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Abstract Drug addiction, as well as learning and mem-

ory, share common mechanisms in terms of neural circuits

and intracellular signaling pathways. In the present study,

the role of N-methyl-D-aspartate (NMDA) receptors, par-

ticularly those containing NR2B subunits, in morphine-

induced conditioned place preference (CPP) and Morris

water maze (MWM) learning and memory task was

investigated. CPP was used as a paradigm for assessing the

rewarding effect of morphine, and MWM was used to

measure spatial learning and memory in male Sprague–

Dawley rats. We found that ifenprodil, an antagonist highly

selective for NR2B-containing NMDA receptors, dose-

dependently blocked the development, maintenance and

reinstatement of morphine-induced CPP, without evident

impairment of the acquisition and retrieval of spatial

memory in the MWM task. However, the consolidation of

spatial memory was disrupted by a high dose (10 mg/kg) of

ifenprodil. These results clearly demonstrate that NR2B-

containing NMDA receptors are actively involved in

addiction memory induced by morphine conditioning, but

not in the acquisition and retrieval of spatial learning and

memory. In conclusion, NR2B-containing NMDA recep-

tors can be considered potential targets for the treatment of

opiate addiction.
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Introduction

Behavioral abnormalities associated with drug addiction are

mediated by long-lasting changes in the brain [30]. Simi-

larly, experience can induce memory formation by causing

persistent changes in the brain. Over the past decade, it has

become clear that the mechanisms of drug addiction and

those that underlie learning and memory seem to converge

[15–17, 29]. First, spatial learning and memory share with

drug addiction common neuronal circuits including the

hippocampus, cerebral cortex, ventral and dorsal striatum

and amygdala [38]. Second, both are associated with similar

adaptations in neuronal morphology [32, 39, 40]. Third, they

are accompanied by alterations in synaptic plasticity (e.g.,

long-term potentiation, LTP; long-term depression, LTD),

particularly at glutamatergic synapses in the brain [22, 41].

Thus, a better understanding of the molecular and cellular

adaptations that occur in learning and memory may help

investigators to find novel strategies to combat drug addic-

tion in humans.

Conditioned place preference (CPP) has been widely

used to assess the rewarding effects of a variety of drugs

[50]. In the CPP paradigm, the primary motivational

properties of drug treatments serve as unconditioned

stimuli (UCS). When a previously neutral set of environ-

mental stimuli is repeatedly paired with the drug, these

stimuli acquire, in the course of conditioning, secondary

motivational properties so that they can act as conditioned

stimuli (CS). These CS can elicit approaches to the con-

ditioned outcome when the animal is subsequently exposed
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to them. The mechanisms determining CPP follow the

principles of classical (Pavlovian) conditioning. The time

course of CPP involves the processes of development,

maintenance/extinction, and reinstatement, accompanied

by the acquisition, consolidation/oblivion, and retrieval of

the association between the CS and the rewarding effects.

The Morris water maze (MWM) was originally designed to

test the ability of rodents to learn and memorize the loca-

tion of a hidden platform in a pool of water by its position

relative to distal extra-maze cues [7]. This task was used to

assess the acquisition, consolidation, and retrieval of spa-

tial memory.

N-methyl-D-aspartate (NMDA) receptors, as detectors

of coincident activity in both pre- and post-synaptic neu-

rons, are critically involved in LTP, a classic synaptic

mechanism underlying drug addiction, as well as spatial

memory [6, 14]. Most NMDA receptors in the brain are

thought to be heteromeric complexes with NR1 as oblig-

atory subunits for a functional receptor, and NR2 (A-D)

subunits as modulatory subunits [25, 44]. Using the MWM

paradigm, Tsien et al. [49] found that deletion of the NR1

gene, restricted to CA1 pyramidal cells of the hippocam-

pus, disrupt spatial memory in the MWM task, but did not

impair nonspatial learning [49]. An i.c.v. injection with a

specific antibody against NR2B subunits abolished the

development of morphine CPP, whereas antibodies against

NR1 and NR2A subunits did not affect the rewarding effect

of morphine [26]. Our previous studies [23, 24] also

demonstrated an active involvement of NR2B-containing

NMDA receptors in the expression and reinstatement of

morphine-induced CPP, indicating that NR2B subunits are

critically involved in addiction memory.

