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R E V I E W A RT I C L E



Mitochondria and cell death Mechanistic aspects and methodological issues Paolo Bernardi1, Luca Scorrano1, Raffaele Colonna1, Valeria Petronilli1 and Fabio Di Lisa2 CNR Unit for the Study of Biomembranes and Departments of 1Biomedical Sciences and 2Biological Chemistry, University of Padova, Padova, Italy



Mitochondria are involved in cell death for reasons that go beyond ATP supply. A recent advance has been the discovery that mitochondria contain and release proteins that are involved in the apoptotic cascade, like cytochrome c and apoptosis inducing factor. The involvement of mitochondria in cell death, and its being cause or consequence, remain issues that are extremely complex to address in situ. The response of mitochondria may critically depend on the type of stimulus, on its intensity, and on the specific mitochondrial function that has been primarily perturbed. On the other hand, the outcome also depends on the integration of mitochondrial responses that cannot be dissected easily. Here, we try to identify the mechanistic aspects of mitochondrial involvement in cell death as can be derived from our current understanding of mitochondrial physiology, with special emphasis on the permeability transition and its consequences (like onset of swelling, cytochrome c release and respiratory inhibition); and to critically evaluate methods that are widely used to monitor mitochondrial function in situ. Keywords: mitochondria; cell death; apoptosis; necrosis; permeability transition; calcium; caspases; fluorescence; probes; cytochrome c. Mitochondria are central to the life of eukaryotic cells. In recent years, it has become clear that mitochondria also play a key role in the pathways to cell death [1±8]. This role of mitochondria cannot be explained by a mere `loss of function' resulting in an energetic deficit. Rather, it is increasingly recognized as an `active' process mediated by regulated effector mechanisms in a wide variety of conditions. A large body of observations from the fields of immunology, toxicology, oncology, neurology and cardiology testifies about the centrality of this issue. However, the general reader is probably puzzled by the growing number of conflicting reports, and by the diverging conclusions reached by different groups when mechanistic issues are addressed and/ or cause-relationship effects are discussed. A clear example is represented by the question of cytochrome c release, and of how this event relates to mitochondrial respiration, maintenance of the mitochondrial membrane potential difference (Dcm) and volume homeostasis. In our opinion, part of the problem resides in the intrinsic difficulties one faces when measuring `mitochondrial function' in intact cells, an issue that is not always adequately appreciated. Mitochondrial responses in vivo may be extremely Correspondence to P. Bernardi/F. Di Lisa, CNR Unit for the Study of Biomembranes, Viale Giuseppe Colombo 3, I-35121 Padova, Italy. Fax: + 39 049827 6361, E-mail: [email protected] or [email protected] Abbreviations: Dcm, mitochondrial membrane potential difference; m Ä H, mitochondrial proton electrochemical gradient; Dcp, plasma membrane potential difference; MTP, mitochondrial permeability transition pore; PT, permeability transition; Cs, cyclosporin; PN, pyridine nucleotides; ANT, adenine nucleotide translocase; AIF, apoptosis inducing factor; [Ca2+]m, mitochondrial matrix free Ca2+ concentration; [Ca2+]c, cytosolic free Ca2+ concentration; DiOC6(3), 3,3 0 -dihexyloxacarbocyanine iodide; CMTMRos, chloromethyltetramethyl rosamine; FCCP, carbonylcyanide-p-trifluoromethoxyphenyl hydrazone; MDR, multidrug resistance pump; JC-1, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolocarbocyanine iodide; TMRM, tetramethylrhodamine methyl ester; AM, acetoxymethyl. (Received 8 April 1999, accepted 19 July 1999)



hard to decipher, and a large discrepancy currently exists between our understanding of mitochondrial function in the isolated organelle and in the intact cell. However, an acceptable description of in vivo events must always take into account facts and concepts established in decades of in vitro studies. Also, it should be realized that discrepancies may arise from inapparent differences in the experimental conditions, but also from artifacts or misinterpretation of the in situ experiments. As should become clear later in the review, particular care should be exerted in studies with fluorescent probes. These are easily detected by cytofluorimetric and imaging techniques, but often have not been adequately characterized for phototoxicity and for directs effects on mitochondrial function that may preclude or seriously limit their use with living cells. Major goals of this review are to identify and discuss the mechanistic aspects of mitochondrial involvement in cell death as can be derived from our current understanding of mitochondrial physiology; and to critically evaluate the key issues emerged from recent studies, with the objective of enucleating points of controversy and of identifying outstanding problems. This review is not intended to provide an extensive coverage of the literature, which can be found in recent reviews [9±24].



