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The cyclin-dependent kinase Cdk5 and DARPP-32 (dopamine- and cAMP-regulated phosphoprotein of Mr 32 kDa)-dependent signaling

have been implicated in the regulation of dopaminergic neurotransmission after chronic cocaine treatment. In this study, we examined if

Cdk5 signaling participates in the behavioral and biochemical effect of acute and chronic methamphetamine (METH) treatment. We

found that Cdk5 activity and the membrane fraction of p35 protein, a Cdk5 activator, in the ventral striatum increased transiently after an

injection of 4 mg/kg METH, while intra-accumbens treatment with a Cdk5 inhibitor, roscovitine, prevented the acute METH-induced

locomotor activation. The phosphorylation of DARPP-32 at both Thr75 and Thr34 was differentially regulated after acute METH

treatment, but the levels of total Cdk5, p35, and DARPP-32 remained the same. To determine if Cdk5 signaling was associated with

behavior sensitization to METH, rats that received repetitive injections of METH (4 mg/kg) for 14 consecutive days were analyzed at

withdrawal day 7. The results indicate that Cdk5 activity and p35 translocation in the ventral striatum were upregulated in METH-

sensitized rats; treatment with roscovitine in the nucleus accumbens effectively suppressed the 1 mg/kg METH-induced behavioral

sensitization. Concomitantly, a decrease in the amount of PP-2A and DARPP-32 phosphorylation at Thr34, but an increase in

phosphorylation of DARPP-32/Thr75, was observed in the ventral striatum of sensitized rats. The overall results demonstrate that Cdk5/

p35 and downstream signaling in the ventral striatum play a critical role in the effects of acute METH treatment as well as the

development of behavioral METH sensitization.
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INTRODUCTION

Cumulative evidence has revealed that repeated injections
of psychostimulants (such as cocaine, amphetamine, and
morphine) lead to behavioral sensitization, a phenomenon
characterized as a progressive enhancement of the locomo-
tor activity or stereotyped responses (Robinson and Becker,
1986; Kalivas and Stewart, 1991). The mesolimbic dopami-
nergic projection, from the ventral tegmental area to the
nucleus accumbens, plays an essential role during the
development of behavioral sensitization (Robinson and
Becker, 1986; Kalivas and Stewart, 1991). The early action of
psychostimulants in the ventral tegmental area is consid-

ered to be a critical cellular event for initiation of behavioral
sensitization (Kalivas and Stewart, 1991). After repetitive
drug exposure, the neural circuitry in the ventral striatum
(mainly the nucleus accumbens) is required for behavioral
expression (Cador et al, 1995). In the ventral striatum, both
dopamine D1- and D2-like receptors and glutamate NMDA
and AMPA receptors located on the medium spiny neurons
are the primary targets for the altered neurotransmission
upon amphetamine or cocaine challenge (Self and Nestler,
1995; Groenewegen et al, 1999). It is known that in
behavior-sensitized animals, D1 dopamine receptor super-
sensitivity occurs in the ventral striatum (Nestler and
Aghajanian, 1997). This cellular event could functionally
associate with upregulated adenylyl cyclase and protein
kinase A (PKA) signal, and thus enhances the phosphoryla-
tion of the nuclear protein CREB and the expression of
immediate-early genes, such as Fos, Jun, and DFosB (Koob,
1996; Keiz et al, 1999). Since the ultimate changes occur at
the level of transcription, the behavioral and biochemical
abnormalities that result from chronic psychostimulant
exposure are considered to be enduring, and D1 receptor-
mediated signaling is viewed as determining predominantly
behavioral sensitization.
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Recently, another D1 receptor-mediated signaling path-
way has been identified in the cocaine-sensitized rats. The
D1 receptor-evoked PKA activation in the medium spiny
neuron was found to phosphorylate DARPP-32 (dopamine-
and cAMP-regulated phosphoprotein of Mr 32 kDa) at the
threonine 34 position, which in turn inhibits protein
phosphatase (PP)-1 and affects a series of downstream
physiological effectors (Greengard et al, 1999; Svenningsson
et al, 2004). Alternatively, psychostimulants would activate
cyclin-dependent kinase Cdk5, and consequently phosphor-
ylate DARPP-32 at the threonine 75 position (Greengard,
2001; Liu et al, 2001). This phosphorylated form of DARPP-
32 could inhibit the activity of PKA, and thus decrease the
phosphorylation of DARPP-32 at Thr34 (White and Cooper,
2001). Reciprocally, PKA would also activate phosphatase
PP-2A to dephosphorylate the DARPP-32 at Thr75, and thus
inhibit the Cdk5-DARPP-32/Thr75 signaling (Greengard,
2001; Gupta and Tsai, 2001). This signal pathway of Cdk5
and DARPP-32/Thr75 in the ventral striatum is currently
postulated to be an endogenous feedback regulatory route,
which counterbalances the sensitized behaviors that result
from chronic cocaine-triggered D1 receptor/PKA signaling
(Nishi et al, 2000; Bibb et al, 2001).

