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Abstract

The peripheral-type benzodiazepine receptor is found primarily on the outer mitochondrial membrane and consists of three subunits:

the 18 kDa isoquinoline binding protein, the 32 kDa voltage-dependent anion channel, and the 30 kDa adenine nucleotide transporter. The

current study evaluates the potential importance of peripheral-type benzodiazepine receptor expression in glioma cell tumorigenicity.

While previous studies have suggested that peripheral-type benzodiazepine receptor-binding may be relatively increased in tumor tissue

and cells, so far, little is known about the relationships between peripheral-type benzodiazepine receptor density and factors underlying

tumorigenicity. In the present study, we found in glioma cell lines (C6, U87MG, and T98G), that peripheral-type benzodiazepine receptor

ligand-binding density is relatively high for C6 and low for T98G, while U87MG displays intermediate levels. Cell growth of these cell

lines in soft agar indicated that high levels of peripheral-type benzodiazepine receptor-binding were associated with increased colony size,

indicative of their ability to establish anchorage independent cell proliferation. Potential causes for differences in tumorigenicity between

these cell lines were suggested by various cell death and proliferation assays. Cell death, including apoptosis, appeared to be low in C6,

and high in T98G, while U87MG displayed intermediate levels in this respect. Cell proliferation appeared to be high in C6, low in T98G,

and intermediate in U87MG. In conclusion, our study suggests that relatively high peripheral-type benzodiazepine receptor-binding

density is associated with enhanced tumorigenicity and cell proliferation rate. In particular, apoptosis appears to be an important

tumorigenic determinant in these glioma cell lines. Moreover, application of PBR-specific ligands indicated that PBR indeed are

functionally involved in apoptosis in glioma cells.

# 2004 Elsevier Inc. All rights reserved.
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Peripheral-type benzodiazepine receptor(s) are abun-

dant in peripheral tissues [1,2] as well as in glial cells

of the CNS [3–5], and are located primarily on mitochon-

drial membranes [6–9]. Functional PBR are constituted of

at least three protein components (see Fig. 1): (i) the

18 kDa isoquinoline-binding protein (IBP); (ii) the

32 kDa voltage-dependent anion channel (VDAC); and

(iii) the 30 kDa adenine nucleotide transporter (ANT)

[10]. Specific PBR ligands include the benzodiazepine

Ro5-4864 (40-chlorodiazepam), the isoquinoline carboxa-

mide derivative, PK 11195, and FGIN-1-27 (N,N-di-n-

hexyl 2-(4-fluorophenyl)indole-3-acetamide) [11–13].

Topographic analysis of the receptor distribution on the

mitochondrial membrane has indicated that the receptor

complex is formed by several 18 kDa subunits associated
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with one VDAC molecule and that this complex is located

on the outer- and inner-mitochondrial membrane contact

sites [14]. In addition, it appears that the ratio of IBP to

VDAC and ANT is tissue- and condition-specific [15,16].

Structurally, VDAC forms the core of the receptor com-

plex, which in addition to IBP and ANT, may include

proteins of the Bcl-2 family and creatine kinase [17–19].

Peripheral-type benzodiazepine receptor(s) have been

implicated in various functions: mitochondrial steroid

production [20–24], mitochondrial respiration [25,26],

modulation of voltage-dependent calcium channels [27],

immune and phagocytic host defense response [28,29], cell

growth and differentiation [30–32], responses to stress

[33,34], inflammation [35], microglial activation related

to brain damage [16,36–38], and tumor proliferation

[24,32,39], including glial tumors [40,41].

Using mouse thymoma cells, Wang et al. [30] were the

first to show a strong and positive correlation between the

anti-proliferative activity and the affinity of phosphate

buffered saline (PBR) ligands. We and others found that

PBR levels are increased in tumorigenic tissues, for review,

see Gavish et al. [39]. A recent study, using stage III

colorectal cancer tissue, suggests that over-expression of

PBR can serve as a prognostic marker [42]. In addition,

specific PBR ligands were found to induce apoptosis and

cell cycle arrest in human colorectal cancer cells [43].

These findings suggest that PBR are involved in growth

control as well as cellular proliferation of carcinogenic

tissue, and that apoptosis may form one of the mechanisms

for this involvement.

