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Neuronal cell death after brain ischemia may be regulated by activation of cyclin-
dependent kinase 5 (Cdk5). In this study, expression of Cdk5 and its activator p35/p25
was examined in human post-mortem stroke tissue and in human cerebral cortical fetal
neurons and human brain microvascular endothelial cells exposed to oxygen-glucose
deficiency and reperfusion. The majority of patients demonstrated increased expres-
sion of Cdk5 and p-Cdk5 in stroke-affected tissue, with about a third showing increased
p35 and p25 cleaved fragment as determined by Western blotting. An increase in
Cdk5-, p-Cdk5- and p35-positive neurons and microvessels occurred in stroke-affected
regions of patients. Staining of neurons became irregular and clumped in the cyto-
plasm, and nuclear translocation occurred, with colocalization of p35 and Cdk5. Asso-
ciation of Cdk5 with nuclear damage was demonstrated by coexpression of nuclear
Cdk5 in TUNEL-positive neurons and microvessels in peri-infarcted regions. In vitro
studies showed up-regulation and/or nuclear translocation of Cdk5, p-Cdk5 and p35 in
neurons and endothelial cells subjected to oxygen-glucose deficiency, and strong
staining was associated with propidium iodide positive nuclei, an indicator of cellular
damage. These results provide new evidence for a role of Cdk5 in the events associated
with response to ischemic injury in humans.

Brain Pathol 2007;17:11–23.

INTRODUCTION

Controlled reperfusion and re-
establishment of the local microcircula-
tion, together with reduction in both
immediate and delayed neuronal apopto-
sis, after stroke, could improve neuronal
survival and organization, and ultimately
patient recovery (28, 29).

Cyclin-dependent kinase 5 (Cdk5) is the
35-kDa catalytic subunit of a neuronal
cell division cycle 2-like protein kinase
involved in the regulation of the dynamic
neurocytoskeletal changes seen in the brain
after ischemia (16). Cdk5 is activated via
binding to its regulatory subunits p35 and
p39 and their subsequent cleavage to the
more stable fragments p25 and p29,
respectively, by calpain (21).

Cdk5 is critical for the normal function
of the brain and is involved in corticogen-

esis during development (1, 31). Cdk5 has
been implicated in neuronal apoptosis
in neurodegenerative diseases, including
Alzheimer’s disease and amyotrophic lat-
eral sclerosis (11), and its role in both brain
development and disease, as well as in
mediation of neuronal death and survival,
has been reviewed by a number of authors
(3, 5). Cdk5 activation modulates a pleth-
ora of signaling pathways involved in neu-
ronal migration and synaptic transmission,
and Love (17) has suggested that apoptotic
or necrotic death of neurons after brain
ischemia may be associated with Cdk
activation.

Increased Cdk5 activity occurred in rat
brain after global ischemia (9), while
strong Cdk5 and p35 immunoreactivity
was detected in neurons after middle cere-
bral artery occlusion (MCAO) in the rat

(10). Increased expression of p25 occurred
after focal MCAO in a rat model of stroke,
while pharmacological inhibition of Cdk5
activation with indolinone D significantly
reduced the infarct volume after 24 h com-
pared with nontreated rats (34).

Cdk5 is also involved in modulation of
cell growth and survival in non-neural
cells. Angiostatin inhibited cell growth in
association with Cdk5 down-regulation,
while Cdk5 inhibition increased the
number of apoptotic cells, suggesting a role
for Cdk5 in vascular endothelial cell (EC)
growth and survival (25). Here we aimed
to identify in detail the expression and
localization of Cdk5 in the human brain
during the acute phase of ischemic
stroke.

METHODS

Patient samples. Brain tissue samples
were obtained from 15 patients who died
from acute ischemic stroke, with the
approval of the local Ethics Committee. All
patients were admitted with large middle
cerebral artery strokes. The patients, 13
male and 5 female, were aged between 51
and 86 years and survived between 2 and
37 days following ischemic stroke. Age-
matched control brain samples were also
obtained from two males (died from car-
diac sudden death/traffic accident) and one
female (died from acute pneumonia) who
had no evidence of brain disease or cerebral
infarction.

Routine blood parameters were deter-
mined on admission. Full clinical exam-
inations were carried out on admission
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and, where possible, at l, 7, 14 and 30 days
after stroke. Clinical examination was
scored according to the 58-point Scandi-
navian Stroke Scale (23). All patients were
evaluated by CT or MRI and classified as
having a large infarct (diameter >4 cm), a
moderate infarct (>1.5 cm < diameter
<4 cm) or a small infarct (diameter
<1.5 cm) (Table 1).

