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Ischemic Stroke Injury Is Mediated by Aberrant Cdk5
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Ischemic stroke is one of the leading causes of morbidity and mortality. Treatment options are limited and only a minority of patients
receive acute interventions. Understanding the mechanisms that mediate neuronal injury and death may identify targets for neuropro-
tective treatments. Here we show that the aberrant activity of the protein kinase Cdk5 is a principal cause of neuronal death in rodents
during stroke. Ischemia induced either by embolic middle cerebral artery occlusion (MCAO) in vivo or by oxygen and glucose deprivation
in brain slices caused calpain-dependent conversion of the Cdk5-activating cofactor p35 to p25. Inhibition of aberrant Cdk5 during
ischemia protected dopamine neurotransmission, maintained field potentials, and blocked excitotoxicity. Furthermore, pharmacolog-
ical inhibition or conditional knock-out (CKO) of Cdk5 prevented neuronal death in response to ischemia. Moreover, Cdk5 CKO dramat-
ically reduced infarctions following MCAO. Thus, targeting aberrant Cdk5 activity may serve as an effective treatment for stroke.
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Introduction
Stroke is the third leading cause of death in the United States and
represents a substantial social and economic burden worldwide,
as those who survive ischemic injury can develop neurological
deficits that may result in permanent disabilities. Ischemic stroke
results from a thromboembolic event causing decreased cerebral
perfusion. While advances have been made regarding the cellular
and molecular basis of ischemic injury, it has proven difficult
to translate this knowledge into treatments that improve re-
covery. Thrombolytic therapies, such as tissue plasminogen
activator (tPA) administration, are currently the only effective
treatment available. Although these treatments reduce stroke
damage and improve outcomes, patients are often left dis-
abled. Furthermore, the majority of patients are not candi-
dates for mechanical or pharmacologic thrombolysis. It is

therefore critical to identify the biochemical mechanisms un-
derlying stroke-related damage so that treatments may be de-
veloped to help improve recovery.

Ischemia triggers a series of pathological events in the brain,
leading to neuronal loss by apoptosis and other mechanisms of
cellular injury. Severe ischemia causes neurons to undergo irre-
versible membrane depolarization and immediate cell swelling
(Centonze et al., 2001; Larsen et al., 2006), while mild ischemia
induces slow excitotoxicity and neurodegeneration (Hagemann
et al., 1998). These two processes account for both the early neu-
ronal loss observed in the ischemic core and the delayed damage
in the surrounding penumbra (Calabresi et al., 2003; Lo et al.,
2003). At the cellular level, the ion exchange balance across the
cell membrane is lost, disrupting normal cellular processes like
oxidative phosphorylation required for respiration, resulting in
depolarization of the cell membrane. Excitotoxic glutamatergic
neurotransmission ensues, triggering the activation of proteases,
phosphatases, phospholipases, and free radical actions (Lipton,
1999).

Excitotoxic glutamate released during ischemia may activate
NMDA receptors, resulting in Ca 2� overload. Consequently,
Ca 2� activation of the cysteine protease calpain contributes to
ischemic damage (Wells and Bihovsky, 1998; Lipton, 1999). A
key calpain substrate is p35, the activating cofactor of Cdk5. Un-
der physiological conditions, Cdk5/p35 is involved in many neu-
ronal processes, including dopaminergic neurotransmission
(Cheung ZH et al., 2006). However, calpain-dependent conver-
sion of Cdk5/p35 to Cdk5/p25 (Fig. 1A) is neurotoxic and has
been implicated in various neurodegenerative diseases, including
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Alzheimer’s (Monaco, 2004) and Parkin-
son’s (Alvira et al., 2006; Smith et al.,
2006). Here we examine the role of Cdk5/
p25 in ischemic injury. We implicate
Cdk5 in stroke pathology using a number
of in vivo and ex vivo paradigms and dem-
onstrate that aberrant Cdk5 activity is an
important target for treatment and pre-
vention of ischemic damage.

