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Central Amygdala Extracellular Signal-Regulated Kinase
Signaling Pathway Is Critical to Incubation of Opiate Craving

Yan-Qin Li,"* Fang-Qiong Li,'* Xiao-Yi Wang,' Ping Wu,' Mei Zhao,' Chun-Mei Xu,' Yavin Shaham,? and Lin Lu'
'National Institute on Drug Dependence, Peking University, Beijing 100083, China, and 2Behavioral Neuroscience Branch, National Institute on Drug
Abuse, Intramural Research Program, National Institutes of Health, Baltimore, Maryland 21224

Cue-induced drug-seeking in rodents progressively increases after withdrawal from operant self-administration of cocaine, heroin,
methamphetamine, and alcohol, a phenomenon termed “incubation of drug craving.” Here, we used the opiate drug morphine and
explored whether incubation of drug craving also occurs in a pavlovian conditioned place preference (CPP) procedure in which rats learn
to associate drug effects with a distinct environmental context. We also explored the role of amygdala extracellular signal-regulated
kinase (ERK) and cAMP response element-binding protein (CREB) in this incubation. We found that the expression of morphine CPP
progressively increases over the first 14 d after the last drug exposure in rats receiving four pairings of low-dose (1 or 3 mg/kg) but not
high-dose (10 mg/kg) morphine with a distinct environment. The progressive increase in low-dose (3 mg/kg) morphine CPP was associ-
ated withincreased ERK phosphorylation (a measure of ERK activity) and CREB (a downstream target of ERK) phosphorylation in central
but not basolateral amygdala. Furthermore, inhibition of central but not basolateral amygdala ERK and CREB phosphorylation by U0126
[1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)butadiene] decreased the enhanced (incubated) drug CPP after 14 d of with-
drawal from morphine. Finally, stimulation of central amygdala ERK and CREB phosphorylation by NMDA enhanced drug CPP after 1 d
of withdrawal from morphine, an effect reversed by U0126. These findings indicate that the rat’s response to environmental cues
previously paired with morphine progressively increases or incubates over the first 14 d of withdrawal from low but not high morphine

doses. Additionally, this “incubation of morphine craving” is mediated by acute activation of central amygdala ERK pathway.
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Introduction

Relapse to drug use in humans can occur after prolonged absti-
nence and is often precipitated by exposure to craving-
provoking, drug-associated cues (O’Brien et al., 1992). Results
from operant self-administration studies with cocaine (Neise-
wander et al., 2000; Grimm et al., 2001), heroin (Shalev et al.,
2001), and methamphetamine (Shepard et al., 2004) demon-
strate that the rat’s response to drug cues progressively increases
over the first weeks after withdrawal from drugs. This “incuba-
tion” phenomenon was demonstrated in extinction (Lu et al.,
2004; Lee et al., 2006), cue-induced reinstatement (Grimm et al.,
2003), and acquisition of new response (Di Ciano and Everitt,
2004) procedures. These findings suggest that craving, a motiva-
tional state elicited by exposure to drug cues that often precedes
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and accompanies drug-seeking, incubates over time (Lu et al.,
2004).

Here, we assessed whether “incubation of reward craving” is
also manifested in a pavlovian conditioned place preference
(CPP) procedure in which during the training phase one context
is paired with drug injections, whereas another context is paired
with vehicle injections. During subsequent drug-free CPP tests,
rats choose between the drug- and vehicle-paired contexts. In-
creased preference for the drug context serves as measures of the
rewarding effects of the drug (Van der Kooy, 1987) and incentive
motivational effects of drug cues (Mueller and Stewart, 2000).

To date, there is no evidence that the rat’s response to drug
cues in the CPP procedure increases over time. Several investiga-
tors reported that CPP is maintained at similar magnitude for
2-12 weeks after withdrawal from morphine (Mucha and
Iversen, 1984; Vezina et al., 1987; Mueller et al., 2002) or for 6
weeks after withdrawal from cocaine (Mueller and Stewart,
2000). In other studies, CPP became weaker over the first month
after withdrawal from morphine or cocaine (Tzschentke and
Schmidt, 1995; Lu et al., 2000b, 2001a; Wang et al., 2000). In these
studies, the experimental procedures typically resulted in high
drug CPP immediately after training. Thus, in studies in which
CPP was maintained over time, a ceiling effect may have pre-
vented the detection of additional increases in drug CPP after
prolonged withdrawal.

Here, we describe experimental parameters that led to pro-
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gressive increases in drug CPP after withdrawal from morphine.
This was achieved by assessing drug CPP 7 or 14 d after with-
drawal from low (1-3 mg/kg) or high (10 mg/kg) morphine
doses, which induce weak or strong CPP, respectively, after 1
withdrawal day. We found progressive increases in low- but not
high-dose morphine CPP. Subsequently, we studied the role of
amygdala extracellular signal-regulated kinase (ERK) in this in-
cubation. The ERK pathway has been implicated in several be-
havioral effects of abused drugs (Lu et al., 2006; Girault et al.,
2007). Previously, we found that central amygdala ERK activity
mediates the incubation of cocaine craving in the operant self-
administration procedure (Lu et al., 2005). We also assessed
whether time-dependent increases in morphine are associated
with activation of the transcription factor cAMP response
element-binding protein (CREB). We studied whether CREB ac-
tivity correlates with incubation of morphine craving because
CREB is a downstream cellular target of ERK (Thomas and Hu-
ganir, 2004) that was implicated in morphine reward and depen-
dence (Blendy and Maldonado, 1998; Carlezon et al., 2005).

