
Behavioral/Systems/Cognitive

Cdk5 Modulates Cocaine Reward, Motivation, and Striatal
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Cyclin-dependent kinase 5 (Cdk5) regulates dopamine neurotransmission and has been suggested to serve as a homeostatic target of
chronic psychostimulant exposure. To study the role of Cdk5 in the modulation of the cellular and behavioral effects of psychoactive
drugs of abuse, we developed Cre/loxP conditional knock-out systems that allow temporal and spatial control of Cdk5 expression in the
adult brain. Here, we report the generation of Cdk5 conditional knock-out (cKO) mice using the �CaMKII promoter-driven Cre trans-
genic line (CaMKII-Cre). In this model system, loss of Cdk5 in the adult forebrain increased the psychomotor-activating effects of cocaine.
Additionally, these CaMKII-Cre Cdk5 cKO mice show enhanced incentive motivation for food as assessed by instrumental responding on
a progressive ratio schedule of reinforcement. Behavioral changes were accompanied by increased excitability of medium spiny neurons
in the nucleus accumbens (NAc) in Cdk5 cKO mice. To study NAc-specific effects of Cdk5, another model system was used in which
recombinant adeno-associated viruses expressing Cre recombinase caused restricted loss of Cdk5 in NAc neurons. Targeted knock-out of
Cdk5 in the NAc facilitated cocaine-induced locomotor sensitization and conditioned place preference for cocaine. These results suggest
that Cdk5 acts as a negative regulator of neuronal excitability in the NAc and that Cdk5 may govern the behavioral effects of cocaine and
motivation for reinforcement.
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Introduction
Drugs of abuse induce persistent neuroadaptive alterations in
synaptic plasticity within the mesocorticolimbic-striatal circuitry
involved in reward-motivated behavior (Hyman and Malenka,
2001; Nestler, 2001; Ungless et al., 2001; Thomas and Malenka,
2003). Chronic cocaine exposure increases the expression of the
transcription factor �FosB in these brain regions (Hope et al.,
1994; Chen et al., 1997). An important target of �FosB is the
neuronal proline-directed serine/threonine protein kinase
cyclin-dependent kinase 5 (Cdk5) (Bibb et al., 2001; Kumar et al.,
2005). Cdk5 is activated after association with either of the ho-
mologous cofactors p35 (Lew et al., 1994; Tsai et al., 1994) or p39
(Cai et al., 1997). This kinase regulates numerous aspects of neu-

ronal function, including cAMP and Ca 2� signal transduction
cascades (for review, see Bibb, 2003), presynaptic machinery
(Tan et al., 2003; Tomizawa et al., 2003; Evans and Cousin, 2007),
and synaptic plasticity (Fischer et al., 2005; Centonze et al., 2006;
Hawasli et al., 2007). In the striatum, Cdk5 controls dopamine
neurotransmission through the regulation of the protein
phosphatase-1 inhibitor, DARPP-32 (Bibb et al., 1999), as well as
presynaptic components of dopamine synthesis and release
(Chergui et al., 2004; Kansy et al., 2004; Moy and Tsai, 2004).
Thus, Cdk5 may regulate reward-related behaviors through nu-
merous neurobiochemical pathways in the reward circuitry.

The perinatal lethality and congenital defects associated with
Cdk5 or Cdk5-cofactor knock-out mice (Nikolic et al., 1996;
Ohshima et al., 1996; Kwon and Tsai, 1998; Ko et al., 2001) have
hampered the use of behavioral paradigms to study Cdk5 func-
tion. To circumvent this issue, we generated conditional knock-
out (cKO) systems that allow deletion of Cdk5 from specific brain
regions in the adult animal, after normal CNS development.
These models were specifically designed to avoid congenital is-
sues of Cdk5 loss and allow the investigation of the effect of Cdk5
deletion from the mature brain on reward-related behavioral
paradigms. Here, we report that CaMKII-Cre Cdk5 cKO mice
showed enhanced locomotor responses to cocaine and intensi-
fied motivation for food reinforcement. Furthermore, nucleus
accumbens (NAc) medium spiny neurons from Cdk5 cKO mice
exhibited increased intrinsic excitability. These data suggest that
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Cdk5 activity within NAc neurons may be important in the mod-
ulation of reward-related behaviors.

Studies that have used pharmacological inhibitors of Cdk5
have suggested that inhibition of this kinase in the NAc enhances
several behavioral responses to cocaine (Bibb et al., 2001; Taylor
et al., 2007). However, such pharmacological approaches were
unable to distinguish the effects of Cdk5 inhibition in presynaptic
versus postsynaptic compartments. To investigate the role of
Cdk5 specifically in NAc neurons in cocaine-related behaviors,
we used targeted delivery of recombinant adeno-associated virus
(rAAV) expressing Cre recombinase to the NAc of conditional
Cdk5 mice. This approach allowed temporally controlled and
spatially restricted loss of Cdk5 in the postsynaptic compartment
of NAc neurons. This manipulation produced an enhancement
in the locomotor-activating effects of repeated cocaine exposure
and facilitated cocaine-induced conditioned place preference.
Together, these findings suggest that Cdk5-dependent modula-
tion of neuronal excitability in the NAc is involved in the behav-
ioral responses to cocaine, cocaine-associated stimuli, and moti-
vation for food reinforcement.

Materials and Methods
Animals and animal care
The conditional Cdk5 allele was generated using a Cre/loxP gene target-
ing strategy as described previously (Wattler et al., 1999). This floxed
Cdk5 allele (fCdk5) is efficiently excised by Cre recombinase in vivo
(Hawasli et al., 2007). Cdk5 alleles were identified by a PCR-based geno-
typing strategy as described previously (Hawasli et al., 2007) (see supple-
mental methods, available at www.jneurosci.org as supplemental mate-
rial). fCdk5 mice were generated in 129/Sv and C57BL/6J hybrid mice
and backcrossed several generations to C57BL/6J. Mice were maintained
on a mixed background of C57BL/6J and 129/Sv and were group housed
on a 12 h light/dark cycle with access to food and water ad libitum. All
procedures were performed during the light cycle. Behavioral manipula-
tions were approved by University of Texas Southwestern and Yale Uni-
versity Institutional Animal Care and Use Committees and conducted in
accordance with the applicable portions of the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All drugs and
chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted.

