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Abstract

The aim of this study was to measure the expression of peripheral benzodiazepine receptors (PBR) as well as mitochondria con-

tent in di�erent phases of the cell cycle of BT-20 and MCF-7 breast cancer cell lines, using two-parameter ¯ow cytometric analyses.
The PBR expression as well as mitochondria mass, were found to increase as cells pass through di�erent stages of the cell cycle,
whereas the amount of PBR in quiescent cells was very low. Binding capacity for the PBR ligand [3H]-Ro5-4864 was strongly
related to the phase of the cell cycle with a positive correlation (r=0.98) with a high percentage of cells in S phase. Incubation of

BT-20 cells in serum-deprived medium with nanomolar concentrations of Ro5-4864 caused an increase in S phase cells. This e�ect
was not observed in MCF-7 cells. Using micromolar concentrations of Ro5-4864, both BT-20 and MCF-7 cells were reversibly
arrested in the G0/1 phase. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Benzodiazepines are widely used drugs in anxiolytic,
sedative and muscle relaxant therapy. The binding sites
for these drugs are located in the central nervous sys-
tem, where they interact with the gamma aminobutyric
acid receptor (GABA). In addition to these GABA
receptor-linked central type of benzodiazepines recep-
tors, a second type has been identi®ed. This peripheral
benzodiazepine receptor (PBR) was found throughout
the body including the nervous tissue [1±3]. Mostly,
PBR was found to be localised in mitochondria, asso-
ciated with a voltage-dependent anion channel (VADC)
and an adenine nucleotide translocater, forming a con-
tact zone between outer and inner mitochondria mem-
branes [4]. Although the exact function of PBRs is still
not clear they seem to be involved in steroid genesis [5],
immune response [6], and mitochondrial oxidative
phosphorylation [7], as well as in the regulation of cell
proliferation and tumour growth. Initial studies using
high concentrations of drug ligands indicated that their

binding to PBR could inhibit DNA synthesis in di�er-
ent kinds of mammalian cell lines [8,9]. Now it has been
shown that low concentrations of diazepam, PK 11195
and Ro5-4864 may induce cell proliferation [10,11]. A
biphasic e�ect on cell proliferation depending on the
ligand concentration shows that concentrations in the
receptor binding range (nanomolar range) stimulate
DNA synthesis, whereas PBR ligands are e�ective as
antiproliferative agents in experiments with approxi-
mately 1000-fold higher concentrations [8,11,12].
Elevated PBR density was found in several human car-
cinomas and in some cases PBR expression correlated
with tumour malignancy grade and patient survival
[13,14]. In addition, in highly aggressive cell lines Ð
relative to non-aggressive cell lines Ð ligand binding
and PBR-mRNA was dramatically increased [15]. We
found higher PBR expression in faster proliferating
oestrogen receptor-negative breast cancer cell lines, than
in oestrogen receptor-positive cell lines such as MCF-7
[16].
In this study, we analysed the e�ects of Ro5-4864 on

cell cycle progression. We also investigated the rela-
tionship between the expression and binding capacity of
PBR in di�erent phases of the cell cycle as well as
mitochondria content in the di�erent phases.
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2. Materials and methods

2.1. Cell culture

The human breast cancer cell lines BT-20, MCF-7,
SK-BR3, T47D, BT-474 and MDA-MD-435-S were
purchased from the Cell Line Service (CLS, Heidelberg,
Germany). Cells were grown in Dulbecco's Modi®ed
Eagle's Medium (DMEM, Gibco, Karlsruhe, Germany)
supplemented with penicillin/streptomycin (180 IU/ml)
in 10% (v/v) fetal calf serum (FCS) and 1% l-gluta-
mine. They were incubated in a humidi®ed atmosphere
of 5% CO2 in air at 37�C. For synchronisation in G0/1,
semicon¯uent cultures were washed with PBS and fresh
medium containing 0.5% (v/v) FCS was added. After 48
h when cultures reached a near-quiescent state, culture
medium was substituted with DMEM (supplemented
with 0.5% (v/v) FCS) containing Ro5-4864 (40-chloro-
diazepam, Fluka Chemie, New-Ulm, Germany) in the
concentrations indicated in the results. After 18 h in
culture, an analysis of DNA content was carried out.
For measurement of the in¯uence of nanomolar and
micromolar concentrations of Ro5-4864 on mitochon-
dria mass, cells were grown in DMEM supplemented
with 10% FCS and 50 nM or 50 mM Ro5-4865.