Cdk5 is a serine/proline cellular kinase, which could
phosphorylate numerous downstream proteins (Maccioni
et al, 2001); it is now known that nuclear DFosB encodes for
a Cdk5 transcriptional regulator (Bibb et al, 2001). The
induction of DFosB has recently been demonstrated as an
essential nuclear signal that mediates cocaine-induced
behavioral sensitization (Nestler, 2001). Whether Cdk5 is
also involved in methamphetamine (METH)-induced beha-
vioral sensitization, or drug manipulation on in vivo Cdk5
activity would affect the development of METH sensitiza-
tion is currently unclear, and hence requires further
investigation. Previously, we identified that, in ampheta-
mine-sensitized rats, DFosB expression displayed a temp-
oral and spatial variation upon neuroleptic administration
(Hsieh et al, 2002). The result suggests a possible linkage
between amphetamine sensitization and Cdk5 signaling. In
this study, we intended to investigate if Cdk5 and p35
participate in the acute and chronic METH-evoked beha-
vioral and biochemical events. We found Cdk5/p35 activity
and DARPP-32 phosphorylation were significantly altered
in the ventral striatum of acute and chronic METH-treated
rats. In addition, blockade of Cdk5 activity by intra-
accumbens injection of roscovitine prevented behavioral
activation as well as behavioral upregulation in METH-
sensitized rats. The results indicate that Cdk5/p35 and its
downstream signaling display a distinct mode of action, in
contrast to cocaine and morphine (Ferrer-Alcon et al, 2003),
underlying the METH-evoked behavioral activation.

MATERIALS AND METHODS

Animal Environment

Male Sprague–Dawley rats (National Breeding Center,
Taiwan) weighting 200–250 g were housed three per cage
under a 12-h light/12-h dark cycle (light on at 0700, light off
at 1900) and at constant temperature (251C) and humidity
in a control room under qualified caretakers in the Chang-
Gung Animal Core for at least 1 week before experimenta-

tion. Rats were allowed free access to food and water. All the
experimental procedures were performed during the light
cycle. The ethical guidelines provided by the Chang-Gung
Animal Core were followed throughout the study.

Behavioral Assessments

The acute and chronic effects of METH on Sprague–Dawley
rats were evaluated by measuring drug-evoked locomotor
activity and stereotypy. After drug administration, the
individual rat was tested in an Animal Activity Cage
(30� 45� 45 cm3; MED Associates Inc., St Albans, VT)
constructed of opaque plastic walls and four photocells
positioned 1 cm above the floor and spaced evenly along the
longitudinal axis of each chamber. When the animal moved,
separate interruptions of photocell beams were detected via
an electrical interface by a computer situated in an adjacent
room. Every 5-min, locomotor activity and stereotypy were
recorded for a total session of 2 h. Photo beam interruptions
with a duration of less than 0.5 s were excluded (Chiang
et al, 2003).

Surgery and Intracranial Drug Administration

Rats were anesthetized with 4% chloral hydrate and light
ketamine (45 mg/kg, i.p. ) and placed in a stereotaxic holder
(David Kopf Model 900, Tujunga, CA). Two 24-gauge
stainless-steel guide cannulae (5–10 mm in length) were
bilaterally inserted into the nucleus accumbens with one
end connected to a 10-ml Hamilton syringe via PE-10 tubing.
The coordinates for the nucleus accumbens-shell were
anterior–posterior 1.7 from bregma, medial–lateral 71.5
from the midline, dorsal–ventral 6.0 from the skull (Paxinos
and Watson, 1996). Roscovitine (10 mM; modified from
Bibb et al (2001)) or the vehicle (sterile phosphate-buffered
saline : DMSO¼ 50 : 50) was microinfused into the target
area at a flow rate of 0.5 ml/min for 2 min driven by a
microsyringe pump (CMS 102, Stockholm, Sweden). After
completing each injection, the cannula was left in place for
an additional 2 min to reduce any possible backflow of the
solution along the injection track. The hole was sealed with
bone wax immediately afterwards. Animals were removed
from the surgical platform and left in their home cage for
recovery. After approximately 4 h after the surgery and
when they are fully awake, the rats were tested for METH-
induced locomotor activity and stereotypy. METH was
administrated intraperitoneally at 1 or 4 mg/kg dissolved in
sterile 0.9% saline. The location of the needle tract was
histologically verified by Nissl staining after the termination
of the experiment.