Generation of conditional Cdk5 knock-out mice
Homozygous fCdk5 mice were bred with mice expressing Cre recombi-
nase under the control of the �CaMKII promoter (Tsien et al., 1996) to
generate Cdk5 cKO mice. The CaMKII-Cre T50 line (provided by L. F.
Parada, University of Texas Southwestern) was chosen to mediate re-
combination of Cdk5 in the postnatal forebrain. This line has been
shown to exhibit Cre activity beginning postnatal day 18 (P18) and pro-
ceeding through P60 (Luikart et al., 2005), thus circumventing develop-
mental issues regarding loss of Cdk5. Littermate, homozygous fCdk5
mice lacking the CaMKII-Cre transgene served as controls. Adult (10 –12
weeks old) male mice were used for all experiments. The transgenic
CaMKII-Cre and R26R-EYFP mice (provided by A. J. Eisch, University
of Texas Southwestern) were genotyped using PCR-based strategies (see
supplemental methods, available at www.jneurosci.org as supplemental
material).

Generation of NAc-specific Cdk5 knock-out mice using rAAV
Adeno-associated viral vectors were infused into the brain via stereotaxic
surgical procedures as described previously (Hommel et al., 2003; Berton
et al., 2006). Recombinant vectors encoding enhanced green fluorescent
protein (EGFP), a Cre recombinase/EGFP chimeric protein (EGFPCre),
or Cre were derived by cloning cDNAs into the pAAV-lacZ amplicon
(Stratagene, La Jolla, CA). Serotype 2 rAAVs were generated using a
modified triple transfection method in HEK293 cells, as described pre-
viously (Zolotukhin et al., 1999). After transfection, HEK293 cells were
lysed, and rAAV was purified via iodixanol density gradient to produce
viral titers of 10 11 to 10 12 pfu/ml.

These rAAV particles transduce neurons with high efficiency in vivo
(Burger et al., 2004) and maintain detectable levels of expression in the
brain for up to 12 months after infection (R. J. DiLeone, unpublished
observations). NAc-specific Cdk5 knock-out (NAc-KO) was achieved in
adult (6 – 8 weeks old), male homozygous fCdk5 mice via bilateral ste-
reotaxic delivery of rAAV (�4 � 10 8 particles, 0.4 �l/hemisphere) to the
NAc core (coordinates from bregma at skull surface: �1.6 to �1.9 mm
anteroposterior, �1.5 mm lateral, �4.5 mm dorsoventral; 10° angle of
entry). Surgical procedures were performed under aseptic conditions
after anesthesia with Avertin (240 mg/kg). Delivery of rAAV expressing
Cre produced focal, conditional knock-out of Cdk5 in the NAc, and
littermate fCdk5 mice transduced with rAAV-EGFP served as controls.

Histological procedures and immunoblotting
In situ hybridizations for Cdk5 and Cre were conducted as described
previously (Gold et al., 1997; Hawasli et al., 2007). Briefly, 35S-UTP-
labeled riboprobes were hybridized with fresh cryosections for 16 –18 h at
60°C. After hybridization, slides were washed in sodium chloride/so-
dium citrate buffer, dried, and exposed to film. Autoradiograms were
scanned and semiquantitative analysis was conducted using ImageJ soft-
ware (NIH). Immunohistochemistry was performed essentially as de-
scribed previously (Kansy et al., 2006). Primary antibody incubations
were conducted overnight at 4°C using antibodies to GFP (1:1000; Ab-
Cam, Cambridge, UK) and NeuN (1:100; AbCam). Slides were washed in
PBS and incubated with Cy5- or Cy2-conjugated secondary antibody
(1:200; Jackson ImmunoResearch, West Grove, PA) before dehydration
and coverslipping in DPX. Images were captured and analyzed using a
scanning laser confocal microscope. Immunoblotting was performed as
described previously (Sahin et al., 2004). Tissue homogenates were pre-
pared from control and Cdk5 cKO mice, and equal amounts of total
protein were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were probed with antibodies to Cdk5 (1:500;
Santa Cruz, Santa Cruz, CA), �-actin (1:500,000; Abcam), phospho-
Thr75 and total DARPP-32 (1:5000, provided by P. Greengard, Rock-
efeller University, New York, NY) washed, and incubated with HRP-
conjugated secondary antibodies and detected using ECL
chemiluminescence (GE Healthcare, Piscataway, NJ). Membranes were
exposed to autoradiographic film and resulting autoradiograms were
scanned and analyzed using ImageJ (NIH). Cdk5 protein levels are rep-
resented as values normalized to �-actin, whereas phospho-Thr75 is nor-
malized to total DARRP-32.

Behavioral procedures
Cocaine-induced locomotor activity assay. Horizontal locomotor activity
was monitored in standard polypropylene cages (15 � 25 cm) in cham-
bers equipped with infrared photobeams to monitor activity using a
computer (Photobeam Analysis Software, San Diego Instruments, San
Diego, CA). Locomotor activity was measured as sequential adjacent
beam breaks and reported as locomotor counts. There were no differ-
ences between control and Cdk5 knock-out mice in the time spent exe-
cuting repetitive, fine movements (stereotypy) in any of the experiments
conducted. In one experiment, a Latin-square cross-over design was used
to evaluate CaMKII-Cre Cdk5 cKO mice, with one testing session per day
for 8 d (n � 10 per group). For each experimental day, animals were
placed in the chamber and motor activity was recorded for 1 h, at which
point a single intraperitoneal (5 ml/kg) injection was delivered, and the
animal was returned to the chamber for 1 h. During the first 3 d, mice
were habituated to saline injections, and the next 5 d, they were given
injections of cocaine (0, 2.5, 5, 10, 20 mg/kg). Drug doses were random-
ized among the groups to prevent order or carryover effects on locomo-
tor responses.