Materials and Methods

Subjects

Male Sprague Dawley rats (weighing 220—240 g on arrival) were housed
in groups of five in a temperature-controlled (23 = 2°C) and humidity-
controlled (50 = 5%) animal facility. The rats were maintained ona 12 h
light/dark cycle with access to food and water ad libitum. The experimen-
tal procedures were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and the
procedures were approved by the Local Animal Care and Use Commit-
tee. A total of 435 rats were used in the experiments described below. This
number includes 13 (eight in experiment 2 and five in experiment 5)
naive rats that did not participate in the behavioral experiments; the
brains of these naive rats were taken for assessing basal levels of ERK and
CREB, which were used as a reference point for the graphical presenta-
tion of the molecular data (see figures).

Surgery

Rats (weighing 300-320 g when surgery began) were anesthetized with
sodium pentobarbital anesthesia (60 mg/kg, i.p.). Guide cannulas (23
gauge; Plastics One) were bilaterally implanted 1 mm above the basolat-
eral and central amygdala. The respective coordinates (Paxinos and
Watson, 2005) were as follows: anteroposterior (AP), —2.9 mm; medio-
lateral (ML), 5.0 mm; dorsoventral (DV), —8.5 mm; and AP, —2.9
mm; ML, =4.2 mm; DV, —7.8 mm (Lu et al., 2005, 2007; Wang et al.,
2008). The cannulas were anchored to the skull with stainless steel screws
and dental cement. A stainless steel blocker was inserted into each can-
nula to keep them patent and prevent infection. The rats were allowed to
recover from surgery for 5-7 d.

Intracranial injections

U0126  [1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)-
butadiene] (100 ng/0.5 ul) or NMDA (250 ng/0.5 ul) was infused bilat-
erally into central or basolateral amygdala with Hamilton syringes con-
nected to 30 gauge injectors (Plastics One). NMDA (Research
Biochemicals) was dissolved in sterile saline, and the pH of the drug
solution was adjusted to 7.4 by adding NaOH. U0126 [a MAP kinase
kinase (MEK) inhibitor; Calbiochem) was dissolved in 20% DMSO. A
total volume of 0.5 ul was infused bilaterally over 1 min, and the injector
was kept in place for an additional 1 min to allow for diffusion. The doses
of U0126 and NMDA were based on our previous study (Lu et al., 2005).
We could not verify cannula placements by histological techniques be-
cause the brains of the rats were used for the Western blot assays. How-
ever, our success rates in previous studies were ~85-90% (Lu et al.,
2007), and, perhaps more importantly, the anatomical selectivity of our
drug injections is verified by the demonstration of selective changes in
phosphorylated ERK (pERK) and pCREB in the central but not basolat-
eral injections and vice versa (see figures).
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Tissue sample preparation

The procedure is based on that used in our previous study (Lu et al.,
2005). Most rats were decapitated without anesthesia 30 min after the
end of the 15 min CPP test. Other rats were decapitated at different time
points after the end of 7.5 or 15 min CPP tests (see Experiment 2 and Fig.
2). Rats in the different control conditions were decapitated just before
the CPP tests. After decapitation, the brains of all rats were rapidly ex-
tracted and frozen in —60°C N-hexane. The brains were then transferred
toa —80°C freezer. We used a freezing cryostat (—20°C) to make 1-mm-
thick coronal sections located approximately —2.5 to 3.0 mm from
bregma. Bilateral tissue punches (16 gauge) of the central and basolateral
amygdalae were then taken. Tissue punches were homogenized (10-15 s
for three times, 5 s interval) with electrical disperser (Wiggenhauser)
after 30 min in radioimmunoprecipitation assay (RIPA) lysis buffer [20
mu Tris, pH 7.5, 150 mm NaCl, 1% Triton X-100, 2.5 mM sodium pyro-
phosphate, 1 mm EDTA, 1% Na;VO,, 0.5 pg/ml leupeptin, and 1 mm
phenylmethanesulfonyl fluoride (Beyotime Biotechnology)]. Then, the
tissue homogenates were subjected to 10,000 X g centrifugation at 4°C
for 20 min. The above procedures were performed at 0—4°C. The protein
concentrations of all samples were determined using the bichinconinic
acid assay (Beyotime Biotechnology). Samples were further diluted in
RIPA lysis buffer to equalize the protein concentrations.

Western blot assays

The procedures of the assays were based on those used in our previous
studies (Lu et al., 2003, 2005). Four times loading buffer (16% glycerol,
20% mercaptoethanol, 2% SDS, and 0.05% bromophenol blue) was
added to each sample (3:1; sample: loading buffer) before boiling for 3
min. Samples were cooled and subjected to SDS-PAGE (10% acrylamide/
0.27% N, N'-methylenebisacryalamide resolving gel) for ~30 min at 80
V in stacking gel and ~1 h at 120 V in resolving gel. For each electro-
phoresis, increasing amounts of protein pooled from all samples were
electrophoresed to produce a standard curve. Proteins were transferred
electrophoretically to Immobilon-P transfer membranes (Millipore) at
0.25 A for 3 h. Membranes were washed with TBST (Tris-buffered saline
plus 0.05% Tween 20, pH 7.4) and then dipped in blocking buffer (5%
skimmed dry milk in TBST) overnight at 4°C. The next day, the mem-
branes were incubated for 1 h at room temperature on orbital shaker with
anti-pERK antibody (1:500; R & D Systems), anti-ERK antibody (1:500;
R & D Systems), anti-pCREB antibody (1:500; Upstate Biotechnology),
or anti-CREB antibody (1:500; Upstate Biotechnology) in TBST plus 5%
BSA and 0.05% sodium azide. After four 6-min washes in TBST buffer,
the blots were incubated for 45 min at room temperature on shaker with
horseradish peroxidase (HRP)-conjugated secondary antibody (goat
anti-rabbit IgG; Santa Cruz PI-1000; Vector Laboratories) diluted 1:5000
in blocking buffer. The blots were then washed four times for 6 min in
TBST and then incubated with a layer of mix of Super Signal Enhanced
chemiluminescence (ECL) substrate (Detection Reagents 1 and 2 ata 1:1
ratio; Pierce) for 1 min at room temperature. Excess mix was dripped off
before blots were wrapped with a clean piece of Saran Wrap (no bubbles
between blot and wrap) and then exposed against x-ray film (Eastman
Kodak) for 5-60 s. Band intensities for ERK1 and ERK2, and pERK1 and
PERK2 were quantified by two observers (blind to experimental groups)
using Quantity One software (version 4.4.0) from Bio-Rad. Band inten-
sities from each test sample were compared with the band intensities
from the standard curves. The amount of protein of interest in the sam-
ples was interpolated from standard curves.

