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Motor learning and neuro-adaptations to drugs of abuse rely upon
neuronal signaling in the striatum. Cyclin-dependent kinase 5
(Cdk5) regulates striatal dopamine neurotransmission and behav-
ioral responses to cocaine. Although the role for Cdk5 in neuro-
degeneration in the cortex and hippocampus and in hippocampal-
dependent learning has been demonstrated, its dysregulation in
the striatum has not been examined. Here we show that strong
activation of striatal NMDA receptors produced p25, the truncated
form of the Cdk5 co-activator p35. Furthermore, inducible overex-
pression of p25 in the striatum prevented locomotor sensitization
to cocaine and attenuated motor coordination and learning. This
corresponded with reduced dendritic spine density, increased
neuro-inflammation, altered dopamine signaling, and shifted Cdk5
specificity with regard to physiological and aberrant substrates,
but no apparent loss of striatal neurons. Thus, dysregulation of
Cdk5 dramatically affects striatal-dependent brain function and
may be relevant to non-neurodegenerative disorders involving
dopamine neurotransmission.

p25 � spines � addiction � dopamine � neurodegeneration

Neuronal signal transduction mediates the regulation of
synaptic strength that underlies learning and memory.

Dysregulation of synaptic signaling may result in neuropsychi-
atric and neurological disorders. Striatal medium spiny neurons
(MSNs) receive midbrain dopaminergic and cortical glutama-
tergic input and mediate reward-based and motor learning.
Furthermore, numerous psychiatric and neurodegenerative ill-
nesses target striatal function. Study of the effects of dysregu-
lation of signaling mechanisms that integrate striatal glutamate
and dopamine neurotransmission may provide an understanding
of the etiology of such disorders.

Cdk5 regulates dopamine neurotransmission (1, 2) and striatal
neuron excitability (1, 3). Cocaine targets dopamine neurotrans-
mission by elevating synaptic dopamine levels. Cdk5 modulates
the effects of cocaine, including its ability to induce neuro-
adaptations in signaling, behavior, and neuronal morphology
(3–7). Cdk5 also functions in synaptic plasticity and learning
(8–10) in hippocampus. Striatal synaptic plasticity involves
changes in Cdk5-dependent regulation of dopamine signaling
(11), and conditional loss of Cdk5 in the striatum lowers the
threshold dose required for cocaine to induce a place preference
(3). However, dysregulation of Cdk5 in the striatum and its
effects on striatal-mediated behavior and learning has remained
largely unexplored.

Cdk5 activity is dependent on association with its cofactor p35.
Cdk5 may be regulated through auto-phosphorylation of p35
(12, 13) and glutamatergic Ca2� signaling (14, 15). However, the
most prominent feature of Cdk5 regulation may be its hyper-

activation upon removal of the first 100 amino acids of p35 by the
Ca2�-dependent protease calpain. The resulting Cdk5/p25 com-
plex engenders aberrant activity and is neurotoxic. P25 overex-
pression in mouse hippocampus and cortex results in dramatic
neurodegeneration and memory loss (16, 17). Interestingly,
transient p25 expression initially enhances synaptic plasticity and
memory (18), raising the possibility of a physiological function
for controlled levels of p25 that may be generated during
excitatory neurotransmission. Here we evaluated the ability of
NMDA receptor activation to produce p25 and then targeted the
striatum for inducible transgenic overexpression of p25 as a
model for dysregulation of Cdk5 in this brain region. The results
reveal that the striatum is resistant to the neurodegenerative
effects of aberrant Cdk5 activity but that p25 expression none-
theless causes deleterious behavioral, histological, and biochem-
ical effects and impairs the function of this brain region.