Instrumental responding and progressive ratio testing. Instrumental re-
sponding experiments for food-reinforced reward in CaMKII-Cre Cdk5
cKO mice were performed using operant chambers for mice (16 � 14 �
14.5 cm) equipped with a food pellet dispenser and three nose-poke
apertures. Throughout the experiment, only the left or right positions
were reinforced, and the position of the active nose poke was counter-
balanced for all groups to prevent positional bias. Nose pokes were de-
tected by photobeams within the receptacle linked to computer software
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(Med Associates, St. Albans, VT). During the 5 d before the start of the
experiment, all animals underwent food restriction to 85–90% of base-
line weight (n � 16 –20 per group). The animals were habituated to
testing chambers and pellet magazine before training. Animals were
trained over fixed and random interval reinforcement schedules consist-
ing of 5 d of each of the following: fixed-interval 20 s (FI20), random-
interval 40 s (RI40), random-interval 60 s (RI60), and reversal training,
during which the active and inactive responses were switched and an
RI60 schedule was used. After training, the animals were tested for pro-
gressive ratio (PR) responding across 3 d. The PR sessions began with a
fixed ratio (FR) 1 schedule for the first reinforcer and increased by 4 to
obtain each subsequent reinforcer (i.e., 1, 5, 9, . . ., x � 4 responses). The
PR responding test was conducted as an open session, such that the
experiment was terminated when each animal reached its final break-
point ratio. The breakpoint ratio was achieved when the animal discon-
tinued responding in the active nose poke for a continuous 5 min period.
Weeks after the PR responding test, the same animals were used for the
reinforcer devaluation experiment. In this experiment, animals were fed
before PR responding for food-reinforced instrumental responding. The
prefeeding reinforcer devaluation experiment was performed by allow-
ing animals to eat unlimited food pellets in a novel context for 1 h (with
water available) before PR testing.

Cocaine-induced locomotor sensitization assay. Locomotor sensitiza-
tion to cocaine (10 or 15 mg/kg) was examined in NAc-KO mice using an
experimental design similar to that described above (see Cocaine-
induced locomotor activity). In these experiments, subjects were habit-
uated to saline for 4 d, followed by injection of cocaine over the following
5 d (n � 16 –19 per group). For each experimental day, animals were
placed in the chamber and motor activity was recorded for 30 min, at
which point a single intraperitoneal (5 ml/kg) injection was delivered and
the animal was returned to the chamber for 1 h.

Cocaine-conditioned place preference assay. The conditioned place pref-
erence assay was used to study NAc-KO responses to reward-associated
stimuli. The place preference chamber contained two large compart-
ments with distinct visual and tactile cues, separated by a smaller, center
compartment. Before drug conditioning, animals were placed in the cen-
ter area to record exploration of all compartments for 20 min using
computer software (Med Associates). An unbiased, counterbalanced
protocol was used to ensure that no preference for any compartment was
observed in any group during the pretraining trial. For drug-context
training sessions, partitions were put in place to confine subjects in a
specific compartment of the apparatus. Alternating for 4 d, mice were
conditioned to one compartment with saline or to the other compart-
ment with cocaine (0, 2.5, 5, 20 mg/kg, i.p.) for 25 min (n � 9 –19 per
group). Mice were placed into the center area 24 h after the last condi-
tioning session, and the time spent in each compartment was recorded
for 20 min. A conditioning score was calculated for each animal by sub-
tracting the time spent in the drug-paired compartment before training
from the time spent after training. Additional behavioral procedural
methods are provided in supplemental methods (available at www.jneu-
rosci.org as supplemental material).

Preparation of acute striatal slices and electrophysiology
Acute slices and whole-cell patch-clamp recordings were performed in
CaMKII-Cre Cdk5 cKO mice, according to methods described previ-
ously (Zhong et al., 2003). Briefly, mice were anesthetized by inhaling
2-bromo-2-chloro-1,1,1-trifluoroethane (1 ml/100 g) and decapitated.
Brains were then quickly removed, iced, and sliced with a VP1000S Vi-
bratome (Leica; Nussloch, Germany). Slices (400 �m) were incubated
for 1–5 h at room temperature (20 –22°C) in a NaHCO3-buffered saline
bubbled with 95% O2, 5% CO2. To measure intrinsic excitability,
current-clamp recordings were conducted using patch electrodes filled
with an internal solution containing the following (in mM): 60 K2SO4, 60
N-methyl-D-glucamine, 40 HEPES, 4 MgCl2, 0.5 BAPTA, 12 phospho-
creatine, 2 Na2ATP, 0.2 Na3GTP, and 0.1 leupeptin, pH 7.2–7.3, 265–270
mOsm/L. Slices were positioned in a heated (30°C) perfusion chamber
attached to the fixed-stage of an upright microscope (Olympus; Center
Valley, PA) and submerged in continuously flowing oxygenated artificial
CSF. Cells were visualized with a 40� water-immersion lens and illumi-

nated with near-infrared (IR) light, and the image was detected with
an IR-sensitive CCD camera. Recordings were made with Multiclamp
700A amplifier (Axon Instruments, Sunnyvale, CA) that was con-
trolled and monitored with a computer running pClamp (v. 8) with a
DigiData 1322A interface (Axon Instruments). Tight seals (2–5 G�)
from visualized neurons were obtained by inducing negative pressure.
The membrane was disrupted with additional suction, and the whole-
cell configuration was obtained. The access resistances ranged from
10 to 15 M�.

Statistical analysis
Experimental data were analyzed using two-way ANOVA followed by
Bonferroni test, ANOVA followed by Tukey or Newman–Keuls test, or
Student’s t test using GraphPad Prism 4.0 and SPSS 12.0 for Windows
software. Two-way ANOVA for repeated measures (RM) was used where
appropriate (i.e., response to repeated injections, performance on con-
secutive days, etc.). Data are reported as mean � SEM for each measure.
Each sample size is indicated. A value of p � 0.05 was considered statis-
tically significant.

Results
Generation of a conditional Cdk5 knock-out mouse model
To achieve conditional loss of Cdk5, the endogenous gene encod-
ing the protein kinase was first replaced with a targeted allele in
which loxP sites flank exons 2–5 (Fig. 1A). This fCdk5 allele is
subject to excision by Cre recombinase, resulting in knock-out of
Cdk5. The transgenic line expressing Cre under the control of the
�CaMKII promoter (CaMKII-Cre) was used to mediate excision
of Cdk5 in the adult brain. Using this transgenic strategy, recom-
bination of the fCdk5 allele was achieved throughout the fore-
brain of adult CaMKII-Cre/fCdk5 transgenic mice (Fig. 1B).
Cdk5 cKO mice showed significant reduction in Cdk5 mRNA in
striatum (32.4 � 4.8%), cortex (39.5 � 5.3%), and hippocampus
(26.1 � 4.7%) compared with littermates lacking the CaMKII-
Cre transgene (Fig. 1B). No alteration was observed in the level of
Cdk5 mRNA in the cerebellum of cKO mice (101 � 4.9% of
littermate control). These data indicate that Cdk5 was selectively
decreased throughout structures of the adult forebrain in Cdk5
cKO mice. The decrease in striatal Cdk5 mRNA corresponded to
a similar decrease in protein level in striatal tissue lysates (50.7 �
17.0% compared with littermate control) (Fig. 1C). Decreases in
Cdk5 protein also correlated well with reduced Cdk5 activity in
tissue homogenates from inducible Cdk5 conditional knock-out
mice (Hawasli et al., 2007). Furthermore, Cdk5 cKO mice
showed a decrease in Cdk5-dependent phosphorylation of Thr75
DARPP-32 in striatal tissue lysates (62.9 � 0.05% of littermate
control) (Fig. 1C). Consequently, transgenic CaMKII-Cre Cdk5
cKO mice showed reduction in Cdk5 mRNA, protein, and kinase
activity in forebrain structures.