The purpose of the present study was to compare the

effects of ifenprodil, a selective antagonist for NR2B-

containing NMDA receptors, on the development, main-

tenance/extinction, and reinstatement of addiction memory

in morphine-induced CPP, and on the acquisition, consol-

idation and retrieval of spatial memory in MWM task.

Experimental Procedures

Subjects

Experiments were performed on male Sprague–Dawley

rats, 8-week old and weighing 180–200 g at the beginning

of the experiment, obtained from the Experimental Animal

Center, Peking University. In total, 272 rats were used in

the present experiments. Four animals per cage were

housed in a 12:12 h light/dark cycle (lights on at 07:00)

with food and water available ad libitum, except during

behavior training and testing sessions. The room temper-

ature was maintained at 22 ± 1�C and relative humidity at

45–55%. Animals were trained and tested during the light

phase of the cycle. All experimental procedures were

approved by the Animal Use Committee of Peking Uni-

versity Health Science Center.

Conditioned Place Preference

Apparatus

Conditioning was conducted in black rectangular polyvinyl

chloride boxes (79.5 9 23.0 9 25.0 cm), containing three

chambers separated by guillotine doors, as previously

described [23, 24]. The two large black conditioning cham-

bers (A and C, 28.0 9 22.0 9 22.5 cm) were separated by a

small gray center choice, chamber B (13.5 9 22.0 9

22.5 cm). Chamber A had 4 light-emitting diodes (LEDs)

forming a square on the wall and a stainless-steel mesh floor

(2.25 9 2.25 cm), chamber C had four LEDs forming a

triangle on the wall and a stainless-steel rod floor (1.5 cm

apart), whereas chamber B had a plain floor. Fourteen pho-

tobeams (4.75 cm apart) were placed across the box.

Through a computer interface, the time the rat spent in each

chamber was recorded by means of infrared beam crossings.

Procedure

The procedure for development, extinction, and reinstate-

ment of morphine-induced CPP is the same as that in our

previous study [23].

Pre-conditioning test: Rats were gently handled twice a

day (09:00 and 15:00) during the first week after arrival.

Then on day 0, rats were placed in the center choice

chambers with the guillotine doors open to allow free

access to the entire apparatus for 15 min and time spent in

each chamber was recorded. These data were used to assign

animals into groups with approximately equal biases for

the lateral chambers.

Development of CPP: Beginning on day 1, the animals

were confined for a period of 45 minutes to the lateral

chambers twice daily (09:00 and 15:00) for 4 days, with

the control group receiving 0.9% sodium chloride injection

on both sides of the boxes, whereas the CPP group received

morphine (3 mg/kg, i.p.) on one side and saline on the

other side. Morphine-paired chambers were counterbal-

anced among all groups.

On day 5, animals were placed in the center choice

chambers with the guillotine doors open to allow free

access to the entire apparatus for 15 min, and the time

spent in each chamber was recorded.

Maintenance/Extinction of CPP: Spontaneous extinc-

tion, which is based on the idea that CPP can disappear

spontaneously with time if the animals are never exposed

to the drug-associated environmental cues, was used in the
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present experiments. Our previous results demonstrated

that morphine-induced CPP rats showed no more place

preference to the morphine-paired chamber 64 days after

the last conditioning [23].

Reinstatement of CPP: After the spontaneous extinction

of CPP, rats were given priming injections of morphine

(2.0 mg/kg, i.p.) 15 min before being placed in the center

choice chambers with access to the entire apparatus for

15 min. The time spent in each chamber was recorded.

Effects of Ifenprodil on Development, Maintenance,

and Reinstatement of Addiction Memory in CPP Paradigm

Effects of ifenprodil were evaluated in three batches of four

groups (n = 12 in each group). During the development of

CPP (day 1 to day 4), the first batch of four groups received

daily injection of vehicle or ifenprodil (1, 3, 10 mg/kg, i.p.)

respectively, 30 min prior to the morphine conditioning.

