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Investigating the Neuroprotective Mechanism of Action
of a CDK5 Inhibitor by Phosphoproteome Analysis
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Abstract Smallmolecule inhibitors of cyclin-dependent kinase 5 (CDK5) protect neurons from cell death following
various insults. To elucidate the cellular mechanism of action we investigated changes in protein phosphorylation in
cultured rat cerebellar granule neurons after administration of the CDK5 inhibitor Indolinone A. By immunoblot analysis
we detected enhanced phosphorylation of the extracellular signal-regulated kinase1/2 (ERK1/2) and the Jun N-terminal
kinase (JNK) substrate c-Jun. Co-administration of U0126, an inhibitor of ERK1/2, or SP600125, an inhibitor of JNK,
blocked phosphorylation of ERK1/2 or c-Jun, but did not affect neuroprotection by the CDK5 inhibitor. By metal affinity
chromatography, two-dimensional (2D) gel electrophoresis, and MALDI-TOF mass spectrometry we identified several
phosphoproteins that accumulated in neurons treated with Indolinone A. Among them were proteins involved in
neurotransmitter release, which is consistent with a physiological function of CDK5 in synaptic signaling. Moreover,
we identified proteins acting in energy metabolism, protein folding, and oxidative stress response. Similar findings have
been reported in yeast following inhibition of Pho85 kinase, which is homologous to mammalian CDK5 and acts in
environmental stress signaling. These results suggest that inhibition of CDK5 activates stress responsive proteins that may
protect neurons against subsequent injurious stimuli. J. Cell. Biochem. 95: 817–826, 2005. � 2005 Wiley-Liss, Inc.
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Cyclin-dependent kinases (CDKs) regulate
cell cycle progression in proliferating cells.
In differentiated neurons, the expression of
mitotic CDKs is down-regulated, while CDK5
expression becomes up-regulated [Nguyen
et al., 2002]. CDK5 knockout mice exhibit
widespread disruption in neocortical layering
indicating a role for Cdk5 in the development
of the central nervous system. Reduction of
CDK5 activity in cultured neurons points to a
physiological function in cytoskeletal organiza-
tion and synaptic transmission [Dhavan and
Tsai, 2001].

Deregulation of CDK5 activity has been
detected in the central nervous system of both
Alzheimer’s disease patients and mouse models

of amyotrophic lateral sclerosis and Parkinson’s
disease. Moreover, administration of CDK
inhibitors (e.g., roscovitine, flavopiridol) and
expression of dominant-negative kinase mutants
prevent neuronal cell loss in these models
demonstrating that CDKs contribute to neuro-
degeneration [Dhavan and Tsai, 2001; Nguyen
et al., 2002; Smith et al., 2003; Shelton and
Johnson, 2004]. Using various CDK inhibitors,
that originally were developed as anti-tumor
agents, we have recently demonstrated that
neuroprotective effectiveness correlates with
inhibition of CDK5, but not mitotic CDKs
[Weishaupt et al., 2003].

Deregulation of CDK5 results from proteoly-
tic cleavage of its activatory subunit p35 to p25.
CDK5/p25 translocates from the plasma mem-
brane to the cytosol and nucleus, where novel
substrates become hyperphosphorylated lead-
ing to neuronal cell death [Dhavan and Tsai,
2001; Nguyen et al., 2002]. Toxic substrates
such as tau and neurofilament proteins have
already been identified in Alzheimer’s disease
and amyotrophic lateral sclerosis. However,
hyperphosphorylated tau and neurofilament
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proteins could not be detected in other models of
neurodegeneration, and thus, novel pathogenic
substrates remain to be identified. Further-
more, since 518 putative protein kinase genes
have recently been described in the human
genome [Manning et al., 2002], it cannot be
excluded that additional kinases may be inhib-
ited by neuroprotective CDK5 inhibitors.

In order to get an overview on neuronal signal
transduction cascades that are modulated by
CDK5 inhibitors, we analyzed global changes in
protein phosphorylation using two-dimensional
(2D) gel electrophoresis and mass spectrometry
[Mann et al., 2002]. Additionally, we performed
immunoblot analysis using phospho-specific
antibodies.