2.2. Flow cytometry

For ¯ow cytometry, cells were harvested by trypsi-
nisation, adjusted to 106 cells/sample and washed in
PBS. For the determination of the cell cycle, cells were
®xed in 70% ice-cold ethanol for 10 min, rehydrated
in PBS and stained with 10 mg/ml propidium iodide
(PI, Sigma-Aldrich, Deisenhofen, Germany). RNAse
was added in a ®nal concentration of 0.25 mg/ml.
Cell-Fit software (Becton Dickinson, Heidelberg, Ger-
many) was used for data acquisition and determination
of cell cycle parameters. The percentage of cells in G0/G1,
S and G2/M phases of the cell cycle were established on
the basis of the corresponding DNA content histograms
after exclusion of cell doublets and aggregates.
For PBR levels and mitochondria mass determina-

tion, each sample was split into two identical portions of
which one was processed for DNA and PBR and the
other for DNA and mitochondria. For PBR staining,
cells were ®xed in 0.4% (w/v) paraformaldehyde in PBS
for 5 min. After permeabilisation with a saponin solu-
tion (0.1% (w/v) saponin in PBS containing 0.1% (w/v)
bovine serum albumin (BSA)) cells were labelled for 30
min at 4�C with 1 mg/ml of the PBR speci®c MAb 8D7,
a kind gift from P. Casellas, Sano® Recherche, Mon-
tpellier, France. Thereafter, cells were washed twice in
PBS and resuspended in ¯uorescein isothiocyanate
(FITC)-conjugated goat F(ab')2 antibody to mouse
IgG, diluted 100-fold in PBS. Parallel samples were also
stained with PI for cell cycle determinations.

For mitochondria labelling, cells were ®xed in 70%
ice-cold ethanol for 10 min, washed, and rehydrated in
PBS. Samples were incubated with 10 mM NAO (10-
Nonyl-acredine orange, Molecular Probes, Leiden, The
Netherlands) for 15 min at room temperature and
washed twice in PBS.
Samples stained for PBR and mitochondria determi-

nation were measured on a FACScan (Becton Dick-
inson) ¯ow cytometer and analysed using Lysis II
software. PI ¯uorescence signal pulse processing (pulse
area versus pulse width) was used to exclude doublets
and aggregates from analysis. Cells were excited using
the 488 nm wavelength of an argon laser. Green and red
¯uorescence were collected on ¯uorescence 1 (FL-1) and
FL-2 channels, at 530 nm and 585 nm, respectively. The
level of background ¯uorescence, due to the non-speci®c
binding of the FITC-conjugated antibodies was estab-
lished using control specimens processed as described
above, but without exposure to the primary antibodies.
10 000 events were collected in the list mode ®le for each
sample. The relative ¯uorescence intensity (RFI) was
expressed as a multiple of the ¯uorescence intensity of
the control samples. The estimation of PBR expression
and mitochondria mass in G0/G1, S and G2/M speci®c
cells was done by gating the cells on the basis of DNA
content (PI ¯uorescence, FL-2) and the displaying levels
of green ¯uorescence (FL-1) in the corresponding cell
cycle phase after exclusion of doublets (Fig. 1).
Discrimination between G0 and G1 cells was achieved

by a bivariate analysis of DNA and RNA content based
on the use of the metachromic ¯uorochrome acridine
orange (AO, Sigma-Aldrich). 2�105 cells in 0.2ml DMEM
containing 10% serum were chilled on ice and 0.4 ml of
ice-cold solution A (0.1% Triton X-100, 0.08 N HCl,
0.15 M NaCl) was added, mixed, and further incubated
on ice for 15 s. Then 1.2 ml of solution B (6 mg/ml in
1 mM ethylene diamine tetraacetic acid (EDTA) and 150
mM NaCl prepared in phosphate-citric acid butter, pH
6.0) was added to the cells. Control samples containing