Thus the effect of ifenprodil on the development of CPP

would be shown by the following CPP test on day 5.

After expression of CPP in the second batch of four

groups, vehicle or ifenprodil (1, 3, 10 mg/kg, i.p.) was

systemically injected, respectively, once a day for three

consecutive days (from day 6 to day 8). On day 9, CPP test

was performed to evaluate the effect of ifenprodil on the

maintenance of CPP.

After extinction of CPP was confirmed in the third batch

of four groups on day 68, vehicle or ifenprodil (1, 3, 10 mg/

kg, i.p.) was systemically injected, respectively, once a day

for three consecutive days (from day 69 to day 71). On day

72, CPP test was performed 15 min after the priming

injection of morphine (2 mg/kg, i.p.), in order to evaluate

the effect of ifenprodil on the reinstatement of CPP.

Morris Water Maze Test

Apparatus

A circular water maze measuring 120 cm in diameter and

60 cm in height was employed as the test apparatus, the

same as that used in the study of Chen et al. [5]. The tank

was filled with water at 21 ± 1�C to a height of 30 cm.

Non-toxic, black temper paint was used to make the water

opaque. Throughout the experiment, a white curtain

(90 cm from the periphery of the tank) was drawn around

the circumference of the tank to obscure background

stimuli. Four groups of black extra-maze cues, including

stripes, grids, triangles, and squares were mounted on the

white curtain. The escape platform was made of clear

Plexiglas of 10 cm in diameter, submerged 1 cm below the

surface, 25 cm from the edge of the tank, and was cam-

ouflaged by virtue of the platform being transparent against

a black background.

A video tracking system was used to record the move-

ment of the rats within the maze, latency to the escape

platform, and total swimming distances during the trial. A

computer located outside the test area monitored the ani-

mals’ swim paths via a video camera mounted above the

water tank. For data analysis, the computer divided the

water tank into four equal quadrants, one of which con-

tained the platform (the target quadrant), to track the rats’

performances in different quadrants of the maze.

Procedure

Pre-training: Rats did not swim in the water before train-

ing (i.e., there was no habituation) but were simply placed

on the platform for 1 min, three times per day for two

consecutive days.

Acquisition session: To assess the rat’s ability to learn

the location of the platform, the first phase of the experi-

ment (i.e., acquisition session) consisted of three trials per

day for eight consecutive days followed by one additional

day (day 9) for the probe trial. The time limit to acquisition

was 2 min per trial and the intertrial interval (ITI) was 20 s

spent on the platform, animals reaching the time limit were

placed on the platform during the ITI. Between trials, feces

were removed from the tank and the water was stirred to

avoid any possible olfactory cues. After the three trials, rats

were removed from the tank and toweled dry, and allowed

to remain under an electric radiator for 10 min before being

returned to their home cage. Rats that did not show moti-

vation for swimming (i.e., ‘floaters’) in any of the trials

were excluded from the task and replaced by siblings. After

8 days of training, a probe trial was given on the ninth day.

The probe was conducted without the escape platform in

the tank. The rats swam in the tank for 1 min during the

probe trial, and were removed from the tank, toweled dry,

and allowed to remain under an electric radiator for 10 min

before being returned to their home cage. The time spent

and cumulative distance in each quadrant were recorded.

The purpose of the probe trial was to record the animals’

performance without the influence of chance encounters

with the platform, and to evaluate the animals’ search

strategies.

Consolidation session: After a period of 3 days, from

day 10 to 12, which was termed consolidation, rats were

tested on day 13 for escape latency and on day 14 for probe

test. The escape test was performed with the escape plat-

form located in its original location in the water maze, and

the probe test performed without escape platform. All other

parameters were the same as for the acquisition session.

Retrieval session: The escape latency and the probe

swim were performed on day 20 and 21, respectively, in

order to assess the retrieval ability for acquired memory.