Results
P25 Generation by Striatal NMDA Receptor Activation and Production
of Transgenic Mice Overexpressing p25 in the Striatum. Striatal
glutamate released from the synaptic terminals of prefrontal
cortical neurons elevates MSN intracellular Ca2�, and these
neurons are susceptible to glutamatergic excitotoxicity. To assess
the ability of glutamate to activate calpain and invoke endoge-
nous synaptic p25 generation, acute dorsal striatum mouse slices
were treated with NMDA (Fig. 1A). P25 production was dose-
and time-dependent, with prominent amounts being produced in
response to excitotoxic levels of NMDA. This was specific for
NMDA receptor activation, as the antagonist MK801 blocked
the effect [supporting information (SI) Fig. S1 A]. Furthermore,
treatment of primary cultured rat striatal neurons with NMDA
caused p25 production throughout the neuronal soma and
processes as detected by a novel p25-specific monoclonal anti-
body (Fig. 1B). These data demonstrate that p25 is produced by
glutamatergic activity in striatal neurons.
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To better understand the consequences of potentially exces-
sive striatal p25 generation, we derived an in vivo model of p25
overexpression by crossing tet operon (tetOp) p25GFP express-
ing mice (16) with a line containing the tetracycline transacti-
vator (tTA) under the direction of the neuron-specific enolase
(NSE) promoter (Fig. 1C), which produces high levels of trans-
gene expression in the dorso-lateral striatum (19, 20). Thus we
generated a bi-transgenic mouse line (NSE-p25OE) in which
high expression of p25GFP could be selectively induced in the
forebrain following removal of the tetracycline derivative doxy-
cycline, beginning at 3 weeks of age, as shown in Figs. 1 D–F.
Specific expression was detected via in vivo imaging of GFP-
mediated optical f luorescence in live transgenic mice 8 weeks
following removal of dietary doxycycline (Fig. 1D). Expression
was prominent in forebrain regions (Fig. 1D, Left), and was
confirmed by imaging of GFP-dependent fluorescence following
removal of the mouse brain (Fig. 1D, Middle, Right). P25GFP

expression was prominently detected in striatal MSNs of NSE-
p25OE mice by immunohistochemistry (Fig. 1E), and was absent
in the non-expressing litter-mate controls. Expression was also
apparent in hippocampal (dorsal view; Fig. 1D, Middle) and
striatal regions (ventral view; Fig. 1D, Right). Immunoblotting
confirmed high levels in striatum 3 weeks following removal of
doxycycline that peaked between 3 and 5 weeks after doxycycline
removal, before reaching steady-state levels that were main-
tained up to 16 weeks after doxycycline removal. Lower levels of
expression were observed in the hippocampus and cortex (Fig.
S1C). Little or no expression was observed in the cerebellum of
NSE-p25OE mice. In contrast to the induced high levels of
p25GFP, no change occurred in striatal Cdk5 or p35 (Fig. 1F).
Consequently, we derived a mouse that inducibly overexpressed
fluorescent p25 in striatum.

Striatal p25 Overexpression Results in Loss of Cocaine Sensitization
and Motor Coordination Deficits. Cdk5-dependent regulation of
dopamine signaling modulates behavioral effects of psychomo-
tor stimulants (4, 5, 21). Whereas pharmacological or genetic
inactivation of Cdk5 enhances cocaine responses (3, 7), the
influence of p25-dependent dysregulation of Cdk5 on the be-
havioral effects of cocaine has not been examined. Therefore,
baseline motor activity and locomotor responses to cocaine were
evaluated for NSE-p25OE versus litter-mate control mice at 8
weeks after doxycycline removal (Fig. 2 A and B). NSE-p25OE
mice exhibited normal baseline motor activity (21.8 � 4.6 beam
breaks, controls vs. 24.9 � 1.9, NSE-p25OE mice, n � 7).
Furthermore, locomotor responses to initial or acute doses of 10
mg/kg (i.e., low dose) or 20 mg/kg (i.e., high dose) of cocaine
were the same in control and NSE-p25OE mice. However, in
control mice, both high and low cocaine doses produced pro-
gressively greater increases in locomotor activity over 5 consec-
utive days (Fig. 2 A). In contrast, the ability of prior drug
exposure (low or high doses) to augment the effects of cocaine
was completely absent in NSE-p25OE mice. In comparison to
day 1, locomotor activity of controls was significantly greater on
days 4 and 5 for both the low (1.4 � 0.2 fold and 1.5 � 0.2 fold)
and high (1.7 � 0.2 fold and 1.8 � 0.1 fold) cocaine doses.
However, no such increases occurred in NSE-p25OE mice.
Consequently, locomotor responses on days 4 and 5 were
significantly reduced in NSE-p25OE mice. Examination of the
temporal features of the locomotor response for 60 min follow-
ing cocaine administration in 5-min bins on day 5 revealed
dramatic reduction in the effects of cocaine that were apparent
over the initial 30 min, when the motor activity was greatest (Fig.
2B). Thus, dysregulation of Cdk5 in the striatum interfered with
the development of locomotor sensitization to cocaine.

