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Abstract

Strong evidence is emerging that mitochondrial permeability transition (MPT) may be important in certain physiological conditions and
above all, in the processes of cell damage and death. Reversible MPT, triggered by inducing agents in the presence of calcium ions, |
resulted in the opening of a dynamic multiprotein complex formed in the inner mitochondrial membrane and has caused large-amplituc
mitochondrial swelling. In the present work, the exposure of de-energized rat cardiac mitochondria to peripheral benzodiazepine recep
(PBR) ligands (1-(2-chloropheny{-methyl-1-methylpropyl)-3-isoquinolinecarboxamide (PK 11195), 7-chloro-5-(4-chlorophenyl)-1,3-
dihydro-1-methyl-2-1,4-benzodiazepin-2-one (R05-4864), and diazepam) produced a dose-dependent and cyclosporin A (CSP)-sensiti
loss of absorbance, which was indicative of mitochondrial swelling. By contrast, the addition of a high-affinity central benzodiazepine
receptor ligand (clonazepam) was ineffective, even at the highest concentration tested. The ultrastructural changes associated with swel
were similar in mitochondria exposed either to PK 11195 or to calcium. Supporting the apoptotic role of PK 11195-induced swelling,
supernatants from mitochondria that had undergone permeability transition caused apoptotic changes in isolated cardiac nuclei. In additi
ultrastructural abnormalities were observed in rat cardiac tissue followiniyo PK 11195 administration, with these abnormalities being
prevented by CSP co-administration. These data indicate that PBR ligands induce mitochondrial permeability transition and ultrastructut
alterations in isolated cardiac mitochondria as well as in myocardiocytes, suggesting a novel strategy for studying the implication of PB
ligands as apoptosis inducers, through a probable effect on the MPT pore. © 2001 Elsevier Science Inc. All rights reserved.

Keywords:Permeability transition; Benzodiazepine receptor ligands; Cardiac mitochondria; Electron microscopy; Apoptosis; PHn1i¥8&dminis-
tration

1. Introduction of this pore has not been definitively established, proteins
such as hexokinase, PBR, porin, creatine kinase, adenine
One of the bases of the chemiosmotic model of energy nucleotide carrier (ANC), and cyclophilin D have been
transduction is the impermeability of the inner mitochon- suggested to be implicated in MPT pore formation and/or
drial membrane to solutes not endowed with specific trans- regulation [1,3—8]. The MPT pore, also called the
port systems [1]. However, isolated mitochondria are megachannel or multiple conductance channel, functions as
known to undergo a reversible permeability transition in the a C&"-, voltage-, pH-, and redox-gated channel with sev-
presence of an inducing agent and matrix calcium ions, aeral levels of conductance, and little, if any, ion selectivity
reaction that results in the opening of a pore formed at the [1,9-11]. The opening of the MPT pore, which is inhibited
contact site between the inner and outer mitochondrial specifically by the drug cyclosporin A, can cause the dissipa-
membranes [2]. Although the exact molecular composition tion of inner mitochondrial transmembrane potentisiPn)
and colloid osmotic swelling of the mitochondrial matrix, dis-
rupting mitochondrial structure and leading to the release of
_ - N o proapoptotic intermembrane proteins from the mitochondrion
E-mail addresscmartini@farm.unipi.it (C. Martini). Lo .
Abbreviations:MPT, mitochondrial permeability transition; PBR, pe- when the MPT pore opening IS both extensive and meonged

ripheral benzodiazepine receptor; TEM, transmission electron microscopy; _[12_15].- On the Cf)ntrary, When the opening of the MPT pore
and CSP, cyclosporin A. is transient, a rapid resealing allows a total recovery of mito-
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chondrial function: during cardiac ischemia, it has been recog-
nized that pore opening does not occur, whereas during reper-
fusion a significant opening does occur, and recovery of the
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heart depends on subsequent pore closure [16]. o T

As aresult, several papers have suggested that MPT may act as \\\ \c
a “central executioner” of cells subjected to a range of insults 5 \\\
(such as oxidative stress, growth factor removal, or exposure to 2 . I d
cytokines), determining not only whether cells live or die, butalso o \
whether death occurs by apoptosis or necrosis [17,18]. - —