All parameters were the same as for the consolidation test.
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Effect of Ifenprodil on Acquisition, Consolidation

and Retrieval of Spatial Memory in MWM

The effect of ifenprodil on spatial memory was evaluated

in three batches of four groups of rats (n = 11 in each

group). During the acquisition of spatial memory in the first

batch of four groups, vehicle or ifenprodil (1, 3, 10 mg/kg,

i.p.) was systemically injected, respectively, 30 min prior

to the first trial in each day from day 1 to 8, in order to

explore its effect on the acquisition of spatial memory.

After acquisition of spatial memory in the second batch

vehicle or ifenprodil (1, 3, 10 mg/kg, i.p.) was systemically

injected, respectively, once a day for three consecutive

days (from day 10 to 12). On day 13 and 14, the consoli-

dation test of spatial memory was performed to evaluate

the effect of ifenprodil.

After one week of the acquisition of spatial memory in

the third batch of four groups, vehicle or ifenprodil (1, 3,

10 mg/kg, i.p.) was systemically injected, respectively,

once a day for three consecutive days (from day 17 to 19).

On day 20 and 21, the retrieval test of spatial memory was

performed in order to evaluate the effect of ifenprodil.

Drugs

Morphine hydrochloride was purchased from the Shenyang

first pharmaceutical factory (China). Ifenprodil was pur-

chased from Sigma (USA). Morphine was dissolved in

saline, and ifenprodil tartrate was dissolved in dimethyl

sulfoxide (DMSO, from Sigma, USA) and diluted in 5%

DMSO with 9% Tween 80/saline before use.

Data Analysis

CPP score represents the index of place preference for each

rat, calculated by dividing the time spent in the drug-paired

chamber by the total time spent in both conditioning

chambers. Escape latency in MWM is the time spent until

rats reached the invisible submerged platform. Data were

processed by commercially available software Graph Pad

Prism 4.0. Results from behavioral experiments were

analyzed with two-way analysis of variance (ANOVA)

followed by Bonferroni post hoc test. In all tests, the cri-

terion for statistical significance was P \ 0.05.

Results

Effects of Ifenprodil on Addiction Memory

in Morphine-Induced CPP

The effects of ifenprodil on the development of morphine-

induced CPP are illustrated in Fig. 1a. Two-way ANOVA

revealed a significant effect of the variable Days [F (1,

87) = 27.21, P \ 0.0001], although there were no signifi-

cant effects of the interaction between Treatments 9 Days

[F (3, 87) = 2.40, P = 0.0736] and the variable Treatments

[F (3, 87) = 1.14, P = 0.3357]. Bonferroni post hoc test

demonstrated a statistically significant place preference in

the group conditioned by alternative injections of morphine

(3 mg/kg) and saline for 4 consecutive days (P \ 0.001, day

5 vs. day 0). The development of morphine-induced CPP

was suppressed by administration of high doses of ifenprodil

(3, 10 mg/kg, i.p.) 30 min prior each morphine injection

(P [ 0.05, day 5 vs. day 0), but not by injection of ifenprodil

at 1 mg/kg (P \ 0.01, day 5 vs. day 0).

The effects of ifenprodil on the maintenance of mor-

phine CPP are illustrated in Fig. 1b. Two-way ANOVA

revealed a significant effect of the variable Days [F (2,

132) = 20.29, P \ 0.0001], although there were no sig-

nificant effects of the interaction between Treat-

ments 9 Days [F (6, 132) = 1.16, P = 0.3292] and the

variable Treatments [F (3, 132) = 1.34, P = 0.2657].

Bonferroni post hoc test showed a statistically significant

preference (P \ 0.001 or 0.05, day 5 vs. day 0) in all four

groups conditioned by morphine (3 mg/kg, i.p.). Moreover,

the CPP score on day 9 was reduced by administration of

ifenprodil (1, 3, 10 mg/kg, i.p.) once a day from day 6 to

day 8 (P [ 0.05 irrespective of ifenprodil dose, day 9 vs.

day 0), but not by vehicle injection (P \ 0.01, day 9 vs.

day 0), suggesting that the maintenance of morphine-

induced CPP was dose-dependently blocked by ifenprodil.

