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Basolateral Amygdala Cdk5 Activity Mediates Consolidation
and Reconsolidation of Memories for Cocaine Cues
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Cocaine use and relapse involves learned associations between cocaine-associated environmental contexts and discrete stimuli and cocaine
effects. Initially, these contextual and discrete cues undergo memory consolidation after being paired with cocaine exposure. During abstinence,
cocaine cue memories can undergo memory reconsolidation after cue exposure without the drug. We used a conditioned place preference (CPP)
procedure in rats to study the role of neuronal protein kinase cyclin-dependent kinase 5 (Cdk5) in consolidation and reconsolidation of cocaine
cue memories. We found that the expression of cocaine CPP in drug-free tests 1 d after CPP training (four pairings of 10 mg/kg cocaine with one
context and four pairings of saline with a different context) increased Cdk5 activity, and levels of the Cdk5 activator p35 in basolateral but not
central amygdala. We also found that basolateral (but not central) amygdala injections of the Cdk5 inhibitor �-butyrolactone (100 ng/side)
immediately (but not 6 h) after cocaine– context pairings during training prevented subsequent cocaine CPP expression. After training, acute
basolateral (but not central) amygdala �-butyrolactone injections immediately before testing prevented the expression of cocaine CPP; this
effect was also observed on a second test performed 1 d later, suggesting an effect on reconsolidation of cocaine cue memories. In support,
basolateral �-butyrolactone injections, given immediately (but not 6 h) after a single exposure to the cocaine-paired context, prevented cocaine
CPP expression 1 and 14 d after the injections. Results indicate that basolateral amygdala Cdk5 activity is critical for consolidation and recon-
solidation of the memories of cocaine-associated environmental cues.

Introduction
Early studies by Wikler (1973) and subsequent investigations
(O’Brien et al., 1992) suggest that environmental cues associ-
ated with drug taking contribute to compulsive drug use and
relapse. Based on these studies, Wikler, O’Brien, and others
proposed that pavlovian conditioning processes play major
roles in drug addiction and that drug cue memories persist
during prolonged abstinence periods (Wikler, 1973; Stewart et
al., 1984; O’Brien et al., 1992). In laboratory rats, studies using
second-order reinforcement schedules and extinction–rein-
statement procedures demonstrate that cues associated with
drug effects maintain drug-seeking behavior (Goldberg, 1975;
Everitt and Robbins, 2000) and reinstate drug seeking after
prolonged abstinence periods (See, 2002; Ciccocioppo et al.,
2004; Lu et al., 2004).

Two main mechanisms for establishment and persistence of
memories for cues paired with rewarding or aversive stimuli are
consolidation—a time-dependent process that leads to permanent
storage of newly acquired memory (McGaugh, 1966, 2000)—and
reconsolidation—a time-dependent process wherein consolidated
memory items are rendered transiently malleable shortly after its
reactivation (Misanin et al., 1968; Nader et al., 2000; Dudai, 2006).
The cellular mechanisms of consolidation and reconsolidation of
memories for drug-associated cues can be assessed in a pavlovian
conditioned place preference (CPP) procedure (Cervo et al.,
1997; Beninger and Gerdjikov, 2004; Miller and Marshall, 2005),
in which during the training phase one context is paired with
drug injections, whereas another context is paired with vehicle
injections (Tzschentke, 1998; Bardo and Bevins, 2000). During
subsequent drug-free CPP tests, rats choose between the drug-
and vehicle-paired contexts; increased preference for the drug
context serves as measures of drug reward (Mucha et al., 1982)
and incentive motivational effects of drug cues (Mueller and
Stewart, 2000).

Cyclin-dependent kinase 5 (Cdk5) is a neuronal serine/thre-
onine protein kinase whose function is controlled by homolo-
gous neuron-specific regulatory cofactors: p35 or p39 (Dhavan
and Tsai, 2001; Benavides and Bibb, 2004; Cheung et al., 2006).
Cdk5 plays a role in several neuronal and cellular processes, in-
cluding neuronal migration and differentiation (Ohshima et al.,
1996; Chae et al., 1997), axonal growth (Nikolic et al., 1998),
membrane transport (Paglini and Cáceres, 2001), and dopamine
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signaling (Bibb et al., 2001). Cocaine exposure increases striatal
Cdk5 levels and activity (Bibb et al., 2001; Kansy et al., 2004).
Additionally, genetic or pharmacological inhibition of nucleus
accumbens Cdk5 function enhances intravenous cocaine reward
(as assessed by a progressive ratio reinforcement schedule), co-
caine CPP, cocaine psychomotor stimulation, and cocaine-
induced potentiation of responding for reward cues (Benavides
et al., 2007; Taylor et al., 2007).

Results from several studies indicate a critical role of Cdk5
activity in the septo-hippocampal system in consolidation and
extinction of conditioned fear memories (Fischer et al., 2002,
2003a,b; Sananbenesi et al., 2007). Here, we used the CPP proce-
dure to study the role of Cdk5 and its activator p35 in the baso-
lateral amygdala in consolidation and reconsolidation of cocaine
cue memories. We studied the basolateral amygdala because of
the critical roles of this brain site in consolidation and reconsoli-
dation of aversive and appetitive memories (Nader et al., 2000;
McGaugh, 2004; Tronson and Taylor, 2007; Everitt et al., 2008),
including memories of cocaine cues (Kruzich and See, 2001; Lee
et al., 2005, 2006; Fuchs et al., 2006; Bernardi et al., 2009).