Fig. 1. Correlation between peripheral benzodiazepine receptor (PBR)

expression, given as the relative ¯uorescence intensity (RFI) and per-

centage of cells in S phase+G2/M of exponentially growing cultures of

breast cancer cell lines. Points represent means�standard deviation

(S.D.) of six measurements.
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50 mg/ml RNase (®nal concentration) were incubated
for 15 min at 37�C. Fluorescence was measured within
2±10 min. The DNA-associated green ¯uorescence was
measured between 515 and 545 nm, and the red lumi-
nescence, representing RNA, above 650 nm.

2.3. Binding assay

Cells were harvested and incubated for 40 min at 0�C
in a ®nal concentration of 1�106 cells/ml in Hank's
bu�er containing 1.25±20 nM of [3H]-Ro5-4864. Non-
speci®c binding was determined by adding 10 mM un-
labelled Ro5-4864. Speci®c binding was calculated from
the di�erence between total and non-speci®c binding.
Incubation was terminated by transfer of aliquots of
radiolabelled cells (1�105 cells/0.1 ml) to PBS-prewetted
wells of micro-®bre plate (0.65 mm Durapore glass ®bre,
MultiScreen system, Millipore, Eschborn, Germany)
and immediate vacuum ®ltration. The ®lters were washed
three times with PBS and dried for 5 min at 37�C. Filter
discs were punched into vials and radioactivity was
counted by liquid scintillation spectrometry (Rackbeta,
LKB Wallac, Gottingen, Germany) after incubation for
12 h in scintillation cocktail (Rotiszint, Roth).
The maximal number of binding sites (Bmax) and

equilibrium dissociation constant (KD) were calculated
from saturation curves of [3H]-Ro5-4864 binding, using
a Scatchard analysis.

2.4. Statistics

Statistical analysis including the regression line of
binding data (Scatchard plot) and Student's t-test was
carried out using Microsoft Excel.

3. Results

In initial studies, we examined the PBR expression
and cell cycle characteristics in exponentially growing
cultures of various breast cancer cell lines (BT-20, SK-
BR3, MCF-7, T47D, BT-474, MDA-MD-435-S). The
cell cycle pro®le and PBR expression were monitored by
¯ow cytometry of PI and PBR-MAb 8D7-stained cells.
To determine the relationship of the proliferating cells
and PBR expression, the percentage of cells in the
S+G2/M phases was plotted against the RFI of PBR. A
regression line for all points gave a coe�cient of corre-
lation of (r) 0.88. The results obtained demonstrated
that increased expression of PBR correlates with
increased numbers of cycling cells (Fig. 1).
BT-20, a cell line with high PBR content, and MCF-7

(low PBR content) were chosen to investigate the rela-
tionship between cell cycle phase and PBR expression in
more detail. In order to obtain more data on PBR levels
in di�erent phases of the cell cycle, cells were PI and

PBR MAb 8D7 double-stained and analysed by ¯ow
cytometry. Gates were set on the three DNA content
regions marked in Fig. 2 and PBR ¯uorescence exam-
ined in each region, i.e. G0/1, S phase and G2/M. An
increasing PBR ¯uorescence intensity was observed in
the S and G2/M phases in both cell lines. PBR expression
increased in BT-20 cells from 24.5% (�1.1) in G0/1 to
34.0% (�3.0) in S phase and to 41.2% (�2.2) in G2/M,
while in MCF-7 cells PBR content was lower in G0/1

(19.5%) and increased to 48.4% in G2/M (Fig. 3). The

Fig. 3. Peripheral benzodiazepine receptor (PBR) levels in the di�er-

ent phases of the cell cycle in BT-20 and MCF-7 cells grown in 10%

fetal calf serum (FCS). Each bar represents the mean�standard
deviation (S.D.) of six separate measurements (see Fig. 1.). *P<0.01,

yP<0.001.