MATERIALS AND METHODS

Neuronal Cell Culture

Cerebellar granule neurons were isolated
from 7-days old Wistar rat pups and were puri-
fied by density sedimentation. Briefly, cerebella
were removed and dissociated with 1% trypsin/
0.05% DNase in Ca2þ- and Mg2þ-free Hanks-
balanced-salt-solution (Gibco, Karlsruhe, Ger-
many) for 15 min at room temperature. After
two washing steps with Hanks-balanced-salt-
solution, 0.5% DNase was added and the
cerebella were dissociated by trituration using
Pasteur pipettes. Cerebellar granule neurons
were subsequently separated by centrifugation
at 1300� g for 15 min in a 40% (v/v) Percoll
solution. The cells were harvested from the
pellet and washed in ice-cold Minimum Essen-
tial Medium supplemented with 33 mM glucose
(MEM; Gibco) followed by centrifugation for
5 min at 150� g. Thereafter, cells were plated
on poly-L-lysine-coated 96-well plates or Petri
dishes (2.5� 106/cm2) in MEM supplemented
with 10% heat-inactivated fetal calf serum,
20 mM KCl, 100 U/ml penicillin, and 100 mg/ml
streptomycin (Biochrom, Berlin, Germany).
After 24 h in culture, the cells were treated
with cytosine arabinoside (Sigma, Taufkirchen,
Germany) in a final concentration of 5 mM.
Cultures were maintained at 378C, 5% CO2 for
7 days without a change in medium. At day-in-
vitro (DIV) seven cells were washed and culture
medium was changed to serum-free MEM plus
20 mM KCl. Glutathione depletion was induced
in cerebellar granule neurons by treatment with
L-buthionine-sulfoximine (0.5 mM; Sigma),
an inhibitor of glutamylcysteine synthetase

[Wüllner et al., 1999]. The following commer-
cially available kinase inhibitors were used:
U0126 (10 mM; Upstate Biotechnology, Charlot-
tesville, NC), an inhibitor of the extracellular
signal-regulated kinase1/2 (ERK1/2)-activating
kinase MAPK/ERK kinase1/2 (MEK1/2)
[Favata et al., 1998], SP600125 (30 mM; Calbio-
chem, Bad Soden, Germany), an inhibitor of Jun
N-terminal kinase (JNK) [Bennett et al., 2001],
and roscovitine (30 mM; Calbiochem), an inhi-
bitor of CDK4/5 [Walker, 1998; Bain et al.,
2003]. Our CDK5 inhibitor Indolinone A has
been tested against a panel of kinases in cell-
free assays [Bain et al., 2003]. This compound
inhibits CDK5 activity with an IC50 of 5 nM,
whereas other cell death-promoting kinases,
such as CDK1/2, JNK, p38 mitogen-activated
protein kinase (p38MAPK), are not signifi-
cantly blocked up to 1 mM [Weishaupt et al.,
2003]. All kinase inhibitors were tested at
concentrations that have shown activity in
other cell culture systems before [Stanciu
et al., 2000; Bennett et al., 2001; Crossthwaite
et al., 2002; Weishaupt et al., 2003]. Compounds
were administered in serum-free MEM at DIV
7, when expression of CDK1, CDK2, and CDK4
in cerebellar granule neurons is down-regu-
lated, whereas expression of CDK5 is up-
regulated [Courtney and Coffey, 1999].

Assessment of Cell Viability

Mitochondrial metabolic activity was tested
using the Alamar Blue Assay (Serotec, Düsseldorf,
Germany). The assay uses an indicator com-
pound that changes from the oxidized, non-
fluorescent to the reduced, fluorescent form in
response to chemical reduction of the medium
resulting primarily from mitochondrial succi-
nate dehydrogenase activity. Alamar Blue
solution was added to the medium at a final
concentration of 5%. Cerebellar granule neu-
rons were incubated for 2 h, thereafter fluores-
cence was monitored at 530 nm excitation and
590 nm emission wavelength in a Millipore
CytoFluor Reader 2350 (Millipore, Eschborn,
Germany).

Immunocytochemistry

For double immunofluorescent labeling, cer-
ebellar granule neurons were cultured on Lab-
Tek Chambered Coverglass. Following treat-
ment neurons were fixed in phosphate-buffered
saline (PBS) containing 4% paraformaldehyde
for 40 min at 48C. Cells were permeabilized with

818 Gillardon et al.



100% methanol for 10 min at �208C, blocked
with 10% normal goat serum for 60 min at room
temperature, and subsequently incubated with
rabbit anti-phospho c-Jun (Ser73) antibody
(1:100; Cell Signaling, Frankfurt a.M., Germany)
and mouse anti-MAP2 antibody (1:100; Sigma)
overnight at 48C. Primary antibody was omitted
as negative control. Biotinylated anti-rabbit
immunoglobulin G, streptavidin-conjugated
Alexa Fluor, and Cy3-conjugated anti-mouse
immunoglobulin G, respectively, were used for
detection. Immunofluorescence was visualized
using a confocal laser scan microscope (Leica
TCS; Leica, Bensheim, Germany).