Recently, many works have reported that ligands to PBR, <
a presumed constituent of the pore, show an antiprolifera-
tive effect in normal and transformed cells, and several
studies are now in progress to evaluate their activity as ——
antitumor drugs [19-24]. Interestingly, a change in PBR 0- A
density has been demonstrated in several neoplastic tissues,
and accumulating data indicate a possible role for PBR in
the adaptation of the organism to stress and brain damageFig. 1. Effects of calcium on MPT. Mitochondria-@. mg protein/mL)
(for a review, see [25])_ It has often been Suggested that were incubated in the presence of cglciurr_], and th_e absorbance at 520 nm
PBR is involved in the regulation of cholesterol transport was measured for 10 min, as described in Materials and M ethOdf' MPT

. . . was induced at time zero by the addition of calcium. Trace ay28@Ca?
from the cytoplasm to the mitochondrial matrix [26—29]; pius 5um CSP; trace b: 25M Ca2*; trace ¢: 10QuM Ca?*; trace d: 250
furthermore, it has been demonstrated that PBR ligandsum ca*; trace e: 500uM Ca*. All traces were redrawn to start at
control the immune function [25,26,30] and cell prolifera- exactly the same point, so absolute absorbance values are not given.
tion [25’31_34]. In particular, PK 11195, a specific PBR Adjustments were less than 3%. All Fraces represent typi_cal experimepts
ligand, facilitates mitochondrial transmembrane potential repeated on at least four separate mitochondrial preparations with similar
results.

disruption and subsequent apoptosis, induced by a number
of different agents including agonists of the glucocorticoid
receptor, chemotherapeutic agents (etoposide, doxorubicin),7-chloro-5-(4-chlorophenyl)-1,3-dihydro-1-methyH21,4-
and y-irradiation, in a variety of cell types [35]. A potenti- benzodiazepin-2-one (R05-4864), soybean trypsin inhibitor,
ation of the cytotoxicity of several agents by PBR ligands bacitracine, and benzamidine were obtained from the Sigma
has also been demonstrated on mouse fibroblasts [36] andChemical Co. Rotenone, antimycin A, and cyclosporin A
rat hepatocytes [37], and this has been related to the induc+were obtained from Calbiochem. All other compounds were
tion of MPT, as assessed by the loss of rhodamine fluores-purchased from chemical sources.
cence in fibroblasts [36] and by light-scattering changes in
isolated liver mitochondria [37]. 2.2. Cardiac mitochondria preparation

Based on these considerations, in the present work we
first tested the ability of selective and non-selective PBR  \jitochondria were prepared from hearts of male Wistar
ligands to induce rat isolated heart mitochondrial swelling yats (200-250 g body wt) essentially as previously de-
in a de-energized medium using the electron transport in- g¢rined [40], with minor modifications. Briefly, after rapid

hibitors rotenone and antimycin A. Secondly, nuclear apo- remqyal and dissection, the heart was gently homogenized
ptotic changes were investigated by the use of a “cell-free in 20 volumes (w/v) of ice-cold 5 mM Tris—HCI buffer, pH

system” assay, mixing together mitochondrial extracts after 7.4, containing 0.32 M sucrose, 1 mM EDTA, and protease

MPT induction and purified nuclei. The “cell-free system” . . . o
was designed to reproduce the essential steps of the apo'—nhlbltOrs (0.2 mg/mL. of soybean trypsin inhibitor, 0.2

ptotic processn vitro by mixing together cell extracts and [)ngﬁ{mL of pacnrac'ljtta, a_?_d 0.16hmg/mL O.f benﬁ_a;]mur:i]mej) (r
purified organelles [12,13,38,39]. Finally, in order to reveal uffer), using a][] dra— %rgx fomlogen}zer. d E orﬂoge—
possible submicroscopic damage, we investigated both iso-nate was centrifuged at g for 10 min and the pellet

lated mitochondria exposed to PK 11195 and myocardial V@S suspended in the same initial volume of 50 mM Tris—
tissue afteiin vivo PK 11195 administration. HCI buffer, pH 7.4, containing 0.32 M sucrose and protease

inhibitor (T, buffer) and centrifuged at the same speed three
times. The resulting supernatants were recovered and cen-