Materials and Methods
Animals. Adult (2–3 months) male Cdk5 con-
ditional knock-out (CKO) mice were gener-
ated and maintained as previously described
(Hawasli et al., 2007). In brief, floxed Cdk5 and
Cre-ER T mice (Weber et al., 2001) were
crossed and male offspring at 8 weeks of age
injected with 4-hydroxytamoxifen for 15 d
(66.7 mg/kg, i.p.). All experiments were per-
formed 2– 4 weeks after injections, when the
males were 12–14 weeks old. Mice were housed
four or five per cage in a colony maintained at
23°C with a 12 h light/dark cycle and ad libitum
food and water. Aged (9 –12 months) female
Sprague Dawley rats were housed in the West
Virginia University animal facilities until 18
months of age under standard 12 h light/dark
cycle and ad libitum food and water. Rats were
confirmed past estrus via immunoassay of
blood samples using a rat estrogen ELISA. Only
rats exhibiting discontinuation or disruption
in the normal estrus cycle by 18 months were
used to assure reproductive senescence (Al-
kayed et al., 2000).

Procedures were performed during the light
cycle as approved by the University of Texas
Southwestern Institutional Animal Care and
Use Committee and conducted in accordance
with the applicable portions of the National
Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals. Some protocols
have been approved by the West Virginia Uni-
versity Animal Care and Use Committee and
abide by NIH guidelines. Some experiments
were conducted under the approval of the Isti-
tuto Superiore Sanità (Italy) and in accordance
with European Communities Council Direc-
tive of November 1986 (86/609/ECC).

Embolic middle cerebral artery occlusion.
Middle cerebral artery occlusion (MCAO) was
performed as described previously (Zhang et
al., 1997; Dinapoli et al., 2006). Briefly, rats or mice were anesthetized
(isoflurane, 4% induction; 1% maintenance). A modified PE-50 micro-
catheter was inserted into the right external carotid artery stump and
advanced into the MCA. Placement in the proximal MCA was verified by
a sudden decrease in cerebral blood flow using a laser Doppler probe. The
microcatheter was withdrawn 1 mm, allowing cerebral blood flow to
return to baseline, and then a prepared fibrin clot was injected. Successful
MCAO was confirmed by continuous monitoring of cerebral blood flow.
The external carotid artery stump was ligated, the common carotid artery
made patent, and the neck incision closed. For tPA administration,
stroke was allowed to persist for 2 h, at which time tPA (5 mg/kg) was
administered via the femoral vein over 30 min with an initial 30% bolus.
After recanalization was noted by increased cerebral blood flow
(�80% of baseline), the scalp and femoral incision were closed and
the animal awakened from anesthesia. For purposes of comparison,
the study of infarct volume and biochemistry were repeated using
unilateral procedures.

Slice pharmacology and oxygen and glucose deprivation. Acutely pre-
pared coronal slices and or oxygen and glucose deprivation (OGD) treat-
ment for ex vivo studies were conducted as described previously (Nishi et
al., 1997; Sahin et al., 2007, 2008). Briefly, WT and Cdk5 CKO mouse
brains were placed in ice-cold oxygenated Kreb’s bicarbonate buffer bub-
bled with 95% O2 and 5% CO2. Coronal slices (350 �m) were made and
striatal or cortical slices (2 mm from bregma) were microdissected and
incubated at 30°C. For OGD, slices were equilibrated in Kreb’s buffer for
30 min, as before, followed by exchange with buffer in which glucose has
been replaced by 10 mM sucrose and bubbled with 100% N2. For slice
treatments with the Cdk5 inhibitor indolinone A (Indo A), incubation
periods were 1 h at the concentrations indicated. Calpeptin and calpain
inhibitor 3 treatments were with 20 �M for 1 h. SFK81297 treatment was
at 1 �M for 5 min. Control untreated slices were incubated for equal
amounts of time, and treated with vehicle-containing buffer. Following
these treatments, slices were snap frozen in dry ice and stored at �80°C
until processed for quantitative immunoblot analysis.
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Figure 1. Stroke induces dysregulation of Cdk5. A, p35/p25 aa sequence. B, Staining of stroked brain hemispheres 6 h
after reperfusion for FJB and 24 h after reperfusion for GFAP. Scale bars: left, 2 mm; center, right, 100 �m. C, Quantitative
immunoblots of p25/p35 in lysates from striatum and prefrontal cortex of control and stroked brain hemispheres at 6 and
48 h after unilateral MCAO. D, E, Quantitative immunoblots of cleaved fodrin (D) and phospho-Thr75 DARPP-32 (E) from
lysates of striatum and prefrontal cortex of control and stroked brain hemispheres at 6 h after unilateral MCAO. Aged (9 –12
months) rats were used for studies in B–E. Data represent means � SEM; n � 6 – 8; *p � 0.05, **p � 0.01, ***p � 0.005,
versus control; Student’s t test.
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Histological procedures and immunoblotting. Immunoblotting was per-
formed as described previously (Sahin et al., 2004). Briefly, tissue ho-
mogenates were prepared from rats and control versus Cdk5 CKO mice
that had undergone MCAO and reperfusion. Equal amounts of total
protein were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. Membranes were probed with primary antibodies, washed,
and incubated with HRP-conjugated secondary antibodies and detected
using ECL chemiluminescence (GE Healthcare). Membranes were ex-
posed to x-ray film and resulting autoradiograms were scanned and an-
alyzed using NIH ImageJ. Quantitation is presented as the normalized
ratio of phosphorylated protein to total protein or loading control. Anti-