Conditioned place preference
The CPP apparatus consisted of five identical three-chamber polyvinyl
chloride (PVC) boxes. Two large side chambers (27.9 X 21.0 X 20.9
high) were separated by a smaller chamber (12.1 X 21.0 X 20.9 cm with
smooth PVC floor). The two larger chambers differ in their floor texture
(bar or grid) and provided the distinct contexts that were paired with
morphine or saline injections. The three chambers were separated by
manual guillotine doors and were equipped with infrared photobeams
connected to a computer that recorded the rat’s location in the chambers.
To determine baseline place preference, the rats were initially placed in
the middle chamber with the doors removed for 15 min (precondition-
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ing test). Conditioning was performed using an unbiased, counterbal-
anced protocol, as described in our previous work (Wang et al., 2008).
Twenty-one of the 435 rats that were tested for initial CPP preference
showed strong unconditioned side preference (>540 s in any chamber)
and therefore were excluded.

On the subsequent conditioning days, each rat was trained for 8 con-
secutive days with alternate injections of morphine (0, 1, 3, and 10 mg/kg,
s.c.) and saline (1 ml/kg, s.c.). After each injection, the rats were confined
to the morphine or saline conditioned chamber for 45 min before return-
ing to their home cages. Subsequently, the expression of morphine CPP
was assessed 1, 7, or 14 d after the last training session. The experimental
conditions during the postconditioning tests were the same as those
described for the preconditioning test. The CPP score was defined as the
time (in seconds) spent in the morphine-paired chamber minus the time
spent in the saline-paired chamber.

Experiment 1: effect of morphine training dose and withdrawal
day on morphine CPP
Between-subjects assessment. We first assessed morphine CPP in 12 dif-
ferent groups of rats (n = 9—10 per group) that were injected with saline
or morphine (1, 3, or 10 mg/kg, s.c.) and tested for CPP 1, 7, or 14 d after
the last training session. The experimental design included the between-
subjects factors of morphine dose (0, 1, 3, and 10 mg/kg) and withdrawal
day (1, 7, and 14); the dependent measure was CPP score in seconds.
Within-subjects assessment. We next assessed morphine CPP in four
different groups of rats (n = 9-10 per group) that were injected with
saline or morphine (1, 3, or 10 mg/kg, s.c.) and were repeatedly tested for
CPP 1,7, and 14 d after the last training session. The experimental design
included the between subjects factor of morphine dose and the within-
subjects factor of withdrawal day; the dependent measure was CPP score.

Experiment 2: effect of morphine CPP testing after 1 or 14
withdrawal days on amygdala ERK and CREB

We initially assessed the effect of CPP testing on pERK and pCREB in
central and basolateral amygdala in rats that underwent CPP training
with 3 mg/kg morphine or saline. For this purpose, we used eight groups
of rats (n = 7—8 per group) in an experimental design that included the
between-subjects factors of morphine dose (0 and 3 mg/kg) and with-
drawal day (1 and 14), and CPP test (no and yes). The dependent mea-
sures were the CPP score (assessed in the four groups that underwent
CPP testing), and pERK and pCREB levels in central and basolateral
amygdala (assessed in all eight groups). Thirty minutes after the end of
the 15 min CPP test, all rats were decapitated and their brains were
extracted for subsequent determination of pERK and pCREB in central
and basolateral amygdala by Western blotting.

We subsequently assessed in eight groups of rats (n = 8 per group) the
time course of pERK and pCREB activation during and after the mor-
phine CPP tests; these tests were performed on withdrawal day 14. The
brains of rats from two groups were taken within 5 or 30 min after a
shorter 7.5 min CPP test, whereas the brains of rats from five other
groups were taken within 5 min, or 15, 30, 60, or 180 min after a regular
15 min CPP test. The brains of rats from the eighth (control) group were
taken immediately before the CPP test. The rats from all groups were
trained for morphine (3 mg/kg) CPP as described above.

Experiment 3: effect of inhibition of amygdala ERK and CREB on
morphine CPP after 14 withdrawal days

To determine the functional role of amygdala ERK (and potentially
CREB; see Discussion) in the progressive increases in morphine CPP, we
inhibited central or basolateral amygdala ERK and CREB activity with
the selective MEK antagonist U0126 (Davies et al., 2000) after 14 d of
withdrawal from morphine. For this purpose, we used four groups of rats
(n = 7-8 per group) in an experimental design that included the
between-subjects factors of U0126 dose (0 and 100 ng/side) and amyg-
dala nucleus (central and basolateral); the dependent measures were the
CPP score and pERK and pCREB levels in central and basolateral amyg-
dala. The morphine training dose was 3 mg/kg, and U0126 or its vehicle
was injected 30 min before CPP testing. Thirty minutes after the end of
the 15 min postconditioning test, all rats were decapitated and their
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brains were extracted for subsequent determination of pERK and
pCREB.