THE MEMBRANE POTENTIAL, M I TO C H O N D R I A L C AT I O N T R A N S P O R T A N D M AT R I X S W E L L I N G The initial event of energy conservation is charge separation at the inner mitochondrial membrane. Electrons deriving from oxidation of substrates are funneled to oxygen through the redox carriers of the respiratory chain, and this process is coupled to H+ ejection on the redox pumps at complexes I, III and IV. As the passive permeability to H+ and to cations and anions is generally low, H+ ejection results in the establishment of a H+ electrochemical gradient, mÄH [25,26]. The magnitude
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of the proton electrochemical gradient is about 2220 mV, and under physiological conditions most of the gradient is in the form of a Dcm [27]. Monovalent cations The inside-negative Dcm represents the major driving force for mitochondrial cation accumulation. As the cytosolic concentrations of K+ and Na+ are about 150 and 5 mm, respectively, for a Dcm of 2180 mV equilibrium matrix [K+] and [Na+] should be 150 m and 5 m, respectively. This is never achieved for two main reasons: (a) the high permeability of the inner membrane to water, which prevents the buildup of a cation concentration gradient and therefore maintains the matrix isoosmolar relative to the intermembrane and extramitochondrial spaces despite cation uptake, a point that is not always appreciated [28]; because of this, any net uptake of cation salts down the electrochemical gradient, no matter how slow, would eventually lead to swelling with inner membrane unfolding and outer membrane rupture; (b) the operation of the electroneutral H+-Na+ and H+-K+ exchangers, which catalyze cation efflux and thus prevent thermodynamic equilibration of the gradients; because of this, the cation accumulation ratio is kinetically modulated by the relative rates of uptake via the K+ and Na+ channels and efflux via the H+-Na+ and H+-K+ exchangers [29,30]. These fluxes are tightly regulated to achieve volume homeostasis without major energy drain. A detailed coverage of these transport pathways, which is beyond the scope of this review, can be found in [31]. Calcium As cytosolic free [Ca2+] ([Ca2+]c) oscillates between about 0.1 and 1 mm, for a Dcm of 2180 mV equilibrium matrix free [Ca2+] ([Ca2+]m) should be 0.1±1.0 m, i.e. at least 100 000 to 1 000 000-fold higher than the actual values measured in isolated mitochondria and in intact cells [32]. Also in this case displacement from thermodynamic equilibrium is due to the fact that Ca2+ distribution represents a steady state where electrophoretic Ca2+ uptake via the Ca2+ uniporter and/or the rapid uptake mode [33] is matched by Ca2+ efflux on two separate pathways, the `Na+-dependent Ca2+ efflux pathway' and the `Na+-independent Ca2+ efflux pathway' [34,35]. As the maximal rate of Ca2+ efflux via these pathways is much lower than that of Ca2+ uptake, mitochondria are exposed to the hazards of Ca2+ overload when [Ca2+]c rises steadily, or when the frequency of its oscillations increases. Due to the low [Ca2+]c and [Ca2+]m, and to the presence of Pi and other Ca2+-complexing anions and proteins in the matrix, Ca2+ uptake is unlikely to be a direct cause of mitochondrial swelling. In vitro at least, Ca2+-dependent swelling is rather due to opening of a high-conductance channel, the mitochondrial permeability transition pore (MTP) which is briefly covered below. At variance from swelling that depends on K+ uptake, swelling caused by MTP opening occurs in fully depolarized mitochondria, and it demands a concentration gradient of solute(s) between the intermembrane and matrix spaces.



THE PERMEABILITY TRANSITION The permeability transition (PT) is a sudden increase of the inner membrane permeability to solutes with molecular mass below approximately 1500 Da [36±38]. This phenomenon is most easily observed after the matrix accumulation of Ca2+, and it is widely believed to be caused by opening of a regulated
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channel. This channel, MTP, can be defined as a voltagedependent, cyclosporin (Cs) A-sensitive, high-conductance inner membrane channel. In the fully open state, the apparent pore diameter is about 3 nm [39] and the pore open±closed transitions are highly regulated by multiple effectors at sites that are summarized in Table 1. Many of these sites can be affected by conditions and mediators implied in a variety of models of cell death, and evidence exists to suggest that the PT may be an early event in committment to apoptosis, particularly in the immune system [50]. Regulation of the MTP has recently been covered in detail elsewhere [31]. Here, we will rather focus on its consequences because these are central to understanding its potential role in cell death. The only primary consequence of MTP opening in vitro is membrane depolarization, and common PT assays in intact cells are indeed based on the fluorescence changes of probes that are accumulated by mitochondria in reponse to the Dcm. The theoretical and practical aspects of the use of probes, and their limits, will be discussed in some detail below. What needs to be stressed here is that although MTP opening is always followed by depolarization, depolarization is not always caused by MTP opening. It is unfortunate that many otherwise excellent studies consider depolarization in situ as an unequivocal evidence that a PT has occurred, which can be an obvious source of misunderstandings when the experimental results are interpreted in mechanistic terms. Pore opening can have consequences on respiration that depend on the substrates being oxidized. With pyridine nucleotide (PN)-linked substrates MTP opening is followed by respiratory inhibition because matrix PN are lost, an experimental finding that preceded definition of the Ca2+-dependent permeability change as a PT [51]. With complex II-linked substrates the PT is rather followed by uncoupling. The consequences of a PT on respiration in vivo (and on the related issue of production of reactive oxygen species) therefore depend on whether, and to what extent, PN depletion and subsequent hydrolysis by outer membrane glycohydrolase take place [52]. Irrespective of whether respiration is inhibited or stimulated, collapse of the mÄH caused by the PT should curtail ATP synthesis as long as the pore is open. Together with increased hydrolysis by the mitochondrial ATPase, this should contribute to cellular ATP depletion (reviewed in [53]). Pore opening is followed by equilibration of ionic gradients and of species that have a molecular mass lower than about



Table 1. Modulators of the mitochondrial permeability transition. Open probability Control point



Ref.



Increase



Decrease



Voltage Matrix pH Surface potential Matrix Me2+ site External Me2+ site ANT Cyclophilin D Dithiols/glutathione Pyridine nucleotides Quinones



[40] [41] [42] [37] [43] [36] [44,45] [46,47] [46,47] [48,49]



Depolarization Alkalinization More negative Ca2+ ± `c' conformation ± Oxidation Oxidation ±



Hyperpolarization Acidification More positive Mg2+, Sr2+, Mn2+ Ca2+, Mg2+ `m' conformation CsA Reduction Reduction Ubiquinone 0 Decylubiquinone
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1500 Da, and this represents the basis for the common swelling assays of MTP opening in vitro. It must be stressed, however, that swelling can be easily prevented by low concentrations of pore-impermeant solutes (such as 25 mm poly(ethylene glycol) 3400) [54]; and that for short open times, solute equilibration (and therefore swelling) may not occur at all [55±57]. Thus, whether swelling, outer membrane rupture and cytochrome c release necessarily follow a PT in vivo remains difficult to predict.



