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Abstract.

 

Objectives

 

:

 

 

 

Cisplatin (cisPt) is used as a chemotherapeutic agent for the
treatment of a variety of human tumours; more recently, it has been demonstrated that
tumour cell exposure to cisPt ultimately results in apoptosis, but the mechanism by
which nuclear cisPt/DNA generates the cytoplasmic cascade of events involved has
not been clarified. We have investigated the effects of cisPt on proliferation in the
neuronal cell line B50, with particular attention being given to understand whether
mitochondria are a target of cisPt and their involvement in the apoptotic process.

 

Materials and methods

 

:

 

 

 

Rat neuronal B50 cells were used to investigate the
mechanisms of cisPt-induced cytotoxicity; this line has been used as a model system
for neurotoxicity 

 

in vivo

 

.  

 

Results

 

:

 

 

 

Changes in proliferation, induction of apoptosis,
activation of caspase-3 and DNA fragmentation were observed in the cells, as well as
morphological and biochemical alterations of mithocondria. Activation of caspase-9
confirmed that mitochondria are a target of cisPt. 

 

Conclusion

 

: CisPt exerts cytotoxic
effects in the neuronal B50 cell line 

 

via

 

 a caspase-dependent pathway with mitochondria
being central relay stations.

INTRODUCTION

 

Cisplatin (

 

cis

 

-dichlorodiammine platinum (II), cisPt) is a DNA-damaging agent that is widely
used in chemotherapy (for review, see Cohen & Lippard 2001). The target for cisPt is DNA, with
which it binds efficiently to form a variety of monoadducts and cross-links, either between
adjacent bases on the same strand of DNA or on opposing strands (Zwelling 

 

et

 

 

 

al

 

. 1979;
Fichtinger-Schepman 

 

et

 

 

 

al

 

. 1985). These DNA lesions contribute to the cytotoxicity of cisPt,
because they block DNA replication and promote cell death. In addition, several cellular
proteins bind preferentially to cisPt-damaged DNA, which could stimulate transduction
pathways and ultimately signal apoptosis.

 

Correspondence: Bottone Maria Grazia, Dipartimento di Biologia Animale, Laboratorio di Biologia Cellulare e
Neurobiologia, Università di Pavia, Piazza Botta 10, 27100 Pavia, Italy. Tel.:+39 382 986 420; Fax: +39 382 986 325;
E-mail: bottone@unipv.it



 

The role of mitochondria in cisplatin-induced apoptosis in B50 cells

 

507

 

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd, 

 

Cell Proliferation

 

, 

 

41

 

, 506–520.

 

Recent findings suggest that ERK (extracellular signal-regulated kinase) activation plays a
dynamic role in mediating cisPt-induced apoptosis in human glioma cells, and functions
upstream to mitochondrial dysfunction (Jeong 

 

et

 

 

 

al

 

. 2002; Choi 

 

et

 

 

 

al

 

. 2004); caspase activation
to initiate the apoptotic signal is also dependent on ERK (Gerschenson 

 

et

 

 

 

al

 

. 2001). On the other
hand, activation of ERK could be associated with enhanced cell survival of cisPt-treated cells
(Hayakawa 

 

et

 

 

 

al

 

. 1999; Cui 

 

et

 

 

 

al

 

. 2000; Persons 

 

et

 

 

 

al

 

. 2000).
The chemotherapeutic effect of cisPt relies primarily on its ability to induce apoptosis in

tumour cells (Ormerod 

 

et

 

 

 

al

 

. 1994a,b). Moreover, it has largely been demonstrated that apoptotic
cell death is linked to cisPt neurotoxicity of glial cells (Fehlauer 

 

et

 

 

 

al

 

. 2000; Sawada 

 

et

 

 

 

al

 

. 2000)
and neurons (Liu 

 

et

 

 

 

al

 

. 1998; Fischer 

 

et

 

 

 

al

 

. 2001). Induction of apoptosis has been recently
shown in proliferating neural cells of the external granule cell layer of developing cerebellum
in cisPt-treated rats (Pisu 