Several studies have demonstrated an increased binding

of PBR ligands in different brain tumors [44–46]. This

property can be used to accurately delineate glioma borders

using positron emission tomography [47]. For example, in

rat C6 glioma PBR densities are increased up to 30-fold

compared to surrounding neocortex [46,48]. In human

post-mortem tissue, high levels of PBR ligand-binding

were seen in intact glioma cells, while necrotic areas of

the tumor and cells in surrounding normal tissue did not

display detectable levels of PBR ligand-binding [49]. In

addition, [3H]PK 11195 binding in specimens of human

gliomas suggested that PBR characteristics may be used to

differentiate high from low grade gliomas [50]. Treatment

with the specific PBR ligands, PK 11195 and Ro 5-4864,

can induce morphological changes, both in rat C6 and

human T98G glioma cells [51]. Ikezaki and Black [41]

showed that for rat C6 glioma cells, growth rate and

thymidine incorporation increased by 20–30% after PK

11195 exposure in the nanomolar range.

In the current study, we examined the relationship

between PBR expression and cell growth characteristics

in three well-characterized brain glioma cell lines (C6 from

rat, and U87MG, and T98G from human). In particular, we

studied the PBR binding density in these three cell lines

together with the relative in vitro tumorigenicity of these

cell lines as assessed by their ability to form colonies in soft

agar, as a measure of anchorage independent cell growth.

In addition, we assayed these glioma cell’s proliferation

and cell death characteristics in culture. Furthermore, we

assayed the effects of PBR ligands apoptosis in these cell

lines. This study suggests that PBR levels are positively

correlated with glioma cell tumorigenicity.

1. Materials and methods

1.1. Materials

The cell lines C6, U87MG, and T98G were used, as

described by the American type culture collection: C6 glial

tumor from rat (tissue, glial cell, glioma); U87MG glioma

from human (tissue: glioblastoma; astrocytoma); and

T98G glioma from human (tissue: Glioblastoma multi-

forme).

Culture medium for C6 and U87MG consisted of Dul-

becco modified eagle medium (with glucose 4500 mg/l,

without sodium pyruvate and L-glutamine) (DMEM) with

addition of a 200 mM L-glutamine saline solution (2%, v/v).

Culture medium for T98G consisted of minimum essential

medium Eagle with non-essential amino acids, Earle’s salts

base, without L-glutamine (MEM) with addition of a

solution of 100 mM sodium pyruvate solution (1%, v/v).

In all cases, fetal calf serum (10%, v/v), penicillin–strepto-

mycin solution (10 000 units/ml penicillin sodium salt and

10 mg/ml streptomycin sulfate) (1%, v/v), and Amphoter-

icin B-solution (2.5 mg/ml) (0.1%, v/v) was added to the

culture media.

Culture medium ingredients were obtained from Biolo-

gical Industries, Beit HaEmek. [3H]PK 11195 was

obtained from New England Nuclear. Unlabeled PK

11195 was purchased from Sigma-Aldrich. The Cell Pro-

liferation Kit (Cell Proliferation Assay with XTT

Reagent) was obtained from Biological Industries, Beit

HaEmek. The Cell Death Kit (Cell Death Detection ELI-

SAPLUS Kit) was obtained from Roche Molecular Bio-

chemicals. Nylon mesh (30 mm) for cell separation

necessary for the FACS analysis was obtained from Sinun,

Petach Tikvah. All other compounds were purchased from

commercial sources.
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Fig. 1. Location of the PBR complex and its protein components in the

mitochondrial membrane.
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1.2. PBR binding