Immunoblot Analysis

Neuronal cell cultures were washed twice
with ice-cold PBS, rapidly scraped in ice-cold
lysis buffer (62.5 mM Tris-HCl, pH 6.8, 2%
sodium dodecyl sulfate, 50 mM dithiothreitol,
5% glycerol), and sonicated for 1 min. Cell ly-
sates were centrifuged at 15,000� g for 15 min
and supernatants were loaded (15 mg/lane) on
12% sodium dodecyl sulfate-polyacrylamide
minigels. Proteins were transferred to nitrocel-
lulose membranes using a wet transfer system
(Biorad, München, Germany). After blocking
in buffer containing 20 mM Tris-HCl, pH 7.4,
500 mM NaCl, 0.05% Tween 20, and 5% bovine
serum albumin for 90 min, the membranes were
incubated overnight with the following primary
antibodies: anti-phospho-p44/42 MAP kinase
(ERK1/2), anti total p44/42 MAP kinase (ERK1/
2), anti-phospho-c-Jun (Ser73), and anti total c-
Jun (all at 1:1000; Cell Signaling). Horseradish
peroxidase-conjugated secondary antibodies
and enhanced chemiluminescence reagents
(ECL; Amersham, Freiburg, Germany) were
used for detection. Densitometric analysis of
immunoblots was performed using the Versa
DocsystemandQuantityOnesoftware (Biorad).

Two-Dimensional Gel Electrophoresis
and Mass Spectrometry

For 2D minigel electrophoresis and immuno-
blotting neurons were washed twice in ice-
cold buffer (10 mM Tris-HCl, pH 7.0, 250 mM
sorbitol), scraped directly in isoelectric focusing
buffer (8M urea, 4% chaps, 20 mM Tris-HCl,
pH 7.4, 1% dithiothreitol, phosphatase inhibitor
cocktail, 0.8% IPG-buffer from Amersham) and
sonicated. Cell lysates were centrifuged at
15,000� g for 15 min and supernatants were
diluted with isoelectric focusing buffer. Proteins

were loaded on IPG strips (Immobiline Dry-
Strip, pH 4–7, 7cm; Amersham) during rehy-
dration and focused using an Ettan IPGphor
and standard protocols (Amersham). Second
dimension sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis and immunoblotting
was performed as described above. A polyclonal
rabbit anti-glucose regulated protein 58 anti-
body (1:1000; Stressgen, Victoria, Canada) or a
mouse monoclonal anti-phosphotyrosine anti-
body (clone PY69, 1:1000, Transduction Lab,
Lexington, KY) was used for detection.

For large scale experiments cultured neurons
(30 Petri dishes per experimental group) were
rinsed twice with ice-cold PBS and then scraped
in lysis buffer (50 mM Tris-HCl, pH 7.4, 6%
lithium dodecylsulphate, 6% Triton-X-100, 5 mM
sodium fluoride, 5 mM sodium glycerolpho-
sphate, 1 mM sodium ortho-vanadate, 5 mM
EDTA, Complete protease inhibitor cocktail).
Subsequent analysis was performed at Pro-
teoSys AG (Mainz, Germany) as has been des-
cribed in detail elsewhere [Sommer et al., 2004;
Wang et al., 2004]. Phosphoproteomes were iso-
lated by Fe-agarose columns equilibrated with
binding buffer (50 mM bis-(hydroxyethyl)-
piperazine-HCl, pH 3.4, 2% Triton X-100)
[Muszynska et al., 1986]. Samples equilibrated
in binding buffer were loaded to the column
and eluted with 50 mM NaH2PO4 in binding
buffer. The trichlororacetic acid precipitate of
the eluate was dissolved in isoelectric focusing
buffer (7M urea, 1% Triton X-100, 10% glycer-
ine, 2M thiourea, 4% chaps, 20 mM Tris-HCl,
pH 7.4, 1% dithiothreitol, 0.8% IPG-buffer from
Amersham). For total proteome analysis an
aliquot of samples equilibrated in binding
buffer was precipitated and dissolved in iso-
electric focusing buffer. Two dimensional gel
electrophoresis was performed as described
previously [Soskic et al., 1999; Predic et al.,
2002] and proteins were visualized by silver
staining according to Shevchenko et al. [1996].
Gels were run in triplicate and were automati-
cally matched according to a molecular weight
scale and selected landmarks. The software
used was Phoretix2D (Nonlinear Dynamics,
Newcastle, UK) and Delta2D (Decodon, Greifs-
wald, Germany). Comparison of aligned gels
revealed differentially existing protein spots.
Selected spots were excised from the gel by a
picking robot (ProPick; Genomic Solutions,
Ann Arbor, MI) and proteins in gel pieces were
trypsin digested by a ProGest-robot (Genomic
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Solutions). A ProMS-robot (Genomic Solutions)
was used to apply samples for MALDI-TOF
mass spectrometry onto an anchor target
(Bruker, Bremen, Germany). Identification of
selected protein spots was performed by peptide
mass fingerprinting. Spectra were obtained
using an Autoflex MALDI time-of-flight mass
spectrometer (Bruker) in the reflector mode
within a mass range from m/z 800 to 4000. The
mass spectra obtained for the protein digests
were calibrated and annotated automatically.
The resulting peptide mass fingerprints were
searched against the non-redundant NCBI Pro-
tein Sequence Database (version of May 2002)
using Mascot Server software v. 1.8. (Matrix
Science, London, UK).