The effects of ifenprodil on the reinstatement of morphine

CPP are represented in Fig. 1c. Two-way ANOVA revealed a

significant effect of the variable Days [F (3, 173) = 14.05,

P \ 0.0001], although there were no significant effects of the

interaction between Treatments 9 Days [F (9, 173) = 0.65,

P = 0.7543] and of the variable Treatments [F (3, 173) =

0.46, P = 0.7095]. Bonferroni post hoc test showed a statis-

tically significant place preference (P \ 0.05 at least, day 5 vs.

day 0) in all four groups conditioned by morphine (3 mg/kg,

i.p.). Moreover, the place preference was no longer observed

at day 68 (P [ 0.05, day 68 vs. day 0). Finally, the reinstating

effect of priming injection was dose-dependently suppressed

by administration of ifenprodil (1, 3, 10 mg/kg, i.p.) once a

day from day 69 to 71 (P \ 0.05, P [ 0.05, P [ 0.05,

respectively, day 72 vs. day 0), but not by vehicle injection

(P \ 0.05, day 72 vs. day 0), suggesting that the reinstatement

of morphine-induced CPP can be inhibited by ifenprodil.

Effects of Ifenprodil on Spatial Learning and Memory

in MWM

In MWM studies, all four groups in the first batch of animals

were injected with vehicle or ifenprodil (1, 3, 10 mg/kg, i.p.)

30 min prior to the first trial in each day for 8 consecutive
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days during acquisition of the MWM task. The effects of

ifenprodil on acquisition are shown in Fig. 2a. Repeated

measures ANOVA revealed no significant effect of the

variable Treatments [F (3, 320) = 0.54, P = 0.6561] and

the interaction Treatments 9 Days [F (21, 320) = 0.63,

P = 0.8983], although there was a significant effect of the

variable Days [F (7, 320) = 25.44, P \ 0.0001]. In agree-

ment, we observed that in the probe trial on day 9, ifenprodil

had no effect on place preference for the target quadrant in

terms of both the time spent in each quadrant and the

cumulative distance in each quadrant (data not shown).

After the acquisition of spatial memory in the second

batch, four groups of rats were injected with vehicle or

ifenprodil (1, 3, 10 mg/kg, i.p.) from day 10 to 12 to examine

its effects on the consolidation of spatial memory. The

effects of ifenprodil on the consolidation of spatial memory

are shown in Fig. 2b. Repeated measure ANOVA revealed

no significant effect of the variable Days [F (1, 80) = 0.39,

P = 0.5338] and the interaction Treatments 9 Days [F (3,

80) = 2.30, P = 0.0838], but a significant effect of the

variable Treatments [F (3, 80) = 9.17, P \ 0.0001] was

observed. Bonferroni post hoc test demonstrated that the

latency to reach the hidden platform was significantly pro-

longed only by the high dose of ifenprodil (10 mg/kg, i.p.)

(P \ 0.05, day 13 vs. day 8). In agreement, we found that in

the probe trial on day 14 the high dose of ifenprodil (10 mg/

kg) had blocked the place preference for the target quadrant

in terms of both the time spent in each quadrant and the

cumulative distance in each quadrant (data not shown).

In the third batch of four groups, rats were not treated

for 1 week (from day 10 to day 16) after the acquisition of

spatial memory. Then the rats were injected with vehicle or

ifenprodil (1, 3, 10 mg/kg, i.p.) for three consecutive days

(from day 17 to 19). The effects of ifenprodil on the

retrieval of spatial memory are represented in Fig. 2c.

Repeated measures ANOVA revealed no significant effect

of the variable Days [F (1, 80) = 0.30, P = 0.5865] and

the variable Treatments [F (3, 80) = 1.25, P = 0.2977] as

well as the interaction Treatments 9 Days [F (3, 80) =

Fig. 1 Effects of ifenprodil on addiction memory in morphine-

induced CPP. a Effects of ifenprodil on the development of CPP.

Ifenprodil was given 30 min prior to the injection of morphine in each

conditioning day for four consecutive days (from day 1 to 4). Graph

shows that ifenprodil dose-dependently blocks development of CPP.

b Effects of ifenprodil on the maintenance of CPP. Ifenprodil was

given once a day for three consecutive days (day 6, day 7, and day 8).