Materials and Methods
Subjects
Two hundred fifty-seven male Sprague Dawley rats, weighing 220 –240 g,
were obtained from the Laboratory Animal Center, Peking University
Health Science Center. Twelve of these rats were used for assessing basal
levels of Cdk5 and p35 but did not participate in the behavioral experiments.
The rats were housed in groups of five in a temperature (23 � 2°C)- and
humidity (50 � 5%)-controlled animal facility with ad libitum access to food
and water. The rats were kept on a reverse 12 h light/dark cycle. All experi-
mental procedures were performed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the local committee of animal use and protection.

Surgery
Rats (weighing 320 –350 g when surgery began) were anesthetized with
sodium pentobarbital (50 mg/kg, i.p.). Guide cannulae (23 gauge; Plas-
tics One) were bilaterally implanted 1 mm above the basolateral or cen-
tral amygdala (BLA and CeA), respectively. The BLA coordinates
(Paxinos and Watson, 2005) were anterior/posterior, �2.9 mm; medial/
lateral, �5.0 mm; dorsal/ventral, �8.5 mm; and the CeA coordinates were
anterior/posterior,�2.9 mm; medial/lateral,�4.2 mm; dorsal/ventral,�7.8
mm. These coordinates are based on our previous work (Lu et al., 2005,
2007; Li et al., 2008; Wang et al., 2008). The cannulae were anchored to the
skull with stainless-steel screws and dental cement. A stainless-steel stylet
blocker was inserted into each cannula to keep it patent and prevent infec-
tion. The rats were allowed to recover for 5–7 d after surgery.

Drugs and injection procedures
Cocaine HCl (Qinhai Pharmaceutical) was dissolved in sterile saline and
was injected 5 min before the CPP training (or test, experiment 5) ses-
sions. Based on the work of Fischer et al. (2002, 2003a), we used
�-butyrolactone at a dose of 100 ng/side to inhibit Cdk5 activity.
�-Butyrolactone (BIOMOL) was dissolved in 0.2% DMSO (vehicle) and
was prepared in stock solutions of 200 ng/�l. �-Butyrolactone was in-
jected with Hamilton syringes connected to 30 gauge injectors (Plastics
One). The infusion volume was 0.5 �l, and the drug was injected bilat-
erally over 1 min; the injection needle was kept in place for an additional
1 min to allow for drug diffusion (Lu et al., 2005). In experiments that did
not involve Western blots, the rats were anesthetized with sodium pen-
tobarbital (100 mg/kg, i.p.) and transcardially perfused. Cannula place-
ments were assessed using Nissl staining with thickness of 40 �m under
light microscopy. Seventeen subjects with misplaced cannulae were ex-
cluded. The locations of cannula tips of the rats are shown in Figure 7.

Conditioned place preference
CPP was performed using an unbiased, counterbalanced protocol (Wang
et al., 2008). The CPP apparatus consisted of five identical three-chamber

polyvinylchloride (PVC) boxes (Li et al., 2008; Wang et al., 2008). Two
large side chambers (27.9 cm long � 21.0 cm wide � 20.9 cm high) were
separated by a smaller one (12.1 cm long � 21.0 cm wide � 20.9 cm high
with a smooth PVC floor). The two larger chambers differed in their floor
texture (bar or grid, respectively) and provided distinct contexts that
were paired with cocaine or saline injections. Three distinct chambers
were separated by manual guillotine doors.

Baseline preference was assessed by placing the rats in the center com-
partment of the CPP apparatus and allowing ad libitum access to all
compartments for 15 min. Thirteen of the initial 245 rats were excluded
because of a strong unconditioned preference (�540 s). On subsequent
conditioning days, the rats were trained for 8 consecutive days with al-
ternating injections of cocaine (10 mg/kg, i.p.) or saline (1 ml/kg, i.p.) or
saline in both compartments. After each injection, the rats were confined
to the corresponding conditioning chambers for 45 min and then re-
turned to their home cages. Tests for the expression of cocaine CPP in a
drug-free state (15 min duration) were performed at different days after
training (see below). The procedure during testing was same as during
the initial baseline preference assessment. The CPP score was defined as
the time (in seconds) spent in the cocaine-paired chamber minus the
time spent in the saline-paired chamber during CPP testing.

Tissue sample preparation
In experiments in which Cdk5 activity and Cdk5 and p35 levels were
determined, the rats were decapitated without anesthesia 2 h after the end
of the 15 min CPP tests. After decapitation, the brains were rapidly ex-
tracted and frozen in �60°C N-hexane. The brains were then transferred
to a �80°C freezer. We used a freezing cryostat (�20°C) to make 1-mm-
thick coronal sections located approximately �2.5–3.0 mm from
bregma. Bilateral tissue punches (16 gauge) of the CeA and BLA were
then taken and pooled together. Tissue punches were homogenized
(three times 10 –15 s; 5 s interval) with an electrical disperser (Wiggen-
hauser, Sdn Bhd) after 30 min in RIPA lysis buffer (Beyotime Biotech-
nology; 20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2.5 mM

sodium pyrophosphate, 1 mM EDTA, 1% Na3VO4, 0.5 �g/ml leupeptin,
1 mM phenylmethanesulfonyl fluoride). The tissue homogenates were
then subjected to 12,000 � g centrifugation at 4°C for 8 min. The above
procedures were performed at 0 to 4°C. The protein concentrations of all
samples were determined using the bicinchoninic acid assay (Beyotime
Biotechnology). Samples were further diluted in RIPA lysis buffer to
equalize the protein concentrations.

