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Abstract

The peripheral benzodiazepine receptor (PBR) is a component of a multiprotein complex, located at the contact site between the inner

and outer mitochondrial membranes, which constitutes the mitochondrial permeability transition (MPT)-pore. The opening of the MPT-

pore, leading to the transmembrane mitochondrial potential (DCm) dissipation, is a critical event in the mechanism of apoptosis. In the

present work, we investigated the ability of the specific PBR ligands, PK 11195 or Ro5-4864, to affect mitochondrial potential and to

induce apoptotic cell death in rat C6 glioma cells. Both specific ligands inhibited cell survival in a dose- and time-dependent manner, as

assessed by MTS conversion assay, whereas the non-site selective ligand Diazepam or the low-affinity benzodiazepine Clonazepam

showed no significant effects. After cell exposure to PK 11195 or Ro5-4864 we evidenced typical alterations of apoptotic cell death such

as DNA fragmentation and chromatin condensation assessed by flow cytometric and transmission electron microscopy (TEM) analysis,

respectively. Activation of the ‘‘effector’’ caspase-3 confirmed the ability of specific PBR ligands to induce apoptosis. Moreover, PK

11195 and Ro5-4864 induced a decrease of DCm, as evidenced by JC-1 flow cytometry analysis. Our data demonstrate the pro-apoptotic

effects of specific PBR ligands on rat C6 glioma cells.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The peripheral-type benzodiazepine receptor (PBR),

originally discovered as an alternative binding site for

the benzodiazepine Diazepam (Valium1), forms a unique

class of receptors which are pharmacologically and func-

tionally different from the central-type receptor (CBR).

[1–3]. Although it shows an ubiquitous distribution in

peripheral tissues, in the central nervous system the overall

PBR content is low and predominantly localized in glial

cells, in which it becomes abundant in pathological con-

ditions including cancer [4–10].

Malignant astrocytic gliomas are the most common

primary brain tumors, whose polymorphic de-differentiated

cells show resistance to apoptotic cell death induction and

rapidly infiltrate adjacent tissue [11]. Despite substantial

efforts, no effective therapy has been found and overall-

survival of patients is poor [12,13]. At present, in addition to

other therapies, medical strategies include the use of agents

able to induce apoptotic cell death [14,15].
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Several evidences have provided that in the machinery

leading to apoptosis the MPT is a critical event of cell

death, marking the point of no return of this process. The

extensive and prolonged opening of the pore responsible of

MPT can cause the dissipation of the transmembrane

mitochondrial potential leading to the release of pro-

apoptotic inter-membrane proteins [16,17]. PBR has been

suggested to be a constituent of this pore [2,18] in associa-

tion with other mitochondrial proteins (i.e. the voltage-

dependent anion channel, the adenine nucleotide translo-

cator and the anti- and pro-apoptotic members of Bcl-2

family) and to take part in the regulation of MPT and in the

induction of apoptosis [19]. Specifically, numerous find-

ings have suggested that PBR ligands may act as potential

therapeutic agents useful in the management of a large

spectrum of diseases, including cancer, through the mod-

ulation of the MPT-pore activity [20–26].

In several glioma cell lines, PBR has been shown to be

highly expressed, localized at mitochondrial and/or

nuclear level and to facilitate the transport of cholesterol.

These findings suggested that the receptor might play

an important role in regulating cell growth and tumor

development/progression [9,10,27]. Moreover, PBR

ligands have been demonstrated to inhibit proliferation

of rat C6 glioma, mouse neuro-2A neuroblastoma cells

and primary astrocytes cultures [28,29]. However, at our

knowledge, no data are available in glioma cells regarding

the ability of PBR ligands to interfere with MPT-pore

functioning and to modulate cell proliferation and survival

through apoptosis.

Therefore, the aim of the present paper is to investigate

the ability of selective and high affinity PBR ligands to

induce mitochondrial transmembrane potential dissipation

and apoptosis in rat C6 glioma cells, providing interesting

means for overcoming apoptosis resistance of tumoral

cells.