Ifenprodil attenuated the maintenance of CPP. c Effects of ifenprodil

on the reinstatement of CPP. Ifenprodil was given once a day for three

consecutive days (day 69, 70, and 71). Ifenprodil dose-dependently

blocks reinstatement induced by drug priming. Values are expressed

as mean (±SEM), n = 11–12 in each group. *P \ 0.05, **P \ 0.01,

***P \ 0.001 striped versus blank column, analyzed by two-way

ANOVA and Bonferroni post hoc test

b
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0.07, P = 0.9748]. Bonferroni post hoc test demonstrated

that the latency to reach the hidden platform was not pro-

longed by any dose of ifenprodil (1, 3, 10 mg/kg, i.p.). In

agreement, we observed in the probe trial on day 21, that

the medium and high doses of ifenprodil (3, 10 mg/kg)

attenuated the place preference for the target quadrant in

terms of both the time spent in each quadrant and the

cumulative distance in each quadrant (data not shown).

Discussion

The present findings demonstrated that ifenprodil attenu-

ated the development, maintenance and reinstatement of

morphine-induced CPP in a dose-dependent manner in rats.

In contrast, no significant effects of ifenprodil on the

acquisition or retrieval of spatial learning and memory

were found, although the consolidation of spatial learning

and memory was attenuated when a high dose of ifenprodil

(10 mg/kg, i.p.) was used.

Ifenprodil is an antagonist of NMDA receptors, highly

selective for the NR2B subunit [18–20, 34]. Previous

studies demonstrated that non-subunit-selective NMDA

receptor antagonists such as non-competitive (dizocilpine,

memantine) and competitive (CGP 37,849) NMDA

receptor antagonists blocked the development and expres-

sion of place preference conditioned with morphine

[36, 51] as well as the reinstatement of morphine-induced

CPP [37]. However, non-subunit-selective NMDA receptor

antagonists were found to induce CPP in their own right

[50]. In contrast, ifenprodil was shown to block the

development, maintenance, and reinstatement of morphine-

induced CPP without supporting place preference by itself

[24].

As our point of view in the previous published paper

[23], interactions between the mesolimbic DA system and

the glutamatergic system can be attributed as one of the

most possible substrates for inhibitory effects of ifenprodil.

The rewarding properties of drugs of abuse are thought to

derive primarily from the enhancement of dopaminergic

(DA) activity within the mesolimbic DA system. Morphine

can increase the firing rate of mesolimbic DA neurons by

its actions within the VTA [21, 28, 54]. Non-specific DA

receptor antagonists such as haloperidol or relatively

Fig. 2 Effects of ifenprodil on spatial memory in MWM tasks.

a Effects of ifenprodil on the acquisition of spatial memory in MWM

tasks. Ifenprodil was given 30 min prior to the first trial in each day

during the 8-day period of memory acquisition (day 1–8). Ifenprodil

has no effect on acquisition of special memory. b Effects of ifenprodil

on the consolidation of spatial memory in MWM tasks. Ifenprodil was

given once a day for three consecutive days (day 10–12). At 10 mg/kg

ifenprodil disrupted consolidation of special memory. c Effects of

ifenprodil on the retrieval of spatial memory in MWM tasks.

Ifenprodil was given once a day for three consecutive days (day

17–19). There was no effect on retrieval of special memory. Values

are expressed as mean (±SEM), n = 11 in each group. *P \ 0.05,

day 13 versus day 8, analyzed by two-way ANOVA and Bonferroni

post hoc test

b
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D1-receptor-specific antagonists such as SCH-23390 or

31966 block the acquisition of place preferences condi-

tioned with psychostimulants, morphine or nicotine [1, 2].

Furthermore, intracranial mapping studies have identified

the mesolimbic DA system as a major (though not exclu-

sive) circuitry supporting drug-induced place preference

conditioning [21, 28, 54]. A major role of glutamate in

drug addiction is directly or indirectly related to the

modification of the activity of the DA system [52]. Both

the cell body region in the VTA and the terminal region in

the NAc receive massive glutamatergic inputs from several

forebrain sites, such as hippocampus and amygdala, which

are known to be involved in reinforcing effects [11, 12, 47].

