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1 Experimental data implicate calpain activation in the pathways involved in neuronal apoptosis.
Indeed, calpain inhibitors confer neuroprotection in response to various neurotoxic stimuli. However,
the pathways involved in calpain activation-induced apoptosis are not well known.

2 We demonstrate that apoptosis (40%) induced by serum/potassium (S/K) withdrawal on cerebellar
granule cells (CGNs) is inhibited by selective calpain inhibitors PD150606 (up to 15%) and PD151746
(up to 29%), but not PD145305 in CGNs. zVAD-fmk, a broad spectrum inhibitor of caspases,
attenuates apoptosis (up to 20%) mediated by S/K deprivation and protects against cell death, as
measured by MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium]) assay.

3 PD150606 and PD151746 prevented apoptosis mediated by S/K withdrawal through inhibition of
calpain. Furthermore, PD151746 was able to inhibit caspase-3 activity.

4 After S/K withdrawal, we observed an increase in cdk5/p25 formation and MEF2 phosphorylation
that was prevented by 40mM PD150606 and PD151746. This indicates that calpain inhibition may be
an upstream molecular target that prevents neuronal apoptosis in vitro.

5 Taken together, these data suggest an apoptotic route in S/K withdrawal in CGNs mediated by
calpain activation, cdk5/p25 formation and MEF2 inhibition. Calpain inhibitors may attenuate S/K
withdrawal-induced apoptosis and may provide a potential therapeutic target for drug treatment in a
neurodegenerative process.
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Introduction

Apoptosis, or programmed cell death, is characterized by

nuclear condensation, DNA fragmentation, cell shrinkage and

formation of apoptotic bodies (Honig & Rosenberg, 2000;

Maccioni et al., 2001; Friedlander, 2003). In recent years,

considerable progress has been made towards elucidating

the intracellular signal transduction pathways that can lead

to neuronal cell death (D’Mello et al., 2000). Accumulated

evidence suggests that there are two main apoptotic routes,

the intrinsic and the extrinsic, receptor mediated, apoptotic

pathways. Although the initial phase of both routes is

different, they converge on mitochondrial alteration, which

plays a prominent role through the release of several proteins,

such as cytochrome c and AIF, thus amplifying the apoptotic

response (Honig & Rosenberg, 2000; McCollum et al., 2002).

Moreover, several authors suggest that mitochondria consti-

tute the point of no return in apoptosis (Liu et al., 2004).

Extensive literature describes the implication of caspases in

neuronal cell death, and furthermore, several studies per-

formed in postmortem human brain tissues suggest the

participation of these enzymes in neurodegenerative processes

(Battaglia et al., 2003). In the last phase of the apoptosis, the

executive phase, caspases are activated, mainly caspase-3

(Canu & Calissano, 2003; Friedlander, 2003). Another class

of cysteine proteases involved in neuronal cell death is the

calcium-activated protease calpain. Calpain has two isoenzyme

forms, m-calpain and m-calpain, that are classified on the basis
of the calcium concentrations necessary for their activity

in vitro (Nixon, 2003; Rami, 2003; Ray & Banik, 2003; Ray

et al., 2003). Several studies propose that calpain activation is

involved in both necrotic and apoptotic cell death, but the

complete pathway of these processes is unknown (Neumar

et al., 2003). Furthermore, calpain activation is involved in the

modulation of several intracellular substrates, for example,

protein kinase C, cytoskeletal alteration, etc. (Wang, 2000; Di

Rosa et al., 2002). Likewise, a potential route proposed is the

breakdown of cdk5/p35 to cdk5/p25 mediated or modulated

by calpains and implicated in neuron apoptosis (Lee et al.,

2000). Although the main function of cyclin-dependent kinases

(Cdks) is cell cycle regulation, cdk5 is not associated with the

cell cycle and is modulated by p35 and p39. When cdk5/p35 is

activated, it is converted into cdk5/p25, a neurotoxic fragment*Author for correspondence; E-mail: pallas@ub.edu