Dopamine neurotransmission functions in motor perfor-
mance (22), and cortico-striatal circuitry is thought to modulate
aspects of motor learning (23, 24). To assess the effect of
striatal p25 overexpression upon motor coordination, control
and NSE-p25OE mice were evaluated for performance on the
‘‘rotarod’’ task. NSE-p25OE mice at 8 weeks after doxycycline
removal exhibited a noticeable lack of motor coordination as
evidenced by an inability to stay mounted during the task (Fig.
2C). Furthermore, two-way ANOVA (genotype � day) re-
vealed that, although all mice increased the average time spent
on the rod each day (F [2, 22] � 21.5, P � 0.001) with no
interaction between genotype and average time spent on the
rod (P � 0.1), there was a main effect of genotype such that
NSE-p25OE mice spent significantly less time on the rod than
controls (F [1, 22] � 13.53, P � 0.01). Thus, performances on
two measures of dopamine- and striatal-dependent motor
behavior were compromised by Cdk5 dysregulation.
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Fig. 1. Excitotoxic generation of p25 and transgenic overexpression. (A)
Dose- (Top) and time- (Bottom) dependent generation of p25 in acute striatal
slices treated with NMDA for 30 min at the indicated concentration (Top) or
at 100 �M for the indicated time intervals (Bottom). (B) Immunostains of p25
in primary rat striatal cultures under control or NMDA (100 �M, 5 min)
treatment. (C) Schematic of the inducible bi-transgenic NSE-tTA/tetOp-
p25GFP system. (D) Optical fluorescence image of p25GFP expression in vivo
(Left) and in vitro (Middle, dorsal view; Right, ventral view) after dissection of
the p25GFP-expressing brain. (E) Immunostains of p25GFP (anti-GFP, Left) and
DARPP-32 (Right) in control and NSE-p25OE mouse striatum. (Scale bars, 25
�m.) (F) Temporal expression of p25GFP transgene versus endogenous p35 in
control and NSE-p25OE mouse striatum (n � 5–7 per group), with immuno-
blots for control (Con, 16 weeks after doxycycline removal) and NSE-p25OE (3,
8, and 16 weeks after doxycycline removal) striatum shown. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) serves as a loading control.
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Histological, Morphological, and Biochemical Changes in NSE-p25OE
Striatum. Activation of Cdk5 by p25 overexpression has been
shown to induce neuronal cell death evident by 5 weeks in the
hippocampus and cortex (16). However, histological evaluation
of the effects of p25 overexpression in NSE-p25OE mice re-
vealed no detectible evidence of neurodegeneration up to 20
weeks off doxycycline, as assessed by fluoro-gold or silver
staining of NSE-p25OE mouse tissue (data not shown). Fur-
thermore, no obvious loss of neurons was evident in Nissl-
stained striatal sections at 20 weeks off doxycycline (Fig. 3A).
Despite the lack of neurodegeneration, high levels of glial
fibrillary acidic protein (GFAP), a marker of activated astro-
cytes, were evident by 12 weeks after doxycycline removal (Fig.
3B), indicating that p25 overexpression produced a potent

