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Abstract

The cytoskeleton is critical to neuronal functioning and survival. Cytoskeletal alterations are involved in several neurodegenerative
diseases such as Alzheimer’s and Parkinson’s diseases. We studied the possible pathways involved in colchicine-induced apoptosis in
cerebellar granule neurons (CGNs). Although colchicine evoked an increase in caspase-3, caspase-6 and caspase-9 activation, selective
caspase inhibitors did not attenuate apoptosis. Inhibitors of other cysteine proteases such as PD150606 (a calpain-specific inhibitor), Z-
Phe-Ala fluoromethyl ketone (a cathepsins-inhibitors) and N*-p-tosyl-L-lysine chloromethyl ketone (serine-proteases inhibitor) also had
no effect on cell death/apoptosis induced by colchicine. However, BAPTA-AM 10 uM (intracellular calcium chelator) prevented
apoptosis mediated by cytoskeletal alteration. These data indicate that calcium modulates colchicine-induced apoptosis in CGNs. PARP-1
inhibitors did not prevent apoptosis mediated by colchicine. Finally, colchicine-induced apoptosis in CGNs was attenuated by
kenpaullone, a cdkS inhibitor. Kenpaullone and indirubin also prevented cdk5/p25 activation mediated by colchicine. These findings
indicate that cytoskeletal alteration can compromise cdk5 activation, regulating p25 formation and suggest that cdk5 inhibitors attenuate
apoptosis mediated by cytoskeletal alteration. The present data indicate the potential therapeutic value of drugs that prevent the formation
of p25 for the treatment of neurodegenerative disorders.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, an enormous effort has been made to
clarify the apoptotic pathways involved in neuronal cell
death. As a result, it has been hypothesized that intracel-
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lular calcium increase is, probably, the first biochemical
mediator orchestrating this process [1-3]. The second stage
involves, mitochondria modulating this apoptotic route
through the release of pro-apoptotic proteins, the best-
known being cytochrome c, apoptosis inducing factor
(AIF), endonuclease C and SMAC/Diablo [4-8]. All these
proteins induce apoptosis through a caspase dependent or
independent mechanism. So far, it seems that caspases are
the main cysteine proteases involved in the apoptotic
process. Fourteen caspases have been identified, but it
seems that caspase-3 is the main caspase involved in the
process of neuronal cell death. Aside from caspases, other
cysteine proteases such as calpains and cathepsins have
also been described. Calpain is a calcium dependent
cysteine protease implicated in both apoptotic and necrotic
processes of neuronal cell death [9,10]. It has been pro-
posed that excessive activation of calpain is involved in
Alzheimer’s disease and leads to cytoskeletal protein
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breakdown. Furthermore, calpain inhibitors have shown
neuroprotective properties in several paradigms such as
potassium deprivation in CGNs [9,10]. The last relevant
group of proteases that have been identified are cathepsins.
These are lysosomal enzymes that are released into the
cytoplasm, possibly triggering the neuronal apoptotic pro-
cess. In support of this are several reports that suggest that
lysosomal disturbances contribute to Alzheimer’s disease
through the accumulation of protein species and the inhi-
bition of axonal/dendritic transport [6,10-15].

In order to understand the mechanism involved in
neuronal death, neurotoxins can be used to model neuro-
degenerative diseases in experimental neuronal cell cul-
tures, such as primary cultures of rat cerebellar granule
cells (CGNs) [19,20]. Certain neurotoxins, such as gluta-
mate and kainic acid, are known to induce apoptosis in
CGNs by stimulating the ionotropic glutamate receptors
and initiating a caspase dependent or independent mechan-
ism (though caspase remains low) [20]. MPP* and B-
amyloid are neurotoxins used experimentally to model
Parkinson’s and Alzheimer’s diseases, respectively. Both
neurotoxins evoke apoptosis in CGNs through the activa-
tion of the caspase pathway [16,19,20-23]. Another apop-
totic model widely used in CGNs is potassium deprivation,
which induced apoptosis through the activation of the
intrinsic pathway (mitochondrial), calpains and c-Jun acti-
vation and furthermore re-entry into the cell cycle
[9,10,17,18]. As neuronal cell death through apoptosis
may play a prominent role in neurological disorders,
pharmacological compounds that inhibit or attenuate this
process may have preventative and therapeutic potential.

