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Abstract Accumulating evidence indicates that o-amino-
3-hydroxy-5-methylisoxazole-4-propionic acid receptors
(AMPARs) are involved in the relapse to abused drugs.
However, the role of AMPARs containing the GIluR2
subunit in opiate addiction is still unclear. GluR2-3Y,
an interfering peptide, prevents the endocytosis of
AMPARs containing the GIuR2 subunit. In this study, we
explored the effect of intravenous injection of GluR2-3Y
on the acquisition, expression, and reinstatement of
morphine-induced conditioned place preference (mCPP) in
rats. We found that infusion of GIuR2-3Y (1.5 nmol/g) one
hour before morphine during the conditioning phase
inhibited the acquisition of mCPP, while an identical
injection one hour before the post-conditioning test had no
influence on the expression of mCPP. Injection of GluR2-
3Y (1.5 nmol/g) after mCPP extinction blocked the mor-
phine-induced reinstatement of mCPP. Our results strongly
support the hypothesis that inhibition of AMPAR endo-
cytosis provides a new target for the treatment of opiate
addiction.
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Introduction

Opioids, which are the most effective clinically-used
analgesics, are seriously limited in use as repeated treat-
ment produces addiction. Conditioned associations
between environmental stimuli and the effects of addictive
drugs play an important role in drug addiction. It is very
important to understand the mechanisms underlying these
powerful associations between drugs of abuse and
environmental stimuli for developing effective treatments
to deal with addiction [1, 2].

The alpha-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid receptor (AMPAR) is one of the three types of
ionotropic glutamate receptors. Most of the AMPARs
contain GluR1 and GluR2 subunits, and GluR2 subunits
control Ca?" influx and regulate synaptic plasticity [3].
Chronic morphine treatment changes the composition and
properties of AMPARs, and the expression and distribu-
tion of AMPAR subunits. For example, repeated mor-
phine administration elevates the level of GIluR1 [4],
increases synaptic GluR1 labeling in the ventral tegmental
area (VTA) [5], increases the expression of AMPARs
lacking GluR2 in hippocampal synaptic fractions, and
affects long-term depression (LTD) in hippocampal neu-
rons [6]. Combined with other studies reporting that the
proportion of membrane GluR2 decreases after chronic
morphine treatment [7], repeated morphine administration
may induce the endocytosis of AMPARs containing
GluR2, while AMPARs lacking GluR2 insert into the
membrane.
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Chronic morphine treatment results in the alteration of
postsynaptic levels of AMPARs, which is believed to
underlie morphine addiction. Repeated morphine
treatment produces behavioral sensitization along with
decreased GluR2 mRNA expression in both the amygdala
and hippocampus [8], and the synaptic expression of
AMPARs in the hippocampus also plays critical roles in
the acquisition and expression of context-dependent
behavioral sensitization [9]. GluR1 on the plasma mem-
brane of dendrites increases in the basolateral amygdala
(BLA) in rats self-administering morphine [10]. More-
over, systemic administration of the AMPAR antagonist
LY293558 blocks the development of morphine sensiti-
zation [11], and attenuates morphine-induced tolerance in
mice [12] and in rats [13]. Recently, a few studies have
also shown that the endocytosis of AMPARs is crucial for
cue-induced reinstatement of heroin-seeking and the
extinction of morphine-induced conditioned place pref-
erence (mCPP) [14, 15].

Although AMPARSs play important roles in morphine-
induced addiction, the effects of those containing GluR2
are poorly understood. In the present study, mCPP was
used as a model [16-19]. GluR2-3Y, an interfering peptide
that blocks both the endocytosis of AMPARs containing
GluR2 and the induction of LTD [20, 21], was injected
intravenously into rats to determine whether GluR2-3Y
modulates the acquisition, expression, and reinstatement of
morphine-related memory.

Materials and Methods

Male Sprague-Dawley rats (220-250 g on arrival; Experi-
mental Animal Center, Academy of Military Medical
Sciences, Beijing, China) were habituated to the animal
facility for one week before use. Rats were housed under a
reversed 12-h light/dark cycle with food and water ad
libitum. All procedures were approved by the Animal Care
and Use Committee of Peking University.

Morphine hydrochloride injection (10 mg/mL;
Shenyang First Pharmaceutical Factory, Shenyang, China)
was diluted to 1 mg/mL in sterile saline. GluR2-3A (YGR
KKRRQRRR-AKEGANVAG) and GluR2-3Y (YGRKK
RRQRRR-YKEGYNVYG) (synthesized by GL Biochem
Ltd, Shanghai, China) were dissolved in sterile saline.