Western blot assays
The procedures of the assay were based on those used in our previous
studies (Lu et al., 2005; Li et al., 2008). Four times loading buffer (16%
glycerol, 20% mercaptoethanol, 2% SDS, 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 �40 min at 80
V in stacking gel and �1 h at 130 V in resolving gel. Proteins were
transferred electrophoretically to Immobilon-P transfer membranes
(Millipore) at 0.25 A for 2.5 h. Membranes were washed with TBST
(Tris-buffered saline plus 0.05% Tween 20, pH 7.4) and then dipped in
blocking buffer [5% bovine serum albumin (BSA) in TBST] overnight at
4°C. The next day, the membranes were incubated for 1 h at room tem-
perature on an orbital shaker with anti-Cdk5 antibody (1:1000; Santa
Cruz Biotechnology), anti-p35 antibody (1:500; Santa Cruz), and �-actin
(1:1000; Santa Cruz) in TBST plus 5% BSA and 0.05% sodium azide.
After three 5 min washes (three times) in TBST buffer, the blots were
incubated for 45 min at room temperature on a shaker with horseradish
peroxidase-conjugated secondary antibody (p35 was goat anti-rabbit
IgG, and Cdk5 was goat anti-mice; Santa Cruz; PI-1000; Vector Labora-
tories) diluted 1:5000 in blocking buffer. The blots were then washed
three times for 5 min each in TBST and incubated with a layer of Super
Signal Enhanced chemiluminescence substrate (Detection Reagents 1
and 2; 1:1 ratio; Pierce Biotechnology) for 1 min at room temperature.
Excess mixture was dripped off before the blots were wrapped with a
clean piece of plastic wrap (no bubbles between blot and wrap), and then
the blots were exposed to x-ray film (Eastman Kodak) for 5– 60 s. Values
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for p35 and Cdk5 protein levels were normalized to �-actin and analyzed
with Quantity One software (version 4.4.0; Bio-Rad). The Western blot
assays also included the brains of 12 naive rats that did not participate in
the behavioral experiments. The values of the Cdk5 and p35 levels of
these rats, which were pooled and run as a single blot, were used as a
reference point in the graphical presentation of the data.

Cdk5 activity assay
Cdk5 activity was determined by radioactivity, and the procedures of the
assay were based on previous studies (Chen and Chen, 2005). Tissues
from the amygdala were lysed in RIPA buffer. Cdk5 was immunoprecipi-
tated from the amygdala homogenates using an anti-Cdk5 antibody
(Santa Cruz Biotechnology) overnight at 4°C. Immobilized protein A
resin slurry (Pierce Biotechnology) was added to the antigen–antibody
complex, and the reaction was incubated with gentle mixing for 2 h at
room temperature. Afterward, 0.5 ml of immunoprecipitation buffer (25
mM Tris, 150 mM NaCl, pH 7.2) was added to the immunoprecipitated
samples and centrifuged for 2–3 min at 2500 � g. The supernatant was
discarded. This step was repeated several times. The final immunopre-
cipitated samples were suspended and incubated with 0.08 �g/�l histone
H1 protein (H5505; Sigma-Aldrich) in 50 �l of kinase assay buffer (10
mM MgCl2, 1 mM DTT, 50 �M ATP, 0.1 �Ci/�l [�-32P]adenosine
triphosphate) at 30°C for 30 min. The reaction was terminated by spot-
ting 20 �l of the reaction mixture on a P81 phosphocellulose disc (What-
man P81; Millipore). The discs were washed three times (5 min each)
with 0.75% phosphoric acid, followed by soaking in 95% ethanol for 10
min and dried in the air. Radioactivity was measured with a scintillation
counter (Beijing Normal University, Beijing, China) and corrected for
basal activity.

Experiments
Experiment 1: effect of cocaine CPP on BLA and CeA Cdk5 activity, and
Cdk5 and p35 protein levels. We used four groups of rats (n � 10 –15 per
group) to assess the effect of tests for the expression of cocaine CPP on
Cdk5 activity, Cdk5 and p35 protein levels in the BLA and CeA (see Fig.
1 A). All rats underwent a baseline preference test. Subsequently, the two
groups of saline-injected rats received daily saline injections over 8 d in
either their home cage or the CPP apparatus, whereas the two groups of
cocaine-injected rats received daily injections of saline (four times) or
cocaine (four times) in either their home cage or the CPP apparatus. The
test for the expression of cocaine CPP was performed 1 d after the last
training/injection day for all rats. Two hours after the end of the 15 min
CPP test, the rats were decapitated, and their brains were removed for
subsequent determination of Cdk5 activity, and p35 and Cdk5 protein
levels in the BLA and CeA. The home cage injection-exposed rats were
decapitated at the same time as the CPP-trained rats. The dependent
measures were the CPP score, Cdk5 activity in the BLA and CeA, and p35
and Cdk5 protein levels in the BLA and CeA. In each experimental con-
dition, approximately one-half of the rats (5–7/group) were used for
Western blots and the other one-half (5– 8/group) were used for kinase
assay.