Statistics

For each experimental group three neuronal
cell cultures were used at minimum. All experi-
ments were performed at least in duplicate
producing similar results. Data are given as
mean�SD unless stated otherwise. Statistical
analysis was performed using Student’s t-test,
and P< 0.05 was considered significant.

RESULTS

Neuroprotection by CDK5 Inhibitors

Buthionine sulfoximine (BSO) treatment of
primary neuronal cell cultures causes a slow
decline of mitochondrial glutathione levels
resulting in accumulation of reactive oxygen
species, mitochondrial dysfunction, and delayed
non-apoptotic cell death [Wüllner et al., 1999;
Weishaupt et al., 2003]. We have recently
demonstrated that co-administration of Indoli-
none A promotes survival of BSO-treated cere-
bellar granule neurons with an EC50 of 150 nM
[Weishaupt et al., 2003]. In the present study,
we first tested the neuroprotective efficacy of
two CDK5 inhibitors (Indolinone A, roscovitine)
when added at various time points after BSO.
Cell viability was assessed following 24 h of
BSO treatment by Alamar Blue assay. As can be
seen from Figure 1, both compounds prevent
cell death, when added within 4 h after
BSO administration. Roscovitine (30 mM) was
ineffective at 8 h after BSO, whereas neuropro-
tection by Indolinone A (0.3 mM) declined
between 8 and 12 h (Fig. 1). Administration of
BSO alone did not affect Alamar Blue reduction
up to 16 h [Wüllner et al., 1999; Weishaupt et al.,
2003]. These findings indicate that the neuro-

protective mechanism(s) of action of CDK5
inhibitors are initiated within 4 h after com-
pound administration and long before BSO-
induced mitochondrial dysfunction becomes
detectable. Subsequent studies that aimed at
elucidating the mechanism(s) of action of Indo-
linone A, therefore, focused on changes in
protein phosphorylation at early time points
after compound treatment.

Effect of Indolinone A on Kinase
Signaling Cascades

Activity of anti-apoptotic ERK versus pro-
apoptotic JNK has been shown to determine
neuronal survival [Xia et al., 1995] and studies
in mutant mice lacking CDK5 activity point to
a cross-talk between CDK5 and ERK/JNK
signaling pathways [Li et al., 2002; Sharma
et al., 2002]. Rat ERK1/2 is activated by
phosphorylation at Thr183 and Tyr185 which
can be detected by phospho-specific antibodies.
As shown in Figure 2, incubation of rat cere-
bellar granule neurons with the CDK5 inhibitor
Indolinone A (0.3 mM for 3 h) caused a 2.5-fold
increase (P< 0.05, t-test) in the ratio of phos-
pho-ERK1 to total ERK1 compared to sham-
treated cultures. Active JNK phosphorylates
transcription factor c-Jun at Ser63 and Ser73.