 

et

 

 

 

al

 

. 2005). These findings can be included in the more general debate
concerning neurotoxic effects of cisPt in the central nervous system (Schiffer 

 

et

 

 

 

al

 

. 1996) and
the peripheral nervous system (Cavaletti 

 

et

 

 

 

al

 

. 1992; McDonald 

 

et

 

 

 

al

 

. 2005). However, the
mechanism(s) whereby cisPt kills the cells is not fully understood. Apoptosis triggered by cisPt
is generally considered to be generated by blocking replication and transcription, and an involvement
of reactive oxygen intermediates (Sorenson & Eastman 1988, Sorenson 

 

et

 

 

 

al

 

. 1990).
Recent studies suggest that mitochondria play an important role in regulating calcium

homeostasis and subsequently the apoptotic process (Chang & Reynolds 2006; Foster 

 

et

 

 

 

al

 

.
2006).

During apoptosis, Bax, a pro-apoptotic member of the Bcl-2 protein family, undergoes
translocation to mitochondria (Bedner 

 

et

 

 

 

al

 

. 2000), leading to its accumulation in the mitochondrial
intermembrane space; this appears to be a critical event in determining the release of cytochrome

 

c

 

 into the cytosol (Yang 

 

et

 

 

 

al

 

. 1997) that triggers the irreversible steps of apoptosis, namely, the activation
of caspases and initiation of degradation of many proteins. Inactive caspase-9 zymogene is known
to be localized in mitochondrial intermembrane spaces where it is involved in monitoring
mitochondrial damage associated with cytochrome 

 

c

 

 release and subsequent activation of
procaspase-3 (Ritter 

 

et

 

 

 

al

 

. 2000). Moreover, changes in mitochondrial membrane permeabilization
can lead to activation of caspase-9 and subsequent activation of caspase-3 (Li 

 

et

 

 

 

al

 

. 1997; Srinivasula

 

et

 

 

 

al

 

. 1998). Active caspase-3 cleaves several substrates, and results in fragmentation of chromo-
somal DNA into multiples of 180 base pairs and the morphological changes characteristic of
apoptosis (Wyllie 

 

et

 

 

 

al

 

. 1980). Our team has already described membrane potential (

 

ΔΨ

 

m)
changes that precede typical morphological alterations of apoptosis, in HeLa cells (Bottone 

 

et

 

 

 

al

 

.
2007). In contrast, anti-apoptotic Bcl-2 family members, such as Bcl-2 itself, play a pivotal protective
role by preserving mitochondrial structure and function, preventing onset of mitochondrial
permeability transition, and inhibiting release of cytochrome 

 

c

 

 into the cytosol (Park 

 

et

 

 

 

al

 

. 2002).
A role for cytoskeletal actin in the apoptotic processes has been suggested. Actin could contribute
to initiation of apoptosis by enabling cytosolic pro-apoptotic proteins to be carried to
mitochondria by the cytoskeleton-driven trafficking system (Shirabe 

 

et

 

 

 

al

 

. 1997; Thomas 

 

et

 

 

 

al

 

.
2007).

The aim of this study was to investigate the mechanisms involved in cisPt-induced cytotoxicity,
in rat neuroblastoma B50 cell line that has been used previously as a model system for
neurotoxicity 

 

in vivo

 

. We studied the effects of cisPt on cell proliferation and its mechanism
of induction of apoptosis, paying particular attention to whether mitochondria are affected by
cisPt and their involvement in the apoptotic process. To achieve this, we correlated expression
of Bcl-2, translocation of Bax that induces changes in mitochondrial permeability, changes in
cytoskeleton organization, activation of caspase-9, and its entry into the execution phase of
apoptosis 

 

via

 

 expression of caspase-3.
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MATERIALS AND METHODS

 

Cells and treatments

 

Rat B50 neuroblastoma cells (ATCC, Rockville, MD, USA) were cultured in 75 cm

 

2

 

 flasks in
Dulbecco’s minimal essential medium supplemented with 10% foetal bovine serum, 1%
glutamine, 100 U penicillin and streptomycin (Celbio, Milan, Italy) in a 5% CO

 

2

 

 humidified
atmosphere. Twenty-four hours before experiments, cells were seeded on glass coverslips
for fluorescence microscopy, or grown in 75 cm2 plastic flasks for flow cytometric analysis.