T'im e (m inutes)

2. Materials and methods trifuged at6500 X g for 20 min and the resulting pellet,
suspended in the ,T buffer and centrifuged twice at
2.1. Materials 10,000 g for 10 min, was designated as the “mitochon-
drial fraction.” All operations were carried out at 4°. Protein
1-(2-ChlorophenyN-methyl-1-methylpropyl)-3-isoqui- ~ concentration was determined by Lowry’s method modified

nolinecarboxamide (PK 11195), Diazepam, Clonazepam, by Peterson [41], using BSA as the standard.
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Fig. 3. Effects of benzodiazepine receptor ligands on MPT. Swelling of
de-energized mitochondria was initiated by the addition of L80ben-
zodiazepine receptor ligands to the sample cuvette and monitored for 10
o B min, as described in Materials and Methods. Results are expressed as the
\;‘*——A\Yﬂm means+ SEM of four separate experiments analyzed using the GraphPad
\ InStat program.

\ 2.3. De-energized cardiac mitochondria swelling
\ measurement

\ Induction of MPT was monitored by following the ab-

~— sorbance decrease associated with mitochondrial swelling

e [1,42,43]. The procedure was essentially as described by

. . . ‘ ‘ Halestrap [44]: fresh heart mitochondria were added to

2 4 6 8 10 12 10-15 mL of a buffer containing 150 mM sucrose, 10 mM
Time (minutes) Mops (3-[N-morpholino]-propanesulfonic acid), 5 mM

Tris, and electron transport inhibitors (Ou®/mL of rote-
C none and 0.5.g/mL of antimycin A) at pH 7.2 (“swelling

W&ﬂa buffer”). After mixing, 1.0 mL portions of the suspension
\\\’:\,\_ﬂ\_

Absotbance ,,, .

|
!

i

520 am

— (final concentration approximately 1 mg protein/mL) were
S ¢ added to both sample and reference cuvettes of a split-beam

T spectrophotometer. Swelling was initiated by addition of
calcium or benzodiazepine receptor ligands to the sample
cuvette, and the absorbance at 520 nm @Hhs) was
monitored with an on-line computer at 30° for 10 min. In
some samples, CSP (8M) was added in the presence of the
test ligands. The ethanol concentration in the incubation
medium was maintained below 0.5% (v/v).

A bsorbance

T v ] T T v T T T T 1
2 4 6 & 1o 12 2.4. Electron microscopy
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Sml

Fig. 2. Effects of PBR ligands on MPT. Mitochondria1 mg protein/mL) 2.4.1. Isolated car(iiac mitochondria _ _
were incubated in the presence of PBR ligands, and the absorbance at 520 Control and C&"- or PK 11195-treated mitochondria

nm was measured for 10 min, as described in Materials and Methods. MPT were fixed by mixing equal amounts (v/v) of the mitochon-
was induced at time zero by addition of the test ligand. (A) 20, 40, 100, or drial suspensions with 2.5% glutaraldehyde in 0.1 M caco-
250 M PK 11195 (traces b, c, d, and e, respectively) opd0 PK 11195 dylate buffer pH 7.4 After a primary fixation of approxi-

plus 5uM CSP (trace a) was added. (B) 40, 100, or 28@ Ro5-4864 ! - .
(traces b, ¢, and d, respectively) or 4B Ro5-4864 plus 5:M CSP (trace mately 5 min, the mitochondria were pelleted by
a) was added. (C) 40, 100, or 23fM diazepam (traces b, ¢, and d,  centrifugation and subsequently fixed with 2.5% glutaralde-
respectively) or 10quM diazepam plus M CSP (trace a) was added. Al hyde in 0.1 M cacodylate buffer for 1 hr at 4°. After rinsing

traces were redrawn to start at exactly the same point, so absolute absor]-n cacodylate buffer, mitochondrial peIIets were postfixed in

b ! t given. Adjustment less than 3%. Al t : .
ance values are not given. Adjusiments were 1ess than 7. Al Waces 1 o4 o4 codylate-buffered osmium tetroxide for 2 hr at room

represent typical experiments repeated on at least four separate mitochon- . .
drial preparations with similar results. temperature, then dehydrated in a graded series of ethanol,
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Fig. 4. Electron micrographs of de-energized cardiac mitochondria. (a) Mitochondria not exposed to any agent (control specit&0§)0; (b)

mitochondria exposed to 250M Ca?*, X 11,500; (c) mitochondria exposed to 40 PK 11195,x 13,000; and (d) mitochondria exposed to 100 PK
11195, 13,000.

