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Figure 2. Reexposure to the morphine conditioning context induces drug seeking, increases activity-regulated cytoskeleton-associated protein (Arc/Arg3.1) protein levels,
and activates extracellular signal-regulated kinase (ERK) cAMP response element-binding (CREB) in the NAc shell. (A) Diagram outlining the behavioral procedures. (B)
After 8 days of drug treatment, rats that received alternating injections of morphine (5mg/kg) and saline (1ml/kg) showed a significant preference for the morphine-paired
chamber. Data are expressed as the means + standard error of the mean (SEM), n = 10. **p < 0.001, compared to the saline-treated group. (C-E) Reexposure to the morphine
conditioning context significantly increased Arc/Arg3.1 protein, phosphorylation of extracellular signal-regulated kinase1/2 (pERK1/2), and phosphorylation of CREB (pCREB)
levels in the NAc shell of morphine-conditioned rats. Data are expressed as the means + SEM, n = 5. *p < 0.01; *p < 0.001, compared to the morphine-conditioned group

w,n

without retrieval. “-” refers to no retrieval, “+” refers to retrieval. CPP, conditioned place preference; KD, kilodalton; tERK, total of extracellular signal-regulated kinase1/2.

treatments [F ,, = 5.958, p < 0.05] when the amount of pERK1/2
was analyzed. Significant differences were found between test
factors [F, , = 7.69, p < 0.05] and within treatment factors [F
16 = 5.66,p < 0.05]. A Bonferroni post hoc analysis confirmed that
levels of pERK1/2 were significantly higher in morphine-condi-
tioned rats that were reexposed to the conditioning context than
in those not subjected to reexposure (t = 3.69, p < 0.01; Figure 2D).
In contrast, total ERK1/2 immunoreactivity showed no signifi-
cant difference (data not shown). Meanwhile, CREB phospho-
rylation was analyzed. Statistical analysis revealed a significant
effect from the interaction [F, ,, = 11.76, p < 0.01] between tests
and treatments. Significant differences were found between test
factors [F, .o = 16.39, p < 0.001] and within treatment factors [F
15 = 14.25, p < 0.01]. The Bonferroni post hoc test demonstrated
that pCREB was increased in rat that underwent morphine con-
ditioning and reexposure to the conditioning context (t = 5.29,
p < 0.001; Figure 2E). There were no significant differences in
total CREB levels among the groups.

Moreover, we analyzed membrane GluR1, 2, and 3 levels.
Statistical analysis revealed a significant interaction effect
[Fy, 1 = 8821, p < 0.01] between the tests and the treatments
in protein levels of GluR1 on the membrane. Significant differ-
ences were found between test factors [F, ,, = 6.77,p <0.05] and
within treatment factors [F, ,o = 7.09, p < 0.05]. The Bonferroni
post hoc test demonstrated that the membrane protein level of
the AMPA receptor GluR1 was increased in rats that underwent
morphine conditioning and reexposure to the conditioning
context (t = 3.94, p < 0.01; Figure 3A). There were no significant
differences in GluR2 and GluR3 levels on membrane surfaces.
Statistical analysis revealed no significant difference in the

total protein levels of GluR1, GluR2, and GluR3 (Figure 3B and
C). These data suggested that Arc/Arg3.1 protein level, AMPA
GluR1 cell-surface expression level, and ERK-CREB activity were
up-regulated in the NAc shell during the reconsolidation of
morphine CPP.

Effects of Selective MEK1/2 Inhibitor U0126 on
the Changes of Correlative Molecular and the
Reconsolidation of Morphine CPP