Cytoskeletal alteration is a common feature of several
neurodegenerative diseases such as Alzheimer’s and Par-
kinson’s diseases. Unfortunately, the mechanisms involved
in apoptosis evoked by such alteration are poorly under-
stood. Thus, experimental models that permit their study
must be developed so as to allow the evaluation of new and
effective neuroprotective drugs to prevent the progression
of neurodegenerative diseases. Several authors, including
ourselves, have already reported that the colchicine-
induced death of CGNs is an apoptotic process [24-27].
The execution of apoptosis in this model is generally
mediated through the release of cytochrome c and cas-
pase-3 activation [25,28]. However, a caspase-independent
mechanism, involving the release of apoptosis inducing
factor (AIF) [29] has also been demonstrated. It has also
been demonstrated that caspase inhibitors only delay
apoptosis mediated by colchicine, they do not prevent it
[25,26]. These data are in agreement with other studies that
have suggested that caspase inhibition is not sufficient to
achieve satisfactory neuroprotection [17,19].

The aim of the present study was, therefore to study in-
depth the potential apoptotic pathways involved in cytos-
keletal alterations mediated by colchicine-induced apop-
tosis in CGNs. To this end, we evaluated inhibitors of
several cysteine proteases, namely caspases, calpains and

cathepsins that are well known modulators of the apoptotic
process [30,31]. We demonstrated that the alteration in the
expression of cdk5 leading to formation of p25 is involved
in the regulation of apoptosis in neurons induced by
cytoskeleton damage.

2. Materials and methods
2.1. Materials

Pharmacological agents used in this study were as
follows: Z-Phe-Ala fluoromethyl ketone (Z-FA-FMK)
and N*-p-tosyl-L-lysine chloromethyl ketone (TLCK) were
from Bachem AG (Bubendorf, Switzerland). PD150606,
4-dihydro-5[4-(piperindinyl)butoxy]-1(2H)-isoquinoleine
(DPQ), NU1025 and 1,5-isoquinolinediol were from Cal-
biochem. Cell culture media and foetal calf serum (FCS)
were obtained from GIBCO (Life Technologies, Paisley,
U.K.). Kenpaullone, indirubin, AC-DEVD-CHO, Z-VEID-
FMK, AC-LEHD-CHO, BAPTA-AM, propidium iodide,
Mowiol™ 4-88, Triton X-100, enzymes and cell culture
salts were from Sigma Chemical Co. (St. Louis, MO,
U.S.A). Other chemical reagents were of analytical quality
and purchased from Panreac Quimica (Barcelona, Spain).

2.2. Cell culture

Primary cultures of cerebellar granule cells (CGNs)
were prepared from 7-day-old Sprague—Dawley rat pups
(from Animal Handling Facilities, University of Barce-
lone, Spain) as described elsewhere (Verdaguer et al. [19]).
Cerebella, freed of meninges, were trypsinized and treated
with DNAase. Cell density in solution was adjusted to
8.0 x 105 cells/mL and cells were then plated on poly-L-
lysine-coated plates at a density of 3.2 x 105 cells/cm?.
Cultures were grown in Eagle’s basal medium (BME)
containing 10% FCS, 2 mM L-glutamine, 0.1 mg/ml gen-
tamicin and 25 mM KCI. Cytosine arabinoside (10 puM)
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%, assessed routinely by counting GFAP positive cells.

2.3. Treatment of CGNs and viability studies

Experimental treatment of the CGNs was after 7-10
days in vitro. The inhibitory drugs tested were added to the
medium, at precise concentrations, 24 h before the addition
of 1 wM colchicine. All measures were made after 24 h of
colchicine addition.