The interaction between glutamate and dopamine in VTA

and NAc is rather complex, but in simplified terms,

glutamatergic inputs to the VTA increases the activity of

DA cells and enhances DA release in the NAc. A sub-

stantial literature suggests that the role of DA in reinforcing

learning, as typified by place preference conditioning, is

mediated by its action at the D1 receptor subtype [27, 31,

53]. Due to some excitatory actions of DA at D1 receptors

[13], D1 antagonists tend to decrease the activity of target

neurons in the mesolimbic DA system. In the meantime, as

NMDA receptors are also excitatory, these two receptors

may share common properties in mediating CPP effects.

In agreement with previous studies [24, 42], the present

experiments revealed that morphine produced CPP. The

attenuation effect of ifenprodil on the development,

maintenance, and reinstatement of morphine-induced CPP

found in the present study could be explained by a number

of mechanisms.

First, the development, maintenance and reinstatement

of CPP involve the acquisition, consolidation and retrieval

of associative learning between the rewarding effect of

morphine and drug-associated cues (i.e., the environment

receiving morphine). Our results showed no influence of

ifenprodil on the acquisition and retrieval of spatial

memory in the MWM test, indicating that learning

impairment was not relevant for the antagonism by ifen-

prodil of morphine-induced CPP in the phase of develop-

ment, reinstatement, and even that of consolidation at low

and medium doses of ifenprodil.

Second, attenuation of the morphine-induced CPP sug-

gests that ifenprodil might impair discrimination between

different environments, resulting in general motivational

deficits and/or nonspecific disruption of test performance.

This could occur as a result of loss of visual discrimination

ability. NMDA receptor antagonism has been reported to

impair attention to exteroceptive stimuli [8], but there is no

evidence that NMDA antagonists, especially selective

antagonists for NR2B containing NMDA receptors such

as ifenprodil, impair visual discrimination. If ifenprodil

decreases rats’ eyesight, rats would not learn and remember

where the hidden platform is in the MWM task. Lack of

impairment of ifenprodil in the acquisition and retrieval of

spatial learning and memory provides a potential clue that

ifenprodil has no influence on visual discrimination. Our

recent study also showed that ifenprodil has no influence

on the development and expression of several CPPs

induced by natural rewards such as food and social-inter-

action [24].

In addition, it has been suggested that treatments

attenuating the rewarding effects of drugs of abuse may

have intrinsic aversive properties, which confounds the

interpretation of the results of CPP studies. Such aversive

effects have been demonstrated for L-type calcium channel

blockers [35], which inhibit cocaine-induced CPP [33]. To

rule out this interpretation, an experiment was performed in

which ifenprodil (2, 6, 20 lg/10 ll/rat, i.c.v., equal to 1, 3,

10 mg/kg, i.p. for 200 g rat) was administered 30 min

before the morning trials in the conditioning phase [24]. If

ifenprodil had aversive actions, rats would avoid the

compartment paired with ifenprodil. In our previous study

we demonstrated a lack of aversive effects of ifenprodil

[24], making the ‘‘aversive’’ interpretation unlikely.

Finally, a marked augmentation of locomotor activity

may also lead to an equalization of time spent in the two

lateral compartments, which in the CPP test means failure

of development, maintenance, and reinstatement of place

preference [4]. Thus, a ‘‘blockade’’ of CPP could arise if

ifenprodil increased locomotor activity. However, mor-

phine-conditioned rats co-injected with ifenprodil in the

development phase of CPP did not show any increase in the

number of crossings between adjacent compartments, and

the injection of ifenprodil for three consecutive days in the

CPP phase of maintenance and reinstatement also showed

no increase in locomotor activity (data not shown).

From this analysis we can conclude that the inhibitory

effects of ifenprodil on the development and reinstatement

of morphine CPP may be attributable to its effects on the

rewarding properties, although the blockade of morphine

CPP in the maintenance phase may be related to the con-

solidation impairment induced by ifenprodil.