To induce apoptosis, cells were incubated in 40 μm cisPt (Teva Pharma, Milan, Italy)
for 20 h at 37 °C. This concentration was chosen considering our in vivo experimental design
(i.e. a single injection of 3.4 mm in 10-day-old rats); this dose corresponds to the dose
most commonly used in the chemotherapy (Bodenner et al. 1986).

Cell cycle analysis and bromodeoxyuridine incorporation
Before the end of treatment, cells were pulse-labelled with 40 μm of 5-bromo-2'-deoxyuridine (BrdU)
(Sigma Aldrich, Milan, Italy) for 30 min at 37 °C. They were then detached by mild trypsinization
(to obtain single-cell suspensions to be processed for flow cytometry), fixed in 70% ethanol, and
incubated for 20 min at room temperature in 2 N HCl to partially denature DNA. After neutralization
with 0.1 m sodium tetraborate (pH 8.2) for 3 min, samples were washed in phosphate-buffered
saline (PBS), and were incubated for 1 h with monoclonal antibody against BrdU (Beckton
Dickinson, San Jose, CA, USA) diluted 1 : 20 in PBS. After two washings with PBS, samples
were incubated for 1 h with FITC-conjugated antimouse secondary antibody (Dako, Glostrup,
Denmark), diluted 1 : 20 in PBS. Cells were washed three times with PBS and were stained with
5 μg/mL propidium iodide (PI) containing 100 U/mL of RNase A (Sigma Aldrich). Dual
parameter measurements of green-versus-red fluorescence signals were taken by a flow
cytometry using a Partec PAS III (Münster, Germany) equipped with argon laser excitation (power
200 mW) at 488 nm, 510–540 nm interference filter for the detection of FITC green fluorescence,
and a 610-nm long-pass filter for PI red fluorescence detection. Cells were considered as positive
when their green fluorescence values exceeded background threshold. At least 20 000 cells/sample
were measured; five independent experiments were carried out and the average of scores was used.
Values are expressed as the mean ± SEM and differences were compared using Student’s t-test.

Bromodeoxyuridine immunolabelling experiments were also performed on cells grown on
coverslips.

Identification of apoptotic cells
Cells were detached by mild trypsinization as before, incubated with FITC-conjugated annexin
V (3 μL/106 cells) (Bender MedSystem, Prodotti Gianni, Milan, Italy) and were counterstained
with 2 μg/mL PI. After 10 min incubation, dual-parameter flow cytometric analysis was performed
with the flow cytometer Partec PAS III, equipped with argon laser excitation (power 200 mW) at
488 nm, 510–540 nm interference filter for the detection of FITC green fluorescence, and a
610-nm long-pass filter for PI red fluorescence detection. Five independent experiments
were carried out and the average of the scores was used. Values are expressed as the mean ± SEM
and differences were compared using Student’s t-test.

Immunocytochemical staining for activated caspase-3 and caspase-9
Cells on coverslips were fixed with acetone for 10 min, rehydrated with PBS and were incubated
with primary polyclonal antibodies recognizing the active form of caspase-3 (diluted 1 : 50 in
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PBS) or the active form of caspase-9 (diluted 1 : 50 in PBS), in a humidified chamber for 1 h
at room temperature. Cells were washed with PBS and incubated with Alexa 488-conjugated
antirabbit antibody (Molecular Probes, Invitrogen, Milan, Italy); slides were then incubated
with 1 μg/mL PI for 5 min at room temperature, washed with PBS and then mounted in Mowiol
(Calbiochem, Inalco, Milan, Italy), for confocal microscopy analysis.