Tissue Extraction and Western Blot Analysis

The animals were killed by decapitation, and tissues from
the ventral striatum (mostly the nucleus accumbens;
Figure 8a) were quickly dissected and immediately frozen
in liquid nitrogen. On the day of the experiment, the tissues
were either sonicated in 1% sodium dodecyl sulfate (SDS)
buffer and boiled for 5 min, or separated into cytosolic and
membrane fractions via CNM compartment protein extrac-
tion kit (BioChain Co., Hayward, CA). Small aliquots of the
extracts were retained for protein determination by the
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Coomassie blue assay using bovine serum albumin as the
standard. Equal amounts of protein (20–40 mg) were
separated by SDS-polyacrylamide gel electrophoresis
(PAGE) (12.5% polyacrylamide gels), and transferred onto
the PVDF membranes (Millipore, Bedford, MA). Mem-
branes were then incubated overnight at 41C with their
primary antibody diluted in the TBST (Tris-buffered saline
plus 0.1% Tween-20) buffer. The antibodies used were anti-
tyrosine hydroxylase (TH) (1 : 1000 dilution; Calbiochem,
San Diego, CA), anti-Cdk5 (1 : 500 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-p35 (1 : 1000 dilution;
Santa Cruz Biotechnology), anti-PP-2A catalytic subunit
(1 : 500 dilution; Santa Cruz Biotechnology), anti-phospho-
DARPP-32/Thr34 and phospho-DARPP-32/Thr75 (1 : 1000;
general gifts from Drs Greengard/Nairn and from Cell
Signaling). After 3� 10-min washes in TBST buffer, the
blots were incubated for 1 h at room temperature with
horseradish peroxidase-conjugated secondary antibodies in
TBST buffer: 1 : 2000 goat anti-rabbit IgG (Amersham
Pharmacia Biotech, Piscataway, NJ) for Cdk5, p35, pERK1/
2, phospho-Thr75, and -Thr34 DARPP-32; 1 : 2000 horse
anti-mouse IgG (Amersham Pharmacia Biotech) for TH and
DARPP-32; 1 : 4000 goat anti-goat IgG (Amersham Pharma-
cia Biotech) for PP-2A. Finally, the blots were washed
3� 10-min in TBST and developed for 60 s using the
enhanced chemiluminescence (ECL) procedure of Amer-
sham Pharmacia Biotech. The signals were exposed with
Hyperfilm (Amersham Pharmacia Biotech) and the blots
were stripped and re-probed with anti-b-actin (1 : 1000;
Sigma Co., St Louis, MO) or anti-DARPP-32 (1 : 1000
dilution; BD Biosciences, Los Angeles, CA) antibody for
quantitative control. The resulting gel bands were quanti-
fied by a gel documentation system (Molecular Dynamics)
and normalized with b-actin or DARPP-32 signals.

Assays for Cdk5 Activity

Cdk5 activity was determined by both radioactivity and
SDS-PAGE. Tissues from the ventral striatum were homo-
genized with a Dounce homogenizer in lysis buffer (150 mM
NaCl, 20 mM Tris-HCl, 1 mM EDTA, 0.5% Nonidet P-40,
5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
2.5 mM benzamidine, 20 mg/ml antipain, 20 mg/ml leupeptin,
5mg/ml chymostatin, 5 mg/ml pepstatin, 50 mM NaF, and
5 mM Na3VO4 at pH 7.4). Cdk5 was immunoprecipitated
from the ventral striatal homogenates using an anti-Cdk5
antibody conjugated to agarose beads (C8; Santa Cruz
Biotechnology). The immunoprecipitated samples were
resuspended and incubated with 2mg of histone H1 (type
II-S) (Sigma Co.) in 20 ml of kinase assay buffer (50 mM
HEPES, 10 mM MgCl2, 1 mM DTT, 50 mM ATP, and 5 mCi
[g-32P]ATP) for 10 min at 301C. The reaction was termi-
nated by spotting 20 ml of the reaction mixture on a P81
phosphocellulose disc (Whatman P81, Upstate Biotechnol-
ogy Inc.) or by adding 5 ml of 5� sample buffer (250 mM
Tris-HCl, 40% glycerol, 8% SDS, and 20% 2-mercaptoetha-
nol at pH 6.8). The discs were washed three times (5 min
each) with 0.75% phosphoric acid, followed by soaking in
95% ethanol for 5 min and dried in the air. The radioactivity
was measured with a scintillation counter (Packard Inc.)
and corrected with basal activity, measured at the
corresponding time but with boiled samples. Alternatively,

the samples were separated by SDS-PAGE (15% polyacry-
lamide gels). After the samples were resolved, the gels were
dried and radiographic bands were generated and quanti-
fied with a PhosphorImager system (Typhoon 9200;
Amersham Pharmacia Biotech).

Experimental Protocols

For characterization of acute METH-induced behaviors, one
set of rats was injected systemically with either 4 mg/kg
METH or normal saline, while another set of rats received a
bilateral intra-accumbens injection of roscovitine (10 mM)
or vehicle 4 h prior to systemic injection of 4 mg/kg METH.
Immediately after the METH injection, all the rats were
transferred to the behavioral monitor and their locomotor
activity and stereotypy were recorded. For chronic METH-
induced behavioral sensitization, rats were injected with
4 mg/kg METH i.p. once daily for 14 consecutive days.
Control rats received daily normal saline injection. At
withdrawal day 7, one set of chronic METH- or saline-
treated rats was challenged with 1 mg/kg METH, while
another set of METH-treated rats received a bilateral intra-
accumbens injection of roscovitine (10 mM) (or vehicle) 4 h
prior to challenge with 1 mg/kg METH. Rats were recorded
immediately for the amount of locomotor activity and
stereotypy every 5 min for a total session of 2 h.