p35 (C-19) was from Santa Cruz Biotechnol-
ogy. Anti-phospho-Ser-845 GluR1 was from
PhosphoSolutions. Anti-fodrin was from Enzo
Life Sciences. Anti-GFAP was from DAKO.
Anti-DARPP-32 and anti-phospho-Thr-75
DARPP-32 have been previously described
(Bibb et al., 1999).

All immunohistochemistry was performed
essentially as described previously (Bibb et al.,
2000). Briefly, rats that had undergone unilat-
eral MCAO were transcardially perfused with
4% formaldehyde, cryoprotected overnight in
25% sucrose, cyrosectioned (7 �m), and
mounted onto slides for staining. Primary an-
tibody incubations were overnight. Slides were
washed with PBS and incubated with second-
ary antibodies before dehydration and cover-
slipping in DPX. Images were captured and
analyzed using a laser scanning confocal
microscope.

For Fluoro-Jade B (FJB) staining, slides were
immersed in distilled water for 1 min, in 70%
ethanol for 2 min, and then in distilled water
for 2 min. They were transferred to the staining
solution for 20 min (stock FJB solution, 10 mg
of dye in 100 ml of distilled water; 0.005%
working solution: 4 ml of stock solution in 96
ml of 0.1% acetic acid). Following washing
(3�) for 1 min each in water, they were air
dried overnight and coverslipped with DPX.
Bright-field microcopy was conducted using
an Olympus BX-51 microscope. Fluorescent
images were captured by laser scanning confo-
cal microscopy (Meyer et al., 2008).

Two,3,5-triphenyltetrazolium chloride stain-
ing. The brains of animals recovered from
MCAO were rapidly dissected and chilled in
oxygenated artificial CSF (aCSF) and then
sliced in 2 mm coronal sections. Slices were
placed in 2% 2,3,5-triphenyltetrazolium chlo-
ride (TTC) in PBS for 20 min at 30°C, laser
scanned directly, and analyzed by NIH ImageJ
with viability values defined as the mean inten-
sity. For neuroprotective effects of Indo A, the
entire coronal section was used. All slices
within experiments were scanned together and
data were expressed as percentage of control
staining. For Cdk5 CKO, striatal slices were
used. Infarction volumes were quantified accord-
ing to methods described by Yang et al. (1998).

Neurophysiology. Electrophysiological anal-
yses were conducted in coronal slices (thick-
ness, 270 mm) from 1–2-month-old male rat
brains as described earlier (Calabresi et al.,
2002; Picconi et al., 2003; Costa et al., 2006).
Briefly, slices were transferred to a recording
chamber and submerged in a continuously
flowing Kreb’s buffer (34°C; 2.5–3 ml/min)
bubbled with 95% O2 and 5% CO2. In rat