Tissue was collected from grey and
white matter of infarct and peri-infarcted
zones, and controls were obtained from
the contalateral hemisphere within 6 h of
death. The peri-infarcted areas were
defined as the area of tissue immediately
surrounding the infarct which showed evi-
dence of tissue disorganization confirmed
by histology. Sections from each piece of
cut tissue were stained with 2-, 3- and 5-
triphenyltetrazolium, which stains active
mitochondria pink; therefore, unstained
areas represented stroke-affected cortical
regions (data not included). Tissue was fro-
zen in liquid nitrogen, kept at −70°C, and
a sample of each was processed and stained
with hematoxylin and eosin to determine
tissue morphology (6).

In vitro oxygen-glucose deprivation
(OGD) model. Human brain microvascu-
lar endothelial cells (HBMEC) were

obtained from TCS CellWorks (Bucking-
ham, UK) and cultured according to the
manufacturer’s instructions. Human fetal
(cerebral cortical) neurons (HFN) were
extracted, purified and cultured with per-
mission from the local ethics committee.
Brain tissue from fetal specimens of 14–19
weeks gestational age, legally aborted,
were, after written consent from donors,
collected in cold preservation medium.
Cells were isolated and cultured as previ-
ously described (4).

For OGD experiments, the culture
medium was replaced by glucose-free
medium containing 2% fetal bovine serum
and cells were placed at 37°C into a
humidified chamber perfused with 94%
N2, 1% O2 and 5% CO2 for 8 h
(HBMEC) or with 95% N2 and 5% CO2

for 14 h (HFN), followed by 24-h reperfu-
sion in fresh medium containing 4.5 g/L
glucose (resulting in approximately 30% of
cells undergoing apoptosis after OGD and
60% following reoxygenation, as deter-
mined from our pilot studies). Cell pellets
were stored at −80°C. Cells cultured in
normoxic conditions without glucose dep-
rivation served as control. In some experi-
ments, propidium iodide (10 µg/mL) was
added to the cultures 1 h before the end of
the experiment to stain dead and dying

cells (4). Experiments were carried out
three times.

RNA isolation. RNA extraction was
performed using standard Clontech proce-
dures (BD Biosciences, Hertfordshire,
UK). RNA quality was measured using a
spectrophotometer.

Reverse transcription-polymerase chain
reaction (RT-PCR). Gene expression of
normal cultures as well as those exposed to
OGD and reperfusion was examined by
semiquantitative RT-PCR. PCR condi-
tions were an initial denaturation step of
10 minutes at 95°C, followed by 35 cycles
of 1 minute at 94°C, 1 minute at 60°C
and 1 minute at 72°C, and a final exten-
sion step of 10 minutes at 72°C. The
products were visualized by agarose
gel electrophoresis. Samples without
cDNA were used as negative controls.
Primers designed by Primer3 Output
Program (Version 0.2) (Whitehead Insti-
tute for Biomedical Research, MIT, MA,
USA) were as follows: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (for-
ward: 5′-ATG ATC TTG AGG CTG
TTG-3′—reverse: 5′-CTC AGA CAC
CAT GGG GAA-3′); Cdk5 (forward: 5′-
GCA CCT ATG GAA CTG TGT TCA

Table 1. Clinical details of patients used in the study.

Patient
no.

Age/
sex

Survival
after

stroke
SSS on

admission
SSS
final Hypercholesterolemia* Obesity† Hypertension‡

Coronary
disease

Atrial
fibrillation

History
of TIA Smoking

1 86/M 2 0 0 Yes No Yes Yes No No No

2 84/M 3 18 0 No No Yes Yes No No Yes

3 68/M 3 6 0 Yes No Yes Yes No No No

4 71/M 5 20 0 No No Yes Yes Yes No No

5 85/F 5 8 0 No Yes Yes Yes No No No

6 84/M 6 10 0 No No Yes Yes No No No

7 84/M 9 56 0 Yes No Yes Yes No No Yes

8 51/M 14 4 0 No No Yes No No Yes No

9 86/M 15 40 0 Yes No Yes Yes No No No

10 58/M 17 22 2 Yes No Yes Yes No No Yes

11 74/M 20 34 0 No No Yes Yes No No No

12 73/M 26 35 0 Yes Yes Yes Yes No No No

13 84/F 29 34 0 Yes No Yes Yes No No No

14 60/F 34 16 16 Yes No Yes Yes No No Yes

15 69/F 37 30 0 No Yes No Yes No No No

* Serum cholesterol levels greater than 5.0 mmol/L.
† Body mass index greater than 30 kg/m2.
‡ Blood pressure greater than 140/90 mm Hg.
M = male; F = female; SSS = Scandinavian Stroke Scale; TIA = transient ischemic attack.
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AGG CTA-3′—reverse: 5′-CTT CAC
AAT CTC AGG GTC CAG GTC ACC-
3′) and p35 (forward: 5′-AAG AAC GCC
AAG GAC AAG CC-3′—reverse: 5′-TTG
ATG ACA GAG AGG CAA CG-3′).

All experiments were carried out twice
and at 20, 30 and 40 cycles to ensure
the semiquantitative nature of the results.
Scion Imaging Software was used for anal-
ysis (http://www.scioncorp.com).