To assess the biochemical changes after acute METH
administration, another set of rats was injected systemically
with 4 mg/kg METH and killed by decapitation after 1, 2, 4,
8, and 24 h (n¼ 3–5 for each time point). The control rats
were injected with normal saline at the corresponding
times. To compare the biochemical alterations between
chronic METH and saline groups, both groups of rats were
killed at drug withdrawal day 7 without any behavioral
measurements. To validate the behavioral effect of roscov-
itine, animals were killed 2 h after 1 mg/kg METH challenge.
In those animals, tissues from the ventral striatum were
dissected for the designated biochemical analyses.

Statistical Analysis

All the data were analyzed with the program GraphPad
PrismTM. Results are expressed as mean values7SEM.
Behavioral and biochemical data were analyzed either by a
one- or two-way ANOVA followed by the post hoc Dunnett’s
multiple comparison test or a nonpaired Student’s t-test.
The level of statistical significance was set at Po0.05.

RESULTS

Effect of Acute METH on Cdk5 Activity in the Ventral
Striatum

As shown in Figure 1, acute METH (4 mg/kg) injection in
the rats significantly induced Cdk5 activity in the ventral
striatum in a time-dependent manner. The activity of Cdk5
appeared to increase at 1 h (approximately 50%), with
maximal stimulation observed at 2 h after METH adminis-
tration (Po0.05), remained relatively elevated until 8 h, and
returned to its basal level after 24 h. To confirm the Cdk5
activation by acute METH treatment, [g-32P]histone H1
samples were resolved in SDS-PAGE. The results displayed a
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similar pattern of Cdk5 activation as revealed by radio-
activity counts, with maximal [g-32P]incorporation at 2 h
post-METH administration and progressively decreased
until 24 h (data not shown). However, acute METH-induced
Cdk5 activation was unrelated to its protein expression
since the total amount of Cdk5 in the ventral striatum
remained constant until 24 h after injection of 4 mg/kg
METH (Figure 2a).

Effect of Acute METH on Cdk5 Activator, p35 Protein in
the Ventral Striatum

Since most brain Cdk5 activation requires the counterpart
p35 and/or p39 protein translocation (Dhavan and Tsai,
2001), we analyzed the amount of p35 protein in both the
membrane and cytosolic fractions from the ventral striatum
of control and METH-treated rats. Acute METH treatment
did not affect the total amount of p35 for up to 8 h
(Figure 2a). Nevertheless, we observed a significant increase
in the membrane form of p35 after METH injection, with
maximal elevation occurring at 2 h post-METH (Po0.01)
and returning to the basal level after 8 h (Figure 2b). The
relatively unchanged level of p35 in the cytosolic fraction
(Figure 2b) suggests that a minor, but significant, portion of
p35 translocates to the membrane fraction and might be
responsible for Cdk5 activation.

Effect of Acute METH on DARPP-32 Phosphorylation in
the Ventral Striatum

To investigate the effect of acute treatment with METH on
downstream Cdk5 signaling, we examine the phosphoryla-
tion of DARPP-32 in the ventral striatum after a single 4 mg/
kg METH injection. Since METH-evoked dopamine would
act on dopamine D1 receptors and trigger DARPP-32
phosphorylation at Thr34, while Cdk5 activation could
phosphorylate DARPP-32 at Thr75, we, therefore, examined
the amount of DARPP-32 phosphorylation at either Thr34
or Thr75 residues. The results indicate that acute METH

differentially regulated DARPP-32 phosphorylation at both
Thr34 and Thr75 positions, without changes in the total
amount of DARPP-32 in the ventral striatum (Figure 2c).
The phosphorylation of DARPP-32/Thr34 significantly
enhanced at approximately 1–2 h post-METH (Po0.001)
indicates a fast signaling possibly through D1-PKA pathway.
On the other hand, the phosphorylation of DARPP-32/
Thr75, although statistically insignificant, had a tendency to
increase at 1 h after METH injection and sustained for up to
8 h reflects somewhat the result of Cdk5 activation. Overall,
the results implicate that both D1-PKA and intracellular
Cdk5 signaling were regulated by the acute METH
treatment.

Effect of Cdk5 Inhibitor, Roscovitine on Acute
METH-Evoked Behavioral Activation

Since we had determined that METH could activate Cdk5
activity and p35 translocation, we intend to test if Cdk5
activation was associated with METH-evoked behavioral
effects. As shown in Figure 3, 4 mg/kg METH increased both
locomotor activity and stereotypy compared to the saline
control (F(2, 522)¼ 290.1, Po0.001 and F(2, 522)¼ 145.7,
Po0.001, respectively), and both cumulative counts reached
a significant level during the first hour (Po0.001 and 0.01,
respectively; Figure 3, inset). Intra-accumbens injection of
the Cdk5 inhibitor roscovitine (10 mM/each side) signifi-
cantly inhibited the locomotor activity (Po0.01), but mildly
suppressed the stereotypy (50–100 min post-METH) in the
METH-treated groups, indicating that Cdk5 signaling
participates in the acute METH-induced behavioral activa-
tion. The administration of roscovitine alone in the nucleus
accumbens did not evoke any behavioral responses in naive
animals (data not shown). The histological sections with
crystal violet staining confirmed the location of the cannula
tip in the nucleus accumbens-shell region (Figure 9b).