slices, OGD was achieved by switching the Kreb’s solution to an aCSF in
which sucrose replaced glucose, gassed with 95% N2 and 5% CO2. OGD
solution was bath applied for 10 min during field potential (FP) record-
ings or for 3 min in Mg 2�-free Kreb’s solution during intracellular re-
cordings. Electrophysiological recordings of FPs and single-unit activity
were taken from slices under physiological and OGD conditions. An
Axoclamp 2B amplifier (Molecular Devices) was connected in parallel to
an oscilloscope (Hameg Instruments) to monitor the signal in “bridge”
mode and to a PC for acquisition of intracellular and extracellular re-
cordings using pClamp9 software (Molecular Devices). Intracellular re-
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Figure 2. Ischemic Cdk5 dysregulation in acute brain slices is dependent upon calpain. A, Time-dependent p25 generation in
striatal slices in response to OGD. Quantitative immunoblotting of lysates from slices subjected to OGD for the indicated period is
shown. Controls (Con) were incubated in oxygenated buffer for 60 min. B, GFP and p25 detection in costained GFP-expression
vector-transfected primary cultured striatal neurons before and after OGD. Scale bars, 25 �m. C, Attenuation of OGD-induced p25
generation by Ca 2� removal. D, Inhibition of OGD-dependent p25 generation by calpain inhibitors calpeptin or calpain inhibitor 3.
E, F, Quantitative immunoblots of cleaved fodrin (E) and phospho-Thr75 DARPP-32 (F ) in lysates from acutely prepared mouse
striatal slices left untreated (Control) or exposed to OGD (20 min). Data represent means � SEM; n � 4 – 6; *p � 0.05, **p �
0.01, ***p � 0.005; Student’s t test versus control.
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cordings of striatal medium spiny neurons
(MSNs) were obtained by using sharp micro-
electrodes backfilled with 2 M KCl (electrode
resistance, 30 – 60 M	). For extracellular re-
cordings, electrodes were filled with 2 M NaCl
(electrode resistance, 15–20 M	). For record-
ing striatal neuron electrophysiological re-
sponses, EPSPs or FPs were evoked every 10 s
by a bipolar electrode connected to a biphasic
stimulus isolation unit (SIU5, Grass Telefac-
tor). The stimulating electrode was placed in
cortical areas close to the recording electrode
or in the white matter between the cortex and
the striatum to activate corticostriatal fibers.
The recording electrodes were placed within
striatum. Stimulation intensity was increased
until EPSP amplitude was stable and �20 mV.
For inhibitor studies, slices were preincubated
in Kreb’s containing Cdk5 inhibitor (e.g., 10
mM Indo A for 30 –120 min before the electro-
physiological recordings). Data were quanti-
fied and expressed as a percentage of EPSP or
FP with respect to the relative control ampli-
tude values, the latter representing the mean of
responses recorded during a stable period. Off-
line analysis was performed using Clampfit and
GraphPad Prism. ANOVA and Bonferroni’s
post hoc test were used for statistical analysis.
Values given are mean � SE. The significance
level was established at p � 0.05.

Results
P25 generation and dysregulation of
Cdk5 characterizes ischemic
stroke injury
To explore the role of aberrant Cdk5/p25
in ischemic stroke, we used a clinically rel-
evant animal model in which focal isch-
emia is achieved by selective unilateral
embolization of the MCA in aged rats. In
this model, vascular reperfusion is estab-
lished after 2 h of MCAO by tPA admin-
istration (Dinapoli et al., 2006). To
confirm neuronal injury as a result of fo-
cal ischemia, striatal MSNs and pyramidal
neurons of cortex were stained with FJB
and GFAP (Fig. 1B). Degenerating neu-
rons that experienced ischemic injury
were detected with FJB, and the subse-
quent astrogliosis that accompanies isch-
emic injury (Clark et al., 1994; Stoll et al.,
1998) was detected by increased GFAP
staining 24 h after reperfusion (Larsson et
al., 2001; Butler et al., 2002).

These neuropathological effects of
ischemic stroke were accompanied by ro-
bust p25 generation in aged rat brain (Fig.
1C). Unilateral MCAO caused marked
production of p25 at both 6 and 48 h after
thrombolysis in striatum. A similar pat-
tern occurred in prefrontal cortex but
with comparatively lower levels of p25 detected. Thus, p25 is
generated in response to initial focal ischemic insult and during
the delayed period of spreading damage that characterizes stroke
pathophysiology.