British Journal of Pharmacology (2005) 145, 1103–1111 & 2005 Nature Publishing Group All rights reserved 0007–1188/05 $30.00

www.nature.com/bjp



that changes its cellular localization and relocalizes to the

cytoplasm and nucleus (Alvarez et al., 1999; Smith & Tsai,

2002; Lee & Tsai, 2003; Weishaupt et al., 2003). Therefore, a

potential route proposed is the breakdown cdk5/p35 to

cdk5/p25 mediated or modulated by calpains and implicated

in neuron apoptosis (Lee et al., 2000). Moreover, increased

activation of calpain could be implicated in the neurodegen-

erative pathway process in several neurodegenerative disorders

such as Parkinson’s, Alzheimer’s and Huntington’s diseases

(Lee et al., 2000). Recently, a new potential nuclear pathway

has been suggested to be involved in cdk5-induced apoptosis,

namely phosphorylation of the myocyte enhancer factor

(MEF-2). cdk5, once localized in the nucleus, may phosphor-

ylate MEF2 and thus inhibit its activity. Since MEF-2 is

necessary for neuronal survival, its phosphorylation may

induce neuronal apoptosis through the inhibition of prosurvi-

val activity (Li et al., 2001; Linseman et al., 2003; Heidenreich

& Linseman, 2004).

Here, we use potassium and serum withdrawal in cerebellar

granule cells (CGNs) to examine the antiapoptotic effects of

PD150606 and other cell-permeable selective calpain inhibitors

directed against its calcium-binding sites (Wang et al., 1996).

Methods

Materials

The pharmacological agents used in this study were as follows:

PD150606, PD151746 and PD145305 and z-VAD-fmk were

from Calbiochem; cell culture media and fetal calf serum

(FCS) were obtained from GIBCO (Life Technologies, Paisley,

U.K.); roscovitine, cell culture salts, enzymes, Mowiols 4-88

and Triton X-100 were from Sigma Chemical Co. (St Louis,

MO, U.S.A.); other chemical reagents were of analytical

quality and purchased from Panreac Quı́mica (Barcelona,

Spain).

Cell cultures

Primary cultures of CGNs were prepared from 7-day-old

Sprague–Dawley rat pups as described elsewhere (Verdaguer

et al., 2002). Cerebella, freed of meninges, were trypsinized and

treated with DNase. Cell density in solution was adjusted to

8.0� 105 cellsml�1 and cells were then plated on poly-L-lysine-
coated plates at a density of 3.2� 105 cells cm�2. Cultures were

grown in Eagle’s medium (Eagle’s basal medium, BME)

containing 10% FCS, 2mM L-glutamine, 0.1mgml�1 genta-

micin and 25mM KCl. Cytosine arabinoside (10 mM) was
added 16–18 h after plating in order to inhibit the growth of

non-neuronal cells. Cultures prepared using this method were

enriched in granule neurons by more than 95%.

Treatment of CGNs and viability assay

CGNs were used after 7–10 days in vitro. To investigate the

effect of PD150606, PD151746, PD145305 and z-VAD-fmk,

drugs or vehicle were added to the medium, at defined

concentrations, and incubated for 12 h in complete medium.

Thereafter, complete medium was replaced by medium with-

out serum and containing 5mM KCl (this is referred to as S/K-

deprived medium) in absence or presence of the testing drugs.

To assess the loss of cell viability, we used the MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium] method. MTT

was added to the cells at a final concentration of 250 mM and
incubated for 1 h to allow the reduction of MTT to produce a

dark blue formazan product. Media were removed, and the

cells were dissolved in dimethylsulfoxide. The production

of formazan was measured by absorbance change at 595 nm

using a microplate reader (BioRad Laboratories, CA, U.S.A.).

Viability results are expressed as percentages. The absorbance

measured from nontreated cells was taken to be 100% cellular

viability.

Analysis of DNA fragmentation by flow cytometry

Apoptosis was measured 12 h after S/K withdrawal in the

experimental conditions indicated above. In brief, the culture

medium was removed, and the cells were collected from culture

plates by pipetting and then washed in phosphate-buffered

saline solution (PBS). Flow cytometry was performed on Epics

XL, adding propidium iodide (PI, 10mgml�1) 30min before
analysis. The instrument was set up with a standard config-

uration: excitation of the sample was performed using a

488 nm air-cooled argon-ion laser at 15mW. Forward scatter

(FSC), side scatter (SSC) and red (620 nm) fluorescence for PI

were acquired. Optical alignment was based on the optimized

signal from 10 nm fluorescent beads (Immunocheck, Epics

Division). Time was used as a control for the stability of the

instrument; red fluorescence was projected on a 1024 mono-

parametrical histogram. Aggregates were excluded, gating

single cells by their area vs peak fluorescence signal (Sureda

et al., 1999).