briefly transferred to propylene oxide, and embedded in mM KCI, 15 mM NaCl, 5 mM EDTA, 1uM phenylmeth-
Epon-Araldite. Ultrathin sections (60—80 nm thick) were ylsulphonyl fluoride, and 10 mM Mop$-[N-morpholino]-

cut with a diamond knife, placed on Formvar carbon-coated propanesulfonic acid), 5 mM Tris, pH 7.4. Cardiac mito-
copper grids (200 mesh), stained with uranyl acetate andchondrial swelling was induced by 100M PK 11195.
lead citrate, and observed with a Jeol 100 SX transmissionAfter 10 min, the PK 11195-exposed and non-exposed mi-

electron microscope. tochondria were pelleted by centrifugati@h3,000X g for
5 min). The corresponding supernatants were added to 1
2.4.2. Cell-free system of apoptosis mM ATP, 1 mM MgCl, and 25uL nuclei and incubated

For thein vitro apoptosis assay, rat cardiac nuclei were for 2 hr at 37°. Finally, the nuclear suspensions were cen-
prepared essentially as reported by Jackowski [45], andtrifuged at 1000 X g for 10 min, and the pellets were
suspended (final concentration 20 mg protein/mL) in a processed for TEM analysis, as previously described for the
buffer containing 250 mM sucrose, 1 mM dithiothreitol, 80 mitochondrial pellets.



B. Chelli et al. / Biochemical Pharmacology 61 (2001) 695-705 699

creasing calcium concentrations, and the calcium effect was
totally inhibited by 5uM cyclosporin A (Fig. 1). Subse-
quently, we assessed the ability of benzodiazepine receptor
ligands to induce swelling in de-energized rat cardiac mi-
tochondria. PK 11195 and Ro05-4864 induced MPT in a
dose-dependent manner (Fig. 2, A and B): the exposure of
mitochondria to less than 4QM of either PK 11195 or
R05-4864 had no detectable effect, whereas exposure to 40,
100, or 250uM PBR ligands induced a loss of absorbance.
The decrease in absorbance induced by either PK 11195 or
Ro05-4864 was prevented by cyclosporin A, the specific
inhibitor of MPT pore opening. Fig. 2C shows that the
benzodiazepine agonist, diazepam, similarly induced swell-
ing of de-energized mitochondria, although a dose-depen-
dent decrease in absorbance was obtained on addition of
100 or 250uM diazepam to mitochondria, while the 4M
concentration showed only a slight effect. Again, cyclo-
sporin A completely prevented the swelling induced by 100
uM diazepam.

Mitochondrial light-scattering changes induced by a sin-
gle concentration (10QuM) of the test compounds are
illustrated in Fig. 3. Selective and non-selective PBR Ili-
gands induced MPT; by contrast, no swelling was found in
the presence of the central-type benzodiazepine receptor

Flg 5. Electron mlcrographs (@) Nucleus exposed to supernatant from PK ligand, clonazepam, even at 2%, the highest concen-
11195-treated mitochondria. Note the condensation and margination of tration tested (data not shown).

chromatin typical of early stages of apoptosis, 16,000. (b) Nucleus
exposed to supernatant from untreated mitochondria. The chromatin shows
the characteristic diffuse patter®, 15,000.