To further define the activity of the CaMKII-Cre, this Cre line
was crossed to a transgenic reporter line that expresses enhanced
yellow fluorescence protein (EYFP) after Cre-mediated recombi-
nation (R26R-EYFP) (Srinivas et al., 2001). The R26R-EYFP
mouse harbors a loxP flanked stop-EYFP cassette at the R26R
locus. Cre-mediated excision of this stop signal results in fluores-
cence attributable to EYFP expression. Cre activity was visualized
in �60% of the cells of the dorsal striatum and NAc of CaMKII-
Cre/R26R-EYFP mice at 10 –12 weeks of age (Fig. 1D), consistent
with previous observations for this transgenic line (Monteggia et
al., 2007). These data suggest that the CaMKII-Cre transgene
mediates Cdk5 knock-out in a mosaic population of neurons
within the striatum.
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Effect of conditional Cdk5 knock-out in
adult forebrain on psychomotor
stimulant effects of cocaine
To assess the effect of loss of Cdk5 on the
locomotor-activating effects of cocaine, a
randomized Latin-square dose–response
experiment was conducted using trans-
genic Cdk5 cKO mice. Mice were habitu-
ated to locomotor activity chambers and
received intraperitoneal injections of sa-
line for 3 d. On each of the subsequent 5 d,
mice were given a single injection of co-
caine (2.5, 5, 10, or 20 mg/kg) or saline,
and locomotor responses were recorded
for 60 min. Statistical analyses revealed a
significant effect of treatment in both con-
trol and Cdk5 cKO mice (F(4,76) � 3.62;
p 	 0.0001, two-way RM ANOVA). Ani-
mals displayed elevated responses to esca-
lating doses of cocaine administration
(Fig. 2A). There was no significant effect of
genotype (F(1,76) � 2.81; p � 0.10) and no
interaction between genotype and treatment
day (F(4,76) � 2.07; p � 0.09). However, con-
ditional loss of Cdk5 produced a dramatic
elevation in response to 20 mg/kg cocaine
compared with control mice (330 � 80.3 for
control vs 739.7 � 207.2 for cKO) (Fig. 2B).
No difference was detected in response to sa-
line injection (94.1 � 14.0 for control vs
153.8 � 37.0 for cKO) (Fig. 2C), indicating
that the increased locomotion in Cdk5 cKO
mice is not caused by nonspecific hyperac-
tivity resulting from handling or injection.
These data indicate that Cdk5 loss in the
forebrain produced an enhancement in lo-
comotor responsiveness to acute exposure to
a high dose of cocaine. These findings pro-
vide direct evidence for the involvement of
Cdk5 in the regulation of behavioral re-
sponses to cocaine.

Effect of Cdk5 loss in adult forebrain on
motivation for food-reinforced
progressive ratio responding
Drugs of abuse activate the neural cir-
cuitry involved in normal incentive mo-
tivation for reinforcers such as food
(Kelley and Berridge, 2002). Instrumen-
tal responding on progressive ratio schedules has been widely
used to study motivation. To evaluate the involvement of
Cdk5 in motivation, CaMKII-Cre Cdk5 cKO mice and litter-
mate controls were trained to nose poke for food reinforce-
ment and tested for 3 consecutive days under a progressive
ratio schedule of reinforcement which provides a measure of
how hard an animal is willing to work for the reward. Cdk5
cKO mice did not differ from controls in their acquisition of
instrumental responding (supplemental Fig. 1 A, available at
www.jneurosci.org as supplemental material). In contrast,
loss of Cdk5 produced dramatically elevated active responses
compared with controls on all days tested on progressive ratio
responding (3209.1 � 662.6, 1886.2 � 533.9, and 1901.7 �
546.0 for cKO vs 1057.1 � 214.0, 375.3 � 80.7, and 432.6 �

133.1 for control on day 1, 2, and 3, respectively) (Fig. 3A).
Cdk5 cKO mice also showed significantly elevated inactive
responses on day 1 (471.1 � 117.5 for cKO vs 194.7 � 43.3 for
control) (Fig. 3A), although this effect did not persist over the
second and third day of testing. Most striking was that Cdk5
cKO mice achieved significantly higher breakpoints compared
with controls over all 3 d of testing (142.0 � 17.5, 92.3 � 14.9,
and 101.3 � 16.2 for cKO vs 79.2 � 9.3, 46.2 � 6.1, and 47.0 �
7.5 for control on days 1, 2, and 3, respectively) (Fig. 3B). No
differences in weight were observed between groups (supple-
mental Fig. 1 B, available at www.jneurosci.org as supplemen-
tal material), suggesting that the enhanced performance in
Cdk5 cKO mice was not likely attributable to alterations in
appetite or hunger. These data indicate that loss of Cdk5 in the

Figure 1. Generation of conditional Cdk5 knock-out mouse model. A, Diagram depicting targeting strategy for generation of
conditional Cdk5 allele. The targeted fCdk5 allele contains loxP sites (arrowheads) flanking exons 2–5. B, Utilization of transgenic
CaMKII-Cre to mediate excision of Cdk5 in adult brain. Representative in situ hybridization of sagittal brain sections from control
and Cdk5 cKO mice using Cdk5 riboprobe. The graph depicts normalized Cdk5 mRNA levels � SEM in cortex (cor), hippocampus
(hip), striatum (str), and cerebellum (cer) in control mice (Con) and Cdk5 cKO mice (***p 	 0.001 compared with control,
Student’s t test, n � 5–7 per group). C, Quantitative immunoblots of Cdk5 and phospho-Thr75 DARPP-32 (pThr75 D32) in striatal
homogenates from control and cKO mice. Representative immunoblots (top) and quantitation (bottom) are shown for each (*p	
0.05 compared with control, Student’s t test, n � 5– 8 per group). D, Immunostaining for EYFP (green) and the neuronal marker,
NeuN (red), in CaMKII-Cre/R26R-EYFP reporter mice. Cre activity is shown in EYFP-positive cells (green) in the caudoputamen
(CPu), NAc, and cortex at low magnification (left). EYFP/NeuN double-positive cells (yellow) are shown throughout the CPU and
NAc at high resolution (right). Scale bars: 500 �m (left, low magnification), 20 �m (right, high magnification).
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adult forebrain increases the motivation for goal-directed in-
strumental responding for appetitive reinforcement.