Experiment 4: effect of activation of central amygdala ERK and
CREB on morphine CPP after 1 withdrawal day
To further determine the role of central amygdala ERK and CREB in the
progressive increase in morphine CPP after withdrawal, we first injected
NMDA (which activates ERK and CREB) into the central amygdala on
withdrawal day 1. We tested whether the induction of pERK and pCREB
in the central amygdala would enhance morphine CPP during early with-
drawal, when the conditioned response is weak. Because there are no
selective agonists of the ERK pathway, we used NMDA to induce ERK
and CREB phosphorylation (Fiore et al., 1993). For this purpose, we used
two groups of rats (n = 8 per group) in an experimental design that
included the between-subjects factor of NMDA dose (0 and 250 ng/side);
the dependent measures were the CPP score and pERK and pCREB levels
in central and basolateral amygdala. The morphine training dose was 3
mg/kg. NMDA or its vehicle was injected 5 min before CPP testing.
NMDA activates several intracellular signaling pathways in addition to
the ERK pathway (Thomas and Huganir, 2004). Therefore, we subse-
quently determined whether the increase in morphine CPP on with-
drawal day 1 by central amygdala injections of NMDA is dependent on
ERK activation (i.e., reversed by U0126). For this purpose, we used four
groups of rats (n = 7—8 per group) in an experimental design that in-
cluded the between-subjects factors of NMDA dose (0 and 250 ng/side)
and U0126 dose (0 and 100 ng/side); the dependent measures were the
CPP score and pERK and pCREB values in the central amygdala. U0126
or its vehicle was injected 30 min before CPP testing; NMDA or its vehicle
was injected 5 min before testing.

Experiment 5: effect of morphine CPP training on ERK and CREB
activity in basolateral amygdala

A surprising finding in experiment 2 was that four injections of a low
morphine dose (3 mg/kg) caused increased pERK and pCREB levels in
the basolateral amygdala 1 d after the last drug injection; this effect oc-
curred independent of CPP testing (see Figs. 2, 3). Therefore, in experi-
ment 5, we further explored this unexpected finding by determining
whether this effect of morphine exposure is dependent on CPP training.
For this purpose, we used four groups of rats (n = 5 per group) in an
experimental design that included the between-subjects factor of CPP
training (no and yes) and morphine dose (0 and 3 mg/kg); the dependent
measures were pERK and pCREB levels in the basolateral amygdala. The
rats that did not undergo CPP training were injected with morphine or
vehicle in their home cage at the same time of the day as the rats that
underwent the 8 d CPP training. One day after the last morphine injec-
tion, all rats were decapitated and their brains were extracted for subse-
quent determination of pERK and pCREB in the basolateral amygdala.

Data analysis

Data are expressed as mean = SEM. Data were analyzed with ANOVAs
using the appropriate between- and within-subjects factors for the dif-
ferent experiments (see Results). Significant main effects and interac-
tions ( p < 0.05) from the factorial ANOVAs were followed by simple
ANOVAs and Tukey’s post hoc tests. The experimental manipulations
had similar effects on ERK1 and ERK2 phosphorylation. Thus, these
values were added and the analyses were performed on the combined
values of phosphorylated ERK (Kelleher et al., 2004; Lu et al., 2005).
Because our multifactorial ANOVAs yield multiple main effects and in-
teraction effects, we only report significant effects that are critical for the
interpretation of the data in Results. Additionally, for clarity purposes,
post hoc analyses are indicated by asterisks in the figures but are not
described in Results.

Results

Effect of morphine training dose and withdrawal day on
morphine CPP

Morphine CPP progressively increased after withdrawal from the
drug in rats previously exposed to low (1 or 3 mg/kg) but not high
(10 mg/kg) morphine doses (Fig. 1). This effect was observed
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A. Between-subjects assessment
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morphine dose (F 5 36 = 24.3, p < 0.01),
withdrawal day (F (, 55 = 32.5, p < 0.01),

300 Saline 1 ma/kg 3 ma/kg 10 mgtkg and an interaction between these two fac-
250 *# *# tors (F (636) = 38,p < 0.0S‘). One-way
B ANOVA within each morphine dose re-
@ 200 vealed significant effects of withdrawal day
g 150 * * for the trainiIEg CPP doses of 1 and 3
% 100 mg/kg (F(, 7y = 12.5,p < 0.01; and F(,
s = 8.9, p < 0.01), respectively, but not for
© 50 the 10 mg/kg dose (p > 0.05). Post hoc
0 —L—.—L—.—L group differences within each time point
1 7 14 1 7 14 1 7 14 1 7 14 are indicated in Figure 1 B.
Withdrawal day
Effect of morphine CPP testing after 1
B. Within-subjects assessment or 14 withdrawal days on amygdala ERK
Saline 1 ma/kg 3 malkg 10 markg and CREB
300 — Asin experiment 1, in rats trained for mor-
. 950 *# phine CPP with a low mo¥phme Flose (3
9 *# mg/kg), the CPP score during testing was
£ 200 . higher after 14 withdrawal days than after
“5’ 150 * 1 d (Fig. 2A). This progressive increase in
@ 100 morphine CPP after withdrawal from the
& drug was associated with increased pERK
© 50 and pCREB in central but not basolateral
0 —T—u—-.L—u—-T-—\ amygdala (Figs. 2, 3). The experimental
1 714 1 714 1 714 1 714 manipulations had no effects on total ERK
Withdrawal day and CREB in the central or basolateral
amygdala (Figs. 2, 3) (statistical analyses
Figure 1. Time-dependent increases in drug CPP after withdrawal from low but not high doses of morphine. Data are the 1 ¢ presented). Additionally, independent

mean == SEM of preference score in seconds (time in the morphine-paired chamber minus time in the saline-paired chamber)
during the CPP preference tests performed 1, 7, or 14 d after withdrawal from morphine. 4, Between-subjects assessment using
12 groups of rats (n = 9—10 per group); each group was tested at a single withdrawal day. B, Within-subjects assessment using
four groups of rats (n = 9—10 per group) that were repeatedly tested after 1,7, and 14 d of withdrawal from morphine. p < 0.05,

different from withdrawal days 1 (*) and 7 (#) within each morphine training dose.

when different groups were tested at the different withdrawal
days or when rats were repeatedly tested 1, 7, or 14 d after with-
drawal from morphine.