The mCPP apparatus consisted of two main compart-
ments (29 x 22 x 27 cm3) connected by a third neutral
compartment (13 x 22 x 27 cm®) with optional manual
guillotine doors. The two contexts differed in color (black
or white) and floor texture (grid or mesh). The black
compartment was paired with a grid floor and the white
compartment with a mesh floor. The mCPP procedure
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consisted of four stages: acquisition, expression, extinction,
and reinstatement.

After accommodation for five days, all rats received two
baseline tests. Rats were placed in the central compartment
without receiving an injection and were allowed free access
to all three compartments for 15 min. On the next day, the
initial baseline preference was evaluated by calculating the
preference score as the time spent in the morphine-paired
side divided by the time spent in both the morphine- and
saline-paired sides. Morphine-paired side was assigned in a
counterbalanced fashion, whereby half of rats were paired
with black and the other half were paired with the white
compartments. The preference score was about 0.5 and rats
were discarded if they displayed a strong initial preference
for either of the main compartment (preference score > 70%
or < 30%). Conditioning training was conducted twice daily
for 5 consecutive days, once in each context. Sessions were
spaced 10 h apart (starting at 08:00 and 18:00), and the
context sequence was balanced. Rats received an intraperi-
toneal (i.p.) injection of saline (1 ml/kg) followed by con-
finement in the saline-paired compartment for 45 min and
received an injection of morphine (10 mg/kg, i.p.) followed
by confinement in the morphine-paired compartment for 45
min. GluR2-3Y or GluR2-3A was infused one hour [14]
before each morphine conditioning to explore the effects of
AMPAR endocytosis on morphine conditioning.

One day after the last conditioning session, the rats
underwent a post-conditioning test. They were placed in
the central compartment and allowed to freely explore the
chambers for 15 min. GluR2-3Y or GluR2-3A was infused
one hour before the post-conditioning test.

One day after the post-conditioning test, an extinction
test was conducted once daily without any treatment. Rats
were placed in the neutral compartment and the guillotine
doors were opened to allow free exploration of the three
compartments for 15 min. This test was terminated when
the preference score was significantly different from that of
the post-conditioning test for three consecutive days.

One day after the last extinction test, the rats received an
injection of morphine (3 mg/kg, i.p.) and 10 min later, they
were placed in the central compartment and tested for 15
min. Rats were divided into two groups to receive injection
of GIuR2-3Y or GluR2-3A respectively, and 24 h later,
reinstatement was induced again. GluR2-3Y or GluR2-3A
was infused one hour before the second reinstatement.

Locomotor activity was measured in a Plexiglas cham-
ber (AniLab, Ningbo, China) [22]. Each 8-beam infrared
chamber (29 x 29 x 26 cm’) was placed in an opaque
sound-proof box equipped with exhaust fans. Each rat was
monitored for 45 min to measure the locomotor activity for
five consecutive days. GluR2-3Y or GluR2-3A was intra-
venously infused one hour before each test. The number of
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beam breaks was recorded and data were collected with
AniLab software (AniLab, Ningbo, China).

All the data are presented as mean £ SEM. The dif-
ferences were determined by Student’s -test (two-tailed) or
one-way/two-way repeated measures analysis of variance
(ANOVA) with the Bonferroni post-hoc test. *P <0.05,
**P <0.01 and ***P <0.001 were considered as statisti-
cally significant.

Results and Discussion

To measure the influence of GluR2-3Y on the acquisition
of mCPP, we used two groups of rats: a GluR2-3Y group
(n = 12) and a GIluR2-3A group (n = 12). During the
conditioning phase, rats were injected intravenously with
1.5 nmol/g of GIuR2-3A or GIluR2-3Y and kept in their
home cages for one hour before each morphine condi-
tioning test (Fig. 1A). The dosage of GluR2-3Y (1.5 nmol/
g) was used because previous studies have demonstrated
that it is an effective dose to inhibit LTD [21], prevent the
sensitized behavioral response [21], inhibit cue-induced
relapse [15], and facilitate the extinction of mCPP [14].
One day after the last conditioning, the place preference
was tested. The preference score of rats pretreated with
GluR2-3A increased significantly compared with baseline
(t =257, P <0.05) (Fig. 1B), indicating that the rats
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Fig. 1 Effects of inhibiting AMPAR endocytosis on the acquisition
of mCPP. A Timeline of protocol for mCPP acquisition. B Infusion of
GluR2-3Y, but not GIuR2-3A, one hour before each morphine
conditioning inhibited the acquisition of mCPP. *P <0.05 compared
with baseline.

preferred the morphine-paired compartment after training
and GIuR2-3A had no effect on the acquisition of mCPP. In
the rats pretreated with GluR2-3Y, there was no significant
change in preference for the morphine-paired compartment
compared with baseline (t = 0.61, P = 0.56) (Fig. 1B),
indicating that GluR2-3Y inhibited the acquisition of mCPP.