2. Materials and methods

2.1. Drugs and materials

1-(2-chlorophenyl-N-methyl-1-methylpropyl)-3-isoqui-

nolinecarboxamide (PK 11195), 7-chloro-5-(4-chlorophe-

nyl)-1,3-dihydro-1-methyl-2H-1,4-benzodiazepin-2-one

(Ro5-4864), carbonylcyanide-m-chlorophenylhydrazone

(CCCP), Diazepam, Clonazepam, Nonidet P-40 (NP-40),

soybean trypsin inhibitor, bacitracine, benzamidine and

Trypan Blue were obtained from Sigma–Aldrich. Propi-

dium iodide (PI) and fluorescent dye 5,50,6,60-tetrachloro-

1,10,3,30-tetraethylbenzimidazolcarbocyanine iodide (JC-

1) were obtained from Molecular Probes; DNase-free

RNase was purchased from Boehringer/Roche. MTS assay

kit (Cell Titer 961 AQueous one Solution Cell Prolifera-

tion assay) was from Promega. Caspase-3 Colorimetric

Activity Assay Kit was from Chemicon International. Cell

culture media and fetal bovine serum (FBS) were from

Bio-Whittaker. All other chemicals were supplied by

standard commercial sources.

2.2. Cell cultures and drug treatments

Rat C6 glioma cells (a kindly gift from Professor Damir

Janigro, Cleveland Clinic Foundation, Cleveland, OH)

were cultured in Dulbecco’s Modified Eagles Medium

(DMEM) supplemented with 10% FBS, 2 mM L-glutamine,

penicillin (100 U/mL) and streptomycin (100 mg/mL)

(complete medium). Cells were maintained at 37 8C in a

humidified atmosphere with 5% CO2 and were fed every

3 days.

Cells were seeded in 96-well plates at a density of

�1000 cells/well for viability assays, or in 24-well plates

at a density of 5000 cells/well, at least, for apoptosis

measurements. The following day, medium was changed

with complete medium (untreated-cells) or with medium

supplemented with the tested ligands at several concentra-

tions (1–100 mM) and the cells were incubated for different

times (12–96 h).

The percentage of the organic solvent, in which PBR

ligands were dissolved, never exceeded 1% (v/v) in the

samples. We verified that this amount did not affect cell

viability.

2.3. Cell viability analysis by MTS conversion and

Trypan Blue exclusion assays

Following cell treatments, the number of living cells was

measured by quantitative colorimetric MTS assay kit

according to manufacturer. After 2 h of incubation with

the reagent, the absorbance of individual wells was mea-

sured by microplate reader (Wallac Victor 2, 1420 Multi-

label counter, Perkin–Elmer).

Each drug concentration was tested in duplicate and the

experiments were repeated at least three times.

Cell viability was also measured using Trypan Blue

exclusion assay [30].

2.4. Flow cytometry analysis of nuclear DNA content

After treatment, detached and adherent trypsinized cells

were collected by centrifugation at 200 � g for 5 min.

Pellets were gently suspended in 500 mL of a hypotonic

fluorochrome solution [PI 50 mg/mL in 0.1% (w/v) sodium

citrate plus 0.01% (v/v) NP-40 and 10 mg/mL DNase-free

RNAse in bi-distilled water]. After incubation in the dark

at 37 8C in 5% CO2 for 30 min, cell samples were stored on

ice and analyzed for DNA content on logarithmic scale by

FACScalibur flow cytometer (Becton Dickinson) with

doublet discrimination and Cell Quest research software.

104 events per sample were acquired and the percentage of

cells in the sub-G0 fraction (representing apoptotic cells)

was determined.
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2.5. Transmission electron microscope analysis

To evaluate the morphological features of C6 glioma cell

death, control cells or cells treated with PBR ligands were

processed for transmission electron microscopy (TEM).

Briefly, both floating and adherent cells were harvested and

pelleted by centrifugation. Pellets were washed three times

in phosphate buffered saline (PBS) and fixed in 2.5%

glutaraldehyde solution in 0.1 M cacodylate buffer, pH

7.2, for 1 h at 4 8C. Cells were then scraped off and

postfixed in 1% osmium tetroxide in 0.1 M cacodylate

buffer for 2 h at room temperature. After rapid dehydration

in a graded series of ethanol and propylene oxide, cells

were embedded in an ‘‘Epon-Araldite’’ mixture. Ultrathin

sections, obtained by a diamond knife on an Ultracut

Reichert-Jung ultramicrotome, were placed on Formvar-

carbon coated nickel grids, stained with uranyl acetate and

lead citrate and observed with a Jeol 100 SX transmission

electron microscope.