Fig. 2. Two-parameter contour plots, obtained from simultaneous

¯ow cytometric measurements of green ¯uorescein isothiocyanate

(FITC) immuno¯uorescence with anti-peripheral benzodiazepine

receptor (PBR) antibody and red propidium iodide (PI) ¯uorescence

of BT-20 and MCF-7 cells, showing the distribution of PBR in rela-

tion to the cell cycle phase. Distinction between the di�erent phases of

the cell cycle was done by setting gates based on DNA content from

DNA histograms as indicated by vertical lines. The horizontal lines

indicate the threshold of PBR-negative and -positive cells.
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PBR levels were most variable during the G0/1 phase of
MCF-7 cells. 20±25% of G0/1 cells were weakly stained
or PBR-negative as seen by ¯uorescence intensity (Fig.
1), thereby implying that the lowest levels of PBR are
associated with a subpopulation of G0/1 cells. In the S
and G2/M phases approximately 97% of all cells were
PBR-positive. In BT-20 cells, the PBR-negative sub-
population was very small (<2%) in exponentially
growing cell cultures. After 48 h of serum deprivation
however, when approximately 85% of the BT-20 cells
were in G0/1, up to 35% of the cells were PBR-negative
or weakly stained (data not shown).
To make a distinction between quiescent cells (G0)

and active cells in the G0/1 phase of the cell cycle, we
measured the DNA/RNA contents of the cells by acri-
dine orange staining. Two typical patterns of RNA/
DNA distribution in proliferating cells and in cells after
48 h of serum deprivation are shown in Fig. 4. In BT-20
cell cultures containing approximately 65% cells in G0/1

13.16% (�0.79) were RNA-negative or weakly stained
and this proportion increased to 55.12% (�1.57) when
G0/1 cells increased to approximately 85% after serum
deprivation. Cells lost 21.41% (�0.98) of the total RNA
¯uorescence measured in exponentially growing cul-
tures. In MCF-7 cells, the proportion of RNA-negative
cells was higher in asynchronously growing cells
(16.63%�2.4) and only increased to 34.76% (�1.36)
after serum deprivation (data not shown).
The results from the PBR measurements are in good

accordance with binding experiments. The binding
capacity of BT-20 cells for [3H]-Ro5-4864 was strongly
related to cell cycle phases with a negative correlation

(R=ÿ0.98) to the percentage of cells in G0/1 and a
positive correlation (r=0.98) to cells in S phase (Table
1). These experiments were not carried out with MCF-7
cells because of their very low binding capacity [15,16].
As the PBR is located in the mitochondria membrane,

we also analysed the mitochondria mass in the di�erent
cell cycle phases by two-parameter ¯ow cytometry. PI
staining was used for DNA content determination and
NAO (a speci®c dye for the assessment of mitochondrial
membrane mass) for mitochondria. DNA content was
used to separate the various cell cycle compartments
and NAO ¯uorescence was determined in G0/1, S phase
and G2/M cells. Mitochondria content increased con-
tinuously as the cells passed through the cell cycle in
BT-20 cells (Fig. 5), as well as in MCF-7 cells (data not
shown). Mitochondria mass increased by 23% (�3) in S

Fig. 4. DNA and RNA distribution in (a) serum-deprived BT-20 cells and (b) proliferating BT-20 cells grown in medium containing 10% fetal calf

serum (FCS). The cells were stained with propidium iodide (PI) (DNA=y axis) and acridine orange (RNA=x axis). The distinction between posi-

tive and negative cells was based on the RNAse-treated control samples. The threshold between negative and positive cells is indicated by a vertical

line. The inserts show the corresponding DNA histograms.

Table 1

Scatchard analysis of [3H]-Ro5-4864 binding of BT-20 cells in various

states of the cell cycle

[3H]-Ro5-4864 binding Cell cycle phase

Bmax

fM/106 cells

KD

nM

G0/1

% cells

S phase

% cells

G2/M

% cells

231.4 5.6 93 3 4

302.9 10.1 90 7 3

355.4 5.0 74 21 5

374.1 8.2 68 25 7

382.1 8.9 67 25 8

587.3 10.6 23 75 2

784.8 11.1 8 90 2

Bmax, maximal number of binding sites; KD, equilibrium dis-

sociation constant.
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phase and by 50% (�3.7) in G2/M compared with G0/1

in BT-20 cells. As expected, no negative cells were found
(Fig. 5). Incubation of the cells with 50 nM Ro5-4865
for 4 h led to increased proportions of PBR, as well as
of mitochondria mass. The rise in total PBR expression
(65.85%�10) was approximately twice that in mito-
chondria (36.5%�2). 50 mM of Ro5-4865 caused a
reduction in PBR (31.5%�3), whereas the mitochondrial
mass remained at the same level as in untreated cells.