Cdk5 Activity and p35 Translocation in the Ventral
Striatum of Control and METH-Sensitized Rats

The finding that acute METH activates Cdk5 signaling
prompted us to investigate if chronic METH treatment, to
the point that the animal develops behavioral sensitization,
would affect Cdk5 activity and its downstream regulator(s).
Animals treated with 4 mg/kg METH for 14 consecutive
days developed characteristic stereotypy sensitization as the
behavioral profile of the same subjects at day 1 was
compared to day 14 (Po0.05; Figure 4a). At this relative
high dosage of METH, daily locomotor activity did not
increase progressively (data not shown). Further, when
chronic METH- and saline-injected animals were challenged
with a low-dose of METH (1 mg/kg), both horizontal
locomotor activity and stereotypy were significantly higher
in chronic METH-treated rats than chronic saline-treated
controls (Po0.05; Figure 4b), indicating the development of
behavioral sensitization. A notable biochemical change
along with behavioral sensitization was the upregulation
of TH in the ventral striatum (Figure 6a; animals killed 2 h
after METH challenge). As compared with the chronic
saline-treated controls, the basal activity of Cdk5 (both in-
gel and radioactivity counts of [g-32P] histone H1) that
monitored at withdrawal day 7 in METH-sensitized rats was

Figure 1 Time course study of acute METH-induced in vitro Cdk5
activity in the ventral striatum. The numbers indicate hours after saline or
METH (4 mg/kg) injection. The samples from saline-treated rats at different
time periods displayed no difference and were pooled. Cdk5 activity was
expressed as specific counts (cpm). Each bar represents six samples per
group. *Po0.05 compared to the saline-treated group.
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significantly increased (Po0.001; Figure 5). Similar to the
acute METH treatment, chronic METH administration did
not alter the total amount of Cdk5 in the ventral striatum
(Figure 6a). The Cdk5 activator p35 protein displayed an
apparent translocation, that is, an increase in the membrane
fraction of p35 (Po0.01) and a decrease in the cytosolic
fraction of p35 (Po0.05) during METH withdrawal in rats
(Figure 6b). On the other hand, the total amount of p35
protein in the ventral striatum was similar between the
chronic saline- and METH-treated groups (Figure 6a). The
results on p35 protein are consistent with the Cdk5
upregulation observed in the ventral striatum of behavioral
sensitized rats, indicating a persistent activation of Cdk5
signaling due to chronic METH treatment.

DARPP-32 Phosphorylation and PP-2A Expression
in the Ventral Striatum of Control and
METH-Sensitized Rats

Consistent with Cdk5/p35 activation, the basal DARPP-32/
Thr75 phosphorylation was higher in METH-sensitized rats
than the saline-treated controls (Po0.01; Figure 6c). On the
other hand, the basal phosphorylation of DARPP-32/Thr34
was decreased in METH-sensitized rats compared to the
saline-treated controls (Po0.001; Figure 6c). Furthermore,
the amount of PP-2A (catalytic subunit), a phosphatase that
dephosphorylates the DARPP-32 at the Thr75 residue,
decreased in the ventral striatum of METH-sensitized rats
(Po0.01), suggesting that a long-lasting change in DARPP-

Figure 2 Representative Western immunoblots of (a) total Cdk5 and p35 protein, (b) membrane and cytosolic fractions of p35 protein and (c) phospho-
DARPP-32 at Thr34 and Thr75 in the ventral striatum of acute saline- or METH-treated groups. The numbers indicate hours after saline or METH injection.
The samples from saline-treated rats at different time periods displayed no difference and were pooled. Each lane represents pooled ventral striata (n¼ 2–3)
and the experiment was repeated at least three times. Bar graphs illustrate quantitative measurement of membrane or cytosol fraction of p35 and phospho-
DARPP-32 /Thr34 or Thr75, normalized with b-actin (b; data not shown) or DARPP-32 (c) signals for variations in protein loading (n¼ 3–5). *Po0.05;
**Po0.01; ***Po0.001 compared to the corresponding saline-treated group.
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32/Thr75 signaling resulted from chronic METH treatment
(Figure 6a).

Effects of Intra-Accumbal Roscovitine on Behavioral
Sensitization to METH

The finding of enhanced Cdk5 activity in METH-sensitized
rats prompted us to test if Cdk5 participates in the
development of behavioral sensitization. When chronic
METH-treated rats received a bilateral injection of 10 mM
roscovitine in the nucleus accumbens at drug withdrawal
day 7, the locomotor sensitization induced by 1 mg/kg
METH was significantly reduced (Po0.01; Figure 7). On the
other hand, the treatment with roscovitine in the nucleus
accumbens did not affect the sensitized stereotypy induced
by METH. The histological verification indicated that the
cannula tip was located in the nucleus accumbens-shell
region (Figure 9b). In general, we noticed an overall
reduction in total locomotor activity (�45%) and stereotypy
(�35%) counts in these animals as compared to previous
groups (cumulative counts in Figure 4 vs Figure 7), possibly
due to the acute surgical procedure or response from

different sets of animals. To confirm the effects of
roscovitine, we measured the Cdk5 activity in drug-treated
control and METH groups after the behavioral test. The
treatment with roscovitine significantly inhibited the Cdk5
activity in behavior-sensitized rats (Po0.001; Figure 8a),
which validates the behavioral effects of roscovitine. In the
same preparation, roscovitine effectively suppressed the
amount of DARPP-32/Thr75 phosphorylation (Po0.001;
and, in contrast, increased the amount of the DARPP-32/
Thr34 signal in the ventral striatum (Po0.001; Figure 8b).
The total amount of b-actin in the ventral striatum was not
significantly different between the two groups of animals
(Figure 8b).