Experiment 2: effect of inhibition of BLA Cdk5 on consolidation of cocaine
CPP. We used six groups of rats to determine the role of BLA Cdk5 in
consolidation of cocaine CPP (see Fig. 2 A). For this purpose, we used a
classical memory consolidation approach in which a drug is injected
either immediately or several hours after the acquisition of the learning
task and the expression of the learned task is assessed in a drug-free test
on a different day. The effect of the drug on memory consolidation is
inferred if it disrupts learning when given immediately but not several
hours later after the training sessions (McGaugh, 2000). Four groups of
rats (n � 7–9 per group) were injected with either vehicle or
�-butyrolactone into the BLA or CeA immediately (0 min) after the four
cocaine– context pairing training sessions; no injections were given after
the saline– context pairing training sessions. Two other groups (n � 7–10
per group) were injected into the BLA with vehicle or �-butyrolactone
6 h after each of the cocaine training sessions. In all groups, the test for the
expression of cocaine CPP was performed 1 d after the last training day.
Two hours after the end of CPP test, the rats receiving injection of
�-butyrolactone or vehicle immediately after the cocaine training ses-

sions were decapitated, and their brains were removed for subsequent
determination of p35 levels in the BLA and CeA using Western blotting.

Experiment 3: effect of acute inhibition of BLA Cdk5 on the expression of
cocaine CPP. We used four groups of rats (n � 7–9 per group) to deter-
mine the role of BLA Cdk5 in the acute expression of learned cocaine CPP
(see Fig. 3A). The rats were trained for cocaine CPP over 8 d and tested for
the expression of CPP on day 9 without any injections (test 1). On day 10,
the rats were injected with either vehicle or �-butyrolactone into the BLA
or CeA immediately before another CPP test (test 2). On day 11, the rats
were tested again (test 3) for cocaine CPP without any injections. Two
hours after the end of test 3, all rats were decapitated, and their brains
were removed for subsequent determination of p35 levels in the BLA and
CeA using Western blotting.

Experiment 4: effect of inhibition of BLA Cdk5 on reconsolidation of
learned cocaine CPP. We used eight groups of rats to determine the role of
BLA Cdk5 in reconsolidation of learned cocaine CPP (see Figs. 4 A, 5A).
All rats were trained for cocaine CPP over 8 d and tested for the expres-
sion of CPP on day 9 without any injections (test 1). On day 10, four
groups of rats (n � 8 –10 per group) were confined to the cocaine-paired
context for 10 min to reactivate cocaine rewarding memory (Wang et al.,
2008) and were then injected with either vehicle or �-butyrolactone into
the BLA or CeA immediately (0 min) after cocaine– context exposure.
On day 11, these rats were tested again (test 3) for cocaine CPP without
any injections. Four other groups of BLA-injected rats underwent an
identical experimental procedure, but on day 10 they were injected with
vehicle or �-butyrolactone either 6 h after the cocaine– context exposure
session (two groups; n � 7–10 per group) or without any context expo-
sure (two groups; n � 7–10 per group).

Experiment 5: additional characterization of the effect of inhibition of
BLA Cdk5 on reconsolidation of learned cocaine CPP. We used two groups
of rats (n � 8 –10 per group) to determine the persistence of the effect of
BLA �-butyrolaxtone injections on reconsolidation of learned cocaine
CPP (see Fig. 6 A). The rats were trained for cocaine CPP over 8 d and
tested for the expression of CPP on day 9 without any injections (test 1).
On day 10, the rats were confined to the cocaine-paired context for 10
min to reactivate the cocaine rewarding memory and then injected with
either vehicle or �-butyrolactone into the BLA immediately (0 min) after
cocaine– context exposure. On days 11 and 25, these rats were tested
again (test 2 and test 3) for cocaine CPP without any injections. On day
26, all rats were given a priming injection of cocaine (10 mg/kg, i.p.) and
tested again for cocaine CPP. Cocaine was injected immediately before
the test session.

Data analysis
Data are expressed as mean � SEM and were analyzed by ANOVA with
the appropriate between- and within-subjects factors for the different
experiments (see Results). The kinase assay and Western blot data were
analyzed separately for the BLA and CeA. Significant main effects and
interactions ( p � 0.05) from the factorial ANOVAs were followed by
simple ANOVA and Tukey’s post hoc tests. Because our multifactorial
ANOVAs yielded multiple main effects and interaction effects, we only
report in Results significant effects that are critical for data interpreta-
tion. Additionally, for clarity, post hoc analyses are indicated by asterisks
in the figures but are not described in Results.