TUNEL reaction
Cells on coverslips were fixed with 4% formaldehyde for 30 min at room temperature and then
with 70% ethanol for 24 h at –20 °C. Samples were incubated for 1 h at 37 °C with 50 μL
TUNEL mixture, according to the manufacturer’s instructions (Boehringer, Mannheim, Germany).
After washings with PBS, cells were counterstained with Evan’s Blue (0.1% in PBS, Sigma
Aldrich) and were mounted upside down on a non-fluorescent glass slide in a drop of Mowiol
(Calbiochem).

Double immunocytochemical detection of mitochondria and cytoskeletal components
Cells on coverslips were fixed with 4% formaldehyde for 30 min at room temperature and with
70% ethanol for 24 h at –20 °C; then they were processed for a double immunoreaction for
mitochondria and microtubules. Mitochondria were labelled with an autoimmune serum (1 : 200
in PBS) recognizing the 70 kDa E2 subunit of the pyruvate dehydrogenase complex (a kind gift
of the IRCCS San Matteo, Pavia, Italy), and were revealed with Alexa 488-conjugated anti-
human antibody (Molecular Probes, Invitrogen). Specimens were then labelled with Alexa
594-conjugated phalloidin (1 : 40 in PBS) (Molecular Probes, Invitrogen). All incubations
were performed for 60 min at room temperature. Sections were counterstained for DNA with
0.1 μg/mL Hoechst 33258, washed with PBS and then mounted in Mowiol (Calbiochem),
for confocal microscopy analysis.

Immunocytochemical staining for Bcl-2 and Bax
Cells on coverslips were fixed with 4% formaldehyde for 30 min at room temperature and with
70% ethanol for 24 h at –20 °C. Samples were incubated with polyclonal anti-Bcl-2 antibody
(dilution 1 : 50 in PBS) (Cell Signaling and Technology, Celbio, Milan, Italy), and revealed with
Alexa 488-conjugated antirabbit antibody (Molecular Probes, Invitrogen) or with polyclonal
anti-Bax antibody (dilution 1 : 50 in PBS) (Cell Signaling and Technology) revealed with Alexa
488-conjugated antirabbit antibody (Molecular Probes, Invitrogen). Cells were then labelled
with Alexa 594-conjugated phalloidin (1 : 40 in PBS) (Molecular Probes, Invitrogen). All
incubations were performed for 60 min at room temperature. Sections were counterstained for
DNA with 0.1 μg/mL Hoechst 33258, washed with PBS and mounted in Mowiol (Calbiochem),
for fluorescence microscopy analysis or confocal microscopy analysis.

Double immunocytochemical detection of Bax and mitochondria
Cells on coverslips were fixed with 4% formaldehyde for 30 min at room temperature and with
70% ethanol for 24 h at –20 °C. Samples were incubated with polyclonal anti-Bax antibody
(dilution 1 : 50 in PBS) (Cell Signaling and Technology) and then with Alexa 594-conjugated
antirabbit antibody (Molecular Probes, Invitrogen). Mitochondria were labelled with autoimmune
serum (dilution 1 : 200 in PBS) recognizing the 70 kDa E2 subunit of the pyruvate dehydrogenase
complex, revealed with Alexa 488-conjugated antihuman antibody (Molecular Probes, Invitrogen).
All the incubations were performed for 60 min at room temperature. Sections were counterstained
for DNA with 0.1 μg/mL Hoechst 33258, washed with PBS and finally mounted in Mowiol
(Calbiochem), for confocal microscopy analysis.
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Measurement of mitochondrial membrane potential with JC-1
Changes in mitochondrial membrane potential were monitored using JC-1 (5,5V,6,6V-tetrachloro-
1,1V,3,3V-tetraethylbenzimidazolcarbocyanine iodide) (Molecular Probes, Invitrogen). JC-1
emits either green or red fluorescence, depending on the mitochondrial membrane potential; the
green signal indicates depolarized mitochondria and the red signal indicates polarized mitochondria
(Reers et al. 1991). Thus, the shift from red to green fluorescence is considered a reliable indication
of a drop in mitochondrial membrane potential. Cells grown in flasks were harvested by mild
trypsination with 0.25% trypsin in PBS containing 0.05% ethylenediaminetetraacetic acid and
were incubated in culture medium with 2 μm JC-1 for 20 min at 37 °C in the dark. After two
washes with PBS at 37 °C, cells in suspension were analysed on flow cytometry using a Partec
PAS III equipped with argon ion laser with 20 mW output power at 488-nm excitation and with
530/30 nm and 585/42 nm band-pass emission filters. Data were analysed using FlowMax
software from the same company.