Given that generation of p25 is dependent upon calpain activ-
ity, we evaluated the levels of the cleaved spectrin isoform fodrin
as a marker of calpain activity following ischemic insult. Embolic
MCAO significantly enhanced fodrin cleavage in striatum and
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prefrontal cortex 6 h poststroke (Fig. 1D). The activation of cal-
pain and the generation of p25 also corresponded to reduced
phosphorylation of the physiological Cdk5/p35 substrate Thr75
DARPP-32 (Fig. 1E). Cdk5/p25 may represent a more soluble
form of the kinase and DARPP-32, as a physiological substrate, is
found in striatal cytoplasm. Nevertheless, these effects are consis-
tent with those observed when transgenic p25 overexpression is
induced in striatum (Meyer et al., 2008).

Inhibition of aberrant Cdk5 blocks ischemic neuronal death
To study the mechanisms by which ischemia caused p25 produc-
tion, the lysates from acutely prepared mouse striatal slices sub-
jected to OGD were immunoblotted for p35 and p25 (Fig. 2A). In
response to OGD, p25 accumulated in a time-dependent man-
ner. To further assess p25 generation in response to ischemic
conditions, primary cultures of rat striatal neurons were sub-
jected to OGD for 20 min. OGD induced p25 production
throughout these neurons as well (Fig. 2B). P25 generation in
OGD-treated striatal slices (20 min) was blocked by removal of

Ca 2� from the buffer (Fig. 2C). More-
over, preincubation with the inhibitors
calpeptin or calpain inhibitor 3 prevented
p25 generation (Fig. 2D). As was observed
with MCAO in vivo, the induction of p25
formation by ischemic conditions corre-
sponded to increased cleavage of fodrin
(Fig. 2E) and decreased phosho-Thr75
DARPP-32 (Fig. 2F). These data are con-
sistent with the generation of p25 during
ischemia as a result of p35 cleavage via the
Ca 2�-dependent activation of calpain.

To assess the deleterious effects of ab-
errantly active Cdk5/p25, the selective and
potent Cdk5 inhibitor Indo A (Gillardon
et al., 2005) was used. First, its ability to
inhibit Cdk5 in striatal slices was assessed
by ex vivo treatment with various concen-
trations (1–10 �M, 1 h) of Indo A and
blotting the lysates for the defined Cdk5
substrate site, phospho-Thr75 DARPP-32
(Bibb et al., 1999). Cdk5 inhibition dose-
dependently reduced phospho-Thr75,
with 5 �M Indo A causing a reduction to
26 � 8% of basal levels. Furthermore, the
IC50 value of Indo A was defined as 0.29
�M (Fig. 3A). In contrast, the congener
indolinone B, which is limited in specific-
ity to Cdk4 (Weishaupt et al., 2003), had
no effect on Cdk5-dependent phosphory-
lation of DARPP-32. Thus, Cdk5 is effec-
tively inhibited in intact striatal tissue by
Indo A.

Using this pharmacological approach,
the effect of OGD on neuronal viability
was next assessed by TTC staining (Beder-
son et al., 1986; Fig. 3B,C). TTC staining
was readily observed in coronal mouse
brain slices oxygenated in buffer for 1 h.
OGD induced time-dependent neuronal
death with TTC staining reduced to
60.8 � 2.1% and 0.6 � 7.9% of control
levels by exposure to ischemic conditions
for 30 and 60 min, respectively. Incuba-

tion of slices with calpeptin or Indo A for 1 h before and during
OGD significantly blocked neuronal death induced by ischemic
conditions. Indeed, even after 60 min without oxygen and glu-
cose, viability was maintained at 69.6 � 6.6% and 59.7 � 6.0% of
control levels as a result of calpain or Cdk5 inhibition, respec-
tively. Slices neuroprotected by calpeptin or Indo A stained
111.3 � 6.0-fold or 95.5 � 9.6-fold, respectively, more intensely
than those subjected to 60 min OGD in the absence of either of
these inhibitors. Indo B showed no such neuroprotective effect.
These data indicate that inhibition of aberrant Cdk5 activity or cal-
pain cleavage of p35 during ischemia is profoundly neuroprotective.