Western blotting. Briefly, tissue samples
(50 mg) were lysed and protein separation
carried out using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis as
described previously (27). Blots were
stained overnight at 4°C with antibodies
to Cdk5 (1:500), p-Cdk5 (Ser 159;
1:1000), p35 (1:200) (Autogen Bioclear,
Wiltshire, UK) and α-actin (Sigma, Dor-
set, UK) (1:1000) used as a loading con-
trol. Protein concentration was estimated
from the band intensity by densitometry.
Results are semiquantitative and are given
as a numerical (fold) change compared
with the control (contralateral tissue),
which was given an arbitrary value of 1.0.
All experiments were performed twice and
a representative example is shown.

Immuhistochemistry. The Avidin-
Biotin-Peroxidase method (ABC
Vectastain kit, Vector Laboratories, Peter-
borough, UK) was used for the qualitative
demonstration of antigens in tissues. Anti-
bodies to Cdk5, p-Cdk5 and p35 were
used at 1:50 dilution. Deparaffinized 5-µm
sections were treated for 10 minutes in a
boiling solution of concentrated citric acid
(pH 6.0; Vector Laboratories) in a pressure
cooker to unmask the antigens. Sections
were stained with primary antibodies
for 2 h at room temperature (RT), with
the appropriate horseradish peroxidase-
conjugated secondary antibody for 1 h at
RT, and then counterstained with hema-
toxylin. Negative control slides had the pri-
mary antibody replaced with phosphate
buffer saline (PBS) or the appropriate IgG
preimmune serum. Matching control pep-
tides were also used to absorb the Cdk5
and p35 antibodies to check for nonspe-
cific binding (data not included). Cultured
cells were fixed with 4% paraformaldehyde
for 20 minutes, permeabilized with 0.2%
Triton X100 for 8 minutes and blocked
with normal serum before staining over-

night at 4°C, followed by 60-minute incu-
bation with Alexafluor-green conjugated
dye at RT. Stained images were obtained
with a confocal microscope.

Double immunofluorescence. Follow-
ing primary antibody staining, slides were
incubated with normal serum and then
with a second primary antibody (diluted in
normal serum) for 30 minutes, followed by
30-minute incubation with Alexafluor-red
conjugated dye.

Analysis of apoptosis in tissue sections.
The Promega DeadEnd Colorimetric
TUNEL System was used according to the
manufacturer’s instructions (Promega,
Southampton, UK). Positive control sec-
tions pretreated with DNase I were stained
in parallel (data not included). Negative
control slides were performed, where ter-
minal deoxynucleotidyl transferase enzyme
was replaced with PBS and processed as
above (data not included).

RESULTS

Cdk5, p35/p25 and p-Cdk5 protein levels 
were up-regulated in human brain tissue 

Cdk5 expression. Western blotting
showed that Cdk5 was up-regulated by
1.5- to 3.4-fold in gray matter peri-
infarcted tissue in 10 out of 15 patients
and by 1.5- to 3.6 fold in gray matter
infarct in nine out of 15 patients. In white
matter, Cdk5 was up-regulated by 1.5- to
2.2-fold in peri-infarcted tissue in 11 out
of 15 patients and by 1.5- to 3.2 fold in
infarcted regions in 10 out of 15 patients
(Figure 1Ai and ii—Table 2).

In contralateral gray matter, neurons
showed a regular expression of Cdk5 with
cytoplasmic and axonal staining, while
blood vessels were not stained in either
the gray or white matter (Figure 1Bi and
Ci, respectively, Table 3). A similar pattern
was observed in control brain tissue
(Figure 1E). In gray matter peri-infarcted
and infarcted regions, nuclear staining and
intracellular clustering of Cdk5 occurred
in neurons, while numerous microvessels
demonstrated strong positive staining.
These changes were most apparent in
patients who survived for 2 to 14 days after
stroke (Figure 1Bii and iii and Cii and iii,
respectively). In white matter, some

microvessels were also Cdk5-positive.
Increased Cdk5 staining remained in
microvessels and abnormal-looking neu-
rons from gray matter peri-infarcted tissue
in patients surviving up to 29 days after
stroke. Colocalization of Cdk5 with
TUNEL-positive neurons and microvessels
was demonstrated (Figure 1Di and ii,
respectively).

p-Cdk5 expression. Western blotting
showed that p-Cdk5 was up-regulated in
four out of 15 patients (1.5- to 4.2-fold)
in peri-infarcted gray matter, and in nine
out of 15 patients (1.5- to 4.3-fold) in
infarcted tissue. In white matter, p-Cdk5
was up-regulated in the peri-infarcted tis-
sue of four out of 15 patients (1.5- to 3.0-
fold) and 1.5- to 3.9-fold in infarcted
tissue in eight out of 15 patients (1.5-
to 3.8-fold; Figure 2A—Table 2). Cdk5
phosphorylation occurred mostly near to
the infarcted core. p-Cdk5 was not
expressed in normal-looking neurons and
microvessels from the contalateral hemi-
sphere (Figure 2Bi and Ci, respectively),
nor in control brain tissue (Figure 2D). p-
Cdk5 was up-regulated in stroke-affected
neurons, with observable clumping and
nuclear translocation, and in microvessels
in patients who survived from 3 to 37 days
after stroke (Figure 2Bii and Cii, respec-
tively, Table 3).