We also sought to specifically explore motivational influences
on goal-directed responding in Cdk5 cKO mice by assessing the
ability of posttraining reinforcer devaluation to alter progressive
ratio responding. This satiety-induced reinforcer devaluation ex-
periment was conducted by switching the motivational state
from hunger to satiety via prefeeding the animals before progres-
sive ratio testing. Prefeeding before testing dramatically reduced
the breakpoints achieved in control and Cdk5 cKO mice and
eliminated the difference between groups (27.1 � 5.2 for control
vs 40.4 � 9.5 for cKO) (Fig. 3C). These data indicate that reduc-
tion in incentive motivation for reinforcement completely elim-
inated the enhanced breakpoint ratio achieved by Cdk5 cKO
mice. Furthermore, Cdk5 cKO and control mice consumed the
same amount of food during prefeeding, suggesting that there
was likely no difference in hunger or appetite before testing (sup-
plemental Fig. 1C, available at www.jneurosci.org as supplemen-
tal material). Together, these data indicate that loss of Cdk5 in-
creased the motivation to obtain reinforcement, likely through
enhancement in incentive value. Thus, Cdk5 may govern aspects
of reward processing in the mesocorticolimbic-striatal circuitry
that are important for natural reinforcers.

Neurons in the NAc from Cdk5 cKO
mice exhibit increased excitability
To understand possible mechanisms in-
volved in these behavioral effects, we ex-
amined the effect of Cdk5 loss on the phys-
iological state of NAc neurons. For this
analysis, patch-clamp recordings were
performed in NAc medium spiny neurons
from CaMKII-Cre Cdk5 cKOs to examine
the potential changes in their intrinsic ex-
citability. When compared with cells re-
corded from control mice, loss of Cdk5
did not alter the current–voltage relation-
ship (Fig. 4A), resting membrane poten-
tial, or action potential waveform proper-
ties (Table 1) in NAc medium spiny
neurons. However, there was a dramatic
increase in the intrinsic excitability of NAc
neurons as measured by the number of
spikes evoked by injection of depolarizing
current steps (Fig. 4B). Loss of Cdk5 in-
creased the firing rate of NAc neurons by
135–210% in response to 180 –220 pA cur-
rent injections, compared with NAc neu-
rons from control mice (Fig. 4C). In addi-
tion, cells from Cdk5 cKO slices displayed
a reduced threshold to elicit a spike com-
pared with controls (137.6 � 5.3 pA in
cKO vs 158.3 � 4.2 pA in control), as well
as a decreased latency to fire in response to
180 pA current injection (Table 1). Thus,
NAc neurons from Cdk5 cKO mice show
increases in neuronal excitability. These
data suggest that Cdk5 exerts an inhibitory
effect on the basal intrinsic excitability of
NAc neurons that may be related to be-
havioral responses to rewarding stimuli,
including cocaine and natural reinforcers
like food.

Generation of NAc-specific Cdk5 knock-out mouse model
To investigate the role of Cdk5 specifically in neurons of the
NAc, we delivered rAAV expressing Cre recombinase to the
NAc of fCdk5 mice to excise the Cdk5 allele (Fig. 5A). rAAV
expressing EGFP served as the control vector as described
previously (Berton et al., 2006). RNA in situ hybridization
analysis on serial coronal brain sections of homozygous fCdk5
mice transduced with Cre indicated a circumscribed loss of
Cdk5 mRNA within the NAc that precisely overlaid the area of
Cre expression (Fig. 5B). These rAAV vectors are not subject
to retrograde transport when delivered to striatal brain re-
gions (Burger et al., 2004). Thus, these results indicate that KO
of Cdk5 occurred specifically within the postsynaptic compartment
of NAc neurons (NAc-KO). Delivery of the Cre vectors into wild-
type animals exhibited no such effects on Cdk5 expression (data not
shown). To evaluate NAc-KO at the protein level, the EGFP signal
present in the EGFPCre and the control EGFP vector was used to
visualize the specific population of transduced neurons using an
epifluorescence microscope. Immunoblots of tissue punch homog-
enates from EGFPCre fields showed a reduction in Cdk5 protein
level to 55.0�5.1% of control (Fig. 5C). In contrast, transduction by
the control EGFP vector had no effect on Cdk5 expression in the
NAc (107 � 7.28% of naive control). Thus, we achieved control of

Figure 2. Effect of transgenic Cdk5 cKO on cocaine-induced locomotor activity. A, Locomotor responses of control (Con)
and CaMKII-Cre Cdk5 cKO mice to saline and cocaine injections in Latin-square dose–response experiment. Mice were
habituated to saline injections for 3 consecutive days (S1–S3), followed by cocaine injections in the Latin-square dose–
response (gray background). The graph depicts mean locomotor counts � SEM for 60 min after injection with saline or the
drug dose indicated (*p 	 0.05 compared with control, post hoc Bonferroni, n � 10 per group). B, Time course of
locomotor activity in response to administration of 20 mg/kg cocaine. The graph on the left depicts mean locomotor
counts � SEM over 60 min before (white background) and after (gray background) injection of control or cKO groups.
Arrow denotes time of injection in each graph. Cumulative locomotor counts � SEM over 60 min are displayed in
histograms at right (*p 	 0.05, Student’s t test, n � 10 per group). C, Locomotor activity response to saline injection over
the same time course as B with data summarized in histograms (right).
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Cdk5 expression in NAc neurons by rAAV-mediated Cdk5
NAc-KO.