Between-subjects assessment

We assessed morphine CPP in 12 different groups of rats that
were injected with saline or morphine (1, 3, or 10 mg/kg) and
tested for CPP 1, 7, or 14 d after the last training session. We
analyzed the CPP score (time in the morphine-paired chamber
minus time in the saline-paired chamber during testing) using
ANOVA with the between-subjects factors of morphine dose and
withdrawal day. This analysis revealed significant effects of mor-
phine dose (F(3 ,05) = 61.62, p < 0.01), withdrawal day (F, ,0g) =
22.97, p < 0.01), and an interaction between these two factors
(F6,108y = 5.17, p < 0.05). One-way ANOVA within each mor-
phine dose revealed significant effects of withdrawal day for the
training CPP doses of 1 and 3 mg/kg (F , 5,y = 51.2,p < 0.01;and
F 5,7y = 36.8, p < 0.01), respectively, but not for the 10 mg/kg
dose (p > 0.05). Post hoc group differences within each time
point are indicated in Figure 1 A.

Within-subjects assessment

We assessed morphine CPP in four different groups of rats that
were injected with saline or morphine (1, 3, or 10 mg/kg) and
were repeatedly tested for CPP 1, 7, and 14 d after the last training
session. We analyzed the CPP score using repeated-measures
ANOVA with the between-subjects factors of morphine dose (0,
1, 3, and 10 mg/kg) and the within-subjects factor of withdrawal
day (1, 7, and 14). This analysis revealed significant effects of

of the CPP testing, morphine exposure
was associated with increased pERK and
PCREB in the basolateral amygdala after 1
but not 14 withdrawal days.

Morphine CPP
We analyzed the morphine CPP score with ANOVA using the
between-subjects factors of morphine dose (0 and 3 mg/kg) and
withdrawal day (1 and 14). This analysis revealed significant ef-
fects of morphine dose (F(; 55y = 8.1, p < 0.01), withdrawal day
(F1,36) = 38.7, p < 0.01), and an interaction between these two
factors (F(, 35, = 8.36, p < 0.01).

PERK and pCREB

Analyses were performed separately for central and basolateral
amygdala and included the between-subjects factors of morphine
dose (0 and 3 mg/kg), withdrawal day (1 and 14), and CPP test
(no and yes).

Central amygdala

The statistical analysis for both pERK and pCREB revealed sig-
nificant interactions of morphine dose X withdrawal day by CPP
test (F(; sy = 6.2, p < 0.01 for pERK; and F, 5¢), = 4.3, p < 0.05
for pCREB, respectively). These triple interactions are attribut-
able to the fact that pERK and pCREB levels in morphine-
exposed rats that underwent the CPP test after 14 withdrawal
days were higher than those of the other seven experimental
groups ( p < 0.01) (Figs. 2, 3).

Basolateral amygdala

The statistical analysis for both pERK and pCREB revealed sig-
nificant interactions of morphine dose X withdrawal day (F, s,
= 6.8, p <0.01 for pERK; and F, 56, = 10.7, p < 0.01 for pCREB,
respectively). The interactions between these two factors and
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Figure 2.  The progressive increases in morphine CPP is associated with increases in ERK
phosphorylation in central amygdala. 4, Progressive increases in morphine (3 mg/kg) CPP after
withdrawal from the drug. Data are the mean == SEM of preference score in seconds during the
(PP preference tests (4 groups). *p < 0.05, different from withdrawal day 1. B, C, Phosphory-
lated and total ERK in the central and basolateral amygdala; data are presented as a percentage
(mean == SEM) of phosphorylated and total ERK of naive control rats (n = 8). In the central
amygdala, the morphine CPP testincreased phosphorylated ERK after 14 d of withdrawal. In the
basolateral amygdala, previous exposure to morphine increased phosphorylated ERK after 1d
of withdrawal; this effect was independent of the CPP test. *p < 0.05, different from the other
experimental groups (n = 7—8 per group). No group differences were observed for total ERK.

CPP test were not significant. The second-order interaction be-
tween morphine dose and withdrawal day is attributable to the
fact that, independent of CPP testing, pERK and pCREB levels
were higher in day 1 morphine withdrawal rats compared with all
other experimental groups ( p < 0.01) (Figs. 2, 3).

Finally, because the data described in Figures 2 and 3 are of
pERK and pCREB values of rats with their brains taken 30 min
after the end of the CPP tests, we also determined the time course
PERK and pCREB during and after CPP tests that were con-
ducted on withdrawal day 14. We found that pERK and pCREB
values are rapidly increased during and immediately after the
CPP test session; these values remained elevated for at least 60
min and returned to baseline (no test) levels after 180 min (Fig.
4). As mentioned above, the brains of rats from two groups were
taken within 5 or 30 min after a shorter 7 min CPP test, whereas
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Figure 3.  The progressive increase in morphine CPP is associated with increases in CREB
phosphorylation in central amygdala. A, B, Phosphorylated and total CREB in the central and
basolateral amygdala; data are presented as a percentage (mean = SEM) of phosphorylated
and total CREB of naive control rats (n = 8). In the central amygdala, the morphine CPP test
increased phosphorylated CREB after 14 d of withdrawal. In the basolateral amygdala, previous
exposure to morphine increased phosphorylated CREB after 1 d of withdrawal; this effect was
independent of the CPP test. *p < 0.05, different from the other experimental groups (n =
7-8 per group). No group differences were observed for total CREB. The morphine/saline CPP
test data that correspond to the molecular data in this figure are presented in Figure 2A.

the brains of rats from five other groups were taken within 5 min,
or 15, 30, 60, or 180 min after a regular 15 min CPP test. The
brains of rats from the eighth (control) group were taken imme-
diately before the CPP test. The statistical analyses included the
between-subjects factor of group and revealed a significant effect
of this factor for both pERK and pCREB (F; s¢) = 18.2 and F; 5,
= 16.7; p values <0.01, respectively). Post hoc group differences
are depicted in Figure 4. The mean CPP score of the five groups of
rats exposed to the 15 min test was 227.6 * 12.3 s.