DISCUSSION

We have demonstrated that acute and chronic METH
treatment can induce Cdk5 activity as well as p35
translocation in the ventral striatum. In addition, Cdk5
and DARPP-32 signaling in the ventral striatum could
participate in the development of METH sensitization, since

Figure 3 (a) Locomotor activity and (b) stereotypy of vehicle- or roscovitine-pretreated rats induced by acute treatment with saline or METH (4 mg/kg).
Roscovitine (10 mM) was injected bilaterally into the nucleus accumbens 4 h prior to systemic METH injection. After METH injection, counts of every 5 min
interval of both behavioral parameters were recorded for a total session of 2 h (n¼ 5–7/group). The bar graphs indicate the cumulative counts of both
behaviors at the first hour after METH treatment. Two-way ANOVA (treatment� time, with repeated measures over time) indicated there were significant
treatment� time interaction for locomotor activity and stereotypy (F(46, 522)¼ 10.10 and 6.28, respectively; Po0.001). Veh, vehicle; Ros, roscovitine.
**Po0.01; ***Po0.001, the Veh/METH group compared to the Veh/Saline group at corresponding time intervals or cumulative counts. þPo0.05; þ þ

Po0.01; þ þ þPo0.001, the Ros/METH group compared to the Veh/METH group at corresponding time intervals or cumulative counts (Dunnett’s
comparison test).
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an intra-accumbens injection of roscovitine, inhibited Cdk5
activity and DARPP-32/Thr75 phosphorylation and sup-
pressed the behavioral upregulation in METH-sensitized
rats. Consistent with these observations, we noted a
concomitant change in the DARPP-32/Thr34 signal in both
the acute and chronic preparations, and a decrement of PP-
2A levels in the ventral striatum of behavior-sensitized rats.
The results clearly indicate that Cdk5/p35 and DARPP-32
signal in the ventral striatum plays a significant role in the
acute and chronic effects of METH.

We have found that acute METH treatment transiently
increases the Cdk5 activity in the ventral striatum, with a

minor increase at 1 h and peak activation occurring
approximately at 2 h after drug administration and return-
ing to the basal level after 24 h. The Cdk5 upregulation
appears to parallel the translocation of its activator, p35
protein, from the cytosolic fraction to the membrane, since
maximal levels of p35 in the membrane fraction occurred at
2 h after acute METH injection. These findings are
consistent with the previous view that brain Cdk5 usually
associated with its regulatory partner, p35 protein, via N-
terminal myristoylation anchors on the cell membrane, to
exert its kinase activity (Lew, 1994; Amitabh and Tsai,
2001). However, we notice membrane form of p35 returned
to basal level at 8 h after METH, while at this time, the Cdk5
activity remained elevated. Although speculative, it is
possible that another cellular mediator(s) could be involved
in the sustained activation of Cdk5. It was reported that
casein kinase I could phosphorylate Cdk5 at Ser159 residue,
leading to Cdk5 activation (Grant et al, 2001; Sharma et al,
1999); whether casein kinase I also plays a role in METH-
induced Cdk5 activation requires further investigation. In
this study, acute METH treatment did not affect the total
amount of Cdk5 and p35 proteins; besides there was no
concomitant decrease in cytosolic p35 protein after acute
METH injection, possibly due to the small, but significant,
fraction of p35 translocated to the cell membrane during
acute drug treatment. A similar pattern of Cdk5 activation
but more pronounced p35 translocation was also observed
in the ventral striatum of chronic METH-treated rats, while
the total amount of Cdk5 and p35 remained the same. Since
considerable Cdk5 activation and p35 translocation were
recorded at withdrawal day 7 without drug challenge, the
results suggest that the robust Cdk5/p35 alteration was
affected by the repetitive METH treatment.

It is well established that Cdk5 is involved in both
neurodevelopment and neurodegeneration and is known to
regulate the cytoskeleton, axonal guidance, membrane

Figure 4 (a) METH (4 mg/kg) induced stereotypy at day 1 and day 14. Counts of every 5 min interval were recorded for a total session of 2 h (n¼ 6/
group). The bar graphs indicate the cumulative counts of 2 h. Two-way ANOVA (treatment� time, with repeated measures over time) indicated there
were significant treatment� time interaction (F(24, 120)¼ 5.33, respectively; Po0.001). (b) Counts of locomotor activity and stereotypy of the chronic
saline- or METH-treated rats induced by 1 mg/kg METH at withdrawal day 7. Bar graphs indicate the cumulative counts of the corresponding behaviors
recorded for 2 h after a challenge with METH (n¼ 8, 8). *Po0.05; **Po0.01, compared to METH-treated animals of day 1 at corresponding time intervals
or cumulative counts of day 1 or saline control (Dunnett’s comparison test).