TWO MODES OF MITOCHONDRIAL SWELLING In summary, we can safely state that mitochondrial swelling is always an osmotic process that results from net solute and water diffusion towards the matrix. This may occur according to two basic mechanisms: (a) Electrophoretic (energy-dependent) uptake of monovalent cations, K+ in particular. This type of swelling occurs without loss of energy other than that spent for the process of cation accumulation. The mÄH is largely regenerated by respiration, the inner membrane permeability remains low, and the swollen mitochondria retain a high Dcm and a high level of coupling. Indeed, following energy-dependent swelling due to accumulation of K+ in the presence of valinomycin, mitochondria can utilize the K+ gradient to synthesize ATP [58]. This type of swelling coincides with the `high energy' swelling defined by Azzone and Azzi in 1965 [59]. (b) Passive diffusion of species down their concentration gradients following a decrease of the permeability barrier. This type of swelling can be caused by MTP opening, occurs in deenergized mitochondria (`low energy' swelling [59]), and is followed by repolarization upon pore closure and reenergization with ATP or respiration. Shrinkage and volume recovery are only possible when the species responsible for swelling can be extruded by endogenous transport pathways. This is the case for K+ and Na+ but not for sugars like sucrose, which is the standard osmotic support for studies with isolated mitochondria, a choice that contributed to convey the misleading impression that pore-mediated swelling is an irreversible process. Whether, and when, mitochondrial swelling occurs in the progression towards cell death, whether swelling occurs with or without energy conservation and whether outer membrane rupture is an essential requisite for release of intermembrane proteins involved in caspase and nuclease activation appear to be central issues that need clarification in order to assess the role of mitochondria in cell death.



M I T O C H O N D R I A L U LT R A S T R U C T U R E AND RELEASE OF INTERMEMBRANE PROTEINS A series of observations on thick sections (200±2000 nm or greater) of mitochondria subjected to tomographic reconstruction after high-voltage electron microscopy has revealed an ultrastructure that differs significantly from textbook pictures based on interpretation of 2D images from thin sections (50±80 nm) of fixed and stained samples [60,61]. The major point is that the intercristal compartments are pleiomorphic structures that communicate with the peripheral (intermembrane) space, and sometimes between themselves, through narrow tubular regions [62]. These findings suggest that the intercristal and intermembrane spaces could be functionally
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distinct. This is consistent with several earlier observations concerning the status of mitochondrial cytochrome c. The mitochondrial outer membrane possesses a rotenoneinsensitive NADH cytochrome b5 reductase that is able to reduce cytochrome c in isolated mitochondria [63]. Only a small fraction of cytochrome c can be reduced, which is then reoxidized by cytochrome oxidase and thus catalyzes a shuttle of electrons between the outer and inner mitochondrial membranes [64]. The fraction of cytochrome c that can be reduced by NADH via the outer membrane pathway (i.e. in the presence of rotenone and antimycin A) varies from a minimum of 3% in low ionic strength media to a maximum of 10±15% above 80 mm KCl [64]. These findings define two pools of cytochrome c: (a) a small pool of intermembrane cytochrome c, which can be reduced both by the bc1 complex at the inner membrane and by the NADH-cytochrome b5 reductase at the outer membrane; and (b) a larger pool of cytochrome c, which can only be reduced by the bc1 complex and would be localized inside the intercristal compartments [64]. In this scenario permeabilization of the outer membrane per se can only account for the release of about 10±15% of the total cytochrome c, which could have a minimal impact on respiration and therefore on maintenance of the Dcm. Swelling of the matrix would be required to make more cytochrome c available for release into the cytosol, with concomitant inhibition of respiration and depolarization (Fig. 1). Swelling should not be necessarily intended as a massive, irreversible and synchronous process, as swelling can reversibly occur in a variable fraction of mitochondria. Because apoptosis inducing factor (AIF, see below) and caspases activated by cytochrome c can feed back into the mitochondria to amplify the process, AIF and cytochrome c release could result into a self-amplifying (or self-limiting) process depending on the state of the cell death signalling machinery at the moment of their release. A rigorous assessment of the mechanism(s) of cytochrome c and AIF release, and of its relationship with mitochondrial depolarization, swelling and outer membrane rupture or permeabilization thus demands a careful measurement of several variables. We shall return to this problem after a discussion of the methods that are most widely used to assess mitochondrial function in the living cell.



A N A LY S I S O F M I T O C H O N D R I A L FUNCTION IN SITU Monitoring mitochondrial function in situ is today performed essentially by means of fluorescence techniques. So far, most techniques that have been developed are for the study of Dcm and intramitochondrial [Ca2+] ([Ca2+]m), two parameters which are crucial in defining the role of mitochondria in cell death. These powerful methodologies are generating results which could not have been predicted on the basis of preexisting concepts. These advances, which are largely related to the role of mitochondria in apoptosis, have considerably expanded the scope of mitochondrial research thus contributing to an improved understanding of mitochondrial function in situ. On the other hand, a number of reports have been published that either openly contrast with established concepts of mitochondrial physiology, or reach conclusions that are undermined by a lack of appreciation of the limits of currently available methods. Far from presenting a probe directory, the following paragraphs are intended to review the properties of fluorescent probes with particular emphasis on potential sources of artifacts that may prevent progress in this complex field of research.
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MEASUREMENTS OF THE MITOCHONDRIAL MEMBRANE POTENTIAL At the single cell level, Dcm can be measured by using cationic fluorescent probes in conjunction with microscopy techniques. In the epifluorescence mode the emission is detected by a photomultiplier tube as the total signal from the entire field of observation. In more complex setups the fluorescence image of the cell is acquired and digitized by means of video cameras and dedicated softwares that allow analysis of differences even among the mitochondria of a single cell. Although at high magnification (of the order of 1000) it is possible to analyse single mitochondria [65], the prolonged exposure time required to obtain such a resolution dramatically affects both cell
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viability and mitochondrial function. This problem is worsened in the case of confocal microscopy, where cells are exposed to the enormous power of laser beams. Single cell studies are unique in that they allow the continuous monitoring of the relationships between various parameters, such as, for example, Dcm and [Ca2+]c [1,65±71]. These procedures, however, are limited by definition to the number of cells that can be analyzed at a time. When Dcm has to be assessed in a large cell population, electrodes or radioactive tracers can be utilized to determine the distribution of lipophilic cations between cells and suspending buffers. Radioactive cations, such as[3H]triphenylmethylphosphonium, have also been used to measure Dcm in tissues [72,73]. However, as these distribution analyses require several million cells, flow cytometry is increasingly used to detect the