Effect of inhibition of amygdala ERK and CREB on morphine
CPP after 14 withdrawal days

Inhibition of central amygdala but not basolateral amygdala
pERK and pCREB decreased morphine (3 mg/kg) CPP after 14
withdrawal days (Fig. 5). The ANOVA for the CPP score included
the between-subjects factors of U0126 dose (0 and 100 ng/side)
and amygdala nucleus (central and basolateral). This analysis
revealed a significant interaction between U0126 dose and amyg-
dala nucleus (F(, 54y = 8.9, p < 0.01). The analysis of the data
from the Western blot assays revealed that central amygdala in-
fusions of U0126 decreased pERK and pCREB in the central
(F1,14)=12.6,p<0.01;and F, ;4 = 25.2, p < 0.01, respectively)
but not the basolateral ( p > 0.05) amygdala, whereas basolateral
amygdala infusions of U0126 decreased pERK and pCREB in the
basolateral (F, 1,y = 6.1, p <0.01;and F(, ;,,) = 16.2, p < 0.01,
respectively) but not the central ( p > 0.05) amygdala (Fig. 5).



Li et al. @ Incubation of Opiate Craving

A. Phosphorylated ERK

© 2501
o
* *
lg 200 - * * %
T *
o« 1501
o
S 100 1
s
@ 50
2
2 ol
No <5 30 <5 15 30 60 180 min
test 7.5 min test 15 min test
PERKIZ —m il e —a e i ——
B. Phosphorylated CREB
» 2501 4
o
© 2001 * * %
> *
T * *
£ 1501
o
& 100 1
S
& 501
=4
& 0
No <5 30 <5 15 30 60 180 min
test 7.5 min test 15 min test
pCREB —— N —— ———
Figure 4.  Time course of ERK and CREB activity during and after exposure to a CPP test on

withdrawal day 14.A, B, Phosphorylated ERK and CREB in the central amygdala before (no test),
during, and after morphine CPP testing. Data are presented as a percentage (mean == SEM) of
phosphorylated ERK and CREB of naive control rats (n = 8). *p << 0.05, different from the
no-test group.

Effect of activation of central amygdala ERK and CREB on
morphine CPP after 1 withdrawal day

Activation of central amygdala pERK and pCREB increased mor-
phine (3 mg/kg) CPP after 1 withdrawal day (Fig. 6). The simple
ANOVA for the CPP score included the between-subjects factor
of NMDA dose (0 and 250 ng/side). This analysis revealed a sig-
nificant effect of NMDA dose (F, 5y = 30.3, p < 0.01). The
analysis of the data from the Western blot assays revealed that
central amygdala infusions of NMDA increased pERK and
pCREB in the central (F(, ;,, = 14.4,p < 0.01;and F, ,,, = 33.3,
p < 0.01, respectively) but not the basolateral ( p > 0.05) amyg-
dala (Fig. 6).

In a subsequent experiment, we found that central amygdala
U0126 injections reversed the effect of local NMDA injections on
morphine CPP (Fig. 7A). Data were analyzed using the factors of
NMDA dose (0 and 250 ng/side) and U0126 dose (0 and 100
ng/side). This analysis revealed a significant interaction between
these two factors for CPP score (F(; ,5) = 15.7, p < 0.01). Addi-
tionally, central amygdala U0126 injections decreased NMDA-
induced increases in phosphorylated ERK and CREB. The analy-
sis of the data from the Western blot assays revealed a significant
interaction between NMDA dose and U0126 dose for both phos-
phorylated ERK and CREB (F, ,¢) = 19.6, p < 0.01;and F(, 54, =
16.7, p < 0.01, respectively) (Fig. 7B, C). Post hoc group differ-
ences are indicated in Figure 7.

Effect of morphine CPP training on ERK and CREB activity in
basolateral amygdala

The aim of this experiment was to verify the unexpected finding
that repeated exposure to low morphine dose (3 mg/kg) resulted
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in increased pERK and pCREB in basolateral amygdala after 1
withdrawal day, an effect that was independent of CPP testing.
Here, we assessed whether this effect is dependent on training for
morphine CPP. As can be seen in Figure 8, increased pERK and
PCREB in basolateral amygdala after 1 withdrawal day was ob-
served in both rats conditioned to morphine in the CPP appara-
tus and rats injected with morphine in their home cage. The
statistical analysis included the between-subjects factor of CPP
training (yes and no) and morphine dose (0 and 3 mg/kg). This
analysis revealed a significant effect of morphine dose for pERK
and pCREB (F, ) = 60.7, p < 0.01;and F, 15, = 39.2, p < 0.01,
respectively) but not of CPP training or an interaction between
CPP training and morphine dose.

Discussion

We found that the expression of low-dose but not high-dose drug
CPP progressively increased over the first 14 d after withdrawal
from morphine. Our data indicate that this incubation of mor-
phine craving is mediated by central amygdala ERK activity. Our
data also indicate that incubation of morphine craving correlates
with central amygdala CREB activity. Thus, enhanced morphine
CPP after 14 withdrawal days was accompanied by enhanced
ERK and CREB phosphorylation in central but not basolateral
amygdala. Inhibition of central but not basolateral amygdala
ERK and CREB phosphorylation by U0126 prevented the en-
hanced morphine CPP after 14 withdrawal days, whereas activa-
tion of central amygdala ERK and CREB phosphorylation by
NMDA restored morphine CPP after 1 withdrawal day; NMDA-
induced increases in morphine CPP was reversed by central
amygdala U0126 injections. We also found that repeated expo-
sure to morphine (either in home cage or CPP apparatus) in-
creased ERK and CREB phosphorylation in the basolateral amyg-
dala after 1 withdrawal day.