p35 expression. In gray matter, p35 was
up-regulated in peri-infarcted tissue
regions in six out of 15 patients (1.5- to
4.2-fold) and in infarcted areas in four of
15 patients (1.5- to 3.4-fold). In white mat-
ter, p35 was up-regulated in peri-infarcted
tissue in three out of 15 patients (1.5- to
1.8-fold) and, in infarcted zones in four out
of 15 patients (1.5–3.3 fold; Figure 3A—
Table 2). p25 was not observed in tissue
from the contalateral hemisphere, but was
observed in five out of 15 patients in either
peri-infarcted or infarcted tissue.

Normal-looking neurons from the
contralateral hemisphere showed weak
intracellular staining for p35 while blood
vessels were unstained (Figure 3Bi and Ci,
respectively). A similar staining pattern
was observed in control brain tissue
(Figure 3D). p35 was translocated to the
nucleus of neurons and was strongly
expressed in microvessels in stroke-affected
regions in patients who survived from

http://www.scioncorp.com
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Figure 1. Expression of cyclin-dependent kinase 5 (Cdk5) was increased in stroked brain tissue. A. Western
blots showing increased expression of Cdk5 from two patients who survived for 2 (patient 1) and 9
days (patient 7), respectively, after acute ischemic stroke. B. (i) Weak regular intracellular staining of
Cdk5 in normal-looking neurons, but no observable staining in blood vessels from the contralateral
hemisphere (arrows and broken arrow, respectively). (ii and iii) Increased expression and intracellular
clumping of Cdk5 (arrow) and nuclear translocation (broken arrows) in peri-infarcted brain tissue
(patient 2; 3 days survival). C. (i) Negative staining of normal blood vessels in the contralateral
hemisphere, but strong staining in peri-infarcted vessels (patient 2; 3 days survival) (ii and iii). D. Cdk5
clustering (brown) in TUNEL-positive (blue) peri-infarcted neurons (i and insert), and microvessels (ii;
patient 2; 3 days survival). All images ×400. E. Weak staining of Cdk5 in neurons (arrows) and blood
vessels (broken arrow) from gray matter of a patient who died without evidence of stroke or other
brain disease.
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Table 3. Semiquantitative analysis of immunohistochemical data for cyclin-dependent kinase 5 (Cdk5), p35 and p-Cdk5 expression in human brain tissue. −,
no staining; +, some staining; ++, strong staining; +++, very strong staining; EC = endothelial cell.

Patient no.

Cdk5 p35 p-Cdk5

Neurons Glia EC Neurons Glia EC Neurons Glia EC

Contralateral hemisphere Weak 1/2 + (cytoplasmic) − 1/2 + Weak 1/2 + (cytoplasmic) − − Weak 1/2 + (cytoplasmic) Weak 1/2 + −

2 (3-day survival) +++ (nuclear) ++ ++ +++ (nuclear) + + +++ (nuclear) +++ +

4 (5-day survival) +++ (nuclear) +++ ++ ++ (nuclear) ++ +++ + ++ ++

5 (6-day survival) +++ (nuclear) ++ ++ ++ (nuclear) ++ +++ ++ (nuclear) ++ +++

6 (6-day survival) ++ + ++ +++ ++ ++ ++ + +

9 (15-day survival) ++ ++ ++ +++ ++ ++ ++ + ++

12 (26-day survival) +++ (nuclear) ++ +++ ++ ++ + +++ ++ +

14 (34-day survival) + − + + + + − − −

15 (37-day survival) +++ (cytoplasmic) + ++ + + + + + +++

Table 2. Expression of cyclin-dependent kinase 5 (Cdk5), p-Cdk5 and p35 in stroke patients demonstrated by Western blotting. Numbers show fold increase
(control = 1.0): PI is peri-infarcted and I is infarcted region; ND = not detected.

Patient
no. 