Detection of condensed nuclei by PI staining

PI staining was used to evaluate morphological evidence of

apoptosis, for exmple, condensed nuclei. CGNs were grown

on glass coverslips and incubated for 12 h in S/K-deprived

medium in the absence or presence of calpain inhibitors and z-

VAD-fmk. After treatment, cells were fixed in 4% para-

formaldehyde/PBS, pH 7.4, for 1 h at room temperature. After

washing in PBS, they were incubated for 3min with a solution

of PI in PBS (10mgml�1). Coverslips were mounted in

Mowiols 4–88. Stained cells were visualized under UV

illumination using the � 20 objective of a Nikon Eclipse fluo
microscope and digitized images were captured.

Apoptotic cells contained shrunken, brightly fluorescent

apoptotic nuclei with condensed chromatin, compared with

nonapoptotic cells. Apoptotic cells were scored by counting at

least 500 cells for each sample in three different experiments.

Assay of caspases enzymatic activities

We used the colorimetric substrate Ac-DEVD-p-nitroaniline

for the determination of caspase-3, as follows: 12 h after S/K

withdrawal, CGNs were collected in a lysis buffer (50mM

HEPES, 100mM NaCl, 0.1% CHAPS, 0.1mM EDTA, pH

7.4). Protein (50 mgml�1) was incubated with 200 mM corre-

sponding p-nitroaniline substrate in assay buffer (50mM

HEPES, 100mM NaCl, 0.1% CHAPS, 10mM dithiothreitol,

0.1mM EDTA, pH 7.4) in 96-well plates at 371C for 24 h.

Absorbance of the cleaved product was measured at 405 nm in

a microplate reader (BioRad). Results were expressed as
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percentages of the absorbance measured in vehicle treated

cells.

a-Spectrin digestion immunoblotting

Caspase-3 and calpain activities were measured using

a-spectrin breakdown. Western blot analysis were carried out
using treated or control cells protein aliquots, containing 5mg
of protein per sample. In brief, samples were placed in sample

buffer (0.5M Tris-HCl, pH 6.8, 10% glycerol, 2% (wv�1) SDS,

5% (v v�1) 2-b-mercaptoethanol, 0.05% bromophenol blue)

and denatured by boiling at 95–1001C for 5min. Samples were

separated by electrophoresis on 10% acrylamide gels. There-

after, proteins were transferred to polyvinylidene fluoride

(PVDF) sheets (ImmobilonTM-P, Millipore Corp., Bedford,

MA, U.S.A.) using a transblot apparatus (BioRad). Mem-

branes were blocked overnight with 5% nonfat milk dissolved

in TBS-T buffer (Tris 50mM; NaCl 1.5%; Tween 20, 0.05%,

pH 7.5). They were then incubated with a primary antibody

against a-spectrin (1 : 1000, Oncogene). After 90min, blots

were washed thoroughly in TBS-T buffer and incubated for 1 h

with a peroxidase-conjugated IgG antibody (Amersham Corp.,

Arlington Heights, IL, U.S.A.). Immunoreactive protein was

visualized using a chemiluminescence-based detection kit

following the manufacturer’s protocol (ECL kit; Amersham

Corp.). Routinely, protein load was monitored using phenol

red staining of the blot membrane or immunodetection of

a-tubulin.

Immunodetection of cdk5, p35/p25 and MEF-2

Aliquots of cell homogenate containing 30mg of protein per
sample were analyzed by Western blot, as described above.

Membranes were incubated with primary monoclonal anti-

bodies against cdk5 (sc-173), p35/p25 (sc-820) and MEF2 (sc-

13919-R) (1 : 1000, Santa Cruz Biotechnology, Santa Cruz,

CA, U.S.A.). After 90min, blots were washed thoroughly

in TBS-T buffer and incubated for 1 h with a peroxidase-

conjugated IgG secondary antibody (Amersham Corp.,

Arlington Heights, IL, U.S.A.). The immunoreactive protein
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Figure 1 Antineurotoxic effect of PD150606, PD151746 and PD145305 on S/K withdrawal in CGNs. MTT quantification and
representative phase-contrast images of CGN cultures exposed to different drug treatments. Calibration bar, 10 mM. Statistical
analysis was carried out by one-way ANOVA followed by Tukey’s test, *Po0.05 vs S/K withdrawal values.
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was visualized as described above. Routinely, protein load was

monitored using phenol red staining of the blot membrane or

immunodetection of a-tubulin.
For immunocytochemistry experiments, CGNs were grown

on sterile coverslips. After stimuli, cells were washed twice in

PBS and fixed in 4% paraformaldehyde/PBS, pH 7.4 for 1 h at

room temperature. They were preincubated for 30min in PBS

containing 0.3% Triton X-100 and 30% normal horse serum

at room temperature. The cultures were immunostained with

antibodies specific for cdk5 (1 : 400 dilution; sc-173), MEF2

(1:400; sc-13919-R) followed by rhodamine-conjugated anti-

rabbit IgG or anti-mouse IgG (1 : 200). Subsequently, cover-

slips were thoroughly washed and mounted in Mowiols 4–88

and cells were then imaged using fluorescence microscopy

at � 100 oil immersion objective (Nikon Eclipse).