Effect of NAc-specific loss of Cdk5 on cocaine-induced
behavioral sensitization
Previous studies have suggested that Cdk5 contributes to the de-
velopment and expression of locomotor sensitization to cocaine
(Bibb et al., 2001; Taylor et al., 2007). However, these studies used
pharmacological inhibition of Cdk5 that likely had both presyn-
aptic and postsynaptic effects in the NAc. To investigate the role
of Cdk5 specifically in the postsynaptic compartment of striatal
neurons, we used rAAV-mediated Cre delivery to the NAc. No-
tably, NAc-KO did not alter spontaneous activity or anxiety com-
pared with controls (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). With this NAc-KO
strategy, we were able to study the effect of selective, postsynaptic
Cdk5 loss on locomotor responses to cocaine. Adult, fCdk5 mice
were targeted with rAAV expressing EGFP or Cre (EGFPCre or
Cre) into the NAc and assessed for cocaine-induced locomotor
sensitization to 10 and 15 mg/kg cocaine doses (Fig. 6). After
habituation to saline injections in the locomotor chambers, mice
were injected with 10 mg/kg cocaine for 5 consecutive days, and
locomotor responses were recorded for 60 min (Fig. 6A). There
was a main effect of treatment day on locomotor responses in the
first 30 min after saline injection and 5 d of cocaine (F(5,160) �
7.85; p 	 0.0001, two-way RM ANOVA), and locomotion in-
creased over consecutive days to repeated cocaine injections.
However, Cdk5 NAc-KO mice showed significantly higher loco-
motor counts as early as day 3 of cocaine treatment (336.4 �
126.3 vs 52.2 � 7.3 for saline), whereas the control mice only
showed increases in locomotion on day 5 of cocaine (300.1 �
101.8 vs 58.1 � 14.3 for saline) (Fig. 6A). These data indicate that

Cdk5 loss in the postsynaptic compartment of the NAc enhanced
the behavioral sensitization to 10 mg/kg cocaine exposure.

When mice were analyzed for the development of sensitiza-
tion using a higher dose of 15 mg/kg cocaine, no such differences
between EGFP and Cre animals were appreciated (Fig. 6B). Both
groups showed robust locomotor sensitization to this higher co-
caine dose (F(5,165) � 51.3; p 	 0.0001, two-way RM ANOVA),
with both genotypes exhibiting progressive increases in locomo-
tor activity over subsequent challenge days. These effects were
observed on day 3 for both control mice (501.6 � 83.9 vs 74.8 �
11.9 for saline) and Cdk5 NAc-KO mice (496.8 � 83.1 vs 74.2 �
10.8 for saline). Statistical analyses revealed no main effect of
genotype (F(5,165) � 0.00; p � 0.99) and no interaction between
genotype and treatment day (F(5,165) � 0.55; p � 0.74). Further-
more, the overall level of behavioral sensitization to 5 d of 15
mg/kg cocaine exposure was not altered between genotypes
(663.2 � 91.3 for control vs 751.6 � 98.0 for NAc-KO). Together,
these data indicate that loss of Cdk5 specifically from the postsyn-
aptic compartment of NAc neurons caused a leftward shift in the
threshold to induce behavioral sensitization, but did not alter the
maximal behavioral responses to repeated cocaine exposure.

Figure 4. Effect of Cdk5 cKO on intrinsic membrane excitability of NAc neurons. A, Current–
voltage graphs in NAc neurons from control (Con) and cKO mice showing no effect on passive
membrane properties. B, Analysis of intrinsic excitability of NAc neurons from control versus
cKO mice. The graph shows mean spike number � SEM in response to different current injec-
tions (*p 	 0.05, **p 	 0.01, ***p 	 0.001 compared with control, post hoc Bonferroni, n �
7– 8 per group). C, Representative traces of action potential firing evoked by depolarizing
current pulses (140 –220 pA; 500 ms) in NAc neurons from control and cKO mice. Calibration: 20
mV, 100 ms.

Table 1. Membrane properties of NAc medium spiny neurons from control and Cdk5
cKO mice

Control Cdk5 cKO

Resting membrane potential (mV) �81.8 � 2.2 �78.7 � 1.0
Rheobase (pA) 158.3 � 4.2 137.6 � 5.3*
Latency to first spike (ms) 312.8 � 45.3 155.0 � 20.5*
Spike threshold (mV) �42.8 � 0.7 �41.2 � 1.2
Spike amplitude (mV) 72.4 � 3.4 70.3 � 2.5
Spike half-width (ms) 1.4 � 0.2 1.5 � 0.3

Rheobase value was determined as the smallest current injection that elicited a single spike. Latency to first spike
was measured from 180 pA current injection. Values are expressed as mean � SEM. *p 	 0.05, Student’s t test, n �
7– 8 per group.

Figure 3. Effect of Cdk5 cKO on instrumental responding for reward. A, Performance for
control (Con) versus cKO mice for food reinforcement under a PR schedule. The graphs depict
active (left) and inactive (right) nose poke responses � SEM for 3 consecutive days of PR testing
(*p 	 0.05, **p 	 0.01, ***p 	 0.005 compared with control, post hoc Tukey, n � 16 –20 per
group). B, Breakpoints achieved for control versus cKO mice during 3 d of PR responding. The
graphs show mean final ratios achieved � SEM (*p 	 0.05, **p 	 0.01, ***p 	 0.001
compared with control, post hoc Tukey, n � 16 –20 per group). C, Performance in progressive
ratio instrumental responding after prefeeding.
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Effect of NAc-specific Cdk5 KO on expression of cocaine-
conditioned place preference
Drug addiction involves associative learning processes in which
the reinforcing properties of drugs become associated with envi-
ronmental cues. To assess the role of Cdk5 in this aspect of
reward-related learning that likely has relevance for recidivism,
Cdk5 NAc-KO mice were analyzed for cocaine-conditioned place
preference. In this paradigm, cocaine exposure is paired with a
distinctive context to associate cocaine reinforcement with spe-
cific contextual cues. After cocaine conditioning, the degree of
cocaine reinforcement is inferred by the amount of time the mice
spend in the previously drug-associated context. Before condi-
tioning, there was no preference for the compartment that was to
be paired with cocaine at any dose in either control or NAc-KO
mice (F(3,101) � 0.23; p � 0.87, two-way ANOVA). When condi-
tioned with a low dose of cocaine (2.5 mg/kg), Cdk5 NAc-KO
mice displayed a significant increase in time spent in the drug-
paired context (644.7 � 41.4 during posttraining vs 520.5 � 23.1
for pretraining) (Fig. 7A), whereas no place preference was found
in control animals (574.7 � 42.8 during posttraining vs 522.5 �
35.9 for pretraining) (Fig. 7A). These data indicate that postsyn-
aptic loss of Cdk5 in NAc neurons may facilitate cocaine-induced
associative learning. Training with either 5 or 20 mg/kg cocaine
induced significant increases in the amount of time spent in the
cocaine-associated compartment in both control and NAc-KO
mice (Fig. 7A). Furthermore, analysis of the conditioning score
for each group indicated that training induced a significant pref-
erence at all cocaine doses in Cdk5 NAc-KO mice compared with
saline, whereas control mice showed preferences after only 5 and
20 mg/kg training doses compared with saline (Fig. 7B). To-
gether, these data suggest that deletion of Cdk5 from neurons of
the NAc reduced the threshold for cocaine-conditioned place