Survival
(days)

Cdk5 p35 p-Cdk5 p25

Gray White Gray White Gray White Gray White

PI I PI I PI I PI I PI I PI I PI I PI I

1 2 2.8 3.1 0.3 2.2 4.2 3.4 2.3 3.3 0.4 0.4 1.0 1.0 ND ND 1.8 ND

2 3 3.4 3.6 1.5 0.3 2.6 2.5 1.5 0.5 0.5 0.5 0.5 0.5 2.2 2.2 2.3 ND

3 3 1.5 1.6 1.5 3.7 1.0 1.0 1.0 1.0 4.2 4.3 3.0 2.6 1.9 2.0 1.9 2.0

4 5 0.3 1.5 1.5 1.7 1.0 1.0 1.0 1.5 2.3 2.1 2.6 2.5 ND ND 1.8 1.8

5 5 1.5 0.5 2.3 1.0 1.0 1.0 1.0 1.0 1.0 2.4 1.0 1.0 ND ND ND ND

6 6 0.4 1.5 2.7 2.5 1.0 0.3 1.0 1.0 1.5 3.1 1.0 2.8 ND ND ND ND

7 9 1.5 2.8 0.5 1.0 1.0 0.3 1.0 1.0 1.0 1.7 1.0 3.6 ND ND ND ND

8 14 0.5 0.5 0.5 0.5 1.0 1.0 1.0 1.0 1.0 1.0 1.5 2.9 ND 1.7 ND ND

9 15 1.0 1.0 1.5 1.5 0.4 1.0 1.0 1.0 2.5 2.4 2.6 2.9 ND ND 0.5 0.5

10 17 2.4 3.0 1.7 2.7 2.2 1.0 1.0 1.0 1.0 3.8 1.0 1.0 ND ND ND ND

11 20 1.0 1.0 2.3 1.6 1.0 2.5 1.0 2.2 1.0 1.0 1.0 1.0 ND 1.7 1.8 1.8

12 26 2.3 0.3 1.5 1.5 1.0 0.3 1.0 1.0 1.0 2.4 1.0 3.9 ND ND 1.8 ND

13 29 2.8 1.0 0.2 0.3 2.5 1.5 1.0 1.0 1.0 2.8 1.0 2.5 ND ND ND ND

14 34 2.3 2.3 1.5 1.5 1.5 1.0 1.0 1.0 1.0 1.0 0.4 0.4 1.5 1.5 ND ND

15 37 2.3 2.3 1.5 1.5 2.5 1.0 1.6 3.3 1.0 1.0 1.0 1.0 ND ND ND ND

No. of
patients

Increased 10 9 11 10 6 4 3 4 4 9 4 8 3 5 6 3

Decreased 3 3 4 3 1 3 0 3 2 2 2 2 0 0 1 1

No change 2 3 0 2 8 8 12 8 9 4 9 5 0 0 0 0

Not detected 0 0 0 0 0 0 0 0 0 0 0 0 11 9 8 11

3–6 days after stroke (Figure 3Bii and
Cii, respectively, Table 3). Increased p35
staining remained up to 26 days after
stroke in peri-infarcted tissue.

Double immunofluorescence showed
coexpression of Cdk5 and p35 in neuronal
nuclei and microvessels from peri-infarcted
regions (Figure 4Ai–iii and Bi–iii
respectively).

Cdk5 was increased in Propidium
Iodide  (PI)-positive  HFN  following

OGD. RT-PCR showed up-regulation of
Cdk5 in HFN exposed to OGD (12 h),
which diminished during reperfusion com-
pared with untreated cells (Figure 4A). Up-
regulation of hypoxia-inducible factor-1-α
and heat shock protein 72 were used as
controls to monitor the effects of OGD
(data not included). Western blotting
showed that Cdk5 protein expression was
increased in OGD-treated HFN (2.5-fold;
Figure 4B), while immunohistochemistry
(IHC) demonstrated notable increase in

the intensity of staining in the soma, and
coexpression in cells positively stained for
propidium iodide (Figure 5Ci–iii). Much
stronger Cdk5 staining was seen in propid-
ium iodide-positive cells, suggesting an
association with cellular damage.

p35 gene expression was increased in
HFN exposed to OGD for 12 h and
remained increased during reperfusion
(Figure 6A). Protein expression was
increased as measured by Western blotting,
although p25 was not observed (Figure 6B)
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and strong staining, particularly in the
nuclei of cells exposed to OGD, was seen
(Figure 6Ci and ii). Again, p35 staining
was strongest in, and overlapped with, pro-
pidium iodide-positive cells (Figure 6Ciii).

p-Cdk5 was notably expressed in HFN
cultured under normal conditions, as iden-
tified by Western blotting. IHC revealed its
presence in distinct intracellular/cytoplas-
mic localizations. Although Western blot-
ting failed to demonstrate an increase in
expression in HFN exposed to OGD
(14 h; Figure 7A), IHC showed that
expression became spread throughout
the nuclei and intracellular domain
(Figure 7Bi and iii). Damaged propidium
iodide-positive  HFN  stained  strongly
for p-Cdk5 and showed colocalization,

suggesting a link to cellular damage
(Figure 7Biii). Colocalization of p-Cdk5
and p35 also occurred in the nuclei of
OGD-treated cells (data not shown).