Statistical analysis

Data are given as mean7s.e.m. from at least quadruplicate

experiments across 4–6 independent cultures. Data were

analyzed by two-tailed Student’s t-test or ANOVA followed

by Tukey–Kramer multiple comparisons test.

Results

Evaluation of neuroprotective effects of calpain inhibitors

Cell survival decreased by up to 49.574% after 12 h of S/K

withdrawal. When CGNs were pre-incubated with 20–40 mM
PD150606 or PD151746 for 24 h, neurons were partially
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Figure 2 Antiapoptotic effect of PD150606, PD151746 and PD145305 on S/K withdrawal-induced changes in the percentage of
cells rated as apoptotic by means of flow cytometric (hypodiploid cells, open bars) or morphological analysis (gray bars). Results are
show as mean7s.e.m. of 4–6 independent cultures. Statistical analysis was carried out by one-way ANOVA followed by Tukey’s
test; ***Po0.001 vs control values; ###Po0.001 vs S/K withdrawal values. Representative fluorescence photomicrographs showing
chromatin condensation in permeabilized CGNs in the different experimental conditions. The nuclei were counted at the
fluorescence microscope, distinguishing the normal from the condensed nuclei with the criteria stated in Methods. Calibration bar,
10 mm.
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protected against the effect of S/K withdrawal, restoring

MTT-assessed survival (Po0.05, Figure 1). In contrast,

PD145305, the negative control of calpain inhibitors, was

not neuroprotective. Morphological analysis, by phase-

contrast microscopy, indicated that S/K withdrawal destroyed

the neurites and caused severe neuronal damage and mor-

phological changes in CGNs associated with apoptosis or

necrosis. When cultures were treated with calpain inhibitors

PD150606 or PD151746, neurites appeared intact, like

control cells (Figure 1). Since calpain inhibitors at 40mM
provided neuroprotection, this concentration was used in our

subsequent experiments.

z-VAD-fmk protected CGNs from S/K withdrawal-induced

apoptosis (Figure 3) and prevented the drop in MTT values

induced by S/K withdrawal.

Antiapoptotic properties of calpain inhibitors

Flow cytometric results showed that the percentage of

fragmented nuclei was 6.170.3% in control samples (n¼ 6).
When CGNs were deprived, the percentage of fragmented

nuclei increased to 3872.4% (Po0.001, n¼ 6). At the higher
concentration of PD150606 and PD151746 (40 mM), the
percentage of fragmented nuclei decreased significantly

(Figure 2).

The nuclear morphology of neurons after S/K withdrawal

was analyzed using the fluorescent PI dye. A small number of

condensed apoptotic nuclei, 6.970.5% (n¼ 5) of total nuclei
present in each microscopic field, were always found in control

cultures (Figure 2). Most nuclei showed homogenous staining.

When CGNs were exposed to S/K withdrawal for 12 h, the
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Figure 3 Analysis of calpain and caspase-3 activities in 12 h S/K withdrawal in CGNs in the absence or presence of PD150606
(40mM), PD151746 (40 mM) and z.VAD.fmk (100 mM). (a) Effect of z.VAD.fmk (100 mM) on S/K withdrawal-induced changes in the
cell viability (open bars) or in the percentage of cells rated as apoptotic (hypodiploid cells/dashed bars; condensed nuclei/black bars).
(b) Representative phase contrasts and fluorescence photomicrographs of CGNs in the different experimental conditions.
Calibration bar, 10 mm. (c) Caspase-3 activity in CGNs after 12 h S/K withdrawal in the presence or absence of tested compounds.
Results are the mean7s.e.m. of three cultures. The statistical analysis was carried out with the one-way ANOVA followed by
Tukey’s test, **Po0.05 vs S/K withdrawal values. (d) Representative Western blot of a-spectrin digestion showing calpain activity
(SBPD145kD fragment) and caspase 3 activity (SBPD120kD fragment), influence of preincubation with 40 mM PD150606 or
PD151746 and 100 mM z.VAD.fmk.
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number of condensed nuclei increased 48.6572.5% (Po0.001,
n¼ 5) and the nuclei were smaller (Figure 2). In contrast, when
CGNs were pretreated with PD150606 and PD151746, the