[3H]PK 11195 binding results were assessed in cells that

were super-confluent. To collect the cells for the binding

assay, the cells were scraped from the flasks in their culture

medium. The cells were centrifuged (1000 � g, 10 min),

resuspended in 1 ml of medium and centrifuged (1000 � g,

10 min). The pellet was snap-frozen in liquid nitrogen and

stored at �70 8C until further use. For further processing,

the pellet was thawed and homogenized in 3 ml of PBS

using a Kinematika Polytron (setting 6) for 10 s and

centrifuged at 37 000 � g for 30 min. The pellet was

resuspended in 1 ml of PBS, and homogenized and cen-

trifuged as just described. The pellet was resuspended in

1 ml of PBS. Protein content was determined by the

method of Bradford [52] using BSA as a standard. Binding

of [3H]PK 11195 to membranes of the various cell lines

were conducted as previously described [16,24,32,53]. The

reaction mixture contained 400 ml of the homogenized

membranes in question (40 mg protein) and 25 ml of

[3H]PK 11195 solution (final concentration, 6 nM [specific

activity: 85 Ci/mmole]) in the absence (total binding) or

presence (non-specific binding) of 75 ml unlabeled PK

11195 (10 mM final concentration). After incubation for

60 min at 4 8C, the samples were vacuum filtered through

Whatman GF/C filters, washed three times with 4 ml of

50 mM potassium phosphate buffer (pH 7.4), and placed in

vials containing 4 ml of Opti-Fluor. Radioactivity was

counted after 12 h with a 1600 CA Tri-Carb liquid scin-

tillation analyzer (Packard).

In addition, saturation curves were determined with

Scatchard analysis in the C6 and T98G cell lines, using

six concentrations from 0.2 to 6 nM [3H]PK 11195) as

described previously [18,24,32,53].

1.3. Cell growth in soft agar

This assay was done according to previously described

methods [54,55]. Briefly, for each cell line, bacto-agar

was used to prepare, a solution of 0.6% agar in culture

medium. To each 25 cm2 plate, 6 ml of the 0.6% agar

solution was added and allowed to solidify for 24 h at

room temperature. A 0.3% agar solution was prepared by

mixing half of one part of 2�concentrated medium, one-

quarter part of sterile double-distilled water, 3 � 104 cells

per cell line, and one-quarter part of a 1.2% agar solution

warmed to 48 8C. Of this mixture, 1.5 ml was added on

top of the agar in the prepared wells. In these wells, the

cells were allowed to proliferate for 21 days. To assay

anchorage independent cell growth, colony sizes were

analysed with a Zeiss Axioscop 2 inverted microscope

and Image ProPlus1 software version 4.5.1.25 for Win-

dows was used. Briefly, the wells were subdivided in 16

approximately equal-sized areas and from the centers of

five such subdivisions, the square measures of the

observed colonies were determined. In addition, from

four of such locations cell numbers per cell colony were

determined.

1.4. Cell proliferation and cell death assays

Cell counts were performed as described previously

[24,32]. Briefly, to determine the proliferation rate and

the percentage of cell death, 4 � 105 cells were seeded in

25 cm2 flasks for each cell line and allowed to proliferate

for 72 h. Then the medium covering the cells was col-

lected, the cells were trypsinized and added to the collected

medium, and a sample was taken for cell counting. The

cells were counted visually using an inverted microscope

(Olympus CK2), with the aid of a hemocytometer. To

determine the percentage of dead cells, cells were stained

with Trypan blue at a final concentration of 0.25%.

1.5. XTT cell proliferation analysis

Cells of each cell line were seeded in a 96-well plate (1.5

� 103 cells per well) and allowed to proliferate for 72 h.

XTT reagent solution was prepared according to the man-

ufacturer’s instructions. To each well, pre-seeded with

cells, 50 ml of the XTT reagent solution was added, mixed

by gentle agitation, and incubated for 2 h at 37 8C. Absor-

bance of the samples was measured with an ELISA reader

at a wavelength of 450 nm. Reference absorbance (to

measure non-specific readings) was measured using a

690 nm wavelength.

1.6. Apoptosis

To determine differences in apoptosis between C6,

U87MG, and T98G, we used the Cell Death Kit. For this

assay of programmed cell death, 4 � 105 cells were seeded

and counted as described in Section 1.4. A fraction of the

suspension containing 106 cells was centrifuged (1000 � g,

5 min), the pellet was resuspended in 1 ml medium, cen-

trifuged (1000 � g, 5 min), and the pellets were snap

frozen in liquid nitrogen and stored at �70 8C until use.

For apoptosis assay, the pellets were allowed to thaw, and

then resuspended with lysis buffer according to the man-

ufacturer’s instructions. The lysate was centrifuged at 200

� g for 10 min. A fraction of the supernatant was trans-

ferred to streptavidin-coated microtiter plate modules.