2.6. Casapse-3 activity assay

Caspase-3 activity was measured by means of a spectro-

photometric assay kit, following manufacturer’s instruc-

tions. Briefly, after treatment both floating and adherent

cells were collected and 2 � 106 cells were pelleted by

centrifugation. The cells were resuspended in 500 mL of

cell lysis buffer (as supplied by the manufacturer) and

incubated for 20 min on ice. The insoluble fraction was

discarded by centrifugation (5 min at 10,000 � g) and the

protein content in the supernatant was determined accord-

ing to the method of Bradford [31]. Different protein

concentrations were tested, and best results were obtained

with a total amount of 50–60 mg. The determination of

caspase-3 activity was carried out in a 96-well plate in a

total volume of 100 mL of assay buffer in the presence of

the caspase-3 substrate (Ac-DEVD-pNA). After incuba-

tion of assay mixture for 2 h at 37 8C, the released pNAwas

measured by spectrophotometer at 405 nm. Caspase-3

activity was expressed as U/mg proteins and the fold-

increase can be determined by comparing the value from

the treated-cell samples with the value of untreated control

cells, at which is attributed the arbitrary value of one.

Samples were run in duplicate and three independent

experiments were performed.

2.7. Flow cytometry analysis of mitochondrial

transmembrane potential

After treatments with PBR ligands, the mitochondrial

membrane potential was determined by labeling both

floating and adherent trypsinized control and treated C6

glioma cells with the fluorescent dye JC-1 for 20 min at

room temperature, as previously described by Ceruti et al.

[32]. J-aggregate fluorescence was recorded by flow cyto-

metry in the fluorescence channel 2 (FL2) and monomer

fluorescence in the fluorescence channel 1 (FL1). Necrotic

fragments were electronically gated out, on the basis of

morphological characteristics on the forward light scatter

versus side light scatter dot plot.

As a control, an aliquot of cells was incubated in the

presence of the uncoupler agent CCCP (5 mM) in each

experiment.

2.8. Data analysis

For data analysis and graphic presentations the non-

linear multipurpose curve-fitting program Graph-Pad

Prism (GraphPad) was used.

All data are presented as mean � S:E:M. Statistical

analysis was performed by one-way ANOVA (with post

hoc Newman–Keuls test). P < 0:05 was considered statis-

tically significant.

3. Results

3.1. Induction of cell death by specific PBR ligands

Specific PBR ligands were investigated for their ability

to interfere with cell survival and to induce apoptosis in rat

C6 glioma cells.

Cell viability was determined quantitatively by MTS

conversion assay. Treatment of rat glioma cells with

increasing concentrations of the specific PBR ligands,

PK 11195 and Ro5-4864, at different incubation times

induce a dose- and time course-dependent inhibition of cell

survival as shown in Figs. 1A and 2A. At maximum time of

incubation, dose-response curves indicated that, after cell

exposure to PK 11195 or Ro5-4864, the EC50 values (the

concentration inducing 50% cell survival inhibition) were

94:2 � 8:50 mM and 58:4 � 4:6 mM, respectively. At

100 mM ligand concentration percentage of cell survival

was reduced to 47:4 � 6:75 and 20:6 � 2:30% versus

control (Figs. 1B and 2B). The non selective PBR com-

pound diazepam did not show any significant inhibitory

effect on cell survival (90:1 � 1:90%, P > 0:05, versus

control, set to 100%) and the central-type site selective

benzodiazepine Clonazepam did not elicit any effect on

cell viability (Fig. 3).

In addition, the survival of untreated control cells was

always greater than 90% after each time of exposure, as

assessed by Trypan Blue exclusion test. Moreover, by

using this assay we observed that PBR ligands affected

cell survival with similar results to those obtained by MTS

assay (data not shown).