Results
Experiment 1: effect of cocaine CPP on BLA and CeA Cdk5
activity, Cdk5 and p35 protein levels
The expression of cocaine CPP (Fig. 1B) was associated with
increased Cdk5 activity (Fig. 1C,D) and increased protein levels
of p35 in the BLA but not CeA (Fig. 1E,F). The analysis of the
behavioral data of the expression of cocaine CPP included the
between-subject factors of drug (saline, cocaine) and context
(home cage, CPP apparatus), and the within-subject factor of test
phase (pretraining baseline preference, posttraining CPP test).
This analysis revealed a significant drug by context by test phase
interaction (F(1,56) � 13.14; p � 0.01), training by conditioning
interaction (F(1,56) � 8.57; p � 0.01). These interactions are at-
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tributable to the fact that cocaine CPP was
only observed in the group of rats injected
with cocaine in the CPP apparatus. The
analyses of Cdk5 activity and the Western
blots data included the between-subject
factors of drug (saline, cocaine) and con-
text (home cage, CPP apparatus). The
analyses for Cdk5 activity in the BLA re-
vealed a significant drug by context inter-
action (F(1,23) � 7.34; p � 0.05). No
significant effects were observed for Cdk5
activity in the CeA (values of p � 0.1). The
analyses for p35 levels in the BLA revealed
a significant drug by context interaction
(F(1,23) � 19.69; p � 0.01). No significant
effects were observed for Cdk5 levels in
the BLA or Cdk5 or p35 levels in the CeA
(values of p � 0.1). No group differ-
ences were observed for �-actin levels,
as assessed by Western blots (data not
shown). Post hoc group differences are
indicated in Figure 1.

Experiment 2: effect of inhibition
of BLA Cdk5 on consolidation of
cocaine CPP
�-Butyrolactone injections into the BLA
immediately after exposure to the co-
caine-paired context during CPP training
impaired the subsequent expression of co-
caine CPP in a drug-free state (Fig. 2B, left
column) and led to decreased BLA p35
levels (Fig. 2D); these data indicate a role
of BLA Cdk5 in consolidation of the
memories for the cocaine-paired context.
�-Butyrolactone injections into the BLA
6 h after the training sessions (Fig. 2B,
right column) or into the CeA immedi-
ately after the training session (Fig. 2C)
were ineffective. The statistical analyses of
CPP scores after BLA posttraining ses-
sions immediate injections included the
between-subject factor of �-butyrolac-
tone (0, 100 ng/side) and the within-
subject factor of test phase (pretraining
baseline preference, posttraining CPP
test). This analysis revealed a significant
�-butyrolactone by test phase interaction
(F(1,14) � 8.93; p � 0.05). The analyses of
the effect of BLA �-butyrolactone injec-
tions 6 h after the training sessions or CeA
�-butyrolactone injections immediately
after the training sessions revealed signif-
icant effects of test phase (F(1,12) � 56.67,
p � 0.01, and F(1,14) � 46.42, p � 0.01,
respectively) but not of �-butyrolactone or �-butyrolactone by
test phase interaction (values of p � 0.1). The analyses of p35
levels in the groups that received injections of �-butyrolactone or
vehicle after the cocaine training sessions revealed a significant
effect of �-butyrolactone in BLA (F(1,11) � 23.52; p � 0.01) but
not CeA ( p � 0.1) (Fig. 2D). No group differences were observed
for �-actin levels (data not shown). Post hoc group differences are
indicated in Figure 2.

Experiment 3: effect of acute inhibition of BLA Cdk5 on the
expression of cocaine CPP
BLA but not CeA �-butyrolactone injections inhibited the
expression of cocaine CPP when injected immediately before
test 2 (Fig. 3 B, C). BLA injections also inhibited CPP expres-
sion and the associated increase in p35 levels on test 3 con-
ducted 1 d later (Fig. 3D). The CPP score data after BLA
injections were analyzed with a mixed ANOVA that included

Figure 1. The expression of cocaine CPP is associated with increased Cdk5 activity and p35 protein levels but not Cdk5 protein levels in
theBLAbutnotCeA.A,Timelineoftheexperiment(seeMaterialsandMethodsfortheexperimentalconditionsofthe4groups).B,Mean�
SEM. CPP scores (time in the cocaine-paired minus time in the saline-paired side) during baseline preference and during a test for the
expression of cocaine CPP 1 d after training. *Different from the other experimental groups, p � 0.05, n � 10 –15 per group. C, D, Cdk5
activity in the BLA and CeA; Cdk5 activity is expressed as specific counts (counts per minute). *Different from the other experimental groups,
p � 0.05, n � 5–7 per group. E, F, p35 and Cdk5 levels in the BLA and CeA; p35 and Cdk5 levels are presented as a percentage (mean �
SEM) of values of naive control rats (n � 5). *Different from the other experimental groups, p � 0.05, n � 5– 8 per group.
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the between-subjects factor of �-butyrolactone and the
within-subjects factor of test phase (baseline preference, test 1,
test 2, and test 3). Analysis revealed significant effects of
�-butyrolactone (F(1,14) � 18.80; p � 0.01), test phase (F(3,42) �
13.96; p � 0.01), and �-butyrolactone by test phase interac-
tion (F(3,42) � 6.13; p � 0.01). Post hoc analysis revealed that
�-butyrolaxtone-treated rats exhibited significantly decreased

CPP score on CPP test 2 ( p � 0.01) compared with vehicle-
treated rats (Fig. 3B). A similar analysis after CeA injections
revealed a significant main effect of test phase (F(2,28) � 35.31;
p � 0.01) but not a main effect of �-butyrolactone or interac-
tion between the two factors (values of p � 0.1) (Fig. 3C). The
analyses of p35 levels after test 3 revealed a significant effect of
BLA �-butyrolactone injections (F(1,11) � 18.25; p � 0.01)
(Fig. 3D) but not CeA injections ( p � 0.05). Post hoc group
differences are indicated in Figure 3.