Immunoreagent was added (anti-histone-biotin and anti-

DNA-peroxidase in incubation buffer), and after incuba-

tion with gentle shaking for 2 h, the modules were rinsed

three times with incubation buffer. Then the signal for

apoptosis was measured following incubation for 20 min

with 2,20-azino-bis-[3-ethylbenzothiazoline]-6-sulfonic

acid (ABTS) solution, according the manufacturer’s

instructions. The level of staining by the ABTS solution

was determined with an ELISA reader. Absorbance of the

samples was measured at a wavelength of 405 nm. Refer-

ence absorbance (to measure non-specific readings) was
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measured using a 490 nm wavelength. The ABTS solution

by itself was used as a blank.

1.7. Flow cytometric analysis (FACS) of

the pre-G1 phase

Flow cytometric analysis was used to monitor the pre-

G1 phase (DNA fragmentation) of the cell cycle profile of

C6, U87MG, and T98G to assess their basic levels of

apoptosis, according to methods described previously

[32,56]. Briefly, 4 � 105 cells were seeded in 25 cm2

flasks, allowed to proliferate for 72 h. Then the medium

covering the cells was collected and the cells were trypsi-

nized and added to the collected medium. The cell suspen-

sion was centrifuged (300 � g, 5 min) and the pellet

resuspended in 1 ml of PBS twice at 4 8C. Then each cell

pellet was resuspended in 400 ml of a 70% ethanol solution

and incubated for 1 h at 20 8C. Then 600 ml PBS was added

to each suspension and mixed, followed by centrifugation

(1000 � g, 5 min) at 4 8C. The pellets were resuspended and

incubated in 500 ml PBS containing 100 mg/ml RNAase and

0.5% Triton X-100 for 30 min at 37 8C. Then propidium

iodide was added to a final concentration of 100 mg/ml for an

incubation of 10 min at 4 8C to stain the cell nuclei. The

cells were then filtered through a (30 mm) nylon mesh and

vortexed briefly before FACS analysis. The flow cytometer

used was the FACScan (Becton Dickinson).

1.8. PBR ligand treatment and apoptosis

To assay, whether PBR ligands affected apoptosis in our

paradigm, T98G cells were treated with Ro5-4864 and PK

11195, and C6 cells were treated with Ro5-4864. Briefly, 4

� 105 cells of these cell lines were seeded in 25 cm2 flasks

and allowed to proliferate for 72 h, as described in Section

1.4. In addition, 10�5 M Ro5-4864 or PK 11195 was added

to the medium in half of the flasks. The other half of the

flasks were used as controls. Subsequently, cells were

collected and used for apoptosis assays, as described in

Section 1.6.

1.9. Statistical analysis

For statistical analysis, experimental and control groups

were usually at n ¼ 4. Results are presented as mean � S.D.

In one instance S.E.M. was applied (cell counts of colonies

growing in soft agar, Fig. 4B). Non-parametric Kruskal–

Wallis and post hoc tests (Dunn’s multiple comparison

tests) were usually used, since in most cases S.D. differed

significantly between groups as indicated by Bartlett’s test

for homogeneity of variance. In the case of cell counts of

Fig. 2. Differences in [3H]PK 11195 (6 nM) binding between the C6,

U87MG, and T98G cell lines expressed in fmol/mg protein. �� C6 vs.

T98G: P < 0.01.

Fig. 3. To the left, representative examples of saturation curves of [3H]PK 11195 binding to membranes of C6 (A) and T98G (C) cells. To the right, Scatchard

plots of the saturation curves of [3H]PK 11195-specific binding to membranes of C6 (B) and T98G (D) cells. B : bound; B/F : bound/free.
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colonies in soft agar, parametric ANOVA with Student–

Newman-Keuls post hoc tests were used, since S.D. did not

differ significantly. The significance of the effects of the

PBR ligands on apoptosis was determined by the Mann–

Whitney tests. P < 0.05 was considered statistically sig-

nificant [57].