3.2. Induction of apoptosis and activation of caspase-3

by specific PBR ligands

In order to establish the nature of C6 glioma cell death

(necrosis or apoptosis) induced by PBR ligands, nuclear
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DNA fragmentation (an apoptotic marker) was assessed by

flow cytometry using the DNA specific PI staining. Since

DNA fragments are not easily extractable from apoptotic

cells, we employed a hypotonic solution of PI to facilitate

the loss of fragmented DNA and to evaluate the effects of

PBR ligands in isolated nuclei. DNA fragmentation was

evaluated after 12, 24, 48, 72, and 96 h of treatment and in

Fig. 4A frequency histograms from a representative experi-

ment of flow cytometric analysis are shown. As evidenced

in Fig. 4B, both PK 11195- and Ro5-4864-treated-cells

showed a significant increase in the percentage of nuclei

with hypodiploid DNA content (sub-G0 cells), a clear sign

of apoptotic cells, in comparison with control cells

(12:0 � 0:72%; P < 0:001 and 20:3 � 0:90%; P < 0:001

treated-cells versus 1:41 � 0:27% control cells). The

amount of apoptotic hypodiploid DNA content of trea-

ted-cells did not increase prolonging time exposure (data

not shown). By contrast, Diazepam (3:34 � 1:14%) or

Clonazepam (2:24 � 0:26%) did not induce significant

nuclear DNA fragmentation (P > 0:05), even when treat-

ment was extended to 96 h.

PBR ligand induced apoptosis was confirmed by TEM

ultrastructural analysis. Untreated rat C6 glioma cells

(control) were irregularly roundish with large euchromatic,

sometimes convoluted or segmented nuclei. The cell sur-

face showed numerous microvillar projections and the

cytoplasm exhibited a well developed endoplasmic reticu-

lum, free ribosomes and numerous mitochondria with well

detectable regular cristae (Fig. 5A). By contrast, the cells

Fig. 1. Time course and dose response of PK 11195-induced C6 glioma

cell death: C6 glioma cells were seeded at � 1000 cells/well and incubated

with increasing concentrations (range 1–100 mM) of PK 11195 for 24, 48,

72 or 96 h (A) or at 100 mM for 96 h (B). Untreated-cells were used as

control. After each incubation time, cell viability was measured by MTS

conversion assay as described in Section 2. Results are expressed as

percentage of viable cells observed after treatment with PK 11195 vs.

untreated control cells (100%) and shown as mean � S:E:M: derived from

at least three separate experiments done in duplicate.

Fig. 2. Time course and dose response of Ro5-4864-induced C6 glioma

cell death: C6 glioma cells were seeded at �1000 cells/well and incubated

with increasing concentrations (range 1–100 mM) of Ro5-4864 for 24, 48,

72 or 96 h (A) or at 100 mM for 96 h (B). Untreated-cells were used as

control. After each incubation time, cell viability was measured by MTS

conversion assay as described in Section 2. Results are expressed as a

percentage of viable cells observed after treatment with Ro5-4864 vs.

untreated control cells (100%) and shown as mean � S:E:M: derived from

at least three separate experiments done in duplicate.

Fig. 3. PBR ligand-induced C6 glioma cell death: C6 glioma cells were

seeded at �1000 cells/well and incubated with PK 11195, Ro5-4864,

Diazepam or Clonazepam at 100 mM for 96 h. Untreated-cells were used

as control. Cell viability was measured by MTS conversion assay as

described in Section 2. Results are expressed as a percentage of viable cells

observed after treatment with ligands vs. untreated control cells (100%)

and shown as mean � S:E:M: derived from least three separate experi-

ments done in duplicate. �P < 0:05 with respect to control, one-way

ANOVA (Newman–Keuls test).
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treated with 100 mM PK 11195 or Ro5-4864 for 24, 48, 72,

and 96 h showed a cytoplasm with swollen and pale

mitochondria only recognizable by their double mem-

branes and displaced, distorted cristae (Fig. 5B). Typical

features of apoptosis, such as cytoplasm shrinkage and

chromatin condensation and margination were detected in

many PK 11195- or Ro5-4864-treated-cells, an example is

showed in Fig. 5C. Occasionally, the nuclei of treated-cells

appeared to be broken up into small nuclear fragments.

(Fig. 5D).