Confocal fluorescence microscopy
For confocal laser scanning microscopy, Leica TCS-SP system (Leica, Heidelberg, Germany)
mounted on a Leica DMIRBE-inverted microscope was used. For fluorescence excitation, an
Ar/UV laser at 364 nm was used for Hoechst 33258, an Ar/Vis laser at 488 nm was used for FITC
and an He/Ne laser at 543 nm was used for Alexa 594. Spaced (0.5 μm) optical sections were
recorded using a 63× oil immersion objective. Images were collected in the 1024 × 1024 pixel
format, stored on a magnetic mass memory and processed by Leica confocal software.

Fluorescence microscopy
An Olympus BX51 microscope equipped with a 100-W mercury lamp was used under the
following conditions: 330–385 nm excitation filter (excf ), 400-nm dichroic mirror (dm), and
420-nm barrier filter (bf ), for Hoechst 33258; 450–480 nm excf, 500-nm dm, and 515 nm bf,
for JC-1. Images were recorded with an Olympus Camedia C-5050 digital camera and stored on
a PC by the Olympus software, for processing and printing.

RESULTS

Cell cycle perturbation
The initial findings confirmed that cisPt is an efficient cytostatic reagent involving the cell cycle.
Viability of B50 cells after cisPt treatment was determined by the trypan blue dye exclusion test:
in controls, the percentage of trypan blue-positive cells was 2 ± 0.9%, in cisPt-incubated cells
it was 36.2 ± 1.7%. Immunocytochemical experiments after BrdU incorporation showed a decrease
in the number of cells in the S phase after cisPt treatment (Fig. 1a,b). Flow cytometric measurements
showed that the percentage of cells in the S phase decreased from 23.8 positive cells in control
samples to 8.3 positive cells after cisPt treatment (Fig. 1c–e); cytofluorimetric analysis of DNA
after PI confirmed these changes in the cell cycle (Fig. 1f,g). Moreover, after incubation with cisPt,
a peak sub-G1 component was present, this represents a population of cells with reduced DNA staining,
indicating probable presence of DNA fragmentation followed by apoptosis (Fig. 1g, arrow) (Table 1).

Apoptosis
Presence of apoptosis after cisPt treatment was investigated to demonstrate that cell cycle
perturbation and apoptosis are inextricably linked in this system, too. Appearance of phosphatidylserine
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residues (normally hidden within the plasma membrane) on the surface of the cell is a parameter
that can be used to detect and measure apoptosis as cell membrane integrity is lost as the
apoptotic process progresses. Using DNA-specific viability dyes, such as PI, it was possible to
distinguish early apoptotic cells (annexin V-positive cells), late apoptotic cells (annexin V- and
PI-positive cells) and dead cells (PI-positive cells). After treatment with cisPt, there was an
increase in apoptotic B50 cells as revealed by annexin V positivity (Fig. 2a–c) of the early
apoptotic fraction (7.08%) and late apoptotic fraction (15.9%) of cells. The finding showed the
relationships of entry of cells into the execution phase of apoptosis, analysed by the immunoreaction
for activated caspase-3. In cisPt-treated B50 cells, there were numerous cells with cytoplasmic
labelling for activated caspase-3 (Fig. 2d,e); these also showed nuclei with typical morphological
apoptotic appearance as shown by the TUNEL reaction (Fig. 3a,b).