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 cells at a final concentration
of 250 uM and incubated for 1 h to allow the reduction of
MTT to produce a dark blue formazan product. Media were
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removed, and 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 percentage relative to the control non-treated cells. The
absorbance of non-treated cells was assumed to be 100%.

2.4. Analysis of DNA fragmentation by flow cytometry

To measure apoptosis cells were collected from the
culture plates with a pipette and washed with PBS. Flow
cytometry test were performed using an Epics XL flow
cytometer, adding propidium iodide (PI, 10 pg/ml) 30 min
beforehand. The instrument was set up using the standard
configuration: the sample was excited using as a standard
488 nm air-cooled argon-ion laser at 15 mW power. For-
ward 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 of the stability of the instrument red
fluorescence was projected on a 1024 monoparametrical
histogram. Aggregates were excluded gating single cells
by their area versus peak fluorescence signal. Results
are shown as percentage of apoptotic cells versus total
cells (10,000 cells) counted by the cytometer in each
sample.

2.5. Detection of apoptotic nuclei by propidium iodide
staining

PI staining was used to detect morphological evidence of
apoptosis. CGNs were grown on glass cover slips and after
colchicine treatment both alone and in the presence of the
different drugs tested in the present study. After the treat-
ment, cells were fixed in 4% paraformaldehyde/phosphate
buffered saline solution (PBS), at pH 7.4 for 1 h at room
temperature. After washing with PBS, they were incubated
for 3 min with a solution of PI in PBS (10 pg/ml). Cover
slips were mounted in Mowiol ™ 4-88. Stained cells were
visualized under UV illumination using a 20X objective
(NIKON Eclipse 2000T) and their digitized images were
captured.

Apoptotic cells could be identified from their shrunken,
brightly fluorescent, apoptotic nuclei and condensed chro-
matin compared to non-apoptotic cells. Apoptotic cells
were scored by counting at least 500 cells from six different
fields for each sample in three different experiments.
Results are shown as a percentage of apoptotic cells in
front of total cells in each field.

2.6. Western-blot analysis
Aliquots of cell homogenate, containing 30 pg of pro-

tein per sample were analyzed by Western-blot. In brief,
samples were placed in sample buffer (0.5 M Tris—HCI pH

6.8, 10% glycerol, 2% (w/v) SDS, 5% (v/v) 2-B-mercap-
toethanol, 0.05% bromophenol blue), and denatured by
boiling at 95-100 °C for 5 min and then separated by
electrophoresis on 10% acrylamide gels. Afterwards, pro-
teins were transferred to polyvinylidene fluoride (PVDF)
sheets (ImmobilonTM-P, Millipore Corp., Bedford, MA)
using a transblot apparatus (BioRad). Membranes were
blocked overnight with 5% non-fat milk dissolved in TBS-
T buffer (Tris 50 mM; NaCl 1.5%; Tween 20, 0.05%, pH
7.5). They were then incubated with primary monoclonal
antibodies against cdk5 (sc-173) and p35/p25 (sc-820)
(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA).
After 90 min, blots were washed thoroughly in TBS-T
buffer and incubated for 1 h with a peroxidase-conjugated
IgG antibody (Amersham Corp., Arlington Heights, IL).
Immunoreactive protein was visualized using a chemilu-
minescence-based detection kit following the manufac-
turer protocol (ECL kit; Amersham Corp.). Routinely,
protein load was monitored using phenol red staining of
the blot membrane or immunodetection of a-tubulin.

2.7. Immunocytochemistry against cdk5

CGNs were grown on sterile glass slides. After treat-
ment, cells were washed twice in PBS and fixed in 4%
paraformaldehyde/PBS, pH 7, 4 for 1h at room tempera-
ture. Cells were pre-incubated for 30 min with PBS con-
taining 0.3% Triton X-100 and 30% normal horse serum at
room temperature. After blocking, cells were incubated
with a antibody against cdk5 (1:400, sc-173, Santa Cruz
Biotechnology, Santa Cruz, CA) in PBS containing 0.3%
Triton X-100 and 3% normal horse serum, overnight at
4 °C. Cells were then washed extensively and incubated
with fluorescent secondary antibody for 1 h at room tem-
perature. Coverslips were thoroughly washed and mounted
in Mowiol™ 4-88 and immunosignal analysis was per-
formed using fluorescence microscopy at 100x magnifica-
tion (NIKON Eclipse 2000T).