preference. This finding is consistent with the enhanced psy-
chomotor effects of cocaine seen in Cdk5 NAc-KO mice in the
locomotor sensitization assay and further supports the notion
that Cdk5 regulates cocaine-related behavioral responses, at least
in part, through activity in striatal neurons of the NAc.

Discussion
The present study demonstrates that loss of Cdk5 in the adult
forebrain enhances the locomotor activating properties of co-
caine, augments motivation for food reinforcement, and in-
creases intrinsic neuronal excitability in the NAc. Enhancements
in the psychoactive properties of cocaine were also induced by
selective loss of Cdk5 in postsynaptic compartments of the NAc.
These findings are consistent with the hypothesis that Cdk5 reg-
ulates dopamine neurotransmission in the NAc and serves as a
homeostatic target of chronic psychostimulant exposure. Two
model systems were used here that allowed restricted loss of Cdk5
activity: first, a transgenic Cdk5 cKO system was developed that
allowed temporal and spatial control of Cdk5 expression selec-
tively in the adult forebrain. Second, rAAV was used to induce
loss of Cdk5 restricted to the postsynaptic compartment of NAc
neurons in adult animals (i.e., NAc-KO). This targeted deletion
of Cdk5 in the NAc facilitated cocaine-induced locomotor sensi-
tization and conditioned place preference for cocaine. Together
these results provide compelling evidence that Cdk5 acts as a key
negative regulator of neuronal excitability in the NAc through
postsynaptic mechanisms that may underlie enhanced neuroad-
aptive and motivational properties of addictive drugs and natural
reinforcers.

Although previous studies have used the infusion of Cdk5
inhibitors into the brain in combination with behavioral assess-
ments (Bibb et al., 2001; Chen and Chen, 2005; Taylor et al.,
2007), the development of conditional Cdk5 knock-out model
systems allowed for direct evaluation of the role of Cdk5 in the
psychoactive properties of cocaine and reward-motivated behav-
ior. Indeed, these approaches circumvent the limitations of Cdk5
inhibitors, including the inability to localize the effects of Cdk5
inhibition to either presynaptic or postsynaptic compartments
and the possibility of nonspecific pharmacological effects. Fur-
thermore, inhibition of Cdk5 catalytic activity may not affect
structural or activity-independent roles of the protein, which
have recently been appreciated (Hawasli and Bibb, 2007). Thus,
conditional knock-out strategies provide a powerful platform
from which to evaluate the role of Cdk5 in reward-related behav-
ior. In the present study, conditional Cdk5 knock-out allowed the
restricted and selective loss of Cdk5 in adult brain to be more
directly linked to behavioral response to rewarding stimuli.

The reinforcing and rewarding properties of drugs of abuse
are associated with potent activation of the mesocorticolimbic-
striatal circuitry controlled by dopamine neurotransmission.
Cdk5 negatively regulates dopamine signal transduction (Bibb et
al., 1999), and pharmacological inhibition of Cdk5 in the NAc
enhances several locomotor and motivational responses to co-
caine (Bibb et al., 2001; Taylor et al., 2007). Here, we show that
CaMKII-Cre Cdk5 cKO mice, in which Cdk5 is deleted in the
adult brain, display potentiated locomotor responses to cocaine.
Specifically, loss of Cdk5 throughout the forebrain, including the
mesocorticolimbic-striatal circuitry, increased the locomotor re-
sponse to the highest dose of cocaine in a randomized dose–
response study. These data are consistent with previous studies
where Cdk5 inhibition enhanced locomotor responses to cocaine
(Bibb et al., 2001; Taylor et al., 2007) and suggest that Cdk5

Figure 5. Generation of NAc-specific Cdk5 knock-out mouse model. A, Diagram depicting
recombinant viral vectors to mediate excision of Cdk5 in NAc. Viral constructs contain CMV
promoter (CMV), human growth hormone intron (hGH), SV40 polyadenylation sequence (pA),
and inverted terminal repeats (open squares). The control vector contains an EGFP cassette,
whereas the KO vector expresses a chimeric EGFPCre protein. B, Representative in situ hybrid-
ization analysis of rAAV-mediated NAc-specific knock-out of Cdk5. Arrows indicate correspond-
ing NAc regions of rAAV transduction in adjacent sections hybridized with Cdk5 (left) and Cre
(right) riboprobes after rAAV-EGFPCre delivery. C, Quantitative immunoblotting of rAAV-
mediated NAc-KO. Representative immunoblots of GFP and Cdk5 in homogenates from mice
transduced with rAAV expressing EGFP (left) or EGFPCre (right) are shown in the top panels. GFP
immunoblots show detection of EGFP (�28 kDa) in control samples and EGFPCre (�70 kDa) in
NAc-KO samples. Quantitation of Cdk5 levels in NAc lysates transduced with EGFP (Con) versus
EGFPCre (NAc-KO) is shown at bottom (*p 	 0.05, Student’s t test; n � 4 per group).
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activity in the adult forebrain is involved
in the modulation of the psychoactive ef-
fects of cocaine exposure.