Figure 1. Immunocytochemical reaction for BrdU in B50 cells: positive (green fluorescence) control sample (a) and
after treatment with cisPt (b). Cytofluorimetric analysis of BrdU in B50 control cells (d) and treated with cisPt (e). The
histogram represents the average of five independent experiments (c). Cytofluorimetric histograms of DNA content after
propidium iodide (PI) staining in control B50 cells (f ). The sub-G1 peak (arrow) demonstrates that apoptotic cells are
present after cisPt treatment (g).

Table 1. Percentage of cells in control and treated samples in each phase of the cell cycle

Phases of cell cycle Cell of CTR (%) Cell after cisPt (%)

Sub-G1 19.64 ± 2.3
G1 65.0 ± 0.7 45.18 ± 0.4
S 20.2 ± 1.3 09.00 ± 1.2
G2 14.5 ± 1.2 25.20 ± 0.9

CTR, control.
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Morphology of mitochondria and cytoskeleton
In comparison to untreated controls (Fig. 4a), morphology and intracellular distribution of
mitochondria in treated B50 cells were altered and their presence was denser around nuclei
(Fig. 4b). This finding fitted with reorganization of the actinic cytoskeleton that, differently from
controls (Fig. 4a), showed evident alterations in treated B50 cells (Fig. 4b).

Figure 2. Dual parameter cytogram of FITC-labelled annexin V (in abscissa) versus propidium iodide (PI) staining
(ordinate). Double-negative, non-apoptotic cells fall in the lower left quadrant, while early and late apoptotic cells fall
in the lower and upper right quadrant, respectively. There was an increase of early and late apoptotic cells in cisPt-treated
cells (b). The histogram represents the average of five independent experiments (c). Immunocytochemical reaction for
activated caspase-3 in control (d) and cisPt-treated cells (e, green fluorescence). DNA was counterstained with PI.

Figure 3. Treatment with cisPt induced caspase activation, and DNA fragmentation demonstrated by TUNEL
assay. TUNEL-positive cells (b, green fluorescence) were counterstained with Evan’s blue (red fluorescence); in (a)
DNA was counterstained with Hoechst 33258.
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Activation of intrinsic apoptotic mitochondrial pathway
In comparison to control samples (Fig. 4c), B50 cells after treatment, had increased positivity
of Bcl-2, observed mainly in the nucleus (Fig. 4d). In cells in which the apoptotic programme
was advanced, as shown by the morphological appearance of apoptotic nuclei, there was
increased immunopositivity for Bax (Fig. 5b) around condensed chromatin, while in control
cells reactivity was diffusely distributed (Fig. 5a). Analysis by immunofluorescence confocal
microscopy demonstrated that apoptotic Bax translocation from the cytosol was confined to
mitochondria (Fig. 5c,d), as the two fluorescence labels colocalized (Fig. 5e). The three images
(Fig. 5e′,e″,e′″) represent fusion of red/green fluorescence measured in three sequential sections
of the same cell. Co-localization of Bax and mitochondria in treated cells was observed in cells
with typical apoptotic nuclei. Functional variations shown by changes of mitochondrial potential
after cisPt treatment corresponded to morphological changes. B50 control cells (Fig. 6a) showed
an equilibrium from red to green fluorescence. After cisPt treatment (Fig. 6b), the two-colour
cytofluorimetric analysis showed that the fluorescence switched from aggregated yellow–orange