To support the ability of PBR ligands to induce apoptosis

in rat C6 glioma cells we measured the activation of caspase-

3, the most important ‘‘effector’’ caspase. Caspase-3 ana-

lysis revealed that 24 h treatment with PK 11195 or Ro5-

4864 (100 mM) caused a significant increase in caspase-3

activity (1:89 � 0:07; P < 0:01 and 1:53 � 0:05; P < 0:05,

Fig. 4. Flow cytometric analysis of DNA content in PBR ligand-treated C6 glioma cells: C6 glioma cells were seeded at �5000 cells/well and incubated with

PK 11195, Ro5-4864, Diazepam or Clonazepam at 100 mM for 24 h. At the end of incubation, treated-cells and untreated control were stained with PI as

described in Section 2 and analyzed for DNA content by FACScalibur flow cytometer on logarithmic scale. DNA content frequency histograms from a

representative experiments are shown (A). Results are expressed as percentage of nuclei with hypodiploid DNA content (sub-G0 cells) vs. untreated control

cells and shown as means � S:E:M: derived from at least three separate experiments done in duplicate. �P < 0:05 with respect to control, one-way ANOVA

(Newman–Keuls test) (B).
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respectively, versus the value of control cells, to which was

attributed the arbitrary value of one). Extended 48 h treat-

ment induced further increase of caspase-3 activity

(4:74 � 0:24; P < 0:001 for PK 11195 and 4:03 � 0:05;

P < 0:001 for Ro5-4864) (Fig. 6).

3.3. Induction of mitochondrial transmembrane

potential dissipation by specific PBR ligands

Since it is well established the pivotal role of mitochon-

dria in triggering apoptosis, we evaluated the mitochon-

drial transmembrane potential (DCm) in rat C6 glioma

cells exposed to PBR ligands. Possible changes in DCm

have been evaluated by means of cytofluorometric analy-

sis. Cells were stained with the specific mitochondrial

cationic dye JC-1, that accumulates in the transmembrane

space of polarized mitochondria and forms the so-called

‘‘J-aggregates’’, emitting orange fluorescence recorded by

fluorescence channel 2. A decrease in DCm results in

disappearance of J-aggregates and formation of JC-1

monomers, which emit in a greenish–yellow fluorescence

recorded by fluorescence channel 1. It is therefore possible

to monitor changes in DCm by looking at the number of

cells showing fluorescence emission in both channels

[32,33]. Representative examples of the cytometric ana-

lysis of C6 glioma cells stained with JC-1 are reported in

Fig. 7A. In control untreated-cells, due to the equilibrium

between J-aggregates and monomers, the majority of cells

(96.8%) shows a high emission of fluorescence in both

channels and is therefore found in the upper right (UR)

quadrant of the plot. Only a very small percentage of

Fig. 5. TEM micrographs of untreated or PBR ligand-treated C6 glioma cells: a representative control cell with a mainly euchromatic nucleus and a well

preserved cytoplasm containing several mitochondria (Ø) and vesicles of the endoplasmic reticulum (A). A representative cell treated with 100 mM PK 11195

for 24 h, shows part of the nucleolus (n) and some patches of heterochromatin in the nucleus and swollen and pale mitochondria (Ø) in the perinuclear

cytoplasm (B). A representative cell treated with 100 mM PK 11195 for 96 h, showing margination of the chromatin into a large ring-shaped mass (�) (C).

A 100 mM PK 11195-treated-cell showing recognizable nuclear fragments (�) (D). Scale bars represents 1 mm (A, B) and 3 mm (C, D).

Fig. 6. Caspase-3 activity in PBR ligand-treated C6 glioma cells: after C6

glioma cells exposure to 100 mM PK 11195 or Ro5-4864 for 24 or 48 h,

caspase-3 activity was determined by evaluating cleavage of the specific

substrate Ac-DEVD-pNA and release of pNA at 405 nm as described in

Section 2. Caspase-3 activity is expressed as U/mg proteins. One unit (U)

of activity is the amount of enzyme that cleaves 1 nmol of the fluorescent

substrate per hour at 37 8C under saturate substrate concentration. Data

were normalized to the controls (arbitrary value ¼ 1) and expressed as

means � S:E:M: derived from at least three separate experiments done in

duplicate. �P < 0:05 with respect to corresponding controls, one-way

ANOVA (Newman–Keuls test).
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control untreated-cells (3.20%) shows low emission of

fluorescence in FL2 and can therefore be found in the

lower right (LR) quadrant of the plot. The exposure of

glioma cells to the uncoupler agent CCCP, which have

been used as positive control, resulted in a dramatic

decrease of J-aggregate fluorescence (FL2, y-axis) accom-

panied by a concomitant increase of JC-1 monomer fluor-

escence (FL1, x-axis). As a result, 57.9% of cells where

found in the LR quadrant of the plot.