Figure 2. Inhibition of Cdk5 in the BLA but not CeA prevents the consolidation of cocaine
CPP. A, Timeline of the experiment. B, C, Mean � SEM. CPP scores during baseline preference
and during a test for the expression of cocaine CPP 1 d after training in rats injected with vehicle
(0.5 �l/side) or �-butyrolactone (100 ng/side) into the BLA or CeA immediately after (0 min) or
into the BLA 6 h after cocaine– context pairings (4 sessions) during CPP training. *Different from
vehicle, p � 0.05. #Different from baseline, p � 0.05, n � 7–10 per group. D, p35 levels in the
BLA and CeA in rats injected with vehicle or �-butyrolactone into the BLA or CeA immediately
after the cocaine– context pairings during CPP training. *Different from vehicle, p � 0.05, n �
5–7 per group.

Figure 3. Inhibition of Cdk5 in the BLA but not CeA prevents the expression of cocaine CPP.
A, Timeline of the experiment. B, C, Mean � SEM. CPP scores during baseline preference and
during tests for the expression of cocaine CPP in rats injected vehicle (0.5 �l/side) or
�-butyrolactone (100 ng/side) into the BLA or CeA immediately before test 2. *Different from
vehicle, p � 0.05, n � 7–9 per group. D, p35 levels in the BLA and CeA after test 3. *Different
from vehicle, p � 0.05, n � 5–7 per group.
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Experiment 4: effect of inhibition of BLA Cdk5 on
reconsolidation of learned cocaine CPP
BLA but not CeA �-butyrolactone injections inhibited the ex-
pression of cocaine CPP on day 11 when injected immediately
after exposure to the cocaine-paired context on day 10; BLA
�-butyrolactone injections were ineffective when injected 6 h
after cocaine– context exposure or without context exposure
(Figs. 4, 5). These data indicate a role of Cdk5 activity in BLA in
reconsolidation of learned cocaine CPP. The CPP score data for
immediate BLA injections were analyzed with a mixed ANOVA
that included the between-subjects factor of �-butyrolactone and
the within-subjects factor of test phase (baseline preference, test
1, and test 2) (Fig. 4B, left column). This analysis revealed a
significant interaction between these two factors (F(2,30) � 3.85;
p � 0.05). The analyses of delayed (6 h) BLA injections (Fig. 4B,
right column), immediate CeA injections (Fig. 4C), or BLA injec-
tions without context exposure (Fig. 5B) revealed a significant
main effect test phase (F(2,28) � 56.67, p � 0.01; F(2,28) � 35.31,
p � 0.01; or F(2,28) � 21.01, p � 0.01, respectively) but not a main

effect of �-butyrolactone or interaction between the two factors
(values of p � 0.1). Post hoc group differences are indicated in
Figures 4 and 5.

Experiment 5: additional characterization of the effect of
inhibition of BLA Cdk5 on reconsolidation of learned
cocaine CPP
BLA �-butyrolactone injections inhibited the expression of co-
caine CPP on days 11 and 25 when injected immediately after
exposure to the cocaine-paired context on day 10; the inhibitory
effect of these injections on the expression of cocaine CPP was not
reversed by acute priming injections of cocaine on day 26 (Fig. 6).
These data indicate that the disruption of reconsolidation of
learned cocaine CPP by BLA �-butyrolactone injections persists
for at least 2 weeks and is not reversed by acute reexposure to
cocaine. The data for the CPP score in the cocaine-free state were
analyzed with a mixed ANOVA that included the between-
subjects factor of �-butyrolactone and the within-subjects factor
of test phase (baseline preference, test 1, test 2, and test 3). The
ANOVA revealed significant differences in CPP scores for
�-butyrolactone (F(1,14) � 11.03; p � 0.01), test phase (F(3,42) �
16.62; p � 0.01), and a �-butyrolactone by test phase interaction
(F(3,42) � 25.73; p � 0.01). CPP did not recover in the group
receiving microinjections of �-butyrolaxtone into the BLA be-
fore reexposure to the previous training chambers. The data for
the CPP score after cocaine priming were analyzed with a mixed
ANOVAthatincludedthebetween-subjectsfactorof�-butyrolac-
tone and the within-subjects factor of test phase [test 3 (no prim-
ing), cocaine priming test]. This analysis revealed a significant
effect of �-butyrolactone (F(1,14) � 29.66; p � 0.01), but not of
test phase or an interaction between the two factors (values of p �
0.1). Post hoc group differences are indicated in Figure 6.