Dopamine neurotransmission plays
important roles in multiple reward-
related behavioral processes in addition to
those invoked by addictive drugs. To in-
vestigate whether Cdk5 is also involved in
nondrug reward-related behavior, we
evaluated the consequences of loss of
Cdk5 on instrumental responding for
food reinforcement. Cdk5 cKO mice dis-
played increased incentive motivation for
food-reinforcement measured by progres-
sive ratio responding. It should be noted
that although the CaMKII-Cre Cdk5 cKO
model system avoids the possible con-
founds of congenital abnormalities and
pharmacological nonspecificity, the loss of
Cdk5 is not complete in this model system
(Fig. 1). Nonetheless, the observations
made here are consistent with Cdk5 inhi-
bition enhancing cocaine-induced poten-
tiation of conditioned reinforcement and
progressive ratio responding for cocaine
(Taylor et al., 2007) and strongly suggest that Cdk5 activity influ-
ences reward-motivated processes that involve dopamine signal-
ing in the NAc.

The development of locomotor sensitization may model as-
pects of the neuroadaptive processes that occur in the
mesocorticolimbic-striatal circuitry in response to repeated drug
exposure. In previous studies, pharmacological inhibition of
Cdk5 in the NAc enhanced the maximal activity level to repeated
cocaine exposure (Bibb et al., 2001; Taylor et al., 2007). However,
as mentioned above, these pharmacological manipulations can-
not distinguish presynaptic versus postsynaptic effects of Cdk5
inhibition. Furthermore, the effect of pharmacological inhibitors
is restricted to catalytic activity, whereas knock-out removes the
protein with consequences for both activity-dependent and inde-
pendent functions of Cdk5. In the current study, selective
postsynaptic knock-out of Cdk5 in neurons of the NAc using
infusions of rAAV lowered the threshold for cocaine-induced
locomotor sensitization. The maximal activity level achieved af-
ter repeated cocaine exposure was, however, not affected. Based
on the behavioral differences in these models, it may be specu-
lated that Cdk5 activities in the presynaptic versus postsynaptic
compartments of the mesocorticolimbic-striatal circuitry have
complementary yet possibly distinct actions. Although we are
cautious in drawing conclusions from such different models, the
present data derived from NAc-specific KO suggest that Cdk5
activity in NAc neurons may regulate the threshold for the devel-
opment of neuroadaptations in response to drugs of abuse.

Such drug-induced neuroadaptations also influence the for-
mation of associations between the rewarding properties of the
drug and environmental stimuli. We therefore tested Cdk5
NAc-KO in this form of reward-related learning using the con-
ditioned place preference paradigm. Similar to the effects on lo-
comotor sensitization, selective loss of Cdk5 in the NAc reduced
the threshold dose required to induce a conditioned place pref-
erence for cocaine. Notably, consistent with the findings from the
locomotor sensitization experiment, the maximal behavioral re-
sponses to a high dose of cocaine were not affected by Cdk5
NAc-KO. rAAV-mediated NAc-specific loss of Cdk5 allowed the

role of this kinase to be assessed in a specific compartment of the
mesocorticolimbic-striatal circuitry and alleviated the need for
transgenic Cre mice. However, it should be noted that this viral
approach for spatially restricted transgene delivery is dictated by
serotype, viral-receptor, and promoter considerations
(Shevtsova et al., 2005). Nonetheless, these data suggest that
Cdk5 in the NAc is critical for regulating the threshold or sensi-
tivity of the effects of cocaine on neuroplasticity and reward-
related learning.

Striatal medium spiny neurons are the primary output of the
mesocorticolimbic-striatal circuitry that mediates behavioral re-
sponses to reward-related stimuli. At this critical point of conver-
gence, the signal transduction cascades activated by cocaine re-
sult in increased striatal excitability (Dong et al., 2006). Indeed,
dopamine regulates striatal neuron firing through PKA-
dependent signaling (Hernandez-Lopez et al., 1997), and chronic
cocaine exposure has also been reported to decrease the excitabil-
ity of rat striatal neurons (Zhang et al., 1998). Because the signal-
ing mechanisms underlying decreases in striatal excitability in
cocaine-exposed animals remain unknown, we performed an
electrophysiological analysis of the properties of NAc neurons
from Cdk5 cKO mice. This experiment revealed a dramatic in-
crease in intrinsic excitability in NAc medium spiny neurons after
a loss of Cdk5, suggesting that Cdk5 has inhibitory influences not
only on dopamine neurotransmission, but also on the intrinsic
firing properties of NAc neurons. Moreover, these findings im-
plicate Cdk5 in the regulation of striatal neuron responsiveness to
excitatory neurotransmission, such as that mediated via glutama-
tergic input from cortical afferents. The present studies illustrate
the functional relevance of regulation of striatal excitability in the
mesocorticolimbic-striatal circuit and suggest that cocaine-
regulated targets, such as Cdk5, may influence the electrophysi-
ological properties of striatal output neurons. Because Cdk5 con-
trols the efficacy of dopamine and PKA-dependent signaling via
the phosphorylation of DARPP-32 at Thr75 in the striatum (Bibb
et al., 1999; Benavides and Bibb, 2004), the current data support
the hypothesis that Cdk5 may modulate striatal neuron excitabil-
ity via regulation of PKA activity. Future studies will undoubtedly

Figure 6. Effect of NAc-specific Cdk5 KO on locomotor sensitization to repeated cocaine exposure. A, Locomotor activity in
response to saline injection (S), followed by repeated 10 mg/kg cocaine injection over 5 consecutive days (1–5). Mean locomotor
counts � SEM in 10 min bins for 60 min immediately after injection for each day are shown for control (Con) versus NAc-KO groups
(left). Data for the first 30 min after injection are summarized in histograms (right, *p 	 0.05, **p 	 0.01 compared with saline,
post hoc Tukey; n � 17 per group). B, Locomotor sensitization to 15 mg/kg cocaine in control (Con) and NAc-KO mice. Time course
locomotor activity and data summaries are shown as in A (***p 	 0.001 compared with saline, post hoc Tukey; n � 16 –19 per
group).
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identify additional mechanisms by which Cdk5 may regulate co-
caine sensitivity and motivation. Here we demonstrate that ele-
vation in striatal neuron intrinsic excitability in Cdk5 cKO mice is
associated with parallel enhancements in behavioral responses to
reinforcing stimuli, either drugs or food. These findings under-
score the importance of understanding how Cdk5 alters the func-
tional properties of ion channels that mediate striatal neuron
firing, because these mechanisms may serve as novel targets for
the treatment of addiction and disorders of motivation.
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