Role of central amygdala ERK in incubation of

morphine craving

Our results indicating a role of central amygdala ERK in incuba-
tion of morphine craving, as assessed in the CPP procedure, are in
agreement with our previous work on the role of central amyg-
dala ERK in incubation of cocaine craving, as assessed in the
self-administration procedure (Lu et al., 2005). It is likely that
central amygdala glutamate transmission mediates the ERK-
dependent incubation of drug craving. We found that central
amygdala NMDA injections increased ERK phosphorylation and
enhanced morphine CPP on withdrawal day 1. Additionally, we
found previously that these injections increased ERK phosphor-
ylation and cue-induced cocaine-seeking on withdrawal day 1;
these effects were reversed by local U0126 injections (Lu et al.,
2005). We also previously found that inhibition of local gluta-
mate transmission by central amygdala injections of the NMDA
receptor antagonist AP-5 or the metabotropic glutamate receptor
subunit 2/3 agonist LY379268 (1R,4R,5S,6R-2-oxa-4-
aminobicyclo[3.1.0]hexane-4,6-dicarboxylate) (which decreases
glutamate transmission) attenuated the enhanced cue-induced
cocaine seeking after 3—4 weeks of withdrawal (Lu et al., 2005,
2007).

The downstream cellular mechanisms of central amygdala
ERK activation that contribute to incubation of drug craving are
unknown. Because of the timeframe of our behavioral assess-
ments (minutes), we proposed that the expression of incubation
of drug craving involves cue-triggered, ERK-mediated, rapidly
induced (within minutes) (Fig. 4) increases in neuronal excitabil-
ity and synaptic transmission (Lu et al., 2006). These acute effects
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may be attributable to ERK-mediated in-
activation of voltage-gated potassium
channel subunit Kv4.2, leading to decreas-

ing outward K™ current, resulting in in- 300
creased membrane depolarization (Yuan -5 250
et al,, 2002). This depolarization would & 200
make neurons more responsive to external ~ ®
stimuli, such as drug cues. The role of ERK § 150
in incubation of reward craving may also o 100
involve cue-induced ERK-mediated po- & 50
tentiation of excitatory neurotransmission

by AMPA receptor insertion into cell
membranes (Qin et al., 2005).

Other investigators reported that sys-
temic or accumbens, acute injections of
U0126, or other inhibitors of ERK activity,
decreased the expression of psychostimu-
lant CPP (Mizoguchi et al., 2004; Miller

and Marshall, 2005; Valjent et al., 2006a) 300
and pavlovian-to-instrumental transfer of 5 250
food cues (the potentiating effect of pav- @ 200
lovian food cues on operant responding ~ ®

for the same food) (Shiflett et al., 2008). § 150
Thus, we propose that time-dependentin- a. 100
creases in cue-induced drug-seeking, as & 50
well as responses to reward cues in some
behavioral procedures, involves ERK- 0 Vehicle U0126
mediated, acute, central effects on synaptic
transmission (Lu et al., 2006). This mech-

anismis distinct from the more established  Figure 5.

ERK-related mechanism (long-term stable
alterations in synaptic plasticity triggered
by ERK-induced genomic activation via
downstream cellular target) that contrib-
utes to diverse learning and memory pro-
cesses (Sweatt, 2001; Adams and Sweatt,
2002), cocaine psychomotor sensitization
(Valjent et al., 2006b; Boudreau et al., 2007), and consolidation
and reconsolidation of memories for cocaine cues (Valjent et al.,
2000, 2006a; Miller and Marshall, 2005).

Role of central amygdala CREB in incubation of

morphine craving

We studied whether CREB activity correlates with incubation of
morphine craving because CREB is a downstream cellular target
of ERK (Thomas and Huganir, 2004) and because CREB knock-
out mice do not acquire morphine CPP (Walters and Blendy,
2001). Additionally, cocaine CPP expression is associated with
increased CREB phosphorylation in the accumbens and dorsal
hippocampus (Miller and Marshall, 2005; Tropea et al., 2008),
and nicotine CPP expression correlates with increased CREB ac-
tivity in ventral tegmental area (Walters et al., 2005).

We extended these findings to demonstrate that morphine
CPP expression correlates with increased central amygdala CREB
phosphorylation. This effect is reversed by U0126 and is thus
ERK dependent. These data extend previous findings indicating
that drug- or cue-induced activation of accumbens CREB is ERK
dependent (Brami-Cherrier et al., 2005; Mattson et al., 2005;
Miller and Marshall, 2005). Increased CREB phosphorylation oc-
curred selectively in the central amygdala and was correlated with
the time-dependent increases in drug CPP after withdrawal from
morphine. Therefore, one interpretation of these data are that
local CREB activity mediates the incubation of drug craving.

A. CPP test

Vehicle U0126

B. CPP test
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Inhibition of ERK and CREB phosphorylation in the central amygdala decreased morphine CPP after 14 withdrawal
days. A, B, Central (CeA) but not basolateral (BLA) amygdala injections of U0126 decreased morphine (3 mg/kg) CPP. Data are the
mean == SEM of preference score in seconds during the CPP preference tests conducted 14 d after withdrawal from morphine.
*p < 0.05, different from the vehicle condition. €, £, Central amygdala U026 injections decreased ERK and CREB phosphorylation
inthe central but not basolateral amygdala. D, F, Basolateral amygdala U026 injections decreased ERK and CREB phosphorylation
in the basolateral but not central amygdala. Data are presented as a percentage of the respective vehicle groups. *p << 0.05,
different from the vehicle group within each amygdala sub-nucleus (n = 7—8 per group).

However, activation of the transcription factor CREB is not likely
to control conditioned responses within the timeframe of our
behavioral assessment (15 min), because CREB-induced gene
transcription typically requires longer time periods (Montminy
etal,, 1990; Nestler, 1993; Frank and Greenberg, 1994). Thus, the
time-dependent increase in central amygdala CREB phosphory-
lation after 14 withdrawal days is probably a consequence, rather
than a cause, of incubation of morphine craving. This issue can be
addressed by using a manipulation that, unlike U0126, selectively
prevents CREB phosphorylation without affecting ERK
phosphorylation.