3.2. Ultrastructural observation of calcium- or PK 11195-
exposed mitochondria

2.4.3. Myocardiac tissue aftén vivo PK11195
administration

In in vivo experiments, three groups of animals were
injected intraperitoneally (1.0 mL) with PK 11195 (5 mg/
kg), PK 11195 (5 mg/kg) plus CSP (10 mg/kg), and CSP (10
mg/kg), respectively, suspended in 20% (w/v) dilute Emul-
phor in saline solution (dilute Emulphor is Emulphor diluted
1:1, viv, with ethanol). In parallel, one group of rats (control) - . .
received an i.p. administration of the vehicle (Emulphor saline d), the majority of mitochondria were grossly damaged. In

: . ) . particular, they showed swelling, hypertrophy, cristolysis,
solution). After 30 min, control and treated animals were kllleq and matrix dilution (Fig. 4, b—d vs Fig. 4a). In the presence

by cgrvical dislocaf[ion and tho_racotomized, anq the hgarts, still of 40 uM PK 11195 (Fig. 4c), some mitochondria appeared
peaung, were cut into smoall pieces (1 Mrand immediately to have completed, or partially completed, the morpholog-
f|xed_|n g!utagaldehy_de 3% |n_0.1- M cacodylate buffer and ical changes associated with becoming permeable and
postfixed in 1% osmium tetroxide in the same buiffer for 2 hr welling, while others still displayed the characteristic ul-
at room temperature. Latgr steps were performed as describe astructure of the intact organelle. In the presence of 100
above for TEM observation. The care and handling of the uM PK 11195 (Fig. 4d), almost all mitochondria showed

animals was in accordance with the provisions of the European . L
. o : hypertrophy and severe disturbance in cristae arrangement.
Community (EC) Council Directive 86-609 recognized and yp Phy v ISt n el 9

adopted by the Italian Government.

In order to visualize ultrastructural alterations in isolated
rat cardiac mitochondria after exposure to calcium or PK
11195, the mitochondrial samples were observed with a
transmission electron microscope. Control specimens
showed well-preserved mitochondria with an electron-dense
matrix and well-arranged cristae (Fig. 4a). In the specimens
treated with either Ca (Fig. 4b) or PK 11195 (Fig. 4, c or

3.3. Ultrastructural observation of cardiac nuclei

3. Results To determine whether apoptogenic proteins were re-
leased from cardiac mitochondria during PK 11195-induced
3.1. De-energized cardiac mitochondrial swelling permeability transition, supernatant from mitochondria

which had undergone MPT was incubated with isolated rat
A greater decrease in light-scatterindAbss,onm Was cardiac nuclei. The addition of supernatant from treated
observed when cardiac mitochondria were exposed to in-mitochondria to myocardiocyte nuclei led to a morpholog-
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Fig. 6. Electron micrographs of rat myocardium. (a) Longitudinal section of atrial cardiomyocyte from controlXat000. (b) Section of atrium from rat
treated with PK 11195. Some clusters of mitochondria (M) show an increased volume, matrix dilution, and cristoy&i800. (c) Longitudinal section
of atrial cardiomyocyte from control rat. Well-preserved mitochondria (M) are oriented among myofibrils (F) exhibiting a normal arrangeh2edd0.

(d) Section of atrium from rat treated with PK 11195. Altered mitochondria (M) and disarranged myofibrils (F) are Ws#&90. Abbreviations used in

the figure: (A) atrial granules; (D) intercalated discs; (F) myofibrils; (M) mitochondria; and (N) nucleus.
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(Fig. 7a) exhibited intact mitochondria and well-preserved
myofibrils and atrial granules, as in cardiomyocytes from
CSP-treated rats (Fig. 7b).

Ventricular cardiomyocytes from control rats displayed a
normal subcellular architecture as in standard descriptions
(Fig. 8a). On the contrary, pictures from PK 11195-treated
rats showed mitochondria with considerable alterations,
consisting of an increased volume (hypertrophy), dilution of
the matrix, and cristolysis (Fig. 8b). In some cases, lacunar
areas corresponded to the disappearance of mitochondrial
crests and the enlargement of the space between inner and
outer membranes (Fig. 8b, inset). Disarrangement in myo-
fibrils was sometimes observed, but no alteration of inter-
calated discs was found. Ventricular cardiomyocytes from

. : : Vo PK 11195 plus CSP-treated rats (Fig. 8c) showed well-
Fig. 7. Electron micrographs of rat myocardlum (a) Longltudlnal section preserved mitochondria and myofibrils, as in ventricular

of atrial cardiomyocyte from rat treated with PK 11195 plus cyclosporin A.  sections from CSP-treated animals (Fig. 8d).
Intact mitochondria (M) and myofibrils (F) with a normal arrangement are
visible, X 9,200. (b) Section of atrium from rat treated with cyclosporin A.