Discussion
We studied the role of amygdala Cdk5 in the memories of
cocaine-associated environmental cues, as assessed in the CPP

Figure 4. Inhibition of Cdk5 in the BLA but not CeA prevents the reconsolidation of cocaine
CPP. A, Timeline of the experiment. B, C, Mean � SEM. CPP scores during baseline preference
and during tests for the expression of cocaine CPP in rats injected with vehicle (0.5 �l/side) or
�-butyrolactone (100 ng/side) into the BLA or CeA immediately after (0 min) exposure to the
cocaine-paired context on day 10 or into the BLA 6 h after context exposure. *Different from
vehicle, p � 0.05, n � 7–10 per group.

Figure 5. Inhibition of Cdk5 in the BLA has no effect on reconsolidation of cocaine CPP when
rats are not exposed to the cocaine-paired context before �-butyrolactone injections. A, Time-
line of the experiment. B, Mean � SEM. CPP scores during baseline preference and during tests
for the expression of cocaine CPP in rats injected with vehicle (0.5 �l/side) or �-butyrolactone
(100 ng/side) into the BLA on day 10 without exposure to the cocaine-paired context (n�7–10
per group).
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procedure. We found that the expression of cocaine CPP was
associated with increased Cdk5 activity in the BLA of drug-free
rats previously exposed to four cocaine injections in one context
and four saline injections in a different context. The increased
Cdk5 activity in the BLA was associated with increased p35 pro-
tein levels but not Cdk5 protein, an observation consistent with
the notion that p35 is the rate-limiting factor for Cdk5 activity
(Takahashi et al., 2005). Additionally, posttraining sessions inhi-
bition of Cdk5 activity in the BLA impaired the subsequent ex-
pression of cocaine CPP and the subsequent increase in BLA p35
levels during cocaine CPP testing. These data indicate a role of
Cdk5 in consolidation of cocaine cue memories. Furthermore,
pretest inhibition of Cdk5 activity in the BLA abolished the ex-
pression of cocaine CPP in tests conducted immediately after
�-butyrolactone injections and 1 d later; this inhibitory effect was
associated with decreased p35 levels in BLA. The acute effect of
�-butyrolactone suggests a role of Cdk5 activity in either retrieval
of cocaine cue memories or the incentive motivational effect of
cocaine cues (see below); the delayed effect of �-butyrolactone
suggests a role of Cdk5 activity in reconsolidation of cocaine cue
memories. This latter hypothesis was confirmed by the finding
that acute posttest inhibition of Cdk5 activity in the BLA abol-
ished the subsequent expression of cocaine CPP for up to 14 d
after the test sessions; this effect was not reversed by a priming
injection of cocaine.

The effects of our experimental manipulations in the BLA
were anatomically and temporally specific (Fig. 7). First, the ex-
pression of cocaine CPP was not associated with changes in Cdk5
activity and levels in the CeA. Second, inhibition of Cdk5 activity
in the CeA had no effect on cocaine CPP. Third, inhibition of
Cdk5 activity in the BLA 6 h after the training or the test sessions
had no effect on cocaine CPP. Fourth, inhibition of Cdk5 activity

in the BLA in the absence of cocaine context exposure had no
effect on cocaine CPP. Additionally, the effects of
�-butyrolaxtone BLA injections on cocaine cue memories are not
attributable to competition between cocaine rewarding effects
and potential aversive effects of these injections. We found in a
pilot study that neither place version nor place preference was
developed when four �-butyrolaxtone BLA injections were
paired with one context and no injections with a different context
(our unpublished observations).

Together, our data indicate that Cdk5 activity in the BLA is
critical for the consolidation and reconsolidation of cocaine cue
memories in the CPP procedure. Additionally, the finding that
acute pretest BLA �-butyrolactone injections inhibited the ex-
pression of learned cocaine CPP may also suggest a role of Cdk5
in BLA in retrieval of cocaine cue memories. However, an alter-
native account of these data is that, when the �-butyrolactone
was injected into the BLA immediately before the tests for the
expression of cocaine CPP, the drug acutely inhibited the incen-
tive motivational effects of the cocaine cues without interfering
with memory retrieval.

Figure 6. Additional characterization of inhibition of Cdk5 in the BLA on reconsolidation of
cocaine CPP. A, Timeline of the experiment. B, Mean � SEM. CPP scores during baseline pref-
erence and during tests for the expression of cocaine CPP in rats injected with vehicle (0.5
�l/side) or �-butyrolactone (100 ng/side) into the BLA or CeA immediately after (0 min) ex-
posure to the cocaine-paired context on day 10. Five minutes before the last CPP test (termed
cocaine priming in A), the rats were injected with cocaine (10 mg/kg, i.p.). *Different from
vehicle, p � 0.05, n � 8 –10 per group.