Fig. 1. CDK5 inhibitors prevent neuronal cell death when
added after L-buthionine-sulfoximine. Cerebellar granule neu-
rons were cultured in 96-well plates for 6 days. Neurons were
then treated with the glutamylcysteine synthetase inhibitor, L-
buthionine-sulfoximine (BSO) (0.5 mM). Roscovitine (30 mM,
filled diamonds), Indolinone A (0.3 mM, filled circles), or vehicle
(filled squares) was added at 0, 4, 8, or 12 h after BSO
administration. Sham-treated control cultures are indicated by
open diamond (0 h). After a total incubation of 24 h cell viability
was tested by Alamar Blue assay. Data presented are the
mean� SD of triplicate determinations. Asterisks indicate a
P value<0.05 as determined by Student’s t-test. Analogous
results were obtained in three independent experiments.
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Administration of 0.3 mM Indolinone A signifi-
cantly (P< 0.05, t-test) increased c-Jun phos-
phorylation at Ser73 by about two fold after 3 h,
as assessed by immunoblotting (Fig. 3A). In the
same experimental group the total c-Jun immu-
noreactive band partially shifted, indicating
phosphorylation of c-Jun at multiple sites.
Phospho-c-Jun(Ser73) immunoreactivity loca-
lized to the nucleus of cerebellar granule
neurons, as shown by immunocytochemistry
in Figure 3B. The increase in phospho-ERK1
and phospho-c-Jun was maintained up to 9 h
after compound treatment and was not detected
following administration of BSO alone. In
contrast, Indolinone A treatment did not affect
phosphorylation of AKT at Thr308 or phosphor-
ylation of p38 MAPK at Thr180/Tyr182 in
cultured neurons (data not shown).

To assess whether activation of anti-apoptotic
ERK by Indolinone A underlies its neuroprotec-

tive effectiveness, we co-incubated cerebellar
granule neurons with Indolinone A and U0126,
an inhibitor of the ERK-activating kinase
MEK1/2 [Favata et al., 1998]. U0126 at 10 mM
completely prevented the increase in ERK1/2
phosphorylation by Indolinone A without affect-
ing total ERK1/2 levels (Fig. 2). Treatment with
either U0126 (10 mM) or Indolinone A (0.3 mM)
alone for 24 h did not alter cell viability as

Fig. 2. The CDK5 inhibitor Indolinone A causes ERK phosphor-
ylation/activation that can be prevented by U0126. Cerebellar
granule neurons were cultured in 60-mm Petri dishes for 6 days.
Neurons were then incubated in either Indolinone A (0.3 mM) or
IndolinoneA (0.3 mM) plusU0126 (10 mM) for 3 h. Active ERK1/2
or total ERK1/2 (also termed p44/p42 MAP kinase) was detected
in protein lysates by immunoblot analysis using aphospho-ERK1/
2 specific antibody or a total ERK1/2 antibody. Densitometric
analysis of immunoblots showing the ratio of phospho-ERK1 to
total ERK1 (filled bar) and phospho-ERK2 to total ERK2 (open
bar), respectively, is depicted in the lower panel. Data presented
are the mean� SD of three independent experiments. Fig. 3. Indolinone A induces activation of JNK that can be

inhibited by SP600125. Cerebellar granule neurons were treated
with either Indolinone A (0.3 mM) or Indolinone A (0.3 mM) plus
SP600125 (30 mM) for 3 h.A: The JNK substrate phospho-c-Jun or
total c-Jun proteinwas detected in protein lysates by immunoblot
analysis using a phospho-c-Jun(Ser73) specific antibodyor a total
c-Jun antibody. A partial shift in the total c-Jun immunoreactive
band is visible following Indolinone-A administration. Densito-
metric analysis showing the increase in phospho-Jun is depicted
in the lower panel. Data presented are the mean� SD of three
independent experiments.B: Nuclear localization of phospho-c-
Jun(Ser73) (green) in Indolinone A-treated neurons was assessed
by immunocytochemistry. Cytoplasmic MAP2 immunofluores-
cence can be seen in red. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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assessed by Alamar Blue reduction (95.1%�
3.7% and 103.6%� 4.1%, respectively, of sham-
treated control cultures). More importantly,
co-administration of U0126 (10 mM) did not
significantly affect neuroprotection by Indoli-
none A (0.3 mM) against BSO-induced cell death
(82.6%� 8.6% of control cultures). To elucidate
the physiological relevance of Indolinone A-
induced c-Jun phosphorylation, we incubated
cerebellar granule neurons with the JNK
inhibitor SP600125 [Bennett et al., 2001] plus
Indolinone A. As shown by immunoblotting
in Figure 3A, SP600125 (30 mM) completely
blocked both the increase in phospho-c-Jun
(Ser73) and the shift of the total c-Jun band in
neuronal cultures treated with Indolinone A
(0.3 mM, 3 h). SP600123 alone at 30 mM did
not significantly change cell viability at 24 h
(84.5%� 3.6% of control cultures). Moreover,
co-treatment with 30 mM SP600123 did not alter
prevention of BSO-induced cell death by Indo-
linone A (90.7%� 2.8% of control cultures).