To measure the influence of GluR2-3Y on the expres-
sion of mCPP, rats were assigned to two groups after
baseline tests: a GluR2-3Y group (n = 9) and a GluR2-3A
group (n = 10). One day after the last conditioning, rats
received intravenous injection of GluR2-3Y (1.5 nmol/g)
or GluR2-3A (1.5 nmol/g) one hour before the post-con-
ditioning test (Fig. 2A). The post-conditioning test was
conducted, and the preference scores of the two groups
increased significantly compared with the baseline tests
(GIuR2-3A group: ¢t = 3.47, P <0.01; GluR2-3Y group:
t =4.26, P <0.01, Fig. 2B). These results indicate that
blockade of the endocytosis of AMPARs by GluR2-3Y had
no significant influence on the expression of mCPP.

To measure the influence of GluR2-3Y on the rein-
statement of mCPP, mCPP was established in two other
groups of rats (GIuR2-3Y group: n =28, =729,
P <0.001; GluR2-3A group: n = 8§, t = 6.40, P <0.001).
After 9 extinction sessions, the rats met the extinction
criterion (preference score in extinction was significantly
different from the post-conditioning test for three consec-
utive days; GluR2-3Y group: extinction session 7 (ET7):
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Fig. 2 Effects of inhibiting AMPAR endocytosis on the expression
of mCPP. A Timeline of the protocol for expression of mCPP.
B Neither GluR2-3Y nor GluR2-3A infused one hour before the post-
conditioning test had any effect on the expression of mCPP (GluR2-
3A, n = 10; GluR2-3Y, n = 9). **P <0.01 compared with baseline.
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t = 2.55, P <0.05; ET8: t = 3.59, P <0.01; ET9: t = 4.45,
P <0.01; GluR2-3A group: ET7: t = 2.46, P <0.05; ETS:
t = 3.67, P <0.01; ET9: t = 2.45, P <0.05; note that only
the results of ET9 are shown in Fig. 3). Reinstatement was
induced by 3 mg/kg morphine. Two reinstatements were
conducted, and rats were divided into two groups (a
GluR2-3Y group and a GluR2-3A group) using a balanced
protocol after the first reinstatement. In the first reinstate-
ment test, the rats were returned to their cages for 10 min
after injection of morphine and then placed in the neutral
compartment and allowed to explore the three compart-
ments for 15 min. The preference scores of the two groups
were significantly higher than those in the last extinction
test (GluR2-3Y group: ¢t =277, P <0.05; GluR2-3A
group: t = 2.72, P <0.05), which indicated that 3 mg/kg
morphine reinstated the preference for the morphine-paired
compartment. On the second reinstatement test, the rats
were intravenously injected with GluR2-3Y or GluR2-3A
(1.5 nmol/g) in their cages, and one hour later were given 3
mg/kg morphine. As shown in Fig. 3B, the preference
score of the GluR2-3Y group did not significantly differ
from the last extinction test (r = 0.50, P = 0.63, Fig. 3B),
suggesting that pretreatment with GluR2-3Y inhibited the
morphine-induced reinstatement. However, the preference
score of the GluR2-3A group was significantly higher than
in the last extinction test (t = 2.74, P <0.05, Fig. 3C).
These results indicated that inhibiting the endocytosis of
AMPARs by intravenous injection of GluR2-3Y blocked
the morphine-induced reinstatement of mCPP.

It is possible that GluR2-3Y affects general motor
activity. Therefore, we performed mobility tests in a new
cohort of rats for five consecutive days. GluR2-3Y (n = 6)
or GluR2-3A (n = 6) was intravenously infused one hour
before each test. No significant difference was found in
locomotor activity (drug x time interaction: F4 40y = 0.17,
P = 0.95, drug effects: F(; 0y = 0.16, P = 0.70; Fig. 4).
The results indicated that the effects of GIuR2-3Y were
unlikely to result from motor deficits.