Cdk5 up-regulation was associated with
cellular damage in HBMEC following
OGD. RT-PCR showed up-regulation of
Cdk5 and p35 mRNA in HBMEC
exposed to OGD and reperfusion com-
pared with untreated cells (Figures 8A and
B and 9A and B, respectively). Up-
regulation of hypoxia-inducible factor-1-
α and heat shock protein 72 were used
as controls to monitor the effects of OGD
(data not included). Similarly, Cdk5 and
p35 protein levels were increased after
OGD (Figures 8B and 9B, respectively).

Increased nuclear staining of Cdk5, p35
and p-Cdk5 occurred in HBMEC treated
with OGD (Figures 8C, 9C and 10A,
respectively).

DISCUSSION

This study has identified increased
Cdk5/p35/p25 up-regulation and Cdk5
phosphorylation in stroke-affected tissue
from patients in the acute phase of
ischemic stroke. Intensely positively
stained neurons, with evidence of nuclear
translocation, occurred in stroke-affected
regions of patients who survived for up to
1 month after stroke. Colocalization of
Cdk5 with TUNEL-positive neurons pro-
vided evidence of involvement of Cdk5 in
cell death pathways. Because of the limited

Figure 2. p-Cyclin-dependent kinase 5 (p-Cdk5) staining was observed in neurons and microvessels in peri-infarcted tissue. A. Western blot showing increased
expression of p-Cdk5 in peri-infarcted and infracted regions, from a patient who survived for 6 days (patient 6) after acute ischemic stroke. B. Normal-looking
neurons from the contralateral hemisphere showed no observable staining of p-Cdk5 (i, arrow), while both intracellular (arrow) and nuclear (broken arrow)
staining was observed in those from peri-infarcted areas (ii; patient 5; 6 days survival). C. Similarly, normal-looking blood vessels from the contralateral
hemisphere were not observably stained (i); however, microvessels from peri-infarcted regions were strongly p-Cdk5-positive (ii; patient 6; 6 days survival).
All images ×400. D. Weak cytoplasmic staining of p-Cdk5 in neurons (arrows) and blood vessels (broken arrow) from gray matter of a patient who died without
evidence of stroke or other brain disease. PI = peri-infarcted; I = infarcted; C = control.

A
Bi Bii

Ci

D

Cii
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numbers of patients examined, it was not
possible to determine the statistical corre-
lation between expression levels of Cdk5/
p35 and patient survival. Also, the Western
blotting data are only semiquantitative.
It is also worth noting that during tissue
dissection, individual pieces of tissue pos-
sessed variable areas of tissue damage, rang-
ing from severe to less severe, with
occasional normal-looking segments. This
is inevitable irrespective of the expertise of
the neurologist. Western blotting results
therefore are merely an indicator of
changes in protein expression within broad
areas of damaged tissue, which might
explain the fact that some patient samples
showed only a weak up-regulation or
none at all, while the more sensitive IHC

enabled us to define the specific areas in
more detail and of course to identify cell-
specific changes.

Cdk5 may have a role in the events asso-
ciated with neuronal response to ischemic
injury, because increased Cdk5 tau protein
phosphorylating activity was seen in the rat
postdecapitative model of brain ischemia
(5). Hayashi et al, (10) demonstrated
increased Cdk5 and p35 immunoreactivity
and nuclear translocation in peri-infarcted
tissue, in neurons following MCAO in a
rat model of stroke, in agreement with our
unpublished data using a rat model of
MCAO. Using the same model, Osuga
et al (20) reduced the infarct volume by
intracerebroventricular infusion of the
pan-Cdk5 inhibitor flavopiridol, indicat-

ing a protective effect of Cdk5 down-
regulation. Ischemic brains of rats showed
increased expression of p25, 3 h after tem-
porary MCAO followed by 6 h of reperfu-
sion (18), or 2 h after transient MCAO
(33).

HFN exposed to OGD and reperfusion
also showed phosphorylation and nuclear
translocation of Cdk5, particularly in pro-
pidium iodide-positive nuclei, indicating
cell damage. Previous in vitro studies
showed that inhibition of Cdk5 activity
using indolinone A and D protected the
mitochondrial integrity of lesioned rat cor-
tical neurons and reduced caspase activa-
tion. Interestingly, Cdk5 may modulate
the N-methyl-d-aspartate receptors as their
direct phosphorylation by Cdk5 resulted