In order to determine whether ERK1/2 coupled with CREB
activity is necessary for up-regulation of the Arc/Arg3.1 pro-
tein level, we examined AMPA GluR1 cell-surface expression
and morphine CPP reconsolidation. Rats were trained for mor-
phine CPP and given bilateral infusions of the MEK1/2 inhibitor
U0126 or its vehicle to the NAc shell. Infusions were adminis-
tered immediately after the CPP test. Then, rats were sacrificed
by decapitation 2h after the microinfusion for Western blotting
or were subjected to post-CPP tests on day 10, day 24, and day
25 (Figure 4A). Statistical analysis (two-way ANOVA) revealed a
significant effect from the interaction between treatments and
tests [F,, ,,, = 16.33,p < 0.0001]. Significant differences in the CPP
score were found between treatments [F, ,,, = 163.7, p < 0.0001]
and within the tests [F, ,,, = 25.344, p < 0.001]. The Bonferroni
post hoc test demonstrated that, compared to control groups,
morphine-conditioned rats microinjected with vehicle (t = 7.98,
p < 0.001) or U0126 (t = 7.95, p < 0.001) spent significantly more
time in the drug-paired context during the test. Nevertheless, in
post-test 1, the CPP score decreased in morphine-conditioned
rats microinfused with U0126 compared to vehicle (t = 9.08,
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Figure 3. Reexposure to the morphine conditioning context increases AMPA GluR1 cell-surface in the NAc shell. (A-C) Using bis (sulfosuccinimidyl) suberate (BS?)
surface receptor cross-linking assays, we analyze protein levels on the cell surface of GluR1, GluR2, and GluR3 in the NAc shell of morphine-conditioned rats. Through
those bonds, BS® cross-links GluRs to form high-molecular weight aggregates. Data are expressed as the means + standard error of the mean, n = 5. *p < 0.01, compared

to the morphine-conditioned group without retrieval. KD, kilodalton.

p < 0.001), as well as in post-test 2 (t = 9.28, p < 0.001) and the
priming test (t = 1.27, p < 0.001; Figure 4B). These results sug-
gested that the NAc shell, microinjected with U0126, can block
the reconsolidation of morphine CPP for at least 14 days and
cannot be reversed by a 2.5mg/kg morphine priming injection.
Two hours after the bilateral infusions of the MEK1/2 inhibitor
U0126 or its vehicle to the NAc shell, rats were killed for analy-
sis of ERK1/2 and CREB phosphorylation, Arc/Arg3.1 protein
level, and AMPA GluR1 cell-surface expression level in the NAc
shell. For ERK1/2 phosphorylation, statistical analysis (two-
way ANOVA) revealed a significant effect from the interaction
between conditionings and treatments [F, ,, = 6.06, p < 0.05].
Significant differences were found between the U0126 and its
vehicle microinfusions [F ,, = 7.91, p < 0.05] and within saline
and morphine conditions [F, ,, = 8.778, p < 0.01]. The Bonferroni
post hoc test demonstrated that microinjected U0126 signifi-
cantly decreased the pERK1/2 level in the NAc shell in mor-
phine-conditioned rats compared to those rats microinjected
with the vehicle (t =3.73, p < 0.01; Figure 4C). For CREB phospho-
rylation, there were significant main effects between treatments
[F (., . =8.63, p < 0.01] and within conditions [F, ,, = 4.48, p < 0.05],
as well as a significant condition and treatment interaction [F,
2 = 6.936, p < 0.05]. The Bonferroni post hoc test demonstrated

that U0126 can significantly reduce the amount of pCREB
(t = 3.94, p < 0.01; Figure 4D). Importantly, as Figure 4E shows,
statistical analysis revealed a significant effect from the inter-
action between the treatments and the conditionings in Arc/
Arg3.1 expression [F, ,, = 6.13, p < 0.05]. Significant differences
were found between U0126 and its vehicle microinfusions [F,
2 = 8:03, p < 0.01] and within the saline and morphine condi-
tions [F, ,, = 10.72, p < 0.01]. The Bonferroni post hoc test dem-
onstrated that intra-NAc shell infusions of U0126 significantly
decreased the Arc/Arg3.1 protein level in morphine-conditioned
rats compared to those rats microinjected with the vehicle
(t=13.767,p < 0.01). Finally, we detected the AMPA GluR1 cell-sur-
face expression level in the NAc shell after the U0126 microinfu-
sion. Statistical analysis (two-way ANOVA) revealed significant
differences between the U0126 and its vehicle microinfusions
[F .1 = 5-50, p < 0.05] and within the saline and morphine condi-
tions [F, ,, = 6.69, p < 0.05]. The Bonferroni post hoc test demon-
strated that microinjected U0126 into the NAc shell significantly
decreased the AMPA GluR1 cell-surface expression level in
morphine-conditioned rats compared to those microinjected
with the vehicle (t = 3.11, p < 0.05; Figure 4F). These data sug-
gested that the ERK-CREB signaling pathway was the upstream
mechanism of Arc/Arg3.1 protein expression and AMPA GluR1
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Figure 4. Effects of intra-NAc shell injection of U0126 on the reconsolidation of morphine-induced conditioned place preference (CPP) and concomitant protein expres-
sion. (A) Diagram outlining the behavioral procedures. (B) NAc shell U0126 injections decreased the CPP score from the post T1 and post T2 to the priming T, n = 8. (C-E)
NAc shell U0126 injections decreased extracellular signal-regulated kinase (ERK) and cAMP response element-binding (CREB) phosphorylation (pCREB) and activity-reg-
ulated cytoskeleton-associated protein (Arc/Arg3.1) expression induced by retrieval of morphine CPP, n = 6. (F) NAc shell U0126 injections decreased the GluR1 protein
on the cell surface that was induced by retrieval of morphine CPP. Data are expressed as the means + standard error of the mean, n =5."p < 0.05, **p < 0.01, **p < 0.001,
compared to the morphine-conditioned group microinfused with vehicle. KD; mor, morphine conditioning; post-T1, post test 1; post-T2, post test 2; priming-T, priming