Figure 7. Schematic representation of injection sites in the basolateral amygdala (A) and the
central amygdala (B).
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Role of Cdk5 in learning and memory
Our data extend previous work of Fischer et al. (2003b) on the role of
Cdk5 in learning and memory. These investigators identified a crit-
ical role of Cdk5 activity in the septo-hippocampal system in consol-
idation (Fischer et al., 2002, 2003b) and extinction (Sananbenesi et
al., 2007) of conditioned fear memories. Fischer et al. (2005) also
reported that an inducible transgenic manipulation that transiently
increases Cdk5 activity in the hippocampus enhances long-term po-
tentiation and facilitates hippocampus-dependent spatial learning,
as assessed in a water maze task (Fischer et al., 2005). Other evidence
for a role of Cdk5 in memory formation is the finding that global p35
knock-out mice (which leads to reduced brain Cdk5 activity) dem-
onstrated impaired spatial memory formation (Ohshima et al.,
2005). These data, however, are difficult to interpret, because they
may be attributable to compensatory developmental changes in the
mutant mice that led to the spatial memory deficits. Sherry and
Crowe (2008) also reported that in chicks, injections of the Cdk5
inhibitor roscovitine impair the consolidation and reconsolidation
of passive avoidance memories, but the brain site(s) involved in
these effects are unknown.

The mechanisms underlying the effects of inhibition of Cdk5
on consolidation and reconsolidation of cocaine cue memories in
our study are unknown. Two potential mediators of these effects
are PAK-1, a Cdk5 substrate that regulates actin dynamics
(Bokoch, 2003), and the NMDA receptor complex. Thus, tran-
sient overexpression of hippocampal Cdk5 activity also causes
increased expression of PAK-1 and the NR2A NMDA subunit
(Fischer et al., 2005). PAK-1 plays a role in septo-hippocampal
Cdk5 mediation of the acquisition and extinction of fear memo-
ries (Sananbenesi et al., 2007). Regarding the NMDA receptor,
Cdk5 regulates the NR2B NMDA receptor subunit, which mod-
ulates synaptic plasticity (Zhang et al., 2008). Additionally, Cdk5
phosphorylates the NR2A NMDA receptor subunit at Ser-1232,
and NMDA-evoked current in hippocampal neurons is reduced
by the Cdk5 inhibitor roscovitine (Li et al., 2001). Thus, we pro-
pose that Cdk5 activity in the BLA controls the consolidation and
reconsolidation of cocaine cue memories by regulating the phos-
phorylation of specific NMDA receptor subunits and NMDA-
mediated electrical current of local glutamatergic cells.

Role of Cdk5 in cocaine behavioral effects
Our studies on the role of Cdk5 in the behavioral effects of co-
caine in the CPP procedure were inspired in part by work of Bibb,
Taylor, and colleagues on the role of Cdk5 in the striatum in
cocaine-induced neuroadaptations and the effect of inhibition of
Cdk5 activity in the nucleus accumbens on cocaine behavioral
effects (Bibb et al., 1999; Benavides and Bibb, 2004; Taylor et al.,
2007). However, although we found that inhibition of Cdk5 ac-
tivity in the BLA inhibits cocaine effects in the CPP procedure,
these investigators found that inhibition of Cdk5 in the accum-
bens reverses cocaine-induced neuroadaptations [proliferation
of dendritic spines in the nucleus accumbens (Norrholm et al.,
2003)] and potentiates cocaine behavioral effects in several tasks
(Benavides et al., 2007; Taylor et al., 2007). Thus, Benavides et al.
(2007) reported that viral-mediated knockdown of Cdk5 in the
nucleus accumbens enhanced cocaine locomotor sensitization
and cocaine CPP. Additionally, Taylor et al. (2007) reported that
inhibition of Cdk5 activity in the nucleus accumbens by the Cdk5
inhibitor roscovitine causes long-lasting enhanced (1) cocaine
psychomotor sensitization, (2) cocaine-induced potentiation of
responding for a cue previously paired with a nondrug reward in
the conditioned reinforcement procedure (Robbins, 1975; Taylor
and Robbins, 1984), and (3) cocaine rewarding effects, as assessed

in the progressive ratio reinforcement procedure (Hodos, 1961;
Richardson and Roberts, 1996). Bibb, Taylor, and colleagues pro-
posed that the inhibitory effect of striatal Cdk5 on cocaine behav-
ioral effects is attributable to Cdk5 inhibition of DARPP-32-PKA
(protein kinase A)-mediated dopamine signaling and striatal
neuronal excitability (Bibb et al., 1999; Benavides and Bibb, 2004;
Takahashi et al., 2005; Benavides et al., 2007).

The reasons for putative opposite effects of Cdk5 activity in
the BLA and nucleus accumbens on cocaine behavioral effects are
unknown. In this regard, it is particularly puzzling that Cdk5
activity in the BLA (current study) and nucleus accumbens
(Benavides et al., 2007) had opposite effects in the same behav-
ioral procedure: cocaine CPP. However, in reconciling these dif-
ferences, it should be noted that, in addition to the different brain
sites, our study and the study of Benavides et al. (2007) differed in
other aspects. These include the use of different species (rats vs
mice), different manipulations for inhibiting Cdk5 activity [a
pharmacological agent vs an AAV (adenoassociated virus) vec-
tor], and the timing of inhibition of Cdk5 activity (after cocaine
exposure vs before cocaine exposure).

Concluding remarks
In summary, we first demonstrated that cocaine CPP is associated
with increased Cdk5 activity in the BLA. We then performed
additional experiments using the Cdk5 inhibitor �-butyrolax-
tone to demonstrate a functional role of amygdala Cdk5 activity
in consolidation and reconsolidation of cocaine cue memories, as
assessed in the CPP procedure.
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