2.8. Statistical analysis

Data are given as mean + S.E.M. from at least quad-
ruplicate experiments across four to six independent cul-
tures. Data were analysed in all experiments by ANOVAs
followed by post hoc Tukey—Kramer multiple compari-
sons tests and p-values lower that 0.05 were considered
significant.

3. Results

3.1. Caspase activation pathway in colchicine-induced
apoptosis in CGNs

The effectiveness of selective caspase-3 and -6
inhibitors (concentration range 10-100 wM) were studied.
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AC-DEVD-CHO, a selective caspase-3 inhibitor, did not
show any neuroprotective effect. It decreased neither cell
death nor apoptosis induced by colchicine in CGNs
(Figs. 1A and 4). Notably, pretreatment with Z-VEID-
FMK, a selective caspase-6 inhibitor also failed to decrease
colchicine-induced cell death/apoptosis in the cultures or
attenuate on neurotoxicity as measured by nuclear cell
counting and flow cytometry. Finally, we evaluated the
effects of the upstream of caspase-9-selective inhibitor,
AC-LEHD-CHO (ranging from 10 to 100 uM) (Figs. 1A
and 4). Pretreatment of CGNs with this peptide was also

473

ineffective in preventing of cell death and apoptosis. On the
other hand, Z-VAD-FMK (100 nM) was able to prevent
the neurotoxicity induced by colchicine measured by MTT,
flow cytometry and condensed nuclei counting (Figs. 1A
and 4).

3.2. Calpain activation in colchicine-induced
apoptosis in CGNs

To explore the possible involvement of calpain-regu-
lated pathway in colchicine-induced neural death, we also
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Fig. 1. Bar chart showing the effects of the different compounds tested on 1 uM colchicine-induced toxicity in CGNs exposed for 24 h. Viability is based on
MTT assays, apoptotic cells are based on Flow cytometry analyses and condensed nuclei counting by propidium iodide staining under fluorescence illumination.
The nuclei were counted on a fluorescence microscope, distinguishing normal nuclei from the condensed ones following the criteria stated in the Section 2. Each
point is the mean £ S.E.M. of four wells of five to six different cultures. (A) Lack of activity for caspase-3, -6 and -9 only Z-VAD-FMK (100 pM) prevents
1 uM colchicine-induced apoptosis in CGNs. (B) Bar chart showing the percentage of apoptotic cells in the presence of protease inhibitor, cathepsin inhibitor,
serine-proteases inhibitor and calpain inhibitor. (C) Analyses of different parameters in the presence of PARP-1 inhibitors. When necessary, statistical analyses

was carried out using the one-way ANOVAs followed by Tukey’s tests: = p < 0.001 vs. control; **p < 0.001 vs. colchicine.
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examined the effects of the synthetic cell-permeable cal-
pain inhibitor, PD150606 [38,39]. Pretreatment with
PD150606 (concentration range 1-60 wM) was not able
to increase the cell viability of CGNs exposed to colchi-
cine, as shown by MTT assays. In addition, no difference
was seen in rates of cell apoptosis between CGNs treated
with PD150606 plus colchicine (Figs. 1A and 4).

3.3. Implication of serine-proteases in colchicine-
induced apoptosis in CGNs

Previous studies have revealed a caspase-independent
apoptotic pathway mediated by colchicine in neuronal
preparations [28]. Thus, we evaluated the involvement
of other non-caspase proteases using TLCK a serine-
protease inhibitor, relatively specific to trypsin-like
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enzymes. Pre-treatment of CGNs with TLCK (ranging
from 10 to 50 uM) did not increase neuronal survival as
measured by MTT (Figs. 1A and 4). Likewise, TLCK did
not attenuate the apoptotic process mediated by cytoske-
letal disruption (Figs. 1A and 4).