Fig. 1. Mitochondrial ultrastructure and release of cytochrome c. The scheme in panel A depicts an intramitochondrial compartment created by infoldings of the inner membrane (i.m.). This intercristal space communicates with the intermembrane space through a narrow tubular region, as can be deduced by tomographic reconstructions of thick sections after high-voltage electron microscopy [60±62]. Only a small fraction of cytochrome c is located in the intermembrane space, where it can accept electrons from either the outer membrane (o.m.) rotenone-insensitive NADH-cytochrome b5 reductase or from the inner membrane complex III. Proton pumping creates a m Ä H, which is represented here in the form of a Dcm and denoted by signs. Note that H+ pumping also occurs towards the compartments where most of cytochrome c is located. Panel B depicts the consequences of MTP opening, based on the assumption that a solute gradient exists between the intermembrane and matrix spaces. The membrane potential collapses, and net solute influx is accompanied by water resulting in the buildup of hydrostatic pressure pushing the matrix towards the intermembrane space. This may result in more cytochrome c gaining access to the intermembrane space, possibly through widening of the tubular connecting regions (which remains entirely hypothetical). The increased pressure eventually causes rupture of the outer membrane, with release of cytochrome c and other intermembrane soluble proteins (including AIF which is not depicted here) in the extramitochondrial space (panel C).
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fluorescence changes of a relatively small number of cells (103 ±105) loaded with the same probes utilized in fluorescence microscopy studies. The ease with which one can get impressive images of mitochondria in a living cell tends to dim the attention for potential sources of artifacts, which always have to be taken into account when fluorescence emissions are related to mitochondrial function. The following list highlights common problems which are frequently overlooked in studies of mitochondrial function in situ. Cellular uptake and extrusion Once inside the cell, lipophilic cations are electrophoresed into mitochondria but their rate of uptake from the extracellular medium depends on the plasma membrane potential (Dcp). Therefore, the intracellular distribution of the probe depends on both Dcm and Dcp, and on the time of incubation [74]. It has been demonstrated that depending on Dcp values, time of incubation, absolute dye concentrations and cell/dye ratios the fluorescence emitted by the cyanine derivative 3,3 0 -dihexyloxacarbocyanine iodide [DiOC6(3)] can be significantly affected
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by both Dcm and Dcp, the maximal response of fluorescence changes to Dcm changes being observed at the lowest dye/cell ratio and for probe concentrations lower than 40 nm [74]. At higher concentrations the probe may be more responsive to changes of Dcp than of Dcm, and it must be noted that a relevant part of the studies where changes of Dcm have been related to apoptosis has been performed by flow cytometry using DiOC6(3) at concentrations higher than 100 nm. Unfortunately, the possibility that apoptogenic substances or conditions can affect Dcp has not been investigated in the same models, although one major hallmark of apoptosis is the flipping of phosphatidylserine from the inner to the outer leaflet of the plasma membrane [75], which might in turn affect its electrical properties. A further problem is that this cyanine derivative binds to the endoplasmic reticulum as well [76], a property that is indeed commercially advertised for the staining of this organelle. The signal coming from mitochondria and the endoplasmic reticulum may therefore be difficult to sort unless cells are imaged. The most important problem with the vast majority of fluorescent probes for Dcm, however, is that their cellular accumulation can be drastically reduced because of efficient