The e�ects of Ro5-4864 on the progression of syn-
chronised BT-20 cells through the cell cycle are shown
in Fig. 6. Ro5-4864 was added after 48 h of serum
deprivation, when approximately 85% of all cells were
in G0/1. The cultures were incubated for 18 h in culture
medium without serum (i.e. 0.5% FCS) containing the
indicated drug concentrations before analysis of the
cellular DNA content. Micromolar Ro5-4864 con-
centrations (10±100 mM) resulted in an increased pro-
portion of cells in G0/1 and a corresponding reduction in
the numbers entering S phase. In contrast, nanomolar
concentrations (1±10 nM) caused an increased percen-
tage of cells in S phase. However, MCF-7 cells showed
no signi®cant increase in S phase when incubated with
nanomolar Ro5-4864 concentrations, while micromolar
concentrations also led to a cell cycle arrest in G0/1 (data
not shown). The inhibitory e�ect of Ro5-4864 in the
micromolar range was fully reversible after addition of
culture medium (containing 10% FCS) in both cell lines
(data not shown).

4. Discussion

In this study, the PBR expression as well as mito-
chondrial mass, were found to increase as cells pass
through di�erent stages of the cell cycle. Concomitantly,
binding of the PBR ligand Ro5-4864 increases accord-
ing to PBR expression.
The two-colour ¯ow cytometric assays revealed that

expression of PBR increases in a near-linear fashion
during the course of the cell cycle of MCF-7 and BT-20
cells. In S and G2/M phases, PBR distribution was found
to be homogeneous in all cells. A more heterogeneous
distribution of staining intensity was found in G0/1 cells.
The heterogeneity re¯ected the presence of both cells
with no or very low levels of PBR and cells with higher
levels. As the percentage of PBR-negative cells increased
with increasing proportions of cells with very low RNA
content, which are regarded as quiescent cells (G0) [17],
PBR appeared to be downregulated in this cell popula-
tion. These ®ndings are in agreement with results from
primary astrocytes and C6 glioma cells, where the high-
est immunoreactivity for PBR was observed in dividing
cells, while in con¯uent cell layers the staining intensity
was signi®cantly decreased [18]. In C6 glioma cells, a
decrease of speci®c PK11195 binding after preincuba-
tion with serum-free medium was observed [10].
Similar to PBR, a near-linear increase was found in

mitochondrial mass during the cell cycle.
While the PBR is predominantly localised in the

mitochondrial membrane [19], a few reports describe
additional benzodiazepine binding sites in other intra-
cellular locations, e.g. the nucleus, Golgi, lysosomes and
peroxisomes [20]. Recently, Hardwick and colleagues
[15] found PBR in aggressive metastatic breast tumour

Fig. 5. Two-parameter contour plot of simultaneous ¯ow cytometric

measurements of propidium iodide (PI) (DNA=x axis) and nonyl-

acredine orange (mitochondria=y axis) stained BT-20 cells, showing

the increase of mitochondria ¯uorescence with an increase in DNA

¯uorescence. The insert shows the corresponding DNA histogram.