Significant changes of DCm were detected in C6 glioma

cells after 24 h treatment with the specific high affinity

PBR ligand, PK 11195 and Ro5-4864 (100 mM), as shown

in Fig. 7B, where the percentages of cells in the UR or LR

quadrants of the DCm analysis are reported. By contrast,

Fig. 7. Flow cytometric analysis of mitochondrial transmembrane potential in PBR ligand-treated C6 glioma cells: representative examples of the

fluorescence pattern of C6 glioma cells stained with JC-1 in the presence or absence (control)of the uncoupler agent CCCP (5 mM) are shown. Cells with

polarized mitochondria are found in the upper right (UR) quadrant of the plots, corresponding to high emission of fluorescence in both FL1 (green; x-axis)

and FL2 (orange; y-axis) channels. After CCCP treatment, mitochondrial depolarization becomes evident as a decrease in the FL2 and an increase in the FL1

emission, low right (LR) quadrant (A). C6 glioma cells were treated with PK 11195 or Ro5-4864 (100 mM) for graded time periods (12–96 h) and DCm

evaluated by means of cytofluorimetric analysis of JC-1 stained cells (as above). Histograms show the mean values of cell percentages derived from three

independent experiments either in the UR (polarized mitochondria) or in the LR (depolarized mitochondria) quadrant of DCm analysis plots. �P < 0:05 with

respect to corresponding control, one-way ANOVA (Newman–Keuls test) (B).
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the non-site selective PBR ligand Diazepam and the cen-

tral-type benzodiazepine Clonazepam did not alter DCm

even when used at the highest concentration (100 mM) and

for the most extended incubation time (96 h) (data not

shown).

4. Discussion

The efficacy of chemotherapeutic agents may depend on

their effectiveness at inducing cell death in malignant cells

resistant to apoptosis induction [34]. In the present study,

we evaluated the effects of PBR ligands on rat C6 glioma

cell survival. Our results showed that both specific PBR

ligands, the isoquinoline carboxamide derivative PK 11195

and the benzodiazepine Ro5-4864, were able to induce

inhibition of cell viability in these tumoral cells (over 50%

inhibition at 100 mM ligand concentration, for 96 h). By

contrast, the non-site selective ligand Diazepam and the

central-type benzodiazepine Clonazepam were only slight

active or totally ineffective, suggesting that the observed

effect was PBR-specific. Consistent with our results, it has

been shown an inhibitory effect on cell proliferation by

micromolar concentrations of PBR ligands in glioma and

neuroblastoma cells [28] as well as in other tumoral cell

lines [26,35–39].

By a combination of experimental approaches widely

used to investigate the nature of cell death, we evidenced

that the specific PBR ligands induced apoptosis in rat C6

glioma cells. PK 11195- and Ro5-4864-treated-cells

showed an increase in the percentage of nuclei with

hypodiploid DNA content, typical of apoptotic cell death,

as assessed by flow cytometry analysis. In line with this,

PK 11195 and Ro5-4864 treatment resulted in activation of

the ‘‘effector’’ caspase-3. Moreover, ultrastructural cell

analysis evidenced morphological cell alterations charac-

teristic of apoptosis (i.e. cytoplasm shrinkage and chro-

matin condensation and margination), suggesting a late

stage of this process. Analogous ultrastructural features

have been observed in glioma cells after long exposure to

cisplatin, a drug commonly used for the treatment of

malignant brain tumors [40,41].