Figure 4. Confocal microscopy of dual immunolabelling of mitochondria (green fluorescence) and actinic
cytoskeleton (red fluorescence) in B50 cells. Compared to untreated controls (a), in cisPt-treated cells (b), mitochondria
clustered around the nucleus and formed dense masses in the cytoplasm. Control cells (a) revealed a filamentous actin
skeleton; in (b) cisPt induced disruption of filamentous actin structures and assembly of depolymerized actin in peripheral
regions of cytoplasm close to the cell membrane. DNA was counterstained with Hoechst 33258. Confocal microscopy:
immunocytochemical detection of Bcl-2 (green fluorescence) in control cells (c) and after cisPt treatment (d). After
treatment with cisPt, Bcl-2 protein levels increased significantly in the nucleus. The cytoskeleton was labelled with
Alexa 594-conjugated phalloidin (red fluorescence).
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Figure 5. Confocal microscopy. Immunocytochemical detection of Bax (green fluorescence) in control cells (a) and
after cisPt treatment (b). Cytoskeleton was labelled with Alexa 594-conjugated phalloidin (red fluorescence) and DNA
was counterstained with Hoechst 33258. Double immunoreaction for mitochondria (green fluorescence, c) and Bax (red
fluorescence, d) in cisPt-treated B50 cells, DNA counterstained with Hoechst 33258. The three different sections (e′,
e″, e′″ ) represent the fluorescence distribution determined for sections of the cell, as indicated in the red/green fusion
image (e). After treatment, Bax translocates from its predominantly cytoplasmic location to mitochondria and induces
activation of apoptosis.
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(JC-1 aggregates) to fluorescent green (JC-1 monomer), indicating significant mitochondrial
membrane depolarization (Li et al. 1999). A significant increase in caspase-9 cytoplasmic
immunopositivity was noticed in cells after cisPt exposure (Fig. 7a,b), which was due to activation
of the mitochondrial apoptotic pathway. We observed that not only cells with condensed
chromatin were positive, but also those showing no clear morphological signs of apoptosis.

DISCUSSION

It is generally accepted that the primary cytotoxic mechanism of action of cisPt is DNA damage
with subsequent induction of apoptosis (Sekiguchi et al. 1996; Krajci et al. 2006), although the
precise mechanisms inducing this were not fully understood. Apoptosis is an incontestable
result, not only of the chemotherapeutic effects of cisPt in tumour cells, but also of neurotoxic
action of the drug in normal proliferating cells, such as those of the external granule cell layer

Figure 6. Cytometric analysis of green-versus-red fluorescence of JC-1 showing effects of cisPt treatment (b) on
mitochondrial potential: compared to control (a), there is an increase of cell fraction with high green fluorescence and
a relatively low red fluorescence.

Figure 7. Immunocytochemical detection of activated caspase-9 (green fluorescence) in cisPt-treated cells (b).
In (a) untreated cells, DNA counterstained with propidium iodide (PI).
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during cerebellar development (Pisu et al. 2005). An acute, direct action on differentiating
Purkinje cells has also been reported, regarding in particular, metabolism enzymes (Bernocchi
et al. 1990), cytoskeleton components and calcium-binding proteins (Scherini & Bernocchi
1994). Presence of other degenerative alterations of Purkinje cells (Scherini & Bernocchi 1994)
and developmental morphogenic molecules (Pisu et al. 2003, 2004; Avella et al. 2006) after
cisPt treatment does not exclude involvement of the signal transduction pathways in cell
apoptosis/degeneration.

We employed the B50 neuronal cell line from rat central nervous system that retains many
morphological and chemical characteristics of neural tissues. Use of these cells, which can grow
in tissue culture in relatively large quantities as a uniform cell population, is ideal for understanding
expression of different cytoplasmic proteins involved in the apoptotic cascade.

The main effect of cisPt is to cause arrest of the cell cycle with a specific checkpoint at the
boundary of G2 and M phases; these events have been suggested to be involved in apoptosis
induction in a variety of proliferating cells (Eastman 1991). Here, we report that cisPt exerts
cytotoxic effects in neuronal B50 cells via a caspase-dependent pathway with mitochondria
being central relaying stations. It has been described (Bottone et al. 2007) that morphological
modification of mitochondria represent a significant parameter linked to functional alterations
and apoptosis. On the other hand, mitochondria are vital organelles for cell survival, with the
central nervous system particularly depending on them for regulating calcium homeostasis. In
turn, calcium serves as a regulator of several enzymatic activities and cell processes, including
apoptosis (for review, see Chang & Reynolds 2006).