Inhibition of aberrant Cdk5 protects dopamine
neurotransmission from ischemia
MCAO, the most frequent form of ischemic stroke in humans,
prevents oxygen and nutrient delivery to large areas of the brain,
including the striatum. Within the striatum, dopamine neu-
rotransmission is mediated by G-protein-coupled dopamine re-
ceptors, which modulate the adenylyl cyclase/cAMP/protein
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Figure 4. Ischemia-induced deficits in dopamine neurotransmission are Cdk5 dependent. A, B, Effect of 20 min OGD and 10 min
reperfusion on (A) phospho-Thr34 DARPP-32 and (B) phospho-Ser845 GluR1 in striatal slices that were untreated or incubated
with the D1 dopamine receptor agonist SKF81297 (SKF). C, Effects of 0, 3, or 10 min OGD and 10 min reperfusion on stimulation of
phospho-Ser845 GluR1 by SKF81297 in the absence or presence of Indo A (1 h, 10 �M). Data represent means � SEM; n � 6; *p �
0.05 versus control; Student’s t test.

Meyer et al. • Stroke Injury Is Mediated by Cdk5 J. Neurosci., June 11, 2014 • 34(24):8259 – 8267 • 8263



kinase A (PKA) cascade (Greengard et al.,
1999). To characterize the deleterious ef-
fects of ischemia on striatal neuron func-
tion, brain slices were subjected to OGD
and the efficacy of the D1 dopamine re-
ceptor agonist SKF81297 to invoke PKA-
dependent phosphorylation of Ser845 of
the GluR1 subunit of the AMPA receptor
or Thr34 of DARPP-32 was assessed in
mouse striatal slices. In oxygenated slices,
SKF81297 induced 2.0 � 0.1-fold and
3.6 � 0.3-fold increases in phospho-Ser845
GluR1 and phospho-Thr34 DARPP-32, re-
spectively (Fig. 4A,B). However, in slices
subjected to OGD for 20 min, followed by
10 min of reperfusion in oxygenated buffer,
this effect was completely absent and the
basal level of phosphorylation of these sites
was markedly attenuated.

Given the severity of deleterious effects
induced by 20 min of ischemia, the effects
of shorter periods of OGD, including 3
and 10 min, on dopamine signaling were
evaluated (Fig. 4C). While phosphoryla-
tion of Ser845 GluR1 was detectable after
these shorter periods of OGD followed by
reoxygenation, even 3 min of ischemia
prevented SKF81297 from inducing any
increase in phospho-Ser845 GluR1. Fur-
thermore, 10 min of OGD substantially
decreased the detectable basal level of
phospho-Ser845 GluR1 (18 � 6% of con-
trol). Interestingly, if the striatal tissue was
first incubated with Indo A, D1 receptor-
dependent signal transduction was main-
tained at normal levels even after 10 min
of ischemia (4.7 � 1.2-fold increase in
phospho-Ser845 in response to SKF81297).
These results show the deleterious effects
that even brief ischemia can have on striatal
dopamine signaling. The data also indicate
that aberrant Cdk5 activity contributes to
loss of this signaling in response to ischemia. Moreover, these find-
ings show that inhibition of aberrant Cdk5 activity protects dopa-
mine neurotransmission from ischemic injury.

Inhibition of aberrant Cdk5 protects striatal neurons from
excitotoxic effects and loss of FP associated with ischemia
To better understand the pathophysiological effects of shorter
periods of ischemia, a neurophysiological approach was used.
Sharp microelectrode intracellular recordings were obtained
from striatal projecting spiny neurons identified according to
their electrophysiological characteristics. Specifically, these neu-
rons have small soma (diameter, 10 –18 �m) and an extensive
dendritic tree, densely studded with spines. They have high rest-
ing membrane potential (�80 to �90 mV), relatively low appar-
ent input resistance (�40 M	), action potentials of short
duration (�1.1 ms), and high amplitude (�100 mV). These cells
are silent at rest and exhibit membrane rectification and tonic
firing activity during depolarizing current pulses (Calabresi et al.,
1998). In these neurons, a brief period (2–3 min) of OGD in-
duced loss of membrane potential (Fig. 5A,B) and a transient
suppression of the EPSP followed by a long-term increase in the