3.4. Involvement of cathepsins in colchicine-induced
apoptosis

Previous studies have suggested that lysosomal pro-
teases act as proapoptotic mediators in several cell systems
[6,12,13]. Z-FA-FMK, a cathepsin-inhibitor, specific to
cathepsin D and L, was not able to prevent the reduction
of MTT activity caused by colchicine. Furthermore, treat-
ment of neurons with this compound (ranging 10-50 uM)
did not block colchicine-mediated nuclear condensation of
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Fig. 2. Bar chart showing the effects of BAPTA on 1 pwM colchicine-induced toxicity in CGNs exposed for 24 h. (A) MTT assay showing a lack of protection by
different concentrations of BAPTA all failing to protect against toxicity. (B) Flow cytometry analysis of 1 wM colchicine-induced apoptosis (open bars) and
nuclei condensation (filled bars) in permeabilised CGNs exposed to colchicine for 24 h in the absence or presence of BAPTA. (C) Western-blot analysis of the
levels of cdk5 and p35/p25 in CGNs control cultures and those treated with colchicine (1 nM) in the absence or the presence of BAPTA (25 pM) and PD 150606
(50 uM) Similar results were obtained in three independent experiments. (D) cdkS immunoreactiviy in CGNs, after colchicine-induced toxicity and loss of
staining in the presence of 25 wM BAPTA. PD 150606 did not exert any effect on the fluorescence signal. Statistical analyses was carried out using one-way
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CGNs nor apoptotic peak formation as measured by flow
cytometry (Figs. 1A and 4).

3.5. Effects of PARP-1 inhibitors in colchicine-induced
apoptosis

Poly (ADP-ribose) polymerase-1 is a nuclear enzyme
that is primarily activated by DNA damage. Recent studies
also suggest that PARP-1 is involved in a caspase-inde-
pendent apoptotic process, by regulating the release of
apoptosis-inducing factor (AIF). We, thus, evaluated in the
present study the role of several PARP-1 inhibitors in
colchicine-induced apoptosis in CGNs. Three selective
PARP-1 inhibitors DPQ, NU 1025 and ISQ were all
ineffective in preventing the decrease in MTT values
and preventing from colchicine-induced apoptosis (ran-
ging 1-50 uM) (Fig. 1C). These data suggest that PARP-1
is not involved in the apoptotic pathway of cytoskeletal
alteration in our experimental conditions (Figs. 1C and 4).

3.6. Effects of BAPTA-AM on colchicine-induced
apoptosis in CGNs

It is well known that intracellular calcium is a key
modulator of the apoptotic process [6]. Therefore, we were
carried out several experiments to evaluate the effects of
BAPTA-AM, an intracellular calcium chelator (concentra-
tion range 1-50 wM) on colchicine-induced apoptosis. In
our experimental conditions, BAPTA-AM was not able to
restore the decline in MTT reduction induced by colchicine
(63 £3%, Fig. 2A). Indeed, high concentrations of
BAPTA-AM potentiated the neuronal damage mediated
by colchicine. On the other hand, when we evaluated the
antiapoptotic effects of BAPTA-AM, through flow cyto-
metry and nuclear cell counting, we found an antiapoptotic
effect at low concentrations (10 and 25 uM). Colchicine
produced an increase in apoptosis measured by flow cyto-
metry of 33.5 £+ 1.6%, compared to control values, but in
the presence of 10, 25 and 50 puM of BAPTA-AM, apop-
tosis was reducedup to 11.5 £ 0.6; 12.7 + 0.8; 16.1 = 3.1,
respectively (Figs. 2A and 4). The nuclear morphology of
neurons was also evaluated using the fluorescent PI. While
cells in the control condition were characterized by regular
and round nuclei, treatment with colchicine increased the
number of condensed nuclei up to 45-50%. BAPTA-AM
(10 M) reduced this colchicine-induced nuclear damage,
and nuclear morphology was similar to that in the control
cells (Figs. 2A and 4). These data suggest that intracellular
calcium levels modulate the apoptotic process mediated by
colchicine, and are relevant to neuronal survival.