We have observed that the mitochondria-dependent pathway is regulated by the Bcl-2 family
of proteins. Increase of Bcl-2 expression in B50 cells after cisPt may be related to the possibility
that Bcl-2 prevents cell death by blocking release of cytochrome c (Yang et al. 1997). It has been
described that Bcl-2, which inhibits apoptosis, promotes survival of various cells (Tsujimoto
1989; Garcia et al. 1992) and its function is based on maintenance of membrane potential and
depression of the permeability transition. However, it has also been demonstrated that Bcl-2 can
act in a pro-apoptotic fashion, in relation to its subcellular localization (Portier & Taglialatela
2006); nuclear compartment-associated Bcl-2 seems to promote, rather than protect,
cells from apoptosis. Moreover, after cisPt treatment, we noticed a loss in mitochondrial
membrane potential that has been described to precede the release of cytochrome c (Sanchez-Alcazar
et al. 2000). To understand this event, we monitored redistribution of Bax from the cytosol to the
mitochondria, since it has been described that translocation of Bax to mitochondria can cause
loss of their membrane potential (ΔΨm) and a release of proteins, such as cytochrome c (Eskes
et al. 1998; Jurgensmeier et al. 1998), into the intermembrane space (Nechushtan et al. 2001).
We found translocation of Bax to mitochondria of cells showing nuclei with clear apoptotic
morphology. Thus, Bax may neutralize anti-apoptotic members of the Bcl-2 family (Yin et al.
1994; Han et al. 1996; Zha et al. 1996), bind and regulate mitochondrial proteins, such as
voltage-dependent anion channel (Narita et al. 1998) and adenine nucleotide transporter (Marzo
et al. 1998), or act as a pore-forming protein by homo-oligomerization to release apoptosis-
activating factors (Antonsson et al. 1997, 2001; Schlesinger et al. 1997; Eskes et al. 1998;
Mikhailov et al. 2001). In different models, Bax crosses mitochondria membranes at the
termination of apoptotic activation; addition of Bax to mitochondria has been shown to be
sufficient to trigger cytochrome c release and subsequent caspase activation (Bossy-Wetzel et al.
1998; Jurgensmeier et al. 1998). Caspase-9 appears to be a functionally important initiator of
the apoptotic cascade (Costantini et al. 2002). We observed a high percentage of caspase-
9-positive cells after cisPt treatment and noticed that most of them did not show clear apoptotic
morphology, demonstrating that activation of caspase-9 precedes condensation of chromatin
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(Faleiro & Lazebnik 2000). As a consequence of the activation of caspase-9, we found some
caspase-3-positive cells with a clearly apoptotic nucleus, demonstrating that the apoptotic
programme had reached the final stage. Caspase-3 cleaves inhibitor of caspase-activated DNase
and allows caspase-activated DNase to translocate to the nucleus to degrade DNA, producing
the characteristic apoptotic phenotype of cell shrinkage, membrane blebbing, chromatin condensation
and oligonucleosomal DNA fragmentation until cell death is reached (Janicke et al. 1998;
Budihardjo et al. 1999; Earnshaw et al. 1999).

We have demonstrated that cisPt insult leads to activation of a mitochondrial-dependent
caspase cascade that is responsible for the irreversible process towards apoptotic cell death, as
shown by TUNEL positivity, a specific marker signalling that the apoptotic programme has been
decided (Soldani et al. 2001). Apoptotic induction also triggered reorganization of the F-actin
(filamentous actin) network with an increase in its association with mitochondria, observed
before mitochondrial fission and nuclear condensation.

Finally, with regard to diverse mitochondrial functions and their integration into various
cellular signalling pathways, it is not surprising that alterations in mitochondrial physiology are
currently being considered as pivotal events in several neurodegenerative diseases (for review,
see Foster et al. 2006). Many pharmacological tools have been used to study mitochondrial
function and dysfunction. In this context, drug discovery and development are essential
approaches that may lead to the emergence of new possibilities for therapeutic intervention in
the central nervous system pathology.
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