2. Results

2.1. PBR binding levels and in vitro tumorigenicity

We found that PBR binding levels (Figs. 2 and 3) and in

vitro tumorigenicity (Figs. 4 and 5) appeared to correlate

positively with the three cell lines (C6, U87MG, and

T98G) studied. C6 showed the highest PBR-binding den-

sity of the three cell lines, T98G the lowest, and U87MG

showed intermediate levels. In particular, the difference

between C6 and T98G was statistically very significant (P

< 0.01; Fig. 2). The binding is saturable as can been seen in

Fig. 3. As a measure of in vitro tumorigenicity, we used the

ability of C6, U87MG, and T98G cells to establish ancho-

rage independent growth in soft agar (Figs. 4 and 5). C6

displayed the largest average size of cell colonies, indica-

tive of anchorage independent growth, T98G the smallest,

and the sizes of the U87MG colonies were in between those

of C6 and T98G (Figs. 4 and 5A). The statistical differ-

ences in average colony sizes were highly significant (P <

0.001) between all cell lines. With an additional assay,

counting cells per colony (Fig. 5B), it was also found that

especially C6 displayed the greatest number of large

colonies (>400 cells per colony) and medium sized colo-

nies (100–400 cells per colony), while T98G was not able

to grow colonies greater than 100 cells per colony. C6 also

displayed the lowest number of small colonies (<100 cells

per colony). The numbers of cells per colony of U87MG

cells were in between those of C6 and T98G, for small,

medium, and large colonies.

Taken together, the relatively high C6 PBR-binding

levels appear to be associated with larger colonies, while

the relatively low T98G PBR binding levels appear to

correlate with the inability of these cells to proliferate

effectively in soft agar. U87MG appears to take an inter-

mediate position regarding these two parameters of PBR-

binding and ability to grow in soft agar.

2.2. Proliferation rate and cell death, including

apoptosis

Increased in vitro tumorigenicity (soft agar assay) could

be due to higher proliferation rate and/or decrease in death

rate. In order to clarify these possibilities, we evaluated C6,

U87MG, and T98G proliferation and cell death rates.

Proliferation rate, was assayed by visually counting cells

with the aid of a hemocytometer (Fig. 6A), as well as, by

using the XTT assay of the Cell Proliferation Kit (Fig. 6B).

The highest proliferation rate was shown for C6, the lowest

for T98G, and intermediate for U87MG (Fig. 6A and B). In

particular, the differences in cell proliferation rate between

C6 and T98G measured with the two different methods

Fig. 4. Micrographs of C6, U87MG, and T98G cells growing in soft agar

indicating their in vitro tumorigenicity. (A) C6; (B) U87MG; and (C)

T98G. The arrows point at the colonies. The scale bar is 100 mm.
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were highly significant (P < 0.001). In addition, the XTT

assay also suggested that differences in proliferation rates

between C6 and U87MG were also very significant (P <

0.01). Similarly, with the XTT assay, differences between

U87MG and T98G proliferation rates also appeared to be

significant (P < 0.05). Thus, both the cell count and the

XTT assay suggests that the proliferation rate of T98G is

substantially less than of C6, while U87MG displays an

intermediate proliferation rate. Thus, the relatively large

colonies of C6 in soft agar appear to correlate with a

relatively high proliferation rate, while the inability of

T98G to grow medium to large colonies appears to corre-

late with a relatively low proliferation rate. U87MG

appears to take an intermediate position regarding these

two parameters of colony size and proliferation rate.

Cell death assessed by counting Trypan blue stained C6,

U87MG and T98G cells, showed the lowest percentage of

cell death in C6, the highest percentage in T98G, and

intermediate values in U87MG (Fig. 6C). The six-fold

difference in the percentage of cell death between C6 and

T98G was highly significant (P < 0.001). Apoptosis as

measured by the Cell Death Kit, which is a measure of

DNA fragmentation, showed the lowest basal levels for C6

cells, the highest levels for T98G cells, and intermediate

levels for U87MG cells (Fig. 6D). In particular, the mea-

sured difference in apoptosis between C6 and T98G was

significant (P < 0.05). Thus, both cell death as determined

with Trypan blue staining and apoptosis as determined

using the Cell Death Kit showed the lowest levels in C6,

which also displayed the largest colonies in soft agar.

T98G, which showed the smallest colonies in soft agar,

showed the highest levels of cell death and apoptosis.

U87MG showed intermediate levels for these parameters.

