.
Consistent with the anxiogenic-like phenotype of DOPr-

KO mice (Filliol et al, 2000; Nieto et al, 2005; Roberts et al,
2001), DOPrKO mice showed a greater locomotor response
to an acute injection of saline relative to WT controls.
Regardless of genotype, alternate-day injections of mor-
phine produced a marked enhancement of drug-induced
locomotor activity that was still apparent 7 but not 33 days
after the cessation of the repeated morphine treatment
regimen. However, the magnitude of sensitization and the

Figure 5 WT mice demonstrate no place preference during the pretest, whereas DOPrKO show a significant preference for the rough floor
compartment. The data are expressed as mean (±SEM) time spent in each compartment during the pretest for WT (a) and KO (b) animals; *, significant
difference between time spent in rough and smooth floor compartments in DOPrKO animals (Tukey’s post hoc test; see ‘Results’).

Figure 6 WT animals exhibit a significant conditioned place preference for the morphine-associated compartment. The data are expressed as mean of
the time spent in each compartment during pre- (a) and post- (b) tests ±SEM; *, significant difference between time spent in saline and morphine-paired
compartments during post test (Tukey’s post hoc test; see ‘Results’). Morphine dose was 10mg/kg.
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rate of its development were augmented in DOPrKO
animals. These results provide the first demonstration that
the acquisition and short-term expression of morphine-
induced behavioral sensitization is augmented in animals
lacking DOPr. An augmented response to morphine was
also observed in WT mice that had received the morphine
treatment regimen in combination with the DOPr antago-
nist NTI. As such, the results obtained in DOPrKO mice
cannot be attributed to developmental compensations
resulting from constitutive DOPr deletion. Together, these
data highlight the involvement of DOPr in the development
of behavioral sensitization and suggest that a decrease in
DOPr activity is associated with increased sensitization to
the locomotor-activating effects of morphine.
The mechanisms mediating the augmentation of sensiti-

zation are unclear. Previous characterization of DOPrKO
mice revealed a widespread downregulation of MOPr
expression in the brain (Goody et al, 2002). Thus, a
decrease in the behavioral effects of morphine would have
been anticipated. On the other hand, binding studies
(Goody et al, 2002; Simonin et al, 2001) have shown a
downregulation of KOPr in DOPrKO mice. KOPr activation
prevents the development of behavioral sensitization to
cocaine (Heidbreder et al, 1993; Heidbreder and Shippen-
berg, 1994; Schenk et al, 2001). Moreover, pharmacological
blockade of KOPr by the selective antagonist nor-BNI
significantly increase sensitization to the locomotor-activating

and DA-releasing effects of morphine (Spanagel and
Shippenberg, 1993). Consequently, downregulation of KOPr
in DOPrKO mice may underlie the enhanced sensitized
response to morphine in KO mice. Importantly, however, an
augmentation of sensitization was also observed in WT
mice that received NTI in combination with morphine.
Therefore, it appears unlikely that KOPr-downregulation is
just the result of developmental compensation to genetic
deletion of DOPr. This downregulation may actually reflect
the intricate role of DOPr and KOPr interaction in
mechanisms underlying behavioral sensitization.
Another form of drug-induced adaptation is tolerance.

The results of the present study revealed a significant
reduction in tolerance to the locomotor-activating effects of
morphine in DOPrKO mice. These findings extend those
showing that morphine analgesic tolerance does not develop
in either DOPr (Zhu et al, 1999) or preproenkephalin
(Clarke et al, 2002) KO mice. Furthermore, they are in line
with the findings showing that DOPr antagonists (Abdelha-
mid et al, 1991; Miyamoto et al, 1993; Fundytus et al, 1995)
and novel opioid compounds with mixed MOPr agonist/
DOPr antagonist properties (Schiller et al, 1999; Wells et al,
2001; Daniels et al, 2005) reduce analgesic tolerance to
morphine. The mechanisms underlying opioid tolerance are
not fully understood. Studies in cell-expression systems
have suggested that a physical interaction between MOPr
and DOPr may be an important factor in the development
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of tolerance (Rozenfeld et al, 2007). It has been reported
that chronic morphine treatment increases the surface
expression of DOPr by selective activation of MOPr
(Morinville et al, 2003, 2004). Additional studies are needed
to determine whether either or both mechanisms underlie
the effects observed in this and previous behavioral studies.
DOPrKO mice developed a place preference to morphine

when the drug was paired with the nonpreferred floor and
failed to develop it when the drug was paired with the
preferred floor, whereas WT controls exhibited robust
preferences in the same experimental conditions. The
absence of conditioning in DOPrKO mice when drug was
paired with the initially preferred floor can be interpreted as

a ‘ceiling’ effect, not an indication of the reduced rewarding
properties. However, the present findings suggest that the
lack of conditioning is the result of the rewarding effects of
morphine and not the result of a ‘ceiling’ effect, because WT
animals in the biased conditions, created with the
laboratory bedding, did show a robust conditioning when
morphine was paired with both the nonpreferred and
preferred floor. Moreover, when unbiased conditions were
created for DOPrKO mice, they could obtain morphine-
induced CPP only after an increase in the number of
conditioning sessions (eight sessions for KO mice vs six
sessions for WT controls). The latter results are also
noteworthy because they argue against the notion that the
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lack of conditioning in DOPrKO mice could be attributed
only to the anxiogenic phenotype described for these
animals (Filliol et al, 2000; Nieto et al, 2005; Roberts et al,
2001). Apparently these animals showed lower ability for
morphine-induced place conditioning even in the less
anxiogenic environment, where they did not show any
avoidance or preference. At the same time, the anxiogenic
phenotype of DOPrKO is probably playing its role in the
initial avoidance of the smooth floor by these animals and
as in many cases with initial avoidance (Schenk et al, 1985;
Carr et al, 1989; Swerdlow et al, 1989), one can speculate
that any improvement following drug pairing with the
nonpreferable conditions is not due to the rewarding, but to
the anxiolytic properties of the drug.
Therefore, these results provide the first demonstration