Figure 5 In vitro Cdk5 activity of the chronic saline- and METH-treated
groups measured at drug withdrawal day 7 without a challenge with METH.
Duplicate [g-32P]histone samples resolved by SDS-PAGE, and radioactivity
counts generated from the disc. Each lane represents pooled ventral striata
(n¼ 2–3) and the experiment was repeated at least three times. Each bar
represents six samples per group. ***Po0.001 compared to the saline-
treated group.
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transport, synaptic function, dopamine signaling, and drug
addiction (Dhavan and Tsai, 2001). A number of proteins
with diverse functions have been identified as substrates for
Cdk5, including p35/p39, Tau protein, DARPP-32, PP-1
inhibitor, and synapsin 1 (Smith et al, 2001). Activation of
Cdk5 would phosphorylate DARPP-32 at Thr75 and then
suppress the PKA activity on DARPP-32 (phosphorylate
Thr34) (Greengard, 2001). Therefore, Cdk5 and PKA seem
to exert opposing effects on dopaminergic signaling
through phosphorylation of DARPP-32 and possibly other
proteins in the pathway (Nishi et al, 2000). In both acute
and chronic METH preparations, we also observed changes
in DARPP-32 phosphorylation at both Thr34 and Thr75 in
the ventral striatum. The maximal phosphorylation of
DARPP-32 at Thr34 occurred at 1 h after acute METH
treatment; however, for DARPP-32/Thr75, a plausible
increase occurred between 1–2 h and lasted until 8 h. We
speculate that in the acute METH treatment, the fast

DARPP-32/Thr34 phosphorylation in the ventral striatum
could result from D1 dopamine receptor activation, but the
signal is diminished during the later hours possibly by the
subsequent Cdk5 activation and DARPP-32/Thr75 phos-
phorylation. On the other hand, the conceivable increase in
DARPP-32/Thr75 phosphorylation relatively matches with
the Cdk5 activation, further confirming Cdk5/DARPP-32/
Thr75 signaling induced by acute METH treatment. This
signal cross-talk at the DARPP-32 level clearly encodes in
the chronic METH preparation, since we noticed an
increased basal level of DARPP-32/Thr75 phosphorylation
and a decreased DARPP-32/Thr34 phosphorylation in the
ventral striatum of the chronic METH-treated group. The
results agree with the conclusion drawn by Greengard
(Greengard, 2001) that chronic cocaine-induced Cdk5 and
DARPP-32/Thr75 upregulation could be viewed as a
negative feedback mechanism to suppress the dopamine
D1-PKA-DARPP-32/Thr34 signaling. The data, however,

Figure 6 Representative Western immunoblots of (a) total Cdk5, TH, and protein phosphatase PP-2A, (b) membrane and cytosolic fractions of p35
protein, and (c) phospho-DARPP-32 at Thr34 and Thr75 in the ventral striatum of the chronic saline- or METH-treated groups without a challenge with
METH. The experiment was repeated at least three times. The bar graphs indicate quantitative counts of PP2A, membrane, or cytosol fraction of p35 and
phospho-DARPP-32 /Thr34 or Thr75, normalized with b-actin (a and b) or DARPP-32 (c) signals for variations in protein loading (n¼ 3–5).
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disagree with the report by Bibb et al (2001) in that they
observed an increase in the amount of Cdk5 after repeated
cocaine administration. Although the impact on DARPP-32
signaling is similar, the discrepancy between cocaine and
METH treatments could possibly result from a different
mode of action on targeted dopamine transporter or
different source of tissues (caudate/putamen in Bibb’s study
vs nucleus accumbens in this experiment). On the other
hand, the difference could also be due to the route of
administration since Cdk5 levels remained the same
following repeated cocaine self-administration (Lu et al,
2003). Interestingly, we observed a decrease in the amount
of PP-2A catalytic subunit in the ventral striatum of chronic
METH-treated rats. Activation of PP-2A, possibly via the
dopamine D1-PKA pathway, was reported to dephosphor-
ylate DARPP-32 at Thr75, and, thus, reduce the Cdk5/
DARPP-32/Thr75 signaling (Bibb et al, 1999; Greengard,
2001). Alternatively, PP-2A can be directly stimulated by the
action of NMDA/AMPA receptors (Nishi et al, 2002), an
event that could possibly occur in METH-sensitized rats.

Our observation, hence, provides evidence that increased
Cdk5 activity and decreased PP-2A after chronic METH
treatment would synchronize the dopaminergic and gluta-
matergic transmission in the ventral striatum, in addition
dually potentiating the DARPP-32/Thr75 signaling.