Phosphoproteome Analysis

In order to identify proteins whose phosphor-
ylation is modulated by Indolinone A treatment,
phosphoproteins were enriched by metal affi-
nity chromatography and proteins were sepa-
rated by 2D gel electrophoresis. Representative
silver-stained gels are shown in Figure 4.
Protein spots were identified by MALDI-TOF
mass spectrometry with Mascot scores �65.

Only few spots showed differences in intensity
following densitometric analysis of gel tripli-
cates. Nine proteins exhibited a moderate
increase in the phosphoprotein fraction 3 h
after Indolinone A administration (Table I),
whereas proteins showing a decline could not be
detected. The proteins could be grouped accord-
ing to their known function as follows: stress-
inducible proteins and chaperones (heat shock
cognate protein 70, turned on after division 64,
chaperonin subunit e, glucose regulated protein
58), proteins functioning in energy metabolism
(creatine kinase-B, enolase a, isocitrate dehy-
drogenase a, lactate dehydrogenase-B), and
proteins acting in neuronal signaling (vacuolar
Hþ-ATPase a).

By 2D minigel electrophoresis and immuno-
blotting using an anti-glucose regulated protein
58 antibody we detected two spots with the same
molecular weight (about 60 kDa) but slightly
different pI (Fig. 5A). Densitometric analysis
revealed that the more acidic spot increased in
intensity by approximately 70% after Indoli-
none A treatment, whereas intensity of the
basic spot declined giving indirect evidence for
an increase in phosphorylation of glucose
regulated protein 58. Enhancement of tyrosine
phosphorylation by Indolinone A was also
observed on 2D immunoblots using an anti-
phosphotyrosine antibody (Fig. 5B).

Finally, prediction of potential phosphoryla-
tion sites was performed using the computer

Fig. 4. Representative two-dimensional (2D) gel images visualized by silver staining. Protein extracts were
prepared from cultured neurons 3 h after Indolinone A administration, and were separated by 2D gel
electrophoresis (pI range from 4 to 7) (proteome). Alternatively, phosphoproteins were enriched by metal
affinity chromatography before 2Dgel electrophoresis (phosphoproteome).Numbered spotswere identified
by MALDI-TOF mass spectrometry after in-gel trypsin digestion. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

822 Gillardon et al.



program NetPhos (www.cbs.dtu.dk/services/
NetPhos) [Blom et al., 1999]. Phosphorylation
at serine, threonine, or tyrosine residues was
predicted with a score>0.9 for all proteins listed
in Table I.

DISCUSSION

In several studies, blockade of CDK activity
using either dominant-negative kinase mutants
or small molecule inhibitors has been demon-
strated to prevent neuronal cell death [Nguyen
et al., 2002; Smith et al., 2003; Shelton and
Johnson, 2004]. However, cellular signaling
cascades and kinase substrates that are tar-
geted by neuroprotective CDK inhibitors are
poorly characterized. In our previous study, we
have demonstrated that pharmacological inhi-
bition of CDK5, but not mitotic CDKs, prevents
both necrotic cell death induced by glutathione
depletion and apoptotic cell death following
serum deprivation [Weishaupt et al., 2003]. In
the present study, we analyzed the signaling
pathways that may either directly or indirectly
be targeted by our CDK5 inhibitor. Since we
observed that the neuroprotective mechanisms
of action of Indolinone A are initiated within
4 h after administration, subsequent studies
focused at early changes in protein phosphor-
ylation in neuronal cell cultures.

In a simplistic view, neurotrophic factors
signal via the ERK cascade supporting neuronal
survival, whereas stress or injury activates the
JNK pathway favouring neuronal death [Xia
et al., 1995]. Surprisingly, our neuroprotective
CDK5 inhibitor caused a rapid and sustained

TABLE I. Proteins That Increase in the Phosphoprotein Fraction Following Administration
of a CDK5 Inhibitor to Cultured Neurons

No. Accession no. Protein
Mascot
score

MW
[Da] Gel

MW
[Da] DB pI Gel Change (%)

1 gij13242237 (NM_024351) heat shock cognate protein 70 126 70,000 71,055 5.6 25þ 3
2 gij6680752 (NM_007508) ATPase, Hþ transporting,

lysosomal (vacuolar proton pump),
alpha 70 kDa, isoform 1

236 75,000 68,567 5.7 23þ 8

3 gij1351260 Dihydropyrimidinase related protein-2
(DRP-2) (turned on after division,
64 kDa protein) (TOAD-64)