Well-preserved mitochondria (M) and myofibrils (F) are visible as in (a),
X 14,000. Abbreviations used in the figure: (A) atrial granules, (F) myo-
fibrils, (M) mitochondria, and (N) nucleus.

4. Discussion

PBR ligands induce mitochondrial permeability transi-
tion in heart mitochondria in a concentration-dependent and
cyclosporin A-sensitive manner, as confirmed by light-scat-
ical pattern of early apoptosis. Fig. 5a shows an apoptotic tering changesAAbs o, and electron microscope visu
nucleus with condensation of chromatin into dense masses gjization. PK 11195-treated mitochondria showed complete
mainly adjacent to the inner nuclear envelope. In contrast, or partially complete round structures, consistent with their
nuclei incubated with Supel’natant from untreated mitochon- becoming permeab|e, and swollen mitochondria, in contrast
dria revealed no apoptotic features (Fig. 5b). In addition, with well-preserved control organelles, showing an elec-
isolated nuclei directly exposed to PK 11195 did not reveal tron-dense matrix and well-arranged cristae. The “cell-free
any morphological alteration (data not shown). system” assay provided evidence of apoptotic changes in

isolated cardiac nuclei after their incubation with superna-
3.4. Ultrastructural observation of myocardiac tissue after tants from swollen mitochondria.

in vivo PK 11195 administration The selective and non-selective peripheral-type receptor
ligands, PK 11195, Ro05-4864, and diazepam, promote
In order to investigate whethar vivo PK 11195 admin- MPT; on the other hand, the central-type receptor-selective

istration was able to induce ultrastructural alterations in rat ligand, clonazepam, was found to be ineffective, even at the
cardiac tissue, one group of animals was injected intraperi- highest concentration tested. MPT can be commonly ob-
toneally with the selective PBR ligand, PK 11195 (5 mg/ served after calcium accumulation in the presence of a
kg), a second group with PK 11195 (5 mg/kg) plus CSP (10 surprisingly wide variety of inducing agents, ranging from
mg/kg), a third group with CSP (10 mg/kg), and a fourth Me?" ions to local anaesthetics, scavengers of oxygen rad
group (control group) received only the vehicle. Atrial car- icals, and many others, with no obvious functional or struc-
diomyocytes from control specimens displayed a normal tural features in common [2].

subcellular structure, showing well-preserved intermyofi- In our hands, a cyclosporin A-sensitive induction of
brillar mitochondria and scattered electron-dense atrial MPT was demonstrated following exposure of rat cardiac
granules (Fig. 6, a and c). By contrast, cardiomyocytes from mitochondria to an increasing calcium concentration, in
PK 11195-treated animals exhibited altered mitochondria agreement with the data reported by Halestrap [44]. Typi-
with different degrees of swelling in mitochondrial cham- cally, after a lag phase during which membrane permeabil-
bers. In addition, mitochondria showed disruption of the ity remains normal, C& uptake is followed by a sponta
crests and loss of matrix substance (Fig. 6, b and d). A neous increase in permeability. This seems to be due to the
marked heterogeneity of myofibril patterns was observed. A opening of a non-selective channel, specifically inhibited by
few areas showed a normal structure, while in others, dis- cyclosporin A [44,46—48], with a minimum diameter of 2.8
arranged myofibrils as well as rupture of the myofilaments nm, allowing equilibration of solutes with molecular masses
were visible (Fig. 6d). Atrial granules and intercalated discs up to 1200 Da [49]. Several authors have suggested that the
appeared to have a normal structure (Fig. 6, b and d). Atrial MPT pore coincides with the mitochondrial megachannel
cardiomyocytes from PK 11195 plus CSP-treated animals (MMC) [42,50-52], identified by patch-clamp studies [53,
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Fig. 8. Electron micrographs of rat myocardium. (a) Section of ventricular cardiomyocyte from conteold@&00. (b) Section of ventricular cardiomyocyte
from rat treated with PK 11195. The mitochondria (M) show significant alterations consisting of cristolysis and large areas of matrix cilutBB80.