Consistent with our biochemical observations that acute
METH evoked Cdk5 activity and p35 translocation, the
Cdk5 inhibitor roscovitine, given acutely into the nucleus
accumbens, significantly suppressed METH-enhanced loco-
motor activity. The profound roscovitine effect on locomo-
tion, but less on stereotypy, indicates that the intracranial
drug injection was confined to the nucleus accumbens,
a region responsible for the locomotor activation
(Kuczenski and Segal, 1999). Both biochemical and
behavioral results lead us to speculate that, other than the
dopamine D1 receptor-PKA pathway, Cdk5/p35 and the
downstream signaling (the DARPP-32/Thr75 and/or other
substrate(s)) in the ventral striatum participate in the
acute METH-evoked behavioral excitation. To our knowl-
edge, this is the first report that associates the acute

Figure 7 (a) Locomotor activity and (b) stereotypy of vehicle- or roscovitine-pretreated rats induced by acute METH (1 mg/kg) challenge. Animals were
chronically treated with either 4 mg/kg METH or saline for 14 consecutive days. Roscovitine (10 mM) was injected bilaterally into the nucleus accumbens 4 h
prior to systemic METH injection. Every 5 min interval after METH injection, counts of both behavioral parameters were recorded for a total session of 2 h
(n¼ 8–10/group). The bar graphs indicate the cumulative counts of both behaviors at the first hour after METH treatment. Two-way ANOVA
(treatment� time, with repeated measures over time) indicated that there was significant treatment� time interaction for locomotor activity and stereotypy
(F(46, 336)¼ 13.16 and 5.90, respectively; Po0.001). Veh, vehicle; Ros, roscovitine. *Po0.05; **Po0.01; ***Po0.001, the METH/veh/METH group
compared to the Saline/veh/METH group at corresponding time intervals or cumulative counts. þPo0.05; þ þPo0.01, the METH/Ros/METH group
compared to the METH/veh/METH group at corresponding time intervals or cumulative counts (Dunnett’s multiple comparison test).
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behavioral and biochemical effects of psychostimulant
with Cdk5 activity.

Other than acute behavioral excitation, repetitive METH
administration would lead to behavioral sensitization. In
behavior-sensitized animals, a cascade of neuroadaptations,
including altered levels of G-proteins, cAMP, TH, and
neurofilaments (Nestler and Aghajanian, 1997), were
identified primarily in the nucleus accumbens (Cador et al,
1999; Vanderschuren and Kalivas, 2000). In our model
system, we did observe a characteristic behavioral super-
sensitivity as well as TH upregulation in the ventral striatum
(similar to the report of Todtenkopf and Stellar, 2000),
indicating the establishment of behavioral sensitization to
METH. When METH-sensitized rats were exposed to a Cdk5
inhibitor, roscovitine, in the nucleus accumbens, the
behavioral supersensitivity, induced by a low dose of
METH, was significantly suppressed (to an extent of acute
METH-induced locomotor response). The result could
generally reflect an acute inhibitory effect of roscovitine

on METH-induced behavioral activation, and alternatively
the data might suggest that Cdk5/p35 signaling in the
ventral striatum could participate in the behavioral expres-
sion during chronic METH treatment. Previously, Bibb et al
(2001) reported an escalated locomotor behavioral response
after roscovitine treatment in chronic cocaine-treated rats.
It is possible that the apparent behavioral discrepancy
between the roscovitine treatments is due to the differential
role of Cdk5 during the initiation (‘inhibitory’; Bibb et al) vs
expression (‘stimulatory’; our observation) stage of the
development of psychostimulant addiction.

Repetitive cocaine or amphetamine exposure could
increase the number of dendritic spines of medium spiny
neurons in the nucleus accumbens as well as of the
pyramidal neurons in the medial prefrontal cortex (Robin-
son and Kolb, 1997, 1999). Interestingly, cocaine-induced
proliferation of dendritic spines in the nucleus accumbens
depends on the activity of Cdk5 (Norrholm et al, 2003).
Cdk5 is also known to interact, directly or indirectly, with a

Figure 8 (a) In vitro Cdk5 activity (duplicate [g-32P]histone samples resolved by SDS-PAGE, and radioactivity counts generated from the disc) and (b)
Western immunoblots of phospho-DARPP-32 at Thr34 and Thr75 in the ventral striatum of the chronic METH-injected rats with (METH/Ros) or without
roscovitine (METH/Veh) treatment and challenged with METH at withdrawal day 7. The animals were chronically treated with 4 mg/kg METH for 14
consecutive days. Roscovitine (10 mM) was injected bilaterally into the nucleus accumbens 4 h prior to systemic challenge with 1 mg/kg METH. Each lane
represents pooled ventral striata (n¼ 2–3) and the experiment was repeated at least three times. The bar represents six samples per group. In (b), the b-
actin signals were normalized for variations in protein loading. ***Po0.001 compared to the METH/Veh/METH group.
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variety of actin- and microtubule-associated proteins,
proteins that are involved in endocytosis and exocytosis
and proteins that participate in adhesion pathways (Smith
and Tsai, 2002). We speculate that chronic METH-induced
Cdk5 activity would act, directly or indirectly, on those
structural proteins, causing altered neurotransmission and
neuroplasticity in the ventral striatum and/or prefrontal
cortex. These neurochemical and anatomical changes might
play an important role in the development of behavioral
sensitization to METH. Overall, the present results indicate
that Cdk5/p35 and DARPP-32 signaling participate in the
acute and chronic METH-induced behavioral and cellular
events. Nevertheless, questions such as what are the
upstream regulators of Cdk5 and, in particular, changes of
PP-2A in the ventral striatum after chronic treatment with
METH remains to be clarified.
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