neuro-inflammatory response. This effect was accompanied by
significant changes in neuronal morphology as determined by
Golgi staining. Control and NSE-p25OE MSN somas were
similar in size (19.6 � 4.5 �m vs. 17.5 � 1.5 �m in diameter,
respectively) and dendritic length was not significantly affected
by p25 overexpression (Fig. 3G). However, NSE-p25OE somas
lost the typical smooth oval appearance (Fig. 3C, control MSN)
and were more often characterized by a tapered balloon shape
with prominent somal blebbing (Fig. 3E). In addition, NSE-
p25OE MSNs exhibited significantly decreased spine density
(Fig. 3 D and F; 47.1% � 6.6% of controls; 5.97 � 0.92 spines/10
�m of dendrite for control vs. 2.81 � 0.40 spines/10 �m for
NSE-p25OE; P � 0.05, Student t test, n � 7 animals, 3–5 neurons
per animal) with no significant effect upon dendritic length
(479.9 � 107.3 �m for control vs. 393.0 � 70.2 �m for NSE-
p25OE). Furthermore, p25 overexpression had no effect on the
number of dendritic branches or somal area. Thus, p25-
dependent dysregulation of Cdk5 results in detrimental changes
in MSN morphology and possibly synaptic connectivity, corre-
sponding with the observed behavioral deficits.

Neuro-adaptive responses to chronic cocaine exposure include
increases in dendritic spines that are dependent upon Cdk5 (6)
and involve regulation of synaptic actin cytoskeletal dynamics.
WAVE1 is an important Cdk5 effector that regulates Arp2/3
complex-dependent synaptic actin polymerization (25, 26).
Cdk5-dependent phosphorylation of WAVE1 at Ser-310, 397,
and 441 inhibits its role in actin polymerization and spine
formation. Previous studies raise the possibility that NMDA-
dependent inactivation of Cdk5 and reduction in the phosphor-
ylation of these sites may be necessary for spine morphogenesis
(14, 15, 26). Interestingly, Cdk5-dependent phosphorylation of
WAVE1 at all three sites was elevated in response to overex-
pression of p25 in NSE-p25OE mice (Fig. 3I). WAVE1 phos-
phorylation at Cdk5-dependent sites was increased by 3 weeks
after doxycycline removal and remained elevated to 16 weeks. At
8 weeks after doxycycline removal, Cdk5-mediated phosphory-
lation of WAVE1 was increased significantly at Ser-310 (4.0 �
0.3 fold), Ser-397 (2.4 � 0.6 fold), and Ser-441 (2.0 � 0.04 fold).

Alterations in Cdk5-Dependent Signaling in NSE-p25OE Mice. Dopam-
ine-dependent regulation of glutamate receptor signaling is an
important mechanism contributing to responses to drugs of
abuse and motor coordination (27–29). Because NSE-p25OE
mice show deficits in both locomotor sensitivity to cocaine
administration and general motor coordination and learning, it
is possible that they have impairments in either dopamine or
glutamate signaling. Therefore, the regulation of protein kinase
A (PKA)-dependent phosphorylation of Ser-845 of the GluR1
subunit of the AMPA receptor by D1 dopamine receptor
activation was evaluated by immunoblotting acute striatal slice
lysates. Interestingly, 8 weeks after doxycycline removal, NSE-
p25OE mice exhibited significantly increased basal phosphory-
lation at Ser-845 of the glutamate GluR1 receptor subunit (Fig.
4A; 1.65 � 0.1 fold higher than control) and, consequently, a
blunted response to the dopamine D1-type dopamine receptor
agonist SKF-81297 (1.45 � 0.2 fold increase) compared with
control mice (1.95 � 0.1 fold increase).