In the inset, note the considerable widening (*) between the outer and inner mitochondrial memizra&h@80. (c) Longitudinal section of ventricular
cardiomyocyte from rat treated with PK 11195 plus cyclosporin A. Myofibrils (F) with a normal arrangement and well-preserved mitochondriaeare visibl
X 16,800. (d) Longitudinal section of ventricular cardiomyocyte from rat treated with cyclosporin A. Normal myofibrils (F) and mitochondria (lsfpbee vi

as in (c),x 16,000. Abbreviations used in the figure: (F) myofibrils, (M) mitochondria, and (N) nucleus.
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54]. Multiple regulatory steps are involved in the modula- gesting a resilience of the cardiac tissue as a result of
tion of the pore activity, although all known inducers re- CSP-induced MPT pore closure, as reported in previous
quire matrix calcium accumulation [2], with the exception papers [1,16,43,44]. The ultrastructural alterations induced
of the bifunctional SH group reagent, phenylarsine oxide by PK 11195 and prevented by CSPimvivo functional
[55,56]. The PBR ligands induced MPT without any cal- mitochondria confirmed that the effects observed in isolated
cium addition, probably either by facilitating endogenous de-energized mitochondrial fractions were not related to
calcium binding to its own sites and/or by acting directly on experimental variables.

the proteinaceous pore. This hypothesis is in agreement In conclusion, our present data demonstrate that PBR
with the suggested molecular pore structure, consisting of ligands trigger MPT in a dose-dependent and CSP-sensitive
two copies of the 18-kDa peptide (PK 11195-binding site) manner, suggesting a novel strategy to investigate the mo-
associated with dimer porin molecules and with two mole- lecular mechanism of MPT induction. Furthermore, super-
cules of the adenine nucleotide carrier [1]. In addition, natants from PK 11195-exposed mitochondria induce nu-
Kinnally et al. [5] have reported that the benzodiazepine clear apoptotic changes. These findings encourage further
R05-4864 inhibits MMC activity, while clonazepam and studies on the critical role of MPT in the apoptotic pathway.
R015-1788, which bind specifically to the central-type re-
ceptor, are ineffective.

Our data may facilitate the understanding of some PBR
ligand effects shown in other cell models: indeed, in recent
Work?” PK 11195 has been shown to f_acmtate t_he MPT pore [1] Zoratti M, Szabol. The mitochondrial permeability transition. Bio-
opening induced by the tumor necrosis factor in L929 cells chim Biophys Acta 1995:1241:139-76.

[36]. Furthermore, protoporphyrin IX, an endogenous sub- [2] Gunter TE, Pfeiffer DR. Mechanisms by which mitochondria trans-

stance with a high affinity for PBR, has been shown to port calcium. Am J Physiol 1990;258:C755-86.

induce swelling in isolated liver mitochondria and to poten- [3] Beutner G, Ruck A, Riede B, Weite W, Brdiczka D. Complexes

tiate killing of hepatocytes by rotenone [37]. It has been betwee_n kinases, mltochondrlal_ porin, ar_lq adenylate translocator |.n
- . . rat brain resemble the permeability transition pore. FEBS Lett 1996;

suggested that the opening of the mitochondrial pore may 396:189-95.

explain how PK 11195 facilitates apoptosis triggered by a [4] McEnery MW, Snowman AM, Trifeletti RR, Snyder SH. Isolation of

variety of different agents, as reported by Hirsch and co- the mitochondrial benzodiazepine receptor: association with the volt-

workers in several cell lines [35]. Indeed, apoptosis research age-depende_nt anion channel and the adenine nucleotide carrier. Proc

has recently undergone a change from a model in which the Natl Acad Sci USA 1992,89:3170-4.