A critical event of the apoptotic mechanism is the

opening of the MPT-pore, which causes the dissipation

of the mitochondrial transmembrane potential and the

subsequent release of pro-apototic factors [42,43]. In pre-

vious studies, PK 11195 has been shown to induce anti-

oxydant-inhibitable collapse of DCm and mitochondrial

swelling in HL60 human leukemia cells [22], to trigger

MPT in isolated cardiac mitochondria inducing nuclear

apoptosis [44], to facilitate the MPT-pore opening induced

by the tumor necrosis factor-a in L929 cells [45] and to

promote the induction of MPT-pore opening by the ANT

ligand atractiloside in Bcl-2-overexpressing mitochondria

[20]. To better understand the ability of PBR ligands to

affect MPT-pore activity, we studied the effects of PBR

ligands on mitochondrial potential in glioma cells using a

sensitive flow cytometry assay. Our data showed that

treatment of rat C6 glioma cells with specific PBR ligands

resulted in time-dependent mitochondrial transmembrane

potential dissipation, with a significant effect after 24 h of

cell exposure. In contrast, Diazepam and Clonazepam did

not affect the mitochondrial potential, even after prolonged

treatment. The mitochondrial alterations were also evi-

denced by ultrastructural analysis, which showed pale and

swollen mitochondria.

Consistent with these results the opening of the mito-

chondrial pore could explain how specific PBR ligands

induce apoptosis in these brain tumoral cells as well as in

several other cell lines from haemopoietical and epithelial

malignancies [20,22–24,26,37,46,47]. Indeed, the PBR

ligand FGIN-1-27 decreased DCm and caused apoptosis

and cell cycle arrest in several tumor cell lines [26,37] and

treatment with PK 11195 was able to overcome apoptosis

resistance conferred by Bcl-2 [20,22]. Cell sensitivity to

apoptosis induction could be modulated by affecting

MPT-pore opening [48]. In fact, it has been shown that

rapid and transient pore opening does not impair mito-

chondrial functions and cell survival, whereas, extensive

and prolonged opening triggers the apoptotic pathway

culminating in nuclear alterations [17,49]. However, the

chronology of apoptotic events are not easy to established

due to the complexity of the process. In fact, some

apoptotic effectors, like mitochondrial potential and cas-

pase, which are consequences of MPT-pore opening, can

themselves induce MPT, triggering a self-amplifying

process [16,50]. In our hands, after 24 h exposure to

PBR ligands a late stage of apoptosis was evidenced,

when both changes of mitochondrial potential and nuclear

alterations were already present. However, after 12 h of

treatment no significant changes typical of apoptotic

process were detectable. Further studies will be necessary

to clarify this issue.

Numerous results have suggested that the use of specific

PBR ligands modulating PBR activity, might be of sig-

nificant clinical benefit in the management of a large

spectrum of different pathologies, including cancer.

In particular, the potential application of PBR-targeted

therapies in cancer has been proposed on the base of

observations that PBR ligands show antiproliferative and

pro-apoptotic properties and that the highest densities of

PBR are found in neoplastic tissue and cell lines [19,47].

However, up to now, few data about the selectivity of pro-

apoptotic effects of PBR ligand on malignant respect to

normal cells are available [45,51,52]. In our experimental

conditions, we evidenced that rat primary astrocytes were

also sensitive to specific PBR ligands, despite showing

higher resistance to cell death induction at low ligand

concentrations (data not shown). In order to develop

therapeutical compounds able to overcome the resistance

to apoptosis induction a clear definition of efficacy dose

might be relevant.
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Apoptosis induction and antiproliferative effects of PBR

ligands have been observed at concentrations significantly

higher than expected from their nanomolar affinity to the

receptor [26,35–38]. It has been reported that saturating

(micromolar) doses of PK 11195 or Ro5-4864 sensitize

cancer cells to the induction of apoptosis, both in vitro and

in vivo [53]. The discrepancy between the micromolar

ligand concentrations, necessary to inhibit cell survival,

and the nanomolar-binding affinities was also observed in

our results and nanomolar concentration of PK 11195 and

Ro5-4864 were not able to induce C6 glioma cell apop-

tosis. Moreover, no significant differences in the action of

the two specific PBR ligands (PK 11195 and Ro5-4864)

were observed. Although Ro5-4864 and PK 11195 are

thermodynamically classified as agonist and antagonist of

the receptor, respectively [54], it has been observed that

both can induce similar effects under certain physiological

or pathological conditions [2,19].

The identification of the molecular events involved in

the pro-apoptotic and antiproliferative effects of the spe-

cific PBR ligands still requires clarification. A few hypoth-

esis have been put forward [55]. It could be speculated that

binding of PBR ligands to the receptor would trigger a

conformational change of the MPT-pore towards a more

permeable state, which may sensitize the cell to apoptotic

messages.
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