102 66,000 62,638 6.4 34þ 13

4 gij6671702 (NM_007637) chaperonin subunit 5 (epsilon) 85 59,000 60,042 5.8 51þ 10
5 gij13994168 (NM_031580) glucose regulated protein,

58 kDa
206 61,000 57,044 6.2 86þ 10

6 gij6978809 (NM_012554) enolase 1, alpha 126 48,000 47,428 6.4 54þ 5
7 gij203476 (M57664) creatine kinase-B 78 46,000 40,883 5.7 19þ 7
8 gij18250284 (NM_029573) isocitrate dehydrogenase 3

(NADþ) alpha
83 39,000 40,069 6.1 37þ 7

9 gij6678674 (NM_008492) lactate dehydrogenase-B 126 37,000 36,834 6.0 32þ 8

MW, molecular weight; DB, database.

Fig. 5. A: Two-dimensional minigel electrophoresis and
immunoblotting using an anti-glucose regulated protein 58
antibody. Cerebellar granule neurons were treated with Indoli-
none A (Indo-A, 0.3 mM) or vehicle for 3 h. A shift to the
more acidic protein spot is visible following CDK5 inhibitor
administration. The pH range from6.0 to 6.4 is depicted.B: Two-
dimensional minigel electrophoresis and immunoblotting using
an anti-phosphotyrosine antibody. The number of phosphotyr-
osine immunoreactive protein spots increases after treatment
with IndolinoneA (Indo-A, 0.3mM,3h). ThepH range from4.0 to
7.0 is depicted.
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activation of both anti-apoptotic ERK1/2 and
pro-apoptotic JNK in cultured neurons. This
is consistent with recent studies in mutant
mice lacking either CDK5 or its activator p35,
where elevated levels of phospho-c-Jun or
phospho-ERK have been detected in brain
extracts [Li et al., 2002; Sharma et al., 2002].
Thus, short-term pharmacological blockade of
endogenous CDK5 by Indolinone A in neuronal
cell cultures may result in disinhibition of JNK
and MEK similar to CDK5 gene knockout in
mice.

Indolinone A-mediated JNK activation was
blocked using the pan-JNK inhibitor SP600125
which exhibits 100-fold selectivity against
recombinant ERK2 or p38 MAPK, and blocks
c-Jun phosphorylation with an IC50 of 5–10 mM
in cellular assays [Bennett et al., 2001].
Although SP600125 reduced c-Jun phosphory-
lation to basal levels in our study, the JNK
inhibitor had no effect on Indolinone A-mediated
neuroprotection against BSO-induced cell death.
Thus, disinhibition of JNK appears to be
irrelevant for the effects of CDK5 inhibitors, at
least in our model. Alternatively, activation of
JNK signaling may be overridden by the
concommitant stimulation of survival-promot-
ing ERK1/2. To test this possibility, we admi-
nistered U0126, an inhibitor of the ERK-
activating kinases MEK1/2, which displays
>100-fold selectivity against JNK, p38 MAPK,
MAPK kinases, CDK2, and CDK4 [Favata et al.,
1998]. Indolinone A-induced ERK1/2 phosphor-
ylation was completely blocked by U0126 co-
treatment, however, neuroprotection by Indoli-
none A remained unchanged. The role of ERK in
neurodegeneration following oxidative injury is
controversial, and U0126 has been reported to
either enhance or reduce neuronal survival
during oxidative stress in vitro [Stanciu et al.,
2000; Crossthwaite et al., 2002].

By metal affinity chromatography and 2D
gel electrophoresis we detected a moderate
increase in several phosphoproteins in Indoli-
none A-treated cell cultures. Accumulation
together with the lack of a CDK5 phosphory-
lation consensus sequence (S/T)PX(K/H/R)
[Dhavan and Tsai, 2001] is speaking against a
role as CDK5 substrates. In cell-free assays,
CDK5 has been shown to modulate the activity
of various protein kinases (e.g., MEK1, JNK,
p21-activated kinase, protein kinase A) and
protein phosphatases (e.g., phospho-protein
phosphatase 1) [Agarwal-Mawal and Paudel,