Likewise, it has been hypothesized that intracellular
calcium is implicated in p35/25 breakdown, promoting
cdkS activation and initiating an apoptotic process. As
expected colchicine produced an increase in cdkS protein
levels as shown in Western-blot assays and immunocyto-
chemistry analysis. As shown in Fig. 2C and D, BAPTA-AM

25 M produces change in p25/p35 ratio, preventing the
increase in the p25 fragment. Because calpain activation is
involved in p25/p35 breakdown, we evaluated the effects
of PD150606 on this pathway; as showed in Fig. 2C and D
this compound did not change the protein profile studies,
according to neurotoxicity studies (Figs. 1B and 4).

3.7. Neuroprotective properties of kenpaullone, a
GSK-3B/CDKS5 inhibitor, against colchicine-induced
neurotoxicity in CGNs

To determine more thoroughly the involvement of cdk5/
p25 in the neurotoxic effects of colchicine, we used a
specific GSK-3B/cdk5 inhibitor, kenpaullone. Kenpaul-
lone was added to CGNs cultures (1-50 pM) in the
presence of colchicine 1 wM. As shown in Fig. 3A, ken-
paullone significantly increases neuronal survival from 60
to 80%. To examine the antiapoptotic properties of ken-
paullone, we evaluated characteristic features of apoptosis,
such as nuclear condensation and fragmentation in colchi-
cine treated CGNs. While colchicine induced a 50%
increase in apoptotic cells, kenpaullone 25 wM, signifi-
cantly decreased this percentage to 17% (Figs. 3A and 4).
Morphological apoptotic evaluation of CGNs using PI
staining and fluorescent microscopy revealed a percentage
of 9% in control samples that significantly increased to
55% in colchicine treated neurons. Kenpaullone 25 pM
significantly reduced the number of condensed nuclei until
17% (Figs. 3A and 4).

Further experiments were carried out to evaluate the
inhibition of the expression of cdk5 by kenpaullone after
colchicine treatment in CGNs. Western-blot data (Fig. 3C)
revealed that kenpaullone 25 uwM decreases the expression
of cdkS and prevents p35 cleavage to p25 after treatment
with 1 uM colchicine. Immunocytochemical data corro-
borate this evidence of inhibition of cdk5 expression
(Fig. 3B and D).

We also examined the antiapoptotic effects of induribin
sulphonic-acid on apoptotic features, cdk5 expression and
p35/p25 breakdown. Indirubin (10 to 50 wM) showed clear
antiapoptotic properties in CGNs in this experimental
model of cytoskeletal alteration (Fig. 4B). As expected,
cdkS5 inhibitor reduced cdk5 expression and p35/p25 acti-
vation as indicated by Western-blot and immunocytochem-
istry experiments (Fig. 3C and D).

4. Discussion

The aim of the present study was to characterize the
potential intracellular signalling cascade involved in neu-
ronal death after cytoskeletal alteration. Rat CGNs can be
induced to undergo apoptosis after treatment with colchi-
cine and this form of cell death has been described as
apoptotic. Caspases are involved in this apoptotic model of
cytoskeletal alteration. Previously, we have demonstrated
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that the pan-caspase inhibitor Z-VAD-fmk prevents apop-
tosis mediated by colchicine [24,26]. In previous studies, it
has also been demonstrated that colchicine-induced neu-
rotoxicity is mediated through mitochondrial alterations
following the release of cytochrome ¢ and activation of
caspase-3 [17,22,29]. However, the upstream and down-
stream events leading to apoptosis through colchicine
exposure remained relatively unknown. In the present
work, we demonstrated that, although the caspase pathway
is activated, selective inhibitors of caspases-3, -6 and -9
(AC-DEVD-CHO, Z-VEID-FMK and AC-LEHD-CHO,
respectively) failed to provide neuroprotection against
colchicine-induced cell death. These results could be
interpreted as suggesting that selective inhibition of a
specific caspase involved in the intrinsic apoptotic pathway
is not sufficient to afford neuroprotection in this apoptotic
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model [25,26,29]. They are in agreement with Mitsui et al.
[40], who demonstrated the lack of neuroprotective proper-
ties of caspase-3 inhibitor, Ac-DEVD-CHO and -9 inhi-
bitor, Ac-LEHD-CHO, on colchicine-induced apoptosis in
superior cervical ganglion cells.