Fig. 2. Inhibition of the MDR pump improves mitochondrial loading with TMRM. Fluorescence images of MH1C1 cells loaded with 100 nm tetramethylrhodamine methyl ester. The low level of mitochondrial fluorescence observed in control cells (panel A) is dramatically increased by treatment with CsH (panel B), verapamil (panel C) or CsA (panel D). Bar, 20 mm.
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extrusion by the multidrug-resistance pump (MDR). Expression of this glycoprotein is indeed routinely investigated by monitoring the decreased uptake of Rhodamine derivatives [77]; and the increased mitochondrial signal observed with Dcm probes after the addition of CsA could be largely due to an effect on the MDR pump. This is illustrated in Fig. 2, which shows that the efficiency of loading of MH1C1 cells with TMRM is dramatically increased by verapamil, CsH or CsA, which all inhibit the MDR [78,79], while only CsA inhibits the MTP. A lack of effect of verapamil or CsH on mitochondrial fluorescence is therefore required before one can suspect, but not prove, that the effect of CsA is on MTP, an essential control that is almost invariably missing. Binding and quenching The extent of accumulation of lipophilic cations within mitochondria depends on both their initial extramitochondrial concentration and the magnitude of Dcm. Very high intramitochondrial concentrations can in turn result in extensive self-quenching of the dye fluorescence. Indeed, all the methods for Dcm estimation based on the fluorescence changes of cationic probes in mitochondrial suspensions are based on the magnitude of quenching of the total fluorescence. Conversely, in both cell imaging and flow cytometry Dcm is estimated from the intensity of the cell fluorescence and not from the quenching of the total suspension fluorescence. Therefore, to maximize the response of the cell fluorescence to the magnitude of Dcm it is necessary to minimize the quenching of the dye associated with mitochondria. It has also to be pointed out that profound differences exist among the various fluorescent probes concerning their ability to bind to mitochondrial and other cellular membranes independent of Dcm. The fraction of the dye which actually responds to Dcm changes should always be calibrated based on the fluorescence changes induced by uncouplers. Toxicity and bleaching Owing to the combined driving forces of Dcm and Dcp, lipophilic cations are accumulated within the mitochondrial matrix at concentrations exceeding those present in the extracellular milieu by approximately four orders of magnitude. Thus, phototoxic effects are likely to be elicited from the fluorescent molecules, causing in turn deleterious consequences. The imidazolic ring of histidyl residues of the adenine nucleotide translocase (ANT) is highly susceptible to photodamage, particularly by singlet oxygen [80,81]. Also the sensitivity of MTP to various control factors, including Ca2+, is altered by singlet oxygen produced by irradiation of hematoporphyrin-loaded mitochondria [82]. In addition, and probably independent of photodynamic effects, several mitochondrial functions are inhibited by high concentrations of any potentiometric fluorescent probe available. Among the mitochondrial targets, complex I shows a high susceptibility to inhibition [74]. Because of their (photo)toxic effects, potentiometric fluorescent probes are in fact under investigation as potential therapeutic agents against various types of tumors [83±85], which appear to accumulate these molecules more efficiently than normal, non transformed cells. In this context it is worth mentioning that merocyanine, one of the first Dcm probes in isolated mitochondria, is a powerful inducer of apoptosis [86,87], a finding that does support a role for mitochondria in the execution of the cell death program. Thus, if dye concentrations and exposure times are not thoroughly tested,
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the fluorescent probes could contribute to cause or potentiate rather than simply measure the changes of Dcm. The ensuing alterations of mitochondrial function and structure could result in an increased production of oxyradicals [12]. It would then become difficult to ascertain whether a decrease in cellular fluorescence depends on a fall of Dcm or rather on the bleaching caused by oxyradicals [65], an issue that is rarely given due attention. The problem of `fixable' probes Studies of mitochondrial involvement in cell death often demand the assessment of a series of parameters that may require cell fixation, which is obviously not compatible with the maintenance of Dcm and leads to immediate release of the Dcm probes previously accumulated by energized mitochondria. To circumvent this problem, Kroemer and coworkers introduced the use of chloromethyl derivatives of the fluorescent cationic rosamine probes, which are marketed by Molecular Probes (Eugene, OR, USA) under the trademark of `mitotrackers'. The rationale of this approach is that the positively charged probe will be accumulated by energized mitochondria in response to Dcm, followed by binding to mitochondrial SH groups via the probe chloromethyl moiety. At this point, the covalently bound probe should not be released despite deenergization, and therefore stably `mark' the Dcm existing prior to disruption of membrane integrity. Macho et al. indeed showed that accumulation of chloromethyltetramethyl rosamine (CMTMRos) by thymocytes can be partly prevented by the uncoupler carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (FCCP). After cell fixation, the ratio of CMTMRos fluorescence of untreated versus FCCP-pretreated cells under optimal conditions was measurable but extremely small [88]. It is obvious, however, that the probe cannot reliably measure a decrease of Dcm once it has bound matrix and membrane SH groups. This easily explains why release of cytochrome c, caspase activation and poly(ADP-ribose) polymerase cleavage occurred prior to any detectable change of cellular CMTMRos fluorescence in staurosporine-induced apoptosis, a finding that has been taken to mean that mitochondria maintained a high Dcm despite release of substantial amounts of cytochrome c [89]. To make matters worse, our recent studies demonstrate that CMTMRos is a powerful inducer of the mitochondrial PT and an inhibitor of respiratory complex I [90]. Thus, swelling due to a PT remains a plausible mechanism for cytochrome c release in staurosporine-induced apoptosis because CMTMRos may cause a PT-dependent depolarization that cannot be detected by its own fluorescence changes. Signal calibration At variance from the case of isolated mitochondria, calibration of the fluorescence signal with the magnitude of Dcm cannot be achieved in situ [74]. A further problem posed by the available potentiometric fluorescent dyes is that they belong to the single excitation-single emission type of molecules. Thus, a decrease of the signal due to mitochondrial depolarization is indistinguishable from a Dcm-independent leak of the dye into the extracellular medium, especially when prolonged incubations are required. These problems preclude a meaningful comparison between the fluorescent intensities observed in different cells. The cyanine derivative, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolo carbocyanine iodide (JC-1), is frequently (but quite improperly) referred to as a `ratiometric' probe for
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Dcm [68,91,92]. JC-1 displays two major emission peaks (597 and 539 nm with excitation at 490 nm), which correspond to the multimeric and monomeric forms of the dye, respectively [91]. The red fluorescence of the multimer is observed in aqueous solution at high ionic strengths, whereas the green fluorescence of the monomer is present when the probe is located in hydrophobic environments [93]. In isolated mitochondria both the monomer and the multimer emissions can be observed. The green monomer emission was shown to be responsive to values of Dcm below 2140 mV, a range of membrane potentials that hardly modified the multimer emission [93]. Conversely, the red multimer emission was shown to respond to higher (more negative) values of Dcm. In energized cells loaded with JC-1 mitochondria display a bright red fluorescence, which is decreased by deenergization. At the same time, deenergization causes an increase of the green fluorescence reflecting an increase of the monomer concentration, but this is not limited to the mitochondrial membranes. Owing to the hydrophobic interactions of the monomer released from the matrix, the green fluorescence spreads all over cellular structures (Fig. 3). Thus, only the multimer form measures the Dcm-dependent mitochondrial accumulation, whereas the green fluorescence depends on passive binding of JC-1 to any cellular membrane; and comparing the ratios of the two emissions of JC-1 is a questionable practice that relates phenomena occurring in different cellular regions. Interactions between fluorescent molecules When simultaneous imaging of two mitochondrial probes is required, the possible interference between probes should always be checked in solution, although the results in situ still remain difficult to predict. For instance, we showed that intramitochondrial calcein emission is quenched by exposing hepatocytes and hepatoma cells to high concentrations of tetramethylrhodamine methyl ester (TMRM) [57]. From the above points it emerges that the ideal Dcm probe: (a) should accumulate within mitochondria only in response to Dcm; (b) should not be a substrate of the MDR pump; (c) should not be toxic; (d) should not bind passively to mitochondria or to other intracellular organelles; and (e) should not cause photodynamic effects or other forms of photodamage. Although such an ideal probe is not available, reliable results can already be achieved by the correct choice of probe; by carefully adjusting the dye/cell ratio to maximize the Dcm over Dcp response; by checking the contribution of MDR activity to probe loading with verapamil; by minimizing the illumination intensity; and by performing proper controls for phototoxicity and other basic effects on mitochondrial function (such as respiratory activity and maintenance of the membrane potential). Among the many commercial molecules our preference goes to the rhodamine group, in particular TMRM, which in the low nanomolar range exclusively stains the mitochondria and is not retained by the cell upon Dcm collapse.