2.3. Cell cycle analysis

Another approach to assess apoptosis is measuring

changes in the pre-G1 phase (DNA fragmentation) of

the cell cycle profile for a particular cell line. Cell cycles

profiles as determined by FACS analysis of C6, T98G, and

U87MG demonstrated low pre-G1 levels for C6 cells and

progressively higher levels for U87MG and T98G, respec-

tively (Fig. 7). In particular, the difference between C6 and

T98G was highly significant (P < 0.001) for this phase of

the cell cycle (Fig. 7), which is consistent with what was

found with the apoptosis assays (Fig. 6D) done with the

Cell Death Kit. Thus, our various assays of cell prolifera-

tion and cell death uniformly indicated that the changes in

cell death appear to be inversely proportional to the

measurement of cell proliferation (Figs. 6 and 7).

Fig. 5. Anchorage independent cell growth as derived from colonies sizes in soft agar as an indication of tumorigenicity. (A) differences in average colony

size of C6, U87MG, and T98G cells growing in soft agar indicating their in vitro tumorigenicity: C6 vs. U87MG, P < 0.001 (���a); U87MG vs. T98G, P <

0.001 (���b); C6 vs. T98G, P < 0.001 (���c). (B) differences in cell number per colony of C6, U87MG, and T98G cells growing in soft agar as a measure of in

vitro tumorigenicity (colony size 1–99, C6 very significantly different from U87MG and T98G, ��P < 0.01; colony size 100–400, C6 highly significantly

different from T98G, ���P < 0.001; and colony size >400, C6 significantly different from U87MG, �P < 0.05, and highly significantly different from T98G,
���P < 0.001).
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2.4. PBR ligand treatment and apoptosis

Ro5-4864 treatment of T98G cells reduced basic apop-

totic levels by 51% in this cell line (Fig. 8). This effect on

apoptosis was highly significant (P < 0.001). PK 11195

treatment of T98G cells did not have a significant effect on

basic apoptosis in this cell line (not shown). Ro5-4864

treatment of C6 cells reduced basic apoptotic levels by

35% in this cell line (Fig. 8). This effect on apoptosis was

significant (P < 0.05).

3. Discussion

The present study suggests that high levels of PBR

expression in glioma cells may correlate positively with

tumorigenicity. In particular, C6 glioma cells, which dis-

played relatively high levels of PBR-binding density,

exhibited also potent in vitro tumorigenicity, as determined

by its ability to form large colonies in soft agar. In contrast,

T98G cells, which displayed relatively low levels of PBR-

binding density, were marginally able to proliferate in soft

agar, i.e. showed low tumorigenicity. U87MG was inter-

mediate in these respects. Studies on intracranial C6

tumors in rats and U87MG tumors in nude athymic mice

also suggested that PBR-density is higher in C6 than in

U87MG [58]. While comparative analysis of anchorage

independent growth have not been done before on C6,

T98G, and U87MG together in one study, separate reports

on anchorage independent growth of these three cell lines

are in accord with our findings on their relative ability to

form colonies in soft agar [59–61]. Potent tumorigenicity,

in vitro, as we have described here for C6 cells growing in

soft agar, is indicative for tumorigenicity of glial cells, in

vivo, as was also found for other systems [62–65]. Thus,

our study suggests that in glioma cell lines PBR expression

may be predictive for in vivo tumorigenicity. This is in

accord with a previous study, suggesting that over-expres-

sion of PBR can serve as a prognostic marker for human

colorectal cancer [42].

The cell proliferation rate assays (XTT analysis and cell

counts) and cell death assays (Trypan blue, and apoptosis

assays with the Cell Death Kit and determination of the

pre-G1 with FACS analysis), we applied, suggests that C6
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Fig. 6. Differences in proliferation and cell death characteristic between

C6, U87MG, and T98G. (A) cell number counted with the aid of a

hemocytometer. C6 vs. U87MG (n.s.), U87MG vs. T98G (n.s), C6 vs.

T98G (P < 0.001, c���); (B) optical density as a measure of relative

proliferation determined with the Cell Proliferation Kit. TC6 vs. U87MG

(P < 0.01, a��), U87MG vs. T98G (P < 0.05, b�), C6 vs. T98G (P < 0.001,

c���); (C) percentage of dead cells among the total number of cells assayed

with the aid of Trypan blue staining. C6 vs. U87MG (n.s.), U87MG vs.