On the other hand, several authors, including ourselves
have demonstrated that the pan-caspase inhibitor Z-VAD-
FMK shows neuroprotective properties in the face of
colchicine-induced apoptosis. The most likely explanation
is that, in this apoptotic model of cytoskeletal alteration, it
is necessary to completely inhibit caspases involved in the
intrinsic pathway in order to afford real and efficient
neuroprotection. Furthermore, others studies have demon-
strated that Z-VAD-FMK inhibits others proteases that
could be involved in neuronal apoptosis such as calpains
and cathepsins [32—-34]. Therefore, in this apoptotic model,
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it may be necessary to simultaneously inhibit several
cysteine proteases in order to obtain suitable neuroprotec-
tion. However, it is important to emphasize that in previous
studies, Volbracht et al. have demonstrated that Z-VAD-
FMK only offers partial neuroprotection against colchi-
cine, delaying more than preventing the apoptotic process.
This result is in agreement with other authors which
demonstrated that caspase inhibitors delay apoptosis
mediated by MPP* and 6-hydroxydopamine, both experi-
mental models of Parkinson’s disease [20].

Although it is well known that the apoptotic process is
regulated by cysteine aspartate proteases (caspases), other

studies suggest the implication of others cysteine pro-
teases in the apoptotic process, e.g. calpains [9,10,33,34].
We, therefore, looked for neuroprotective effects of
PD151606, a selective calpain inhibitor, but without
success. These data indicate that calpain-specific inhibi-
tion is not sufficient to prevent apoptosis mediated by
colchicine in CGNs. Although in previous studies, Mitsui
et al. demonstrated that TLCK, a serine proteases inhi-
bitor, attenuates colchicine-mediated apoptosis, in our
experimental conditions we were not able to detect
any neuroprotective effect. The same authors also
demonstrated that the administration of Z-VAD-FMK
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in conjunction with TLCK offers major neuroprotection
[41]. Stefanis et al. [13] demonstrated that inhibitors of
trypsin-like serine proteases show neuroprotective effects
in neuronal cell preparations after treatment with DNA
damaging agents. However, our results indicate that tryp-
sin-like serine proteases, in our experimental conditions,
are not involved in colchicine apoptosis.

Several studies suggest the implication of lysosomal
proteases, such as cathepsins, as mediators of the apop-
totic process in several cellular systems [6,11-13]. In the
search for the apoptotic route involved in apoptosis
induced by cytoskeletal alterations, we evaluated the
effect of Z-FA-FMK, a cathepsin inhibitor. The process
of programmed cell death regulated by lysosomes is
known as autophagy [6,11-13]. Our experimental data
indicate that cathepsin inhibition is not sufficient to
prevent apoptosis induced by cytoskeletal alteration,
but more studies are necessary to evaluate the potential
role of autophagy in apoptosis induced by cytoskeletal
alteration in CGNs.

DNA neuronal damage and cell cycle progression are
possible triggers to apoptosis. PARP-1 is an enzyme
involved in DNA repair and it is dramatically activated
when DNA is damaged [37]. Previous studies suggest that

QCH,
coichicine S
T
“—OCH,
A e (R
HC—C—HV"A  dey

7
K¢

PARP-1 activation is involved in the regulation of AIF [38].
In the present study, PARP-1 inhibitors did not prevent
apoptosis mediated by colchicine, indicating, in agreement
with others, that colchicine-induced apoptosis in neurons
progresses through a mechanism independent of DNA
damage.