test; sal, saline conditioning; tERK, total of extracellular signal-regulated kinase1/2.

cell-surface expression in the NAc shell during the reconsolida-
tion of morphine CPP.

Effect of Arc/Arg3.1 AS on AMPA GluR1 Cell-Surface
Expression and the Reconsolidation of Morphine CPP

In this experiment, rats were divided into morphine- and
saline-treated CPP groups. After 8 days of CPP conditioning,
rats received bilateral microinfusions (1 nmol/pl/side) of AS or
CS to the NAc shell immediately after the test on day 9. Then,
half of rats were sacrificed by decapitation 2h after the micro-
infusions for Western blotting and the other half received post-
CPP tests on day 10, day 24, and day 25 (Figure 5A). Statistical
analysis (two-way ANOVA) revealed a significant interaction
effect between treatments and times [F , ,,, = 15.47, p < 0.0001].
Significant differences in the CPP scores were found between
AS and CS treatments [F, .., = 50.31, p < 0.0001] and within the
different tests [F, ,,, = 14.54, p < 0.0001]. In the expression test,
the post hoc test showed a significant increase in the CPP score
in morphine-conditioned rats microinfused with either Arc/
Arg3.1 AS (t = 7.60, p < 0.001) or CS (t = 7.94, p < 0.001) when
compared to the saline groups. In post-test 1, the CPP score
decreased in morphine-conditioned rats microinfused with
Arc/Arg3.1 AS compared to CS (t = 8.55, p < 0.001), as well as
in post-test 2 (t = 8.66, p < 0.001) and the priming test (t = 9.32,
p < 0.001; Figure 5B). These data suggested that Arc/Arg3.1 AS,
microinfused into the NAc shell, impaired reconsolidation of
morphine CPP at least for 14 days and cannot be reversed by
2.5mg/kg morphine injection.

On day 9, half the rats were sacrificed 2 hours after the bilat-
eral infusions of the Arc/Arg3.1 AS or CS to the NAc shell. The
other half of the rats were sacrificed by decapitation for analy-
sis of Arc/Arg3.1 protein level, AMPA, and GluR1 cell-surface
expression level in the NAc shells. For the Arc/Arg3.1 protein,
statistical analysis (one-way ANOVA) revealed significant differ-
ences among groups [F, ,,, = 10.42, p < 0.0001]. Compared to the
saline group, the Bonferroni post hoc test showed that the Arc/
Arg3.1 protein level was increased in morphine CPP rats (t = 3.70,
p < 0.01). In morphine CPP groups, the Arc/Arg3.1 protein level
was decreased in rats microinfused with Arc/Arg3.1 AS (t = 4.03,
p <0.01) and or CS (t = 4.18, p < 0.01; Figure 5C) compared to those
without microinfusion. For AMPA GluR1 cell-surface expression,
statistical analysis (one-way ANOVA) revealed significant differ-
ences among groups [F, ,, = 6.26, p < 0.01]. The Bonferroni post
hoc test showed a significant increase in the AMPA GluR1 cell-
surface expression level in morphine CPP rats compared to rats
in the saline CPP group (t=2.91,p < 0.05). In morphine CPP groups,
the AMPA GluR1 cell-surface expression level was decreased in
rats microinfused with Arc/Arg3.1 AS (t = 3.26, p < 0.05) and or CS
(t=3.18, p < 0.05; Figure 5D) compared to those without microin-
fusion. These data suggested that Arc/Arg3.1 AS can inhibit Arc/
Arg3.1 protein expression and AMPA GluR1 cell-surface expres-
sion induced by morphine CPP retrieval in the NAc shell.