Figure 3. p35 was translocated to the nucleus of neurons and overexpressed in microvessels from stroke-affected regions. A. Western blot showing increased
expression of p35 in peri-infarcted and infarcted regions, from a patient who survived for 5 days (patient 4) after acute ischemic stroke. B. Normal looking
neurons from the contralateral hemisphere showed no observable staining of p35 (i, arrow showing hematoxylin positive nucleus), while nuclear staining
(arrow) was observed in those from peri-infarcted areas (ii; patient 1; 2 days survival). C. Similarly, normal looking blood vessels from the contralateral
hemisphere were not observably stained (i), however microvessels from peri-infarcted regions were strongly p35 positive (ii; patient 1; 2 days survival). All
images ×400. D. Weak staining of p35 in the cytoplasm of neurons (arrow) and blood vessels (broken arrow) from gray matter of a patient who died without
evidence of stroke or other brain disease. PI = peri-infarcted; I = infarcted; C = control.
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Figure 4. Double fluorescent labeling showed colo-
calization of p35 and cyclin-dependent kinase 5
(Cdk5) in stroke-affected tissue. A. Nuclear colocal-
ization in a neuron from the peri-infarcted region
(patient 1; 2 days survival; arrows) (i) p35 (green),
(ii) Cdk5 (red), (iii) overlaid images (×400). Identifi-
cation of neurons was by light microscopy of
hematoxylin-stained slides (data not shown). B.
Increased expression of (i) p35 (green) and (ii)
Cdk5 (red) and (iii) overlaid images of an infarcted
blood vessel (patient 1; 2 days survival; ×400).
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Figure 5. Cyclin-dependent kinase 5 (Cdk5) expression was increased in human fetal (cerebral cortical) neurons (HFN) exposed to oxygen-glucose deprivation (OGD).
A. Reverse transcription-polymerase chain reaction and B. Western blotting showing Cdk5 up-regulation in HFN exposed to OGD and/or reperfusion. 1: control,
2: OGD 14 h, 3: OGD 14 h and reperfusion 24 h. C. Immunohistochemistry Cdk5 staining of cultured human fetal (cerebral cortical) neuron (HFN). (i) Weak
perinuclear staining for Cdk5 in normal untreated HFN. (ii) Shows dramatically increased intensity of Cdk5 staining following OGD. (iii) Nuclear coexpression
of Cdk5 and propidium iodide after OGD. (Photographs ×250, inserts ×500). GAPDH = glyceraldehyde-3-phosphate dehydrogenase.
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Figure 6. p35 expression was also increased in human fetal (cerebral cortical) neurons (HFN) exposed to oxygen-glucose deprivation (OGD). A. Reverse transcription-
polymerase chain reaction and B. Western blotting showing p35 up-regulation in HFN exposed to OGD and/or reperfusion. 1: control, 2: OGD 14 h, 3: OGD
14 h and reperfusion 24 h. C. Immunohistochemistry p35 staining of cultured HFN. (i) Weak intracellular staining for Cdk5 in normal untreated HFN. (ii) Shows
increased intensity of p35 staining following OGD. (iii) Nuclear co-expression of p35 and propidium iodide after OGD. (Photographs ×250, inserts ×500).
GAPDH = glyceraldehyde-3-phosphate dehydrogenase.
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Figure 7. Increased intracellular p-cyclin-dependent kinase 5 (p-Cdk5) expression was seen in damaged human fetal (cerebral cortical) neurons (HFN) exposed to
oxygen-glucose deprivation (OGD). A. Western blotting showing p-Cdk5 expression before and after OGD/reperfusion. 1: control, 2: OGD 14 h, 3: OGD 14 h and
reperfusion 24 h. B. (i) Perinuclear staining of p-Cdk5 was seen in normal untreated HFN. (ii) Shows spreading of p-Cdk5 throughout intracellular regions and
in the nucleus following OGD. (iii) Nuclear coexpression of p-Cdk5 and propidium iodide after OGD. (Photographs ×250, inserts ×500).
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in ischemic injury in rat CA1 pyramidal
neurons following forebrain ischemia (32).
Weishaupt et al (33, 34) showed that Cdk5
activated neuronal cell death pathways
upstream of mitochondrial dysfunction,
while Zheng et al showed that inhibitory
activity against Cdk5 conferred neuropro-
tection, potentially promoting functional
long-term rescue of injured neurons (35).
During glutamate-induced excitotoxic cell
death of murine neurons, both p25 and
Cdk5 localized to the nuclei and were
involved in mediation of cell death path-
ways, although not apoptosis. Cytoplasmic
Cdk5 contributed to survival signaling,
demonstrating that both the localization of
Cdk5 and type of stimulation could affect
the cell fate (19). Rashidan et al recently
demonstrated that Cdk5 was important in
mediation of excitotoxic damage in murine
cerebellar granule neurons induced by
glutamate; however, Cdk5 mutants did not
protect against hypoxia/ischemia, rather,
other Cdk such as Cdk4 appeared to par-

ticipate in these delayed death pathways
(22). Nuclear translocation and phospho-
rylation of Cdk5 also resulted in neuro-
toxin-induced cerebellar granular neuronal
apoptosis (30), suggesting that up-regula-
tion, activation and nuclear translocation
of Cdk5 via p35/p25 are important fea-
tures of the ischemic response in stroke and
may be a key mediator of neuronal cell
death. Phosphorylation of Cdk5 at either
Ser159 and/or Tyr15, together with its asso-
ciation with p35, is a requirement for its
efficient activation (26, 36). Tyrosine phos-
phorylation of Cdk5 was first reported by
Lazaro et al in 1996 (15) in rat cerebellar
lysates, and more recently, was shown to be
important in mediation of axonal length-
ening of developing neurons following
activation by cables and c-Abl (36), while
Ser159 p-Cdk5 appears to be the main tar-
get for Cdk5 phosphorylating kinases and
is known to be activated via casein kinase
I in PC12 cells (26). In our studies, Tyr15