Repeated exposure to morphine changes the surface
expression of AMPARs in many brain regions, such as
prefrontal cortex (PFC), BLA, VTA, hippocampus, and
nucleus accumbens (NAc) [5, 6, 10, 23, 24]. Systemic
administration of the AMPAR antagonist LY293558
blocks the development of morphine sensitization [11].
These studies showed that AMPARs in several brain
regions play important roles in opiate addiction. In this
study, we used intravenous injection, which is widely used
in clinical treatment, to simultaneously affect these regions.
A critical problem in opiate addiction is the occurrence of
relapse. Here, we found that blockade of AMPAR endo-
cytosis by intravenous infusion of GluR2-3Y before
morphine injection inhibited the reinstatement of mCPP,
and this result was supported by previous evidence which
suggests that GluR2-3Y decreases cue-induced heroin
reinstatement [15]. Collectively, GluR2 endocytosis may
be needed in both drug- and cue-induced opiate relapse.
Considering another study which found that GluR2-3Y
injection during the acquisition phase of mCPP does not
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Fig. 4 Effects of inhibiting AMPAR endocytosis on locomotor
activity. GIuR2-3Y infusion did not affect the basal locomotor
activity on the five days of testing (GluR2-3A, n = 6; GluR2-3Y,
n=~06).

influence the following morphine priming reinstatement
[14], the injection timing is a key factor.

The results of this study also demonstrated that intra-
venous infusion of GluR2-3Y before the post-conditioning
test did not influence the expression of mCPP, consistent
with a previous study [14]. On the other hand, we found
that infusion of GluR2-3Y before the morphine condi-
tioning session inhibited the acquisition of mCPP, while
Dias and colleagues found that GluR2-3Y had no effect on
the acquisition of mCPP [14]. The explanation for this
inconsistency may be that, as Dias and colleagues
discussed, co-administration of GluR2-3Y with morphine
during the conditioning phase might weaken the associa-
tion between the contextual cues and morphine, which led
to the rapid extinction of mCPP in their studies, and
stronger weakening effects were induced in the present
study, which led to inhibited acquisition. The difference in
the levels of weakening effects might be due to the
different number and/or interval of GluR2-3Y infusions.
Dias and colleagues administered morphine and saline on
alternate days for eight days, so GluR2-3Y affected mor-
phine conditioning four times, 48 hours apart, while in the
present study, conditioning training was conducted twice
daily for five consecutive days, so GluR2-3Y affected
morphine conditioning five times, 24 hours apart.

Previous experiments have indicated that GIuR2-3Y
blocks the induction of LTD, which is a proposed cellular
substrate for learning and memory [21]. In this study,
GluR2-3Y inhibition of the acquisition of mCPP may be due
to the weakened association between the contextual cues and
morphine, while GluR2-3Y blockade of the morphine-in-
duced reinstatement of mCPP may be because of the
inhibition of memory retrieval. Then in which brain regions
does GIuR2-3Y inhibit the addictive behavior? Previous
studies found that the endocytosis of AMPARSs containing
GluR2 in the NAc plays an important role in the expression
of amphetamine-induced behavioral sensitization [21] and

the long-term maintenance of mCPP [25]. Moreover,
endocytosis in the BLA and in the ventral medial PFC is
crucial for the reconsolidation of methamphetamine reward
memory [26] and cue-induced heroin-seeking [15], respec-
tively. However, no evidence has identified the brain regions
in which the endocytosis of AMPARSs is required for the
acquisition and reinstatement of mCPP. Based on previous
studies of drug-related memory, the hippocampus and ven-
tral medial PFC may be the key brain regions for acquisition
and reinstatement, respectively [15, 27], and further inves-
tigations are needed.

Previous work in our lab has shown that injection of
GluR2-3Y into the periaqueductal grey dose-dependently
alleviates neuropathic pain [28]. In this study, only one
dose of GluR2-3Y (1.5 nmol/g) was used because 1.5 and
2.25 nmol/g seem to have the same effects on the acqui-
sition, extinction, and reinstatement of mCPP [14], and
previous studies have shown that GluR2-3Y injection (1.5
nmol/g intravenously) prevents D-amphetamine-induced
behavioral sensitization [21] and inhibits cue-induced
relapse to heroin-seeking [15].

Our results showed that intravenous injection of GluR2-
3Y led to suppression of the acquisition and reinstatement
of mCPP, but had no effect on the expression of mCPP.
Because AMPARSs are widely distributed in many brain
areas and the spinal cord, the mechanisms underlying the
actions of GluR2-3Y are complicated. The present study
revealed the roles of AMPAR endocytosis in morphine-
related addiction. Moreover, although we did not investi-
gate the possible brain regions responsible for the effects of
GluR2-3Y, the intravenous injection we used raises the
possibility of clinical use.
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