T98G (n.s.), C6 vs. T98G (P < 0.001, c���); and (D) optical density as a

measure of apoptosis as determined with the Cell Death Kit. C6 vs.

U87MG (n.s.), U87MG vs. T98G (n.s.), C6 vs. T98G (P < 0.05, c�).
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Fig. 7. Differences in percentages of DNA fragmentation determined with

flow cytometry as an indication of relative apoptotic levels of C6, U87MG,

and T98G. The percentage of T98G cells in the pre-G1 phase is highly

significantly higher than of C6 (P < 0.001, c���).
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tumorigenicity is related both to its relatively high pro-

liferation rate and low cell death rate. The opposite is true

for T98G. U87MG shows values for these various para-

meters in ranges intermediate between those of C6 and

T98G. Thus, our present study suggests that higher PBR

expression, as found in C6, may be associated with both

greater cell proliferation rates and lower levels of cell death

in glioma cells potentially leading to enhanced tumori-

genicity.

While our apoptosis assays show that apoptotic levels for

unchallenged C6 cells are low, it was found previously that

cadmium can relatively easily induce apoptosis in C6 cell

compared to E367 neuroblastoma cells and NIH3T3 fibro-

blasts [64]. This apoptotic process appears to involve a

breakdown of the mitochondrial membrane potential and

the activation of caspase 9, suggesting that the PBR com-

plex may be involved in this type of apoptosis. In addition,

previous studies have shown that PBR contribute to the

maintenance of the mitochondrial potential [43,65,66]. In

addition, other studies have shown that the PBR ligand

FGIN-1-27 is able to induce apoptosis in colorectal cancer

cells [43]. Our study, using glioma cells, indicated that the

PBR ligand Ro5-4864 is able to reduce basic apoptotic

levels in these cell lines (Fig. 8), while PK 11195 did not

have an effect on apoptosis in this paradigm. Other studies

also suggested anti-apoptotic effects of PBR ligands

[67,68]. As of now, the reason of the discrepancies between

the various studies is not clear. They may depend on cell

type, growing stage of the cells used, type and/or concen-

tration of the PBR ligands used, etc. Nonetheless, our

present study as well as other studies applying PBR ligands

suggest that PBR indeed are relevant for apoptosis.

Regarding proliferation, it was found that PK 11195 and

Ro5-4864 in the nanomolar range increased the prolifera-

tion rate of C6 glioma cells by 20–30% [41]. In the

micromolar range, however, these ligands inhibited pro-

liferation [41]. Interestingly, treatment with PK 11195 and

Ro5-4864 in the nanomolar range caused a shift of mito-

chondria from the peripheral cytoplasm to the perinuclear

region in C6 cells [51]. It was suggested that this translo-

cation was related to nuclear activity, such as mitotic

activity [51]. These data support our notion that in C6

cells PBR may exert a regulatory role on proliferation rate.

In addition, it was found that C6 and T98G mitochondria

respond differently to PK 11195 or Ro5-4864 treatment

[51]. For example, in C6, the number and area of mito-

chondria per 100 mm2 increased 250 and 330%, respec-

tively, while in T98G no such effects were discerned [51].

It may be, due to the higher density of PBR in C6, that

mitochondria in C6 show a stronger response to PBR

ligands than mitochondria in T98G. Interestingly, specific

PBR ligands (10–100 mM) induce an arrest in the G1/G0

phase of the cell cycle in human breast cancer and color-

ectal cancer cells [43], suggesting that PBR indeed may be

associated with the regulation of the cell cycle and thereby

are involved in modulation of cell proliferation.

Thus, it seems that high levels of PBR such as occur-

rences in C6 cells may be predictive for malignancy,

possibly due to enhanced cell proliferation rate and

decreased cell death rate. Nonetheless, with the current

data it is not possible to detect the exact meaning of PBR-

density for tumorigenicity. Presently, we are studying

genetically modified PBR over- and under-expressing

C6 clones to further clarify whether PBR’s role is causa-

tive, contributory, or in response to cancer. This may help

to design PBR-specific cancer therapies.
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