MEASUREMENTS OF MITOCHONDRIAL FREE [Ca2+] The first technique for monitoring [Ca2+]m in intact cells capitalized on the fact that cell loading with fluorescent [Ca2+] indicators also caused probe localization within mitochondria [94]. In the so called Mn2+-quenching technique the incubation of rat cardiomyocytes with Mn2+ results in the disappearance of the cytosolic signal, leaving the mitochondrial fluorescence of Indo-1 almost unaffected [94]. By developing this procedure



Fig. 3. Effect of mitochondrial uncoupling on cellular JC-1 fluorescence. NRK cells were loaded with JC-1 as previously described [92], and imaged by confocal microscopy with excitation wavelenght at 488 nm. Emissions at 525 nm (green) and 585 nm (red) were collected simultaneously by using two separate channels on the detector assembly. The red fluorescence reflects the multimer form of the dye and is localized within mitochondria under control conditions (A). The addition of FCCP (B) induced a prompt disappearance of the red fluorescence along with the diffusion of the green fluorescence corresponding to the monomer form of JC-1. Bar, 10 mm. For further explanation see text.



Stern, Silverman and Coworkers could study the relationship between the value of [Ca2+]m attained during anoxia and the death or survival of individual cardiomyocytes upon reoxygenation [95]. This allowed the definition of a threshold of 250 nm [Ca2+]m as the `point of no return' for cardiomyocyte survival. The reliability of the quenching technique requires the total disappearance of the cytosolic signal, which is demonstrated by the absence of Ca2+ transients in contracting cardiomyocytes [94]. However, it might be more difficult to rule out a residual cytosolic contribution in other cell types and, in any case, the cation used for quenching can interfere with mitochondrial Ca2+ homeostasis.
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A different procedure to monitor [Ca2+]m in intact cells in culture was developed by targeting aequorin within mitochondria [96]. The chemiluminescent signal of aequorin, a photoprotein which emits light upon Ca2+ binding, is generally too low to be recorded at the single cell level, although this limitation was recently overridden by using improved detection methods [97]. Nevertheless, the application of this technique to cell suspensions allowed the demonstration of the functional coupling between endoplasmic reticulum and mitochondria [98]. A third approach towards monitoring of [Ca2+]m was made possible by the introduction of a rhodamine derivative, Rhod 2 [99]. Its acetoxymethyl (AM) ester is the only cell-permeant Ca2+ indicator that has a net positive charge, a property that promotes its sequestration into mitochondria. The utilization of dihydro-Rhod 2-AM was reported to increase the selectivity of mitochondrial loading [100]. In this case, the indicator becomes fluorescent only upon its oxidation, which should occur preferentially within the mitochondria. The ease of loading and the lack of interference with mitochondrial Ca2+ movements rapidly made Rhod 2 the most utilized probe for [Ca2+]m. However, the following points should be emphasized: (a) unexplained differences in the indicator batches affect the reproducibilty of the observations, as noted in several laboratories including ours; (b) Rhod 2 is not a ratiometric probe, and fluorescence changes could be produced by factors other than variations in [Ca2+]m; (c) a variable contribution by the cytosolic compartment can affect the mitochondrial signal; as an example, in a recent and elegant study pictures showing an exclusive mitochondrial localization of Rhod 2 coexisted with images showing a diffuse pattern of fluorescence in untreated cells [101]; and (d) the intracellular distribution can be affected by MTP opening; indeed, Rhod 2 is released through the MTP in isolated mitochondria (V. Petronilli, unpublished observation) and CsA blocks the disappearance of mitochondrial fluorescence in Rhod 2 loaded cardiomyocytes [102]; this hampers the use of Rhod 2 for investigating the relationships between [Ca2+]m changes and MTP opening. Despite these limitations, relevant results have been obtained with these methods. In particular, it was shown that matrix Ca2+ can undergo rapid changes [96], and that mitochondria can modulate the frequency and the amplitude of cytosolic Ca2+ oscillations in living cells [103±105]. These findings revived interest in the role of mitochondria in cellular Ca2+ homeostasis, which had been neglected for almost 20 years (reviewed in [31]). One relevant achievement of these in situ measurements has been the demonstration that under resting conditions, [Ca2+]m in cardiomyocytes is lower than [Ca2+]c [95,106], a finding that rules out the possibility that mitochondria may cause cell damage by releasing Ca2+. A link between Ca2+ overload and mitochondrial dysfunction has long been proposed, but its relevance in vivo remains hard to predict. Mitochondria can tolerate transient increases of [Ca2+]m exceeding 10 mm [97], while increases of [Ca2+]c in the micromolar range resulted in only slight variations of Dcm, which were perfectly reversible [65]. On the other hand, it must be pointed out that also a decrease in Ca2+ availability could be harmful for mitochondria, as mitochondrial Ca2+ uptake in situ is accompanied by stimulation of ATP synthesis [107±109]. Indeed, high-frequency shortening of cardiomyocytes is accompanied by an increase of [Ca2+]m that stimulates energy production, and the lack of this [Ca2+]m response plays a pivotal role in the evolution towards cardiomyocyte failure and death in the syrian cardiomyopathic hamster [110].



q FEBS 1999



Taken together, these observations indicate that valuable information on the involvement of mitochondria in cell death may be obtained from measurements of [Ca2+]m, and that the relationship between onset of apoptosis and changes of [Ca2+]m should be investigated more thoroughly.