- - ) ; 5] Kinnally KW, Zorov DB, Antonenko YN, Snyder SH, McEnery MW,
nucleus determined the apoptotic process to one in which Tedeschi H. Mitochondrial benzodiazepine receptor linked to inner
mitochondria constitute the center of death control [57]. membrane ion channels by nanomolar actions of ligands. Proc Natl
Using a “cell-free system” assay, it has been demonstrated = Acad Sci USA 1993;90:1374-8.
that mitochondria from healthy tissue release apoptogenic [6] ©'Gorman E, Beutner G, Dolder M, Koretsky AP, Brdiczka D,

. . 2 Wallimann T. The role of creatine kinase in inhibition of mitochon-
factors on addition of inducers of MPT, such as Ca drial permeability transition. FEBS Lett 1997;414:253-7.

pro-oxidants, caspases, and perhaps protein kinases. Thesg7] marzo I, Brenner C, Zamzami N, Susin SA, Beutner G, Brdiczka D,
proteins, the so-called apoptosis-inducing factors, then Remy R, Xie ZH, Reed JC, Kroemer G. The permeability transition
cause apoptotic changes in normal purified nuclei [12,15, pore complex: a target for apoptosis regulation by caspases and
58]. Supporting an apoptotic role of PK 11195-induced bel-2-related proteins. J Exp Med 1998;187:1261-71. ,
. L. L . . [8] Zamzami N, Marzo |, Susin SA, Brenner C, Larochette N, Marchetti
permeab|I|ty transmqn In ISOIa_‘ted mitochondria, _su_perna- P, Reed J, Kofler R, Kroemer G. The thiol crosslinking agent diamide
tantS from SWO”en mltOChOﬂdrla Caused ChangeS n ISO|ated overcomes the apoptos|s_|nh|b|t0ry effect Of Bc|_2 by enforcing mi-
cardiac nuclei. TEM analysis of treated nuclei revealed tochondrial permeability transition. Oncogene 1998;16:1055-64.
condensation and margination of chromatin, as is typical of [9] Kinnally KW, Lohret TA, Campo ML, Mannella CA. Perspectives on
the ea”y stage of apoptosis, while no apoptotic features the mitochondrial multiple conductance channel. J Bioenerg Bi-

ere found in nuclei exposed to supernatants from untreated omembr 1996;28:115-23.
w undin nucier exp up u [10] Bernardi P, Petronilli V. The permeability transition pore as a mito-

mitOChO!"'dr_ia or to PK 11195 50|Uti0_n- _ chondrial calcium release channel: a critical appraisal. J Bioenerg
Our findings revealed mitochondrial swelling and myo- Biomembr 1996;28:129-36.

fibril disarrangement in atrial and ventricular cardiomyo- [11] Ichas F, Jouaville LS, Mazat JP. Mitochondria are excitable or-

cytes of rats aftein vivo PK 11195 administration. The ganelles capable of generating and conveying electric and calcium
L signals. Cell 1997;89:1145-53.

damage four_]d was prObany (_jue to the accumulation of the[12] Zamzami N, Susin SA, Marchetti P, Hirsch T, Gomez-Monterrey |,

non—_metabohzed compound in the h_earL as s_uggested bY  castedo M, Kroemer G. Mitochondrial control of nuclear apoptosis.

previous reports on tha vivo evaluation of radiolabeled J Exp Med 1996;183:1533-44.

PK 11195 distribution and metabolism [59,60]. However, [13] Susin SA, Zamzami N, Castedo M, Hirsch T, Marchetti P, Macho A,

no apoptotic changes were found in cardiomyocyte nuclei Daugas E, Geuskens M, Kroemer G. Bcl-2 inhibits the mitochondrial

Simultaneous PK 11195 plus CSP vivo administration release of an apoptogenic protease. J Exp Med 1996;184:1331-42.

. : P [14] Kantrow SP, Piantadosi CA. Release of cytochroen&om liver
protected cardiac tissue; no ultrastructural damage was 0b-  mitochondria during permeability transition. Biochem Biophys Res

served in either atrial or ventricular cardiomyocytes, sug- Commun 1997;232:669-71.
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