that the rewarding properties of morphine are decreased in
DOPrKO mice. An attenuation of morphine place con-
ditioning was also observed in WT mice that were
pretreated with the DOPr antagonist NTI before morphine
conditioning sessions, indicating that the observed reduc-
tion in the conditioned reinforcing effects of morphine is
not the result of a developmental adaptation. These results
are consistent with those of a previous report (Suzuki et al,
1994) in inbred ddY mice, showing that the DOPr
antagonists (NTI, BNTX, and NTB) injected s.c. 20–30min
before conditioning abolished morphine-induced place
preference. The efficacy of both DOPr1 and DOPr2
antagonists in preventing conditioning suggests that the
activity of both receptor subtypes may necessary for the
conditioning of morphine reward. The existence of DOPr
subtypes has been suggested by a number of studies using
the putative subtype-selective antagonists (Portoghese et al,
1992; Stewart and Hammond, 1993). However, this phar-
macological evidence is in contradiction with the existence
of only one DOPr clone. Probable existence of receptor
complexes (dimers and/or heterodimers) can explain this
contradiction. In addition, DOPrKO mice demonstrate little
observable binding with DOPr1- and DOPr2-preferring
radioligands (Zhu et al, 1999). In contrast to the results
obtained in mice, the DOPr antagonist ICI, 174864 did not
attenuate morphine-induced place conditioning in rats
(Shippenberg et al, 1987). Species differences may account
for the different results obtained. However, it is important
to note that ICI, 174864 is a weak partial agonist at DOPr
and its carboxypeptidase degradation product is a potent
agonist of MOPr (Cohen et al, 1986).
Lenard et al (2007) reported recently that bivalent ligands

containing an MOPr agonist pharmacophore connected to a
DOPr antagonist pharmacophore through variable-length
spacers (19–21 atoms) did not induce CPP as compared to
morphine and an MOPr agonist MA-19. They also did not
induce reinstatement in mice that previously had exhibited
a place preference for morphine. These authors also tested
the selective DOPr antagonist NTI with an attached spacer
sequence of 20 atoms (DA-20) in combination with MA-19
and the resulting place preference was similar to that of
MA-19 alone. Thus, it appears that MOPr/DOPr hetero-
dimers, but not individual MOPr, may mediate the
acquisition of morphine-induced place preference. The data
shown in the present study cannot advocate decisively for
the existence of MOPr/DOPr heterodimers. However, taken
together with recent findings (Lenard et al, 2007), these data

demonstrate that DOPr antagonism attenuates the condi-
tioned reinforcing properties of morphine through interac-
tions with MOPr.
The apparent difference between an enhancement of the

contextual associations in the presence of morphine
(sensitization) and a reduction of the contextual association
in the absence of morphine (place preference) indicates that
they probably depend on different neural substrates.
Generally, the mesocorticolimbic DA system is indicated
as a substrate of behavioral sensitization and reward.
However, recent studies show that sensitization and
conditioning are associated with different changes in
drug-induced DA levels of the NAc shell and core (see Di
Chiara and Bassareo, 2007 for review). Thus, morphine-
sensitized rats show augmentation of the drug-evoked DA
in the NAc core and either no change or reduced response
in the NAc shell. On the other hand, conditioned stimuli
associated with morphine, increase DA in the NAc shell but
not NAc core. The results of the present study may suggest
that the neural circuits responsible for the development of
behavioral sensitization and conditioned reward (likely NAc
core and NAc shell) are different in respect to DOPr
innervations and intricate interactions with the DOPr
system. However, there is no data in the literature to
support this notion. In addition, it should be noted that
development of behavioral sensitization is a very indirect
index of the abuse liability of the drug, whereas CPP (and
self-administration) is a more direct manifestation of
reward and abuse liability.
The present results raise important questions as to the

role of MOPr and DOPr interactions in the development of
sensitization to the locomotor-activating effects of mor-
phine as well as in the morphine-induced conditioning.
Fundamental questions also exist as to whether DOPr
antagonists can attenuate the self-administration of mor-
phine and other MOPr agonists. Elucidation of the
biochemical and molecular mechanisms by which MOPr/
DOPr interactions affect such important forms of drug-
induced long-term plasticity such as tolerance, sensitiza-
tion, and dependence is clearly needed. In addition, the
present data show that in both cases (CPP and locomotor
sensitization) blockade of DOPr during the development
phase was enough to disrupt behavior. This corresponds to
the results of Heidbreder et al (1996) that DOPr are
involved in the development but not expression of
behavioral sensitization to cocaine. In the case of cocaine,
initiation of behavioral sensitization is linked to the ventral
tegmental area and its expression to the NAc (Kalivas,
1992). It remains to be determined whether the same
relationship is true for morphine as well as the role of DOPr
in each of these processes.
In conclusion, the present study demonstrates that

morphine-induced context-dependent sensitization is en-
hanced and tolerance to the locomotor-activating effects of
morphine is attenuated when DOPr function is blocked
pharmacologically or genetically. Furthermore, the condi-
tioning of morphine reward is attenuated. Together, these
data indicate unique and contrasting roles of DOPr in the
development and expression of long-term adaptations that
occur in response to chronic MOPr agonist administration.
Finally, these findings add to growing evidence that the
development of MOPr agonists/DOPr antagonists may open
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new avenues for both the treatment and prevention of drug
dependence and for the development of efficacious
analgesics with reduced liability for abuse.
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