2001; Dhavan and Tsai, 2001], which might
explain the complex changes in cellular protein
phosphorylation observed in our study. Since
proteins were extracted 3 h following compound
treatment, changes are likely due to rapid post-
translational modification rather than protein
biosynthesis, as already indicated by the spe-
cific alterations in phosphorylation of ERK1/2,
and c-Jun shown on 1D immunoblots. By 2D
minigel electrophoresis and immunoblotting
we detected a pI shift in glucose regulated
protein 58, as has been shown following protein
modification by phosphorylation using other
kinase inhibitors [Lewis et al., 2000]. An in-
crease in tyrosine-phosphorylated protein spots
following Indolinone A administration was also
demonstrated using an anti-phosphotyrosine
antibody.Additionally,phosphorylation ofdihy-
dropyrimidinase related proteins was con-
firmed in a parallel study by MS/MS analysis
[Sommer et al., 2004]. It should be mentioned
however, that other methods for phosphopro-
teome analysis have been developed, which may
show higher sensitivity and accuracy [Mann
et al., 2002].

Nevertheless, our data provide novel insight
into the role of CDK5 in neurotransmission
and stress signaling. Synapsin 1, mammalian
unc-18 homologue (MUNC-18), and amphiphy-
sin have already been identified as presynaptic
substrates of CDK5 that are involved in synap-
tic vesicle release and recycling [Dhavan and
Tsai, 2001]. We detected an increase in phos-
phorylation of vacuolar Hþ-ATPase a (V-
ATPase) which generates the proton-motive
force that is utilized for accumulation of neuro-
transmitters into synaptic vesicles [Nelson,
1993]. Although phosphorylation of V-ATPase
may be indirectly affected by our CDK5 inhi-
bitor, these findings substantiate the role of
CDK5 in modulating synaptic function as has
been shown by others [Samuels and Tsai, 2003;
Tan et al., 2003].

Treatment with Indolinone A also lead to an
increased phosphorylation of several proteins
acting in energy metabolism, e.g., creatine
kinase-B, enolase a, isocitrate dehydrogenase a,
and lactate dehydrogenase-B. Brain-type cre-
atine kinase-B catalyzes the reaction from
phospho-creatine to ATP, and phosphorylation
reduces the Km for phospho-creatine [Quest
et al., 1990], which might contribute to
the preservation of mitochondrial function in
Indolinone A-treated cultures under stress
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[Weishaupt et al., 2003]. Moreover, increased
tyrosine-phosphorylation of creatine kinase,
lactate dehydrogenase, glucose regulated pro-
tein 58, heat shock cognate protein 70, and
chaperonin e has recently been demonstrated
by phosphoproteome analysis in cell lines,
where phosphorylation is involved in heat shock
signaling and thermotolerance [Kim et al.,
2002]. Heat shock cognate protein 70, turned
on after divison 64, and enolase g have been
detected in an oxidoreductase complex, which is
involved in vesicle fusion and oxidative stress
response [Bulliard et al., 1997]. Changes in
phosphorylation following Indolinone A treat-
ment further support a role for CDK5 in neuro-
transmission and stress signaling.

A novel function for CDK5 in stress signaling
is also indicated by recent findings in yeast.
Complementation studies have shown that
mammalian CDK5/p35 is a functional homo-
logue of yeast Pho85/Pho80 protein kinase [Huang
et al., 1999], which is part of the phosphate-
responsive signal transduction pathway (PHO
system) [Carroll and O’Shea, 2002]. Similar to
our data, chemical inhibition of Pho85 in
the absence of stressful conditions causes the
rapid activation of genes involved in a generic
environmental stress response including pro-
teins acting in energy metabolism, protein
folding, oxidative stress response, and mem-
brane fusion [Carroll et al., 2001]. Notably, this
stress response was transient and only detect-
able after the rapid loss of Pho85 activity caused
by chemical inhibition but not in Pho85 gene-
deficient yeast mutants. Thus, it may be
speculated that our CDK5 inhibitor induces a
similar response in cultured neurons leading to
functional neuroprotection against stressful
stimuli (e.g., glutathione depletion or serum/
potassium deprivation) that causes delayed
neuronal cell death [Weishaupt et al., 2003].
To show a causal relationship, expression of
candidate neuroprotective proteins should be
inhibited by siRNA technology. However,
siRNA knockdown of a single candidate might
be ineffective, if a battery of stress-responsive
genes mediates neuroprotection. Finally, we
cannot exclude that experimental inhibition of
CDK5 might induce disturbances in cellular
physiology that trigger a stress response. This
response might then protect against a subse-
quent harmful stressor, a phenomenon known
as preconditioning or cross-tolerance [Dirnagl
et al., 2003].
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