Generality of incubation of reward craving

Incubation of drug craving was inferred from the findings of
time-dependent increases in cue-induced drug-seeking after
withdrawal from cocaine (Grimm et al., 2001). This incubation
was demonstrated under different experimental conditions
(Sorge and Stewart, 2005; Hollander and Carelli, 2007; Conrad et
al., 2008; Freeman et al., 2008) and was also observed in rats
trained to self-administer heroin (Shalev et al., 2001), metham-
phetamine (Shepard et al., 2004), and alcohol (Bienkowski et al.,
2004). Incubation of reward craving is also evident with nondrug
rewards. Seventy years ago, Youtz (1938) demonstrated time-
dependent increases in extinction responding in hungry rats pre-
viously trained to lever press for food. More recently, Grimm et
al. (2002, 2005) demonstrated time-dependent increases in both
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Figure 6.  NMDA-induced increases in ERK and CREB phosphorylation in the central amyg-
dala enhanced morphine CPP after 1 withdrawal day. A, Central amygdala injections of NMDA
increased morphine (3 mg/kg) CPP. Data are the mean = SEM of preference score in seconds
during the CPP preference tests conducted 1 d after withdrawal from morphine. *p << 0.05,
different from the vehicle condition. B, C, Central amygdala NMDA injections increased ERK and
CREB phosphorylation in the central (CeA) but not basolateral (BLA) amygdala. The NMDA
injections had no effect on total ERK and CREB. Data are presented as a percentage of the naive
group. *p < 0.05, different from the vehicle group within each amygdala subnucleus (n = 8
per group).

extinction responding and cue-induced reinstatement in rats
previously trained to lever press for sucrose.

Here we showed that incubation of reward craving can be
detected in a pavlovian CPP procedure that is widely used to
assess the rewarding effects of abused drugs (Bardo and Bevins,
2000; Tzschentke, 2007). Under our experimental conditions, the
critical factor is the drug training dose: increases in CPP over 14 d
after last drug exposure were only observed in rats trained with
low (1 or 3 mg/kg) but not high (10 mg/kg) doses. These data are
different from those obtained in previous studies by Lu et al.
(20004, 2001b) and Wang et al. (2000, 2002) who reported that
CPP for morphine (10 or 4 mg/kg, respectively) decreased over
time. Potential reasons for these different results are the use of a
three-chamber CPP apparatus here versus a two-chamber CPP
apparatus in previous studies and differences in the contextual
cues used here versus those used in the previous studies of Lu and
colleagues.

Our data on time-dependent increases in morphine CPP are
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Figure 7.  U0126 reversed the enhancement of morphine CPP and ERK and CREB phosphor-
ylation in central amygdala by NMDA 1 d after withdrawal from the drug. A, Central amygdala
injections of U0126 attenuated local NMDA-induced increases in morphine (3 mg/kg) CPP. Data
are the mean == SEM of preference score in seconds during the CPP preference tests conducted
1 d after withdrawal from morphine. B, C, Central amygdala injections of U0126 attenuated
local NMDA-induced increases in ERK and CREB phosphorylation. Data are presented as a per-
centage of the naive group. *p << 0.05, different from the vehicle—NMDA group; *p < 0.05,
different from the vehicle—vehicle group (n = 7—8 per group). Veh, Vehicle.

also different from those of Mucha and Iversen (1984), Vezina
and Stewart (1987), and Mueller and Stewart (2002) who re-
ported that drug CPP is maintained at similar magnitude over
weeks after withdrawal from morphine. The reasons for these
different results are unknown, but we note that, unlike these
previous studies, in our study we systematically characterized the
effect of morphine CPP training dose on CPP expression over
time. Interestingly, data from Mueller and Stewart (2002) may be
in agreement with our data. They trained rats for morphine CPP
with three drug doses (1, 5, or 10 mg/kg) but assessed CPP ex-
pression data over time for all rats regardless of their training dose
(Mueller and Stewart, 2002, their Fig. 2, p 392). They also ex-
cluded rats that did not demonstrate day 1 morphine CPP. As can
be seen in this figure, morphine CPP, which was strong after 1 d,
was even stronger after 6 weeks; this effect, however, was not
statistically significant. Perhaps, had the authors assessed mor-
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Figure 8.  Repeated exposure to morphine increased ERK and CREB phosphorylation in the
basolateral amygdala on withdrawal day 1, an effect independent of CPP training. The “condi-
tioned” groups underwent morphine (3 mg/kg)—saline or saline—saline CPP training (4 pairings
in each chamber over 8 d). The “unconditioned” rats were injected with morphine or saline in
theirhome cage. ERK and CREB phosphorylation in the basolateral amygdala were assessed 1d
after the last morphine (or saline) injection (withdrawal day 1). Data are presented as a per-
centage (mean == SEM) of phosphorylated and total ERK or CREB of naive control rats (n = 5).
A, Phosphorylated and total ERK in basolateral amygdala. B, Phosphorylated and total CREB in
basolateral amygdala. *p < 0.05 different from the saline-exposed rats (n = 5 per group).

phine CPP expression within each training dose and not exclud-
ing rats demonstrating weak day 1 drug CPP, they might have
obtained significant time-dependent increases in morphine CPP.

Concluding remarks

Our results indicate that central amygdala ERK activity mediates
the incubation of morphine craving, as assessed in the CPP pro-
cedure. These results extend previous data on the role of central
amygdala ERK in incubation of cocaine craving, as assessed in the
self-administration procedure. This generality across drugs and
procedures suggest that central amygdala ERK plays a general
role in incubation of reward craving. We also found that central
amygdala CREB activity is associated with incubation of mor-
phine craving. Whether this activity is a cause or a consequence of
incubation of drug craving is a subject for future research.
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