Fig. 6. Dose±response e�ect on BT-20 cell cycle phase distribution

after the addition of Ro5-4864. Cells were seeded at 5�105 cells/100

mm2 plastic dishes in Dulbecco's Modi®ed Eagle's Medium (DMEM)

(10% fetal calf serum (FCS)) overnight, serum-starved (0.5% FCS) for

48 h and further incubated in the presence of the indicated concentra-

tions of Ro5-4864 in serum-free medium (0.5% FCS) for 18 h. Each

bar represents the mean�standard deviation (S.D.) of two separate

experiments run in triplicate. *P<0.05; yP<0.01; {P<0.001.
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biopsies, as well as in highly aggressive cell lines local-
ised primarily in and around the nucleus. We previously
reported a correlation of PBR expression and mito-
chondria mass in several breast cancer cell lines [16]. In
this study, the same monoclonal antibody to the C-
terminal fragment of the human PBR [21] was used and
cellular localisation studies by confocal microscopy
showed that the antibody is colocalised exclusively with
mitochondria and did not react with the plasma mem-
brane or other organelles [16,21]. This does not mean
that there are no PBRs in other compartments of the
cell, but it is possible that this antibody could simply
not recognise any other form of PBR due to a slight
di�erence in conformations of the receptor's C-terminus.
Some years ago, a near-linear synthesis of mitochon-

drial mass over the cell cycle was described in HL-60
human leukaemia cells using rhodamine 123 (RH 123)
as a ¯uorescence dye [22]. In the meantime, RH 123
uptake was shown to be driven by the mitochondrial
membrane potential and may indicate mitochondrial
function rather than mitochondrial mass [23]. The dye
used in this study, nonyl-acridine orange, is a newer
compound [24] that freely di�uses into cells and binds to
cardiolipin in the mitochondrial membrane, giving a
¯uorescence staining that is independent of mitochon-
dria activity. However, Leprat and associates [24] found
a correlation between NAO, RH 123 uptake and DNA
content during the cell cycle concluding that there is an
increase in mitochondrial mass, as well as in mitochon-
drial function, while cells pass through the cell cycle. In
C6 and T98G glioma cells, benzodiazepine induced
proliferation of mitochondria. As shown by quantitative
electron microscopy, 10 nM of Ro5-4865 caused a 2.5
times increase in the number of mitochondria compared
with cells incubated in serum-free medium [25]. This
increase which is much higher than that observed in BT-
20 or MCF-7 cells, may be due to di�erences in the
methods employed and cell type.
The e�ect of starving is a reduction in protein synth-

esis leading to cell cycle arrest at the restriction point in
mid-G1 and eventual withdrawal into a G0 resting state.
As we found RNA-positive as well as RNA-negative
cells in the G0/1 fraction of serum-starved cells, we
assume that cells in G1 are able to go on through the cell
cycle and accumulate in G0 after mitosis despite the
presence of micromolar concentrations of Ro5-4864.
However, nanomolar concentrations of Ro5-4864 stimu-
late BT-20 cells to exit G0/1 and enter S phase even
without the addition of serum. The biphasic response of
BT-20 cells was also shown in cells grown with optimal
serum concentrations (10% FCS) by [3H]-thymidine
incorporation experiments [11]. The reversibility of the
inhibitory e�ect as well as the completion of the cell
cycle in the presence of micromolar concentrations of
Ro5-4864 shows that even high concentrations must not
be cytotoxic.

The physiological role of PBR is still debated. Its
major function in endocrine tissues and some cell lines
seems to be associated with cholesterol transport and
steroidogenesis (reviewed in [5]). However, there are
tissues and cells lines where PBR is expressed, but no
steroid synthesis takes place. Therefore, various func-
tions of PBR may be assumed in di�erent tissues. PBR
expression also correlates with the proportion of pro-
liferating cells [16] and tumour malignancy [13,14,26]
which is associated with a rise in the proliferative index.
As energy requirements are higher in growing cells,
higher expression of PBR might be an indicator of
increased metabolic activity in malignant cells. An
endogenous ligand of the PBR, the diazepam binding
inhibitor (DBI) may have an important role in insect
energy metabolism and is expressed mainly in cell types
catabolising fatty acids as a primary substrate for
energy production [27]. Acyl-CoA binding protein of rat
liver, which is identical with DBI of the rat brain, was
shown to take part in acyl-CoA transport and pool
forming and seems to be able to stimulate mitochon-
drial acyl-CoA synthetase and to transport it for mito-
chondrial b-oxidation [28]. An involvement of PBR in
energy generation, which is important for all aspects of
cell metabolism, may explain its higher expression dur-
ing the active phases of the cell cycle and fast growing
aggressive tumours.
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