Cdk5 modulates dopamine signaling via the phosphorylation
of the protein phosphatase 1 inhibitor, dopamine, and cAMP-
regulated phosphoprotein of 32 kDa (DARPP-32) at Thr-75,
thereby converting it to an inhibitor of PKA (1). Basal levels of
phospho-Thr-75 DARRP-32 were decreased in NSE-p25OE
striatal lysates to 42.0% � 6.0% of controls (Fig. 4B), consistent
with Cdk5 activity being shifted away from DARPP-32 and, as
a result, basal PKA activity being elevated in these mice. Cdk5
also phosphorylates the DARPP-32 homologue protein phos-
phatase 1 inhibitor-1 (I-1) at Ser-67 (30). However, phosphor-
ylation at this site in NSE-p25OE mice appears to be regulated
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Fig. 2. Effects of p25 overexpression on responses to repeated cocaine
administration and motor learning. (A) Total locomotor activity (beam breaks)
for the first 10 min following injection of 10 mg/kg (Left, n � 12 controls, nine
NSE-p25OE) or 20 mg/kg (Right, n � 5 per group) cocaine on 5 successive days
for control and NSE-p25OE mice (*, P � 0.05, one-way ANOVA followed by
Student-Neumann-Keuls post-hoc test). (B) Time course of locomotor activity
in response to administration of 10 mg/kg (Top) or 20 mg/kg (Bottom) of
cocaine with activity over 60 min before (white background) and after (gray
background) injection of control and NSE-p25OE on day 5. Arrow marks
injection point. (C). Performance of control and NSE-p25OE mice on the
rotarod apparatus (*, P � 0.05 and **, P � 0.01, two-way ANOVA followed by
Bonferroni post-hoc test, n � 7).
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differently than phospho-Thr-75 DARPP-32, as phospho-Ser-67
was elevated (1.93 � 0.3 fold; P � 0.05, via Student t test) at 8
weeks after doxycycline removal.

Aberrant Cdk5 activity toward a number of substrates may
have deleterious effects and contribute to neurodegeneration
(16). In examining the effects of p25 overexpression in the
striatum, Cdk5-dependent phosphorylation of the microtubule
binding protein tau at Ser-205 was found to be elevated 1.89 �
0.3 fold. In contrast, Cdk5-dependent phosphorylation of the
microtubule binding protein stathmin at Ser-38 (31) and the
amyloid precursor protein at Thr-668 (32) were unaffected (data
not shown). These findings indicate that dysregulation of Cdk5
in the striatum may alter dopamine signaling and the specificity
of Cdk5 in a manner that is consistent with behavioral and
morphological deficits that do not extend to neuronal death.
Cdk5 also regulates presynaptic release of dopamine by decreas-

ing the rate of dopamine production via phosphorylation of
tyrosine hydroxylase (TH) at Ser-40 (33). It is possible that this
is a contributing factor to the behavioral and biochemical
changes in the NSE-p25OE mice, because changes in presynaptic
release have been shown to contribute to decreased sensitivity to
cocaine in a model of Huntington disease (HD) in which Cdk5
activity has been implicated (34, 35). However, phosphorylation
at Ser-40 TH was not significantly different in NSE-p25OE
striatum from controls (83.9% � 14%; P � 0.5, Student t test)
(data not shown).

Discussion
Dysregulation of striatal dopamine signaling is associated with
neurological and neuropsychiatric disorders. We have demon-
strated that Cdk5 regulates dopamine neurotransmission, but the
ability of over-activation of Ca2�-permeable ionotropic gluta-
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mate receptors to generate p25 and the long-term consequences
of Cdk5 dysregulation by p25 in the striatum have not been
previously evaluated. Here we showed that glutamate receptor
activation caused p25 production. Although appreciable p25
levels were generated in striatal tissue in response to excitotoxic
levels of NMDA, some p25 was detected when striatal tissue or
primary cultures were exposed to glutamate at lower concen-
trations or for only brief periods. So far, p25 production has been
primarily associated with neurotoxicity and neurodegeneration.
However, low levels of p25 may be produced during intense
synaptic activity such as that which accompanies learning. To
date, no physiological role for p25 has been assigned, and
whether limited amounts of Cdk5/p25 are necessarily seques-
tered or have a specific function in mediating synaptic remod-
eling remains to be determined.

We found that transgenic overexpression of p25 in the stria-
tum resulted in the loss of locomotor sensitization. The ability of
cocaine to produce progressively greater increases in behavioral
responses provides demonstration of the neuro-adaptations that
may impart reinforcing properties upon this addictive drug. In
contrast to the effects of aberrant dysregulation and hyper-
activation of Cdk5 in the NSE-p25OE mice, pharmacological as
well as transgenic inhibition of striatal Cdk5 enhances locomotor
and other responses to cocaine as well as natural reward, and the
development of locomotor sensitization (3, 5, 7). It should also
be noted that the low levels of p25 expression induced in the
cortex and hippocampus could contribute to the observed
behavioral deficits