MEASUREMENTS OF THE PERMEABILITY TRANSITION The role of MTP in cell physiology and pathology is still a matter of debate also because adequate methods to probe MTP directly in intact cells are lacking. The evidence for its occurrence in vivo is largely based on either indirect methods, such as measurements of mitochondrial depolarization, or on pharmacological tools, such as the effects of in vitro pore inducers or inhibitors (such as CsA). The shortcomings are obvious, as depolarization can be caused by a variety of events (most notably, increased ATP demand) while CsA also interferes with calcineurin-dependent signaling, which like MTP has a prominent Ca2+-dependence [111]. Even MeVal-4-Cs, a CsA derivative which inhibits the pore but not calcineurin [45], still inhibits all cellular cyclophilins and therefore is not selective for the MTP. In addition, the indirect approaches used so far do not allow to address the cellular modulation of MTP, leaving crucial issues unsolved, such as the cause-effect relationship between pore opening and Dcm decrease [112]. These considerations explain the intrinsic interest in developing unequivocal tools to measure MTP opening in living cells. In principle, MTP can be probed directly by a molecule which is excluded (or retained) by mitochondria when the pore is closed, and is taken up by (or released from) mitochondria when the pore opens. Even with such a probe, however, selective inhibition by CsA would still be necessary to prove MTP involvement. Suitable molecules should meet the following minimal requirements: (a) molecular mass lower than 1.5 kDa; (b) little or no hydrophobicity; and (c) lack of utilization as a substrate by mitochondrial enzymes. Among the available fluorescent molecules, calcein has been selected as the probe of choice to detect pore opening with imaging techniques [113]. Although it is cell impermeant, calcein can be easily loaded into cells by using its AM ester form which is nonfluorescent. Once inside the cell the probe is deesterified and trapped in its so-called free form, which is fluorescent ± a strategy commonly used to load cells with fluorescent probes. The initial strategy in calcein utilization was based on the finding of fluorescence voids corresponding to mitochondria in hepatocytes incubated with calcein-AM ester in the presence of TMRM. The voids were interpreted as mitochondria excluding calcein, and their filling with calcein was presented as a procedure to monitor MTP in intact cells [113]. However, we found that mitochondria are easily filled with calcein upon the incubation of many cell types with its AM ester. In addition, calcein fluorescence is quenched by TMRM within mitochondria, indicating that the voids were more likely to be produced by the intramitochondrial colocalization of the two dyes [57]. More importantly, we found that the cytosolic signal can be quenched by incubating calcein-loaded cells with Co2+. This procedure results in the appearance of mitochondria as glowing bodies over a dark background, and allows to study MTP opening as the decrease of mitochondrially associated calcein fluorescence as a function of time. These studies revealed a spontaneous, slow decrease of mitochondrial calcein fluorescence that was completely prevented by CsA, suggesting that MTP fluctuates rapidly between open and
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closed states in intact cells [57]. It is noteworthy that no fluorescence changes could be detected by Dcm probes during the CsA-sensitive decrease of calcein fluorescence. Although MTP opening must result in Dcm collapse, the response time of available techniques is not fast enough to detect Dcm changes in the millisecond range, which is well above the open-closed transitions of MTP [114]. MTP openings of short duration can rather be studied by the calcein loading-Co2+ quenching method [57], a technique that should help characterize conditions associated with MTP opening in situ, and to define the causal relationships between pore opening, collapse of Dcm, perturbation of intracellular and mitochondrial Ca2+ homeostasis, and release of apoptogenic proteins.