EPSP amplitude compared with the preischemic period (139.7 �
10.3%; Fig. 5C). This long-term increase of the glutamatergic
transmission at corticostriatal synapses, called postischemic LTP
(i-LTP), represents a pathological form of synaptic plasticity oc-
curring after brain ischemia (Calabresi et al., 2002, 2003). The
process of excitotoxicity likely initiates with membrane depolar-
ization and Ca 2�-dependent over-release of excitotoxic gluta-
mate. i-LTP is the footprint of this process that, if continued out
from 3 to 10 min, results in death. Interestingly, pretreatment
with Indo A completely blocked the induction of i-LTP at corti-
costriatal synapses (Fig. 5C,D) without affecting the ampli-
tude or recovery time of membrane depolarization induced by
the brief ischemic episode (Fig. 5B). Extracellular FP record-
ings were also obtained from corticostriatal slices. In control
conditions, 10 min of OGD caused an irreversible loss of FP
(Fig. 5 E, F ). Conversely, pretreatment of corticostriatal slices
with Indo A significantly reduced the loss of FP induced by
ischemia. These results indicate that inhibition of aberrant
Cdk5 neuroprotects striatum from deleterious physiological
effects of ischemia associated with excitotoxicity, loss of func-
tion, and neuronal cell death.

A

C

E

B

D

F

Figure 5. Inhibition of Cdk5 prevents ischemia-induced neurophysiological deficits. A, Effect of 3 min OGD on membrane
potential and EPSP amplitude (upward deflections) in control (top) and Indo A-treated striatal slices (bottom). Note the lack of
increase in EPSP amplitude 50 min post-OGD in the Indo A-treated slice relative to pre-OGD conditions. B, Mean OGD-induced
depolarization amplitude (white bars) and mean recovery time (gray bars) of MSNs after 3 min OGD in untreated and Indo
A-treated slices (n � 9, p 
 0.05). C, Single tracings show the EPSP amplitude 5 min before, during, and 50 min after OGD in
control and Indo A-treated slices. D, Time course of EPSP amplitudes revealing i-LTP after 3 min OGD (Control). The i-LTP is
abolished by Indo A (n � 5, p � 0.05). E, Tracings show FPs 5 min before, during, and 50 min after OGD in control and in Indo
A-treated slices. F, The plot shows the effect of 10 min of OGD on the time course of FP amplitudes recorded in control and Indo
A-treated slices. Data represent means � SEM.
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Cdk5 CKO protects striatal neurons
from ischemia-induced neuronal death
and reduces stroke infarct volume
Previously, we reported the generation of
Cdk5 CKO mice in which a 14 d regimen
of 4-hydroxytamoxifen treatment results
in pan-forebrain deletion of the Cdk5
gene in adult animals (Hawasli et al.,
2007). Given that pharmacological inhibi-
tion of Cdk5 reduced the neurotoxic ef-
fects of OGD, we hypothesized that brain
slices from CKO mice should be neuro-
protected from ischemic insult. There-
fore, we compared the effects of OGD on
neuronal viability of striatal slices from
WT versus CKO littermates (Fig. 6A).
Cdk5 CKO was markedly neuroprotec-
tive. Viability in WT slices was reduced to
30 � 18% and 2 � 12% by 30 and 60 min
of OGD, respectively. However Cdk5
CKO showed 80 � 4% and 49 � 7% via-
bility in response to these treatments.
These findings provide further evidence
that aberrant Cdk5 mediates ischemic
neuronal death.

To further assess the neuroprotective
effects of Cdk5 CKO, MCAO was next
conducted in WT versus Cdk5 CKO mice
(Fig. 6B). Groups of littermate control
and Cdk5 CKO mice underwent unilat-
eral embolic MCAO and were maintained
for 24 h after thrombolysis. Brains were
dissected and infarct size determined.
Cdk5 CKO resulted in a profound reduc-
tion of infarct volume with striatal infarct
size reduced 2.6-fold from 44.7 � 5.4% of
total brain area for controls to 17.1 �
4.4% for Cdk5 CKO mice. Furthermore,
total infarct size was reduced 1.8-fold
from 38.8 � 4.9% to 21.8 � 4.9% of total
brain area. Cortical infarct volume was
not significantly reduced by CKO (36.1 �
6.2% for controls vs 23.8 � 5.3% for
CKO, p � 0.6, Student’s t test), suggesting
that aberrant Cdk5 may contribute more
meaningfully to ischemic injury in re-
sponse to MCAO in striatum where high-
est levels of p25 are produced. These
results confirm that aberrant Cdk5 is a
major cause of ischemic injury and that
insults caused by ischemic stroke may be
greatly reduced by its inhibition.