The behavioral deficits induced by p25 expression are consis-
tent with biochemical studies that showed reduced D1 receptor-
mediated activation of the PKA/phospho-Ser-845 GluR1 path-
way. P25 overexpression also reduced phosphorylation of Thr-75
DARPP-32 and increased phosphorylation of Ser-67 I-1. Ap-
parently the change in substrate specificity that accompanies
formation of the Cdk5/p25 complex directs the kinase away from
DARPP-32. Although this is surprising, it is consistent with
previous reports of reduced phosphorylation of some physio-
logical substrates (16) and with the elevations in basal levels of
PKA-dependent phosphorylation of Ser-845 GluR1 that corre-
sponds with reduced phospho-Thr-75 levels (1). It also raises the
possibility that this signaling pathway is invoked during selective
synaptic excitatory neurotransmission.

Loss of dendritic spines accompanied p25 overexpression.
Although hyper-phosphorylation of WAVE1 implicates this
regulatory mechanism of the synaptic cytoskeleton, it is possible
that the spine density reduction was also mediated by additional
direct or indirect mechanisms. Overexpression of p25 resulted in
astroglial activation (i.e., astrogliosis) as evidenced by enhanced
expression of GFAP. Astrogliosis is a hallmark of CNS damage,
and robust and sustained astrogliosis accompanies excessive
glutamate signaling and dendritic spine loss in other brain
regions (36, 37). It remains to be determined precisely how the
aberrant activation of Cdk5, altered actin regulation, and loss of
spines leads to astrogliosis. However, that p25 overexpression
induced this response independent of neuronal cell loss suggests
that it may serve as an immediate ‘‘perpetrator’’ linking early
or subtle aspects of excitotoxicity to the astroglial activation
response.

P25 overexpression has been shown to rapidly induce the
death of neurons (17, 18). Somewhat remarkably, MSNs re-
mained alive, albeit apparently compromised in function, during
p25 overexpression. Although striatum is susceptible to neuro-
toxic insults, including necrotic death accompanying ischemia
and stroke-related brain injury, it remains relatively resistant to
the neurodegenerative effects of Alzheimer disease. In contrast,
MSNs are selectively targeted by HD, and HD model mice
exhibit nearly identical deficits in responses to cocaine (34, 35)
as NSE-p25OE mice. Numerous neuropsychiatric illnesses and
disorders including schizophrenia, attention deficit-hyperactiv-
ity disorder, and drug addiction likely involve dysregulation of
signaling pathways that integrate glutamate and dopamine sig-
naling. That p25 overexpression induced such dramatic deficien-
cies but did not cause loss of striatal neurons raises the possibility
that it may serve as a contributing factor to non-neurodegen-
erative neuropsychiatric disorders.

Materials and Methods
NSE-p25OE Mouse Generation. A bi-transgenic mouse line expressing p25GFP
selectively in the forebrain was generated by crossing mice containing the
p25GFP transgene under the direction of the tetOp (16) with a line containing
the tetracycline tTA coupled to the NSE promoter (19, 20). Both breeding lines,
tetOp and NSE-tTA, were produced on mixed C57BL/6 backgrounds, and
non-p25GFP-expressing litter-mates were used in all experiments to control
for any possible strain-specific effects. Breeding dams and neonates were kept
on doxycycline to suppress transcription of the p25GFP transgene, and doxy-
cycline administration was discontinued in pups at 3 weeks of age. Animals
were maintained and all experiments were conducted according to institu-
tional animal care and use committee guidelines (University of Texas South-
western Medical Center, Dallas, TX).