Discussion

Previous study in our lab has demonstrated that the Arc/Arg3.1
protein level was increased in the NAc shell, but not the NAc core,
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Figure 5. Effects of intra-NAc shell injection of activity-regulated cytoskeleton-associated protein (Arc/Arg3.1) AS or CS on the reconsolidation of morphine-induced
conditioned place preference (CPP) and GluR1 protein expression on the cell surface. (A) Diagram outlining the behavioral procedures. (B) NAc shell Arc/Arg3.1 AS injec-
tions decreased the CPP score from the post T1 and post T2 to the primingT. Data are expressed as the means + standard error of the mean (SEM), n = 8~10. ***p < 0.001,
compared to the morphine-conditioned group microinfused with CS. (C and D) NAc shell Arc/Arg3.1 AS injections decreased the Arc/Arg3.1 protein and GluR1 protein
on the cell surface that were induced by retrieval of morphine-induced CPP. Data are expressed as the means + SEM, n = 7-9. *p < 0.05, **p < 0.01, compared to the saline
conditioned group; “p < 0.05, #p < 0.01, compared to the morphine conditioned group injection with CS. AS, antisense ODN; CS, scrambled ODN; KD; mor, morphine
conditioning; post-T1, post test 1; post-T2, post test 2; priming-T, priming test; sal, saline conditioning.

after the expression test of morphine CPP (Lv et al., 2011). The
present study extended those observations and revealed that
morphine context memory reactivation dramatically enhances
the Arc/Arg3.1 protein level, accompanied by increases in mem-
branous AMPA GluR1 expression, pERK1/2, and pCREB levels,
specifically in the NAc shell. Interestingly, the changes of Arc/
Arg3.1-related molecules, including AMPA GluR1, pERK1/2, and
PCREB, are selective in the test group of morphine CPP, but not
the non-tests of the morphine- or saline-CPP groups, suggest-
ing that the elevated Arc/Arg3.1-related molecules in animals
treated with the retrieval cannot be attributed to the earlier
training experience but to the exposure to a drug-paired context.

It has been reported that the activation of the ERK signal-
ing pathway plays a critical role in memory reconsolidation.
The reconsolidation of recognition memory is associated with
an increase in the phosphorylation of ERK in the entorhinal
cortex and hippocampal CA1, and inhibition of the ERK path-
way with U0126 can block the reconsolidation. This process is
shown to be dependent on the reactivation of memory trace by
brief reexposure to the objects (Kelly et al., 2003). Additionally,
transcription factors CREB is phosphorylated at Ser133 site by
upstream kinases result in cellular gene expression, and ERK
pathway activation has been coupled to CREB phosphorylation,
which is widely implicated in many forms of neuronal plasticity
and learning and memory (Hall et al., 2001). Targeted disruption
of CREB in the hippocampus, amygdala, and prefrontal cortex
could impair the reconsolidation of both auditory fear and con-
textual fear memories (Kida et al., 2002; Mamiya et al., 2009).
A recent report showed that CREB is activated in the striatum of

mice following a methamphetamine (METH) CPP expression test
(Liu et al., 2014). In brief, the above data suggest that changes in
ERK and CREB activity may be the underlying mechanism for
the reconsolidation of drug addiction memory, regulating a vari-
ety of gene expressions related to addiction behavior; the target
genes regulated by CREB need further study.