Discussion
We show that aberrant Cdk5 is a perpetra-
tor of ischemic injury and stroke-induced
neuronal death. Pharmacological or trans-
genic inhibition of aberrant Cdk5 was pro-
foundly neuroprotective. Striatal dopamine
neurotransmission and FPs were pre-
served, and excitotoxic potentiation of
synaptic responses induced by ischemia
was blocked by antagonism of aberrant
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Figure 6. Cdk5 CKO is neuroprotective against ischemia and stroke. A, TTC staining of striatal slices from Cdk5� (WT) or Cdk5�
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Cdk5. The ability of aberrant Cdk5 inhibition to block striatal
i-LTP is consistent with the dependence of i-LTP on the enhance-
ment of intracellular Ca 2� triggered by depolarization, as intra-
cellular BAPTA also completely prevents i-LTP in MSNs
(Calabresi et al., 2002). Tissue remained viable even after 60 min
of ischemia if aberrant Cdk5 activity was inhibited or knocked
out, and striatal infarcts induced by MCAO were dramatically
reduced by Cdk5 CKO.

Calpain plays an important role in the progression of ischemic
damage (Wells and Bihovsky, 1998; Lipton, 1999), and calpain
cleavage of p35 in response to hypoxia (Tamada et al., 2005) or
stroke has been suggested to contribute to neuronal cell loss
(Green and Cross, 1997; Nath et al., 2000; Rashidian et al., 2005).
Here, we demonstrate enhanced calpain activity and correspond-
ing aberrant Cdk5 activity is a principle cause of neuronal death
in striatum, with p25 marking ischemic injury in stroke. Aberrant
Cdk5 may acutely perpetrate neuronal damage through a shift in
specificity with reduced phosphorylation of physiological sub-
strates and hyperphosphorylation of aberrant or neurotoxic sub-
strates. Indo A prevents mitochondrial fission in necrotic and
apoptotic paradigms of neuronal cell death (Weishaupt et al.,
2003). Although the pathways responsible remain to be eluci-
dated, such mechanisms may overlap with those mediating
chronic neurodegeneration (Patrick et al., 1999).

Even brief ischemia-induced dysregulation of striatal dopa-
mine neurotransmission, an important component of the limbic
circuitry that controls emotion, is prevented by inhibition of ab-
errant Cdk5. Thus, inhibition of aberrant Cdk5 may be neuro-
protective with regard to some of the nonmotor neuropsychiatric
and behavioral effects of stroke, including poststroke depression
(Loubinoux et al., 2012). The neuroprotective effect of Cdk5
CKO in MCAO did not extend to the cortex, perhaps due to the
limited collateral vascularization of the striatum versus the cortex
and less cortical p25 generation. NMDA receptor antagonists ex-
hibit selective protection of cortex (Nath et al., 2000; Weishaupt
et al., 2003; Rashidian et al., 2005), but striatal-specific neuropro-
tection is rare or unique.

Cdk5 functions in neurogenesis (Lagace et al., 2008), synaptic
remodeling (Cheung U et al., 2006), and cognition (Hawasli et
al., 2007), all of which may be important for eventual stroke
recovery. Blocking this normal physiological activity over a pro-
longed treatment period would likely produce unwanted side
effects and hinder long-term rehabilitation. Also, since it is im-
possible to predict ischemic events in patients, it would be more
applicable to examine the effects of Cdk5 inhibition poststroke.
Therefore, acute inhibition of Cdk5 during the period immedi-
ately following stroke should be examined as a potential treat-
ment strategy. Combining this approach with revascularization
by tPA, which is currently the only United States Food and Drug
Administration-approved pharmacological treatment for isch-
emia, may help improve patient recovery from ischemic injury.
Unfortunately, such experiments await the availability of sys-
temic Cdk5 inhibitors. While our findings cannot be directly
inferred to have clinical relevance, they highlight the need for
identifying molecular mechanisms of ischemic injury, which may
then serve as the basis for the development of more effective
clinical treatments.
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