number of condensed apoptotic nuclei decreased significantly,

Po0.001 and Po0.01, respectively (Figure 2).
However, PD145305 did not exert any antiapoptotic action

in either experiment. So, additional experiments were carried

out with only neuroprotective calpain inhibitors. On the other

hand, z-VAD-fmk (100 mM) attenuated both the DNA

fragmentation measured by flow cytometry and the number

of condensed nuclei measured by cell counting (Figure 3).

S/K withdrawal induced caspase-3 activation as well as

calpain activation in CGNs. Analysis of Western blot for a-
spectrin digestion demonstrated that both catalytic enzymes

were activated after 12 h S/K withdrawal, as demonstrated by

the bands at 145 kDa (calpain-derived fragment) and 120 kDa

(caspase-3-derived fragment) that appeared in the blot. The

presence of PD150606, PD151746 or z-VAD-fmk reduced the

levels of SBPD120kD indicating the participation of caspase-3

activity in neurotoxic stimuli. Moreover, both PDs reduced

the band at 145 kDa, indicative of calpain inhibition (Figure 4).

These results are corroborated by the measurements of

caspase-3 activity, which revealed that all drugs tested

attenuated the effects of the S/K withdrawal (Figure 3).

Role of cdk5/p35 pathway in S/K withdrawal-induced
apoptosis in CGNs

Figure 4 shows the increase in expression of cdk5 seen after

S/K withdrawal measured by Western blot analysis and

immunocytochemistry experiments. This increase was blocked

by PD150606 or PD151746 (Figure 4a). Moreover, S/K
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Figure 4 (a) Western blot analysis of cdk5, p35/p25 and p-MEF2. Evidence that cdk5 overexpression in CGNs after 12 h S/K
withdrawal is blocked in the presence of 40 mM PD150606 or PD151746. The p35/p25 ratio was also evaluated, showing an increase
in p25 band intensity after S/K deprivation and a return to control levels in the presence of PD150606 or PD151746. Representative
results for 10 mM roscovitine are showed. Finally, MEF2 band intensity decreased when CGNs were S/K deprived, indicating
inactivation of MEF2, and increased in the presence of PD150606 or PD151746. All experiments were carried out at least in
duplicate on three different cultures. (b) Immunostaining against cdk5 and MEF2 of CGNs after 12 h S/K withdrawal in the absence
or presence of 40 mM PD150606 demonstrated an increase in cdk5 expression after S/K withdrawal and an inactivation of
prosurvival MEF. Similar results were obtained with PD151746 (data not shown) (scale bar, 25 mm).
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withdrawal induced the breakdown of p35 to p25. Calpain

inhibitors prevented this transformation (Figure 4a). Roscov-

itine, a specific inhibitor of cdk1,-2,-5, has been used to

provide evidence that S/K withdrawal-induced apoptosis

is mediated by cdk5 pathway. Roscovitine (10 mM) reduced
the activation of cdk5/p25 after 12 h S/K deprivation

(Figure 4a).

Recently, it has been demonstrated that Cdk5 promotes

neuronal apoptosis by phosphorylation of MEF2 and thus

inhibits MEF2 prosurvival activity (Li et al., 2001; Heidenreich

& Linseman, 2004). In this way, S/K withdrawal increased

MEF2 phosphorylation, seen as a reduction in inmunostain-

ing, an effect that was abolished in the presence of 40mM
PD150606 or PD151746 (Figure 4a and b).

Discussion

The aim of the present study was to elucidate a possible

neuroprotective pathway regulated by calpain inhibition on

S/K withdrawal-induced apoptosis in CGNs. Nath et al.

(1996a, b) described the neuroprotective properties of calpain

inhibitors against potassium deprivation-induced apoptosis in

CGNs. A prominent role for calpain activation has recently

been proposed in experimental models of neurodegenerative

diseases (Bizat et al., 2003; Crocker et al., 2003). All these

results suggested that calpain activation is a key component of

the biochemical pathway involved in neuronal cell death

(Volbracht et al., 2001). Likewise, several studies proposed a

participation of calpains in both necrotic and apoptotic

processes in ischemia, but the mechanism involved in their

regulation of the apoptotic pathway remains to be elucidated

(Knoblach et al., 2004). Indeed, in vitro data indicate that

calpain is activated by b-amyloid, in an in vitro model of

Alzheimer’s disease (Jordan et al., 1997; Boland & Campbell,

2003; Liu et al., 2004), MPPþ , an in vitro model of Parkinson’s

disease (Crocker et al., 2003), and after stimulation of

ionotropic glutamate receptors (Rami et al., 1997; Zhao

et al., 2000; Newcomb-Fernandez et al., 2001; Moore et al.,

2002).