Re-entry to the cell cycle is regulated by the activation
of cyclin-dependent kinases, specifically cdk4/cdk2. It is
well known that neurons are quiescent cells that do not
proliferate [41]. Therefore, in neurons an attempt to re-
enter the cell cycle is associated with the apoptotic
process by the activation of the transcription factor
E2F-1. Recently, Kruman et al. [42] demonstrated that
the presence of DNA synthesis in mature neurons is
associated with apoptosis through different neurotoxic
stimuli known to damage DNA. Our previous results,
using the excitotoxin kainic acid and potassium depriva-
tion in CGNs, are in agreement with the hypothesis
correlating cell cycle re-entry with the apoptotic process.
Meanwhile, Kruman et al. demonstrated that staurospor-
ine and colchicine, which do not damage DNA, did no
induce re-entry to the cell cycle [42,43]. Thus, neither
PARP-1 activation nor cell cycle activation is involved in
apoptosis induced by cytoskeletal alteration.

Cytoskeletal
disruption

BAPTA

Kenpaullone
Indirubine

Fig. 5. Proposed mechanism whereby colchicine promotes neuronal apoptosis linked to cdk5 and GSK-3f activation.
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Previous studies in our laboratory show that neurotoxic
stimuli that are not able to evoke re-entry to the cell cycle in
neurons, induced an increase in the expression of cdkS5. It
has been demonstrated that cdkS is a kinase that is not
involved in the control of the cell cycle, but is implicated in
the process of tau hyperphosphorylation and the cytoske-
leton destructuration [44—48]. Recent studies demonstrated
that cdk5/p25 is involved in the process of neuronal cell
death in different paradigms such as excitotoxicity, oxida-
tive stress and staurosporine-induced apoptosis. In fact,
colchicine induces apoptosis through microtubule desta-
bilization and tau dephosphorylation [49,50]. It is well
known that the process of tau phosphorylation and depho-
sphorylation is a process regulated by cdk5, GSK-3f3 and
phosphatase activities [45-51].

The activation of the cdk5/p25 route is dependent on
calcium concentration. Therefore, an important factor is
the role of intracellular calcium in colchicine-induced
apoptosis in CGNs. In the present study, the effects on
colchicine-induced apoptosis of different concentrations of
BAPTA-AM, an intracellular calcium chelator, were eval-
uated. Previous studies have demonstrated that, depending
on concentration, BAPTA-AM can produced contradictory
effects in neuronal cell preparations, being either: neuro-
protective or neurotoxic [35,36]. Furthermore, it is well
known that, calcium is necessary for neuronal survival, but
that excessive calcium chelating can be neurotoxic. Cell
viability results indicate that BAPTA-AM was not able to
prevent the decrease off MTT induced by colchicine in
CGNs. However, this compound significantly attenuated
apoptosis, indicating calcium is involved in the modulation
of apoptotic process in CGNs. Likewise, BAPTA-AM,
prevents the cleavage of p35 to p25. This is a process in
which calpains are implicated, but we did not find any
neuroprotective effect, neither in viability nor apoptosis, of
PD 150606, suggesting that there are additional regulators
of p25 formation [48,49]. This hypothesis is in accordance
with previous studies where calcium was shown to be
responsible for the formation of p25 [46].

Nevertheless, in the present study, we demonstrated that
kenpaullone and induribin, cdk5/p25 pathway inhibitors
[52,53], were very effective in inhibiting colchicine-
induced apoptosis in CGNs. We have previously demon-
strated that flavopiridol and roscovitine, two well known
cell-cycle inhibitors, show antiapoptotic properties in this
model [26]. However, because these compounds also
inhibit transcription, we decided to use others most specific
to c¢dk5/GSK-3p in this study in order to confirm our
hypotheses.

To conclude, the data presented in the present study
provide strong evidence that cdk5 regulate the apoptotic
process in this model in CGNs (Fig. 5). Our data highlight
the key role of the cdk5/p25 pathway in this apoptotic
model and, in agreement with our previous studies, we
propose that cyclin dependent kinases play an important
role in the neuronal apoptotic process.
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