p-Cdk5 was not notably altered, while

Ser159 p-Cdk5 was increased in some
patients after stroke, but more importantly,
its nuclear translocation occurred both in
vivo and in vitro. As we found that Cdk5,
p-Cdk5 and p35/25 were translocated to
the nucleus in the acute phase of human
stroke, and that this shift in localization
occurred even in patients where the total
amount of protein remained similar to the
control areas, this may be an important
indicator determining which cells ulti-
mately die and which are subjected to
Cdk5 cytoplasmic prosurvival signaling.

Collateral revascularization and reperfu-
sion of potentially viable tissue in part
determines patient recovery after stroke
(29). Angiogenesis correlates with patient
survival, and survival of neurons is greatest
in areas of tissue undergoing angiogenesis
(12, 13). Following MCAO in a rat model,
new blood vessels initiated through vascu-
lar buds formed regular connections with
intact microvessels within 1 week of
ischemia, the patterns being similar to

Figure 8. Cyclin-dependent kinase 5 (Cdk5) expression was increased in human brain microvascular endothelial cell (HBMEC) exposed to oxygen-glucose deprivation
(OGD). A. Reverse transcription-polymerase chain reaction and B. Western blotting showing Cdk5 up-regulation in HBMEC exposed to OGD and/or reperfusion.
1: control, 2: OGD 12 h, 3: OGD 12 h and reperfusion 24 h. C. Immunohistochemistry Cdk5 staining of cultured HBMEC. (i) Weak diffused staining for Cdk5 in
untreated cells. (ii) Shows nuclear translocation of Cdk5 following OGD. (iii) Shows nuclear coexpression of Cdk5 and propidium iodide after OGD. (Photographs
×250, inserts ×500). GAPDH = glyceraldehyde-3-phosphate dehydrogenase.
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Figure 9. p35 expression was also increased in human brain microvascular endothelial cell (HBMEC) exposed to oxygen-glucose deprivation (OGD). A. Reverse
transcription-polymerase chain reaction and B. Western blotting showing p35 up-regulation in HBMEC exposed to OGD and/or reperfusion. 1: control, 2: OGD
14 h, 3: OGD 14 h and reperfusion 24 h. C. Immunohistochemistry p35 staining of cultured HFN. (i) Diffuse staining for Cdk5 in normal untreated HFN. (ii)
Shows nuclear translocation of p35 following OGD. (iii) Shows nuclear expression of p35 with propidium iodide counterstain after OGD. (Photographs ×250,
inserts ×500). GAPDH = glyceraldehyde-3-phosphate dehydrogenase.
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Figure 10. Nuclear translocation of p-cyclin-dependent kinase 5 (p-Cdk5) expression was seen in human brain microvascular endothelial cell (HBMEC) exposed to
oxygen-glucose deprivation. A. (i) Weak intracellular staining of p-Cdk5 was seen in normal untreated HBMEC. (ii) Shows increased intensity of p-Cdk5 staining
following OGD. (iii) Nuclear expression of p-Cdk5 with propidium iodide counterstain after OGD. (Photographs ×250, inserts ×500.)
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those seen in the normal brain. Apoptosis
occurred within damaged EC in the
“penumbra”, which resulted in collapsed
lumina and a lack of reflow (14, 24). In
this study, we have shown for the first time
that Cdk5 may have a role in the microves-
sel/EC response to ischemic stroke.

Chen et al (2) isolated a novel gene
IC53 from human aorta cDNA library,
which had structural similarity to the
Cdk5 binding protein precursor C53, and
mediated proliferation of ECV304 cells.
Inhibition of Cdk5 by olomoucine accel-
erated wound healing in corneal epithe-
lium of organ cultured transgenic mice
overexpressing Cdk5 and increased expres-
sion of activated c-Src along the wound
edge (7, 8). High levels of Cdk5 expression
were associated with FGF-2-induced pro-
liferation in bovine aortic EC (25).

Here, an increase in Cdk5 staining was
demonstrated in microvessels from stroke-
affected regions of patients who survived
up to 1 month after stroke. Cdk5-stained
microvessels also colocalized with
TUNEL-positive cells, suggesting that
Cdk5 up-regulation in ischemia-affected
EC may be associated with cell death path-
ways. This suggests a previously undiscov-
ered role for Cdk5 in the inhibition of
angiogenesis/revascularization within peri-
infarcted regions after stroke. Further stud-
ies should examine the role of Cdk5/p35/
25 in modulating EC survival and angio-
genesis, in detail, and identify the cell sig-
naling pathways both in vitro and in vivo.
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