Most experiments performed to study the apoptotic process

after S/K withdrawal in CGNs are focused on the caspase

activation pathway (Villalba et al., 1997). Here, we have

demonstrated that zVAD-fmk prevented the decrease in MTT

values induced by S/K withdrawal. Furthermore, the pan-

caspase inhibitor reduced caspase-3 activation and prevented

DNA fragmentation and nuclear cell condensation. This result

confirms that caspase inhibitors attenuate and delay apoptosis,

probably because they operate downstream of mitochondrial

alteration (Taylor et al., 1997; Harada & Sugimoto, 1998).

Furthermore, it has been demonstrated using neuronal cell

cultures lacking caspase-3 that this enzyme is necessary for

DNA fragmentation but not for neuronal cell death (D’Mello

et al., 2000).

Calpain and caspase activation degrade the cytoskelal

protein a-spectrin (280 kDa) into three main fragments of
145 kDa (calpains), 120 kDa (caspase-3) and 150 kDa (cal-

pains-caspases) (Vanderklish & Bahr, 2000). In the present

study, S/K withdrawal increased the levels of 145/120 kDa

bands. Our results indicated that PD151746 and PD150606,

apart from the inhibition of calpain, prevented the activation

of caspase-3.

There are two main obstacles to our understanding of the

neuroprotective properties of calpain/caspase inhibitors.

Firstly, there is crosstalk between the two pathways. Inhibition

of calpain system could increase or decrease the activity of the

caspase pathway, thus both cysteine-proteases take part in

the apoptotic process (McCollum et al., 2002; Neumar et al.,

2003; Rami, 2003). The other obstacle is that although

tetrapeptide-based synthetic caspase inhibitors have been

considered selective for caspases, they could inhibit other

cysteine proteases, including calpains (Waterhouse et al.,

1998; Knoblach et al., 2004).

In spite of these disadvantages, we attempted to clarify the

role of calpains in neuronal apoptosis and we demonstrated a

role for these cysteine proteases in cdk5 activation. Thus, in

the present study, we demonstrated that S/K withdrawal-

induced apoptosis in CGNs is mediated by an increase in the

expression of p25 (Lee et al., 2000; Tsai et al., 2004). The

increase in the expression of this cleaved form of p35 is

involved in the apoptotic process; one of the mechanisms

proposed is through the hyperphosphorylation of tau. On the

other hand, it has been suggested that cdk5/p25 plays a role in

increased expression of p53, an oncogene involved in the

neuronal apoptotic process (Sederaus et al., 2003). In addition,

cdk5/p25 modulates the excitotoxic effects of glutamate via the

phosphorylation of NMDA receptors and increased calcium

influx (Shelton & Johnson, 2004).

The present study shows an increase in MEF2 phosphoryla-

tion, which suggests inactivation of the prosurvival activity of

this transcriptional factor (Li et al., 2001; Heidenreich &

Linseman, 2004). The calpain inhibition prevents cdk5/p35

SERUM/POTASSIUM 
WITHDRAWAL 

CDK5/p35 

CDK5/p25 

NUCLEUS 
MEF-2    

PHOSPHORYLATION 

CYTOSKELETAL  
ALTERATION 

        APOPTOSIS 

CALPAIN 
INHIBITION 

Figure 5 Representative cartoon of calpain inhibition effect after
serum potassium withdrawal on CGNs.
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cleavage, thus preventing inactivation of myocyte enhancer

factor-2. Taken together, these results strongly suggest that the

antiapoptotic effects of calpain inhibitors during S/K with-

drawal in CGNs occur through inhibition of calpain activa-

tion/cdk5 pathway (Hung et al., 2005).

In summary, these results may improve our understanding

of the neuroprotective effects of calpain inhibitors and their

potential application in the treatment of neurodegenerative

diseases (Figure 5). The potential connection between cdk5

and other kinases, such as c-Jun N-terminal kinase (JNK),

involved in apoptotic pathways, is a key point to be discerned

in further studies (Harris et al., 2002; Li et al., 2002; Cheung &

Ip, 2004).
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