The present work showed that Arc/Arg3.1 protein induction
during morphine CPP reconsolidation was accompanied by ERK-
CREB signal pathway activation. Meanwhile, it inhibited ERK1/2
activation with MEK1/2 inhibitor U0126, attenuated CREB activa-
tion and Arc/Arg3.1 protein level, and disrupted the reconsolida-
tion of morphine CPP. This behavioral result is similar to those
pharmacological studies implying that the inhibition of ERK was
almost simultaneous with the reduction of CREB activation and
the impairment of contextual memory (Miller and Marshall, 2005;
Fricks-Gleason and Marshall, 2011). However, there is some dispute
about whether the Arc/Arg3.1 gene expression was regulated by
CREB transcription factors. In Waltereit et al’s (2001) study, they did
not detect the cAMP response element (CRE) site within 1737bp of
the Arc/Arg3.1 promoter or the entire transcribed region of 3.5kb,
which does not exclude the possibility that unidentified CRE sites
lie outside of this region. Kawashima et al. (2009) identified a major
synaptic activity responsive element of the Arc/Arg3.1 gene, a cis-
regulatory element consisting of closely localized binding sites for
CREB, myocyte enhancer factor 2, and serum response factor that
is located >5kb upstream of the Arc/Arg3.1 transcription initiation
site in the mouse genome. This data suggested that the single ele-
ment is necessary and sufficient for replicating crucial properties
of endogenous Arc/Arg3.1’s transcriptional regulation. The present
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study further recommends that morphine CPP reconsolidation
depends on ERK activation, which is required for CREB phospho-
rylation and induction of Arc/Arg3.1 protein expression.

As we know, Arc/Arg3.1 up-regulation is followed by contextual
spatial memory retrieval (Zhang et al., 2005; Kee et al., 2007). These
findings are in accord with our present results that a reexposure to
the morphine-paired chamber obviously triggered the reconsoli-
dation of morphine CPP and was accompanied by increasing Arc/
Arg3.1 expression within the NAc shell in rats. If Arc/Arg3.1 itself
plays a key role in the reconsolidation of morphine CPP, disruption
of Arc/Arg3.1 expression should prevent these processes. Exactly
this result has been obtained in that blockade of Arc/Arg3.1 induced
by intra-NAc shell infusion of AS, which impaired the reconsoli-
dation of morphine CPP in a long-term and irreversible manner.
These results demonstrate that Arc/Arg3.1 is the key downstream
molecule of the ERK-CREB pathway, which plays an essential role
in the context-induced morphine CPP reconsolidation.

Studies on the molecular function of Arc/Arg3.1 showed that
it is involved in multiple forms of synaptic plasticity (Guzowski
et al., 2000; Pandey et al., 2008; Waung et al., 2008). One major
mechanism that regulates synaptic strength involves the tightly
regulated trafficking of a-amino-3-hydroxy-5-methyl-4-isoxazole
propionate receptors (AMPARs) into and out of synapses
(Anggono and Huganir, 2012). In the present study, to explore Arc/
Arg3.1’s function, we detected AMPA GluR1, GluR2, and GluR3 on
cell surface expression when the Arc/Arg3.1 protein was induced
in the NAc shell during morphine CPP reconsolidation. We found
that AMPA GluR1 protein expression, but not AMPA GluR2 and
GluR3 expression, was significantly increased at the cell-surface
following Arc/Arg3.1 protein induction. Disrupting the induction
of the Arc/Arg3.1 protein can normalize the GluR1 cell-surface
expression level and impair both reconsolidation and reinstate-
ment of morphine CPP. This result suggests that Arc/Arg3.1 in
the NAc shell mediated morphine-associated context memory
reconsolidation via up-regulating the cell-surface expression of
GluR1 in the NAc shell. Significantly, the data is different from
the previous finding of Arc/Arg3.1 regulated AMPAR endocytosis
(Hearing et al., 2011). Further studies are needed to elucidate the
mechanisms of synaptic capture of AMPA GluR1.

Conclusions

In conclusion, our current study suggests that the Arc/Arg3.1
increase in the NAc shell following the reexposure of morphine-
associated context relied on the ERK-CREB activation and cou-
pled the elevation of GluR1 membrane surface expression to
promote synaptic plasticity. The findings provide new evidence
that Arc/Arg3.1 is the key molecule during the reconsolidation
of morphine CPP, and local disruption of Arc/Arg3.1 hopefully
prevents the reconsolidation of opioid-conditioned memory and
further suppresses relapse of drug abuse.
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