We confirmed that ifenprodil dose-dependently inhib-

ited the development of morphine CPP reported previously

[24, 26]. Development of morphine CPP depends both on

the rewarding effect of morphine and on the association

between the rewarding effect of morphine and the envi-

ronmental cues. Considering ifenprodil did not impair the

acquisition of spatial memory, it can be postulated that

ifenprodil has no influence on the development of associ-

ation. The rewarding effect of morphine can be attributed

to the rewarding properties mediated by the mesolimbic

dopamine system. We can conclude that the most parsi-

monious interpretation of our data is that ifenprodil selec-

tively blocks the development of morphine CPP due to its
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selective blockade of the rewarding effect of morphine by

blocking NR2B containing NMDA receptors.

Our previous study demonstrated that without testing

and extinction training, the maintenance of CPP induced by

morphine (3 mg/kg) lasted at least 16 days, and this CPP

completely disappeared 64 days after conditioning [23].

The present study showed that injections of ifenprodil at all

doses tested (1, 3, 10 mg/kg, i.p.) for three consecutive

days after the development of morphine (3 mg/kg, i.p.)

CPP disrupted the long-lasting place preference for the

morphine-paired chamber. However, the consolidation of

spatial memory in the MWM task was disrupted by

injection of ifenprodil only at the high dose (10 mg/kg, i.p.)

for three consecutive days after the acquisition of spatial

memory. The fact that the low and medium doses of

ifenprodil (1, 3 mg/kg, i.p.) had no influence on the con-

solidation of spatial memory, implies that the impairment

of ifenprodil, at least at the low and medium doses (1,

3 mg/kg), on the maintenance of CPP cannot be attributed

to the disruption of association consolidation. Blockade of

CPP maintenance by ifenprodil suggested that the main-

tenance of association between the environmental cues and

abusive effects of drugs was more dependent on activation

of NR2B-containing NMDA receptors.

Relapse is a major characteristic of drug addiction and

remains the primary problem in treating drug abuse [3].

Reinstatement of CPP induced by priming injections of

drugs is widely accepted as a relevant model to study the

mechanisms involved in compulsive drug-using behavior

and relapse [9, 43, 45]. Drug-induced reinstatement of drug

craving seems to result from sensitization developed by the

rewarding properties of previously used drugs and the

retrieval of association between the environmental cues

and the drug rewarding properties. Reinstatement of mor-

phine CPP following priming injection in the present study

was inhibited in a dose-dependent manner by pre-injections

of ifenprodil. Possible explanations for this inhibitory

effect are the blockade of sensitization and the impairment

of retrieval of addiction memory. However, ifenprodil had

little effect on performance in the retrieval of spatial

memory in the MWM task. It can be suggested that the

blockade of sensitization can be attributed to the inhibitory

effect of ifenprodil on the reinstatement of morphine CPP.

It should be noticed that ifenprodil was administered for

three consecutive days before the day of testing for main-

tenance and reinstatement of addictive memory as well as

consolidation and retrieval of spatial memory. One of the

important findings using the current schedule of adminis-

tration of ifenprodil is that exposure to environmental cues

is not a requirement for the blockade of addictive memo-

ries. It has been demonstrated that spontaneous activation

of the neocortical and hippocampal learning/memory sys-

tems without any clear sensory stimuli may occur in

morphine-treated rats [48]. Also, maintenance of memory

traces requires their tonic activation during the consolida-

tion period (e.g., replay of learned behaviors during REM

sleep) [10, 46]. It would be interesting to do more elec-

trophysiological or molecular biological studies to deter-

mine the neural mechanisms of pre-treatment procedure of

antagonists on the maintenance and reinstatement of

developed addiction memories.

Taken together, it can be concluded that NR2B con-

taining NMDA receptors are responsible for each phase of

morphine-induced CPP, but for spatial memory they only

affect the phase of consolidation. These results can be

helpful for understanding the mechanisms underlying the

action of drugs, and for treating addiction by targeting

NR2B-containing NMDA receptors.
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