Immunoblot Analysis. SDS/PAGE and immunoblotting were conducted as
previously described (1). Antibodies for p35 (C19) and Cdk5 (J-3) were from
Santa Cruz Biotechnology. Anti-phospho-Ser-845 GluR1 and phospho-Ser-40
TH were from PhosphoSolutions; total GluR1 from Chemicon; anti-GAPDH and
phospho-Thr-205 Tau from Sigma; anti-Tau (Tau-5) and phospho-Thr-668 Tau
from Biosource. Anti-phospho-Thr-75 DARPP-32 (1), phospho-Ser-67 I-1 (30),
and anti-phospho-WAVE1 (25) antibodies have been previously described.
Anti-phospho-Ser-38 stathmin (31) was provided by André Sobel and Patrick
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Fig. 4. Modulation of D1 receptor signaling, PKA-dependent phosphoryla-
tion, and Cdk5-dependent phosphorylation of physiological and aberrant
substrates. (A) Effect of a D1 receptor agonist on phospho-Ser-845 GluR1.
Immunoblots of lysates from untreated (�) and SKF81297-treated (�) acute
striatal slices from control and NSE-p25OE mice are shown (Top) with quan-
titation normalized for total GluR1 (*, P � 0.05, one-way ANOVA followed by
Student-Neumann-Keuls post-hoc test, n � 6). (B) Immunoblots and quanti-
tation of Cdk5-dependent phosphorylation of Thr-75 DARPP-32 (P-T75), Thr-
205 Tau (P-T205), Ser-67 l-1 (P-S67 I-1), and actin in control and NSE-p25OE
(p25OE) mouse striatum (*, P � 0.05, Student t test, n � 6).
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Curmi (INSERM, Paris, France). Anti-beta actin and anti-GFP antibodies were
from Abcam, Inc. The p25-specific monoclonal antibody was generated in
mice injected with pure Cdk5/p25 and was determined to only recognize p25
and not p35 by immunoblotting and immunohistochemistry.

Striatal Cultures and Immunohistochemistry. Embryonic striatal neurons (E18)
from Long Evans rats (Charles River Labs) were cultured 14 to 21 days in vitro
on 12-mm coverslips and incubated under either control or 100 �M NMDA
treatment conditions for 5 min at 37 °C. Cells were then fixed and labeled with
a mouse monoclonal antibody that specifically recognizes p25, but not p35
(Fig. S1B) and imaged as previously described (33).

In Vivo Imaging. Imaging of p25GFP fluorescence in NSE-p25OE mouse brains
was conducted as previously described (38). Digitized images were stored
offline and post-processed using ImageJ (National Institutes of Health) and
Photoshop (Adobe Systems) software.

NSE-p25OE Mouse Behavioral Experiments. Spontaneous locomotor activity
cocaine response assays were conducted and analyzed as previously described
(3). For the rotarod motor coordination test, mice were placed on a rotarod
(IITC Life Science) that accelerated from 5 to 45 rpm over the 5-min test period.
The time at which mice fell from the rod, or after mice had rotated two full
rotations without regaining balance, was recorded as the test end point. Mice
were tested five times a day for 3 days and the average time on rod for each
day was reported. Average time on the rod was used to analyze rotarod data.

Histological Analysis. Brains were fixed using a standard paraformaldehyde
fixation format, cryoprotected, and sectioned in the horizontal plane (25 �m).
Selected sections were stained to evaluate neurodegeneration using Nissl and
Fluoro-Jade B as previously described (39). To examine reactive gliosis, addi-

tional sections were immunostained for GFAP with the modification that the
dilutions of primary and secondary antibodies were 1:10,000. Golgi-Cox stain-
ing was performed as previously described (40). Full reconstructions were
made by tracing individual neurons using Neurolucida (MicroBrightfield). The
dendrites from individual MSNs were digitally reconstructed and morpholog-
ical data were analyzed using NeuroExplorer. Spine density was calculated by
taking a random 100- to 150-�m section after the third branch point on each
major dendrite. The values from each dendrite were averaged, and this value
was used to determine the average spine density of each analyzed MSN.
Images were obtained using a �100 oil emersion objective via an Optronics
Microfire CCD attached to an Olympus BX51 microscope.

Pharmacological Experiments. Striatal experiments were conducted as previ-
ously described (1). For generation of p25 by NMDA exposure, normal Krebs
buffer was replaced by Krebs buffer containing 3 mM Ca2� and 0 mM Mg2� to
increase Ca2� current through NMDARs and enhance calpain-mediated cleav-
age of p35. For D1 agonist experiments, slices were treated with 1 �M
SKF81297 for 5 min. All tissue samples were fast-frozen on dry ice and kept
frozen at �80 °C until immunoblotting.
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