M I T O C H O N D R I A L P R O T E I N S I N V O LV E D I N C E L L D E AT H The involvement of mitochondria in cell death has been investigated for many years, particularly in relation to Ca2+ homeostasis. The idea that opening of the MTP could be a factor in ischemia-reperfusion and toxic damage, put forward in the 1980s [115,116], is finding support from recent in vivo studies [117±120]. There is little doubt, however, that the recent impulse to mitochondrial studies in the context of cell death came with the identification of mitochondrial proteins that participate in modulating the execution phase of apoptosis. These proteins can be grouped in two classes: (a) pro- and antiapoptotic members of the Bcl-2 family that largely localize to the outer mitochondrial membrane; and (b) proteins that may be released during apoptosis, like AIF and, quite unexpectedly, cytochrome c. Bcl-2 family This class of proteins includes both anti-apoptotic (such as Bcl-2, Bcl-XL, Bcl-W and Mcl-1) and proapoptotic members (such as Bax, Bak and Bok). The two classes share high sequence homology except for the BH3 domain, which is present only in the proapoptotic proteins. Proteins of this family associate into dimers, and the cellular response to the death signals depends on the ratio of pro-to antiapoptotic molecules (reviewed in [121]). Studies of subcellular distribution indicate that they localize both to the cytosol and to intracellular membranes, including the nuclear envelope and the outer mitochondrial membrane [122]. The consequences of localization to the outer mitochondrial membrane appear to be twofold: (a) they provide docking sites for other proteins involved in the death cascade, including the kinase Raf and the phosphatase calcineurin [123]; as these bound proteins remain enzymatically active, they can affect the formation of heterodimers between Bcl-2 and other members of the superfamily that lack the membrane insertion C-terminal domain, and only heterodimerize in the dephosphorylated form [121]; (b) they appear to affect onset of the PT and/or release of AIF [124] and cytochrome c [125]; although the mechanism remains controversial (the relevant literature will be discussed in some detail below) it is intriguing that proapoptotic members (Bax) favor the PT and cytochrome c release while antiapoptotic members (Bcl-2) make the PT more difficult, at least with some inducers; it has been suggested that these effects may be related to the mechanical properties conferred upon the outer membrane by the presence of Bcl-2 family proteins (reviewed in [18]). It has been shown that Bcl-2 type proteins can form ionic channels that are anion-selective for proapoptotic proteins and cation-selective for antiapoptotic proteins (reviewed in [126]).
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The link between this channel activity, which has been observed under rather extreme conditions of pH in vitro, and the role in cell death remains unclear. The outer membrane location precludes direct effects on the Dcm and/or on the permeability of the inner membrane, an issue that is not always appreciated. In summary, we think that the reported effects of Bcl-2 family members on the probability of MTP opening and on cytochrome c release still await a mechanistic explanation. Cytochrome c In an effort to purify components required for in vitro activation of caspase 3, Liu et al. identified a fraction containing cytochrome c [7]. These Authors showed that in the presence of dATP (mM) or ATP (mM) cytochrome c was able to activate procaspase 9, followed by recruitment and activation of procaspase 3, the effector protease that cleaves lamin, poly(ADP-ribose) polymerase and fodrin [8]. Considerable evidence exists to show that cytochrome c release to the cytosol takes place in a variety of models of apoptosis, yet a number of problems are apparent when the mechanistic aspects of cytochrome c release are analyzed. In a classical paper, Jacobs and Sanadi showed that cytochrome c can be released by suspending mitochondria in a hypotonic medium, followed by a wash of the membranes in an isotonic saline medium [127]. The hypotonic treatment was required to force mitochondrial swelling and outer membrane rupture, while the salt wash was necessary to detach cytochrome c, which interacts with complexes III and IV mainly by virtue of electrostatic forces. Respiration was inhibited after these treatments, but it could be restored by the addition of exogenous cytochrome c [127]. Because of these observations, cytochrome c depletion has long been known to be a consequence of mitochondrial swelling in saltcontaining media, irrespective of the cause of swelling; and studies of ion transport in saline media are (or should be) routinely performed in cytochrome c-supplemented mitochondria [128,129]. It should be appreciated that cytochrome c release requires both swelling and a high ionic strength. Swelling in hypotonic, sucrose-based media will not release cytochrome c, which under these conditions remains bound to the inner membrane despite outer membrane rupture; and incubation in isotonic saline media alone will not release cytochrome c because the outer membrane does not allow its diffusion. These requirements for cytochrome c release in vitro should be kept in mind, and can probably explain some discrepancies in the field. Indeed, apparent cytochrome c release could be caused by the techniques used to disrupt cells prior to organelle separation, particularly if homogenization is carried out in salt-containing media. Indeed, it has been reported that cytochrome c release could not be detected in the course of apoptosis induced by Fas ligation when Jurkat cells were disrupted by nitrogen cavitation rather than mechanical homogenization [130]. This observation should induce some caution when the evidence for cytochrome c release is based solely on cell fractionation rather than on in situ methods. AIF After in vivo treatment of mice with dexamethazone, a subpopulation of lymphoid cells maintaining a lower Dcm, as assessed with a fluorescent probe, could be sorted out which would then undergo apoptosis in culture. Addition of CsA prevented the fluorescence decrease and delayed apoptosis, suggesting PT involvement in the apoptotic cascade [6]. A
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correlation has been subsequently established between onset of the PT in vitro and appearance of the nuclear signs of apoptosis in a reconstituted system where nuclei were incubated with isolated mitochondria. Nuclear degradation was observed when a PT had occurred, while nuclei remained intact when mitochondria did not undergo a PT irrespective of the methods used to induce or inhibit the pore [131,132]. These observations strengthened the general theory of the mitochondrial control of apoptosis, and the proposal that the PT is a key event in the effector phase of programmed cell death [50]. The link between opening of the PT and nuclear degradation has been identified by the Kroemer group in a protein, AIF, which is associated with markers of the mitochondrial intermembrane space. AIF is a protease acting through proteolytic activation of a nuclear endonuclease; and it is inhibited by N-benzyloxycarbonyl-ValAla-Asp-fluoromethylketone (a caspase inhibitor) but not by specific inhibitors of known Ca2+, serine, or cysteine proteases including caspase-3, all of which are involved in the apoptotic cascade [124]. Cloning has revealed that AIF is a flavoprotein with predicted mass of 57 kDa which displays a striking homology with bacterial ferredoxin and NADH oxidoreductases. The protein contains FAD, which is required for the oxidoreductase but not for the apoptogenic activity [133]. This list of proteins is by no means conclusive, as mitochondria also contain other proteases, including procaspase-3 [134], caspase-9 [135] and calpain-like species [20] that might participate in a positive feedback loop, or even trigger mitochondrial apoptotic responses that may include MTP opening.



CYTOCHROME c RELEASE, Bax, Dcm AND THE PERMEABILITY TRANSITION Right after the discovery that cytochrome c release was an early event in apoptosis, researchers have tried to define the pathways for cytochrome c release and its relationships with mitochondrial function, in particular with outer membrane integrity, maintenance of Dcm, and occurrence of a PT. Before the analysis of experimental observations, however, a few key points need to be discussed. The first issue is the relationship between respiration and Dcm, a problem that has been thoroughly investigated in Bioenergetics. This relationship is complex and nonlinear [136±138], which in turn poses obvious questions: how much of cytochrome c must be released before a measurable decrease of Dcm can be expected? Is cytochrome c release mediated by a small fraction of mitochondria, initially at least, or rather by all mitochondria in the cell? These questions demand on one hand a quantitative assessment of cytochrome c release (i.e. a determination of both released and mitochondrially associated cytochrome c), and on the other an assessment of probe sensitivity both to homogeneous and non homogeneous Dcm changes. Finally, and most importantly, mitochondria can maintain a high Dcm by hydrolyzing glycolytic ATP even when respiration is completely blocked, a condition where no relationship can be expected between maintenance of Dcm and cytochrome c release. A careful analysis of the relevant literature suggests that these problems have not always been given due consideration; and that some conclusions need to be reassessed. The widespread conviction that apoptotic cytochrome c release precedes rather than follows mitochondrial depolarization, and therefore that it cannot be caused by a PT, originated from two studies reported in 1997 [125,139]. Wang et al. investigated the model of staurosporine-induced apoptosis and measured Dcm
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by rhodamine 123 staining, followed by visualization of mitochondria by laser confocal microscopy. They found that staurosporine did cause mitochondrial depolarization, but release of cytochrome c occurred before a detectable decrease of Dcm [125]. These experiments are not conclusive for three main reasons: (a) cytochrome c release was assessed after mechanical disruption of the cells, and it could have occurred during homogenization because the buffer contained enough salts to release cytochrome c; (b) although the rhodamine 123 signal responded to a high concentration of uncoupler, no reliable calibration is possible in these protocols, and the occurrence of a depolarization smaller than that caused by FCCP (or occurring in just a fraction of the mitochondria) cannot be excluded; and (c) in these protocols Dcm could have been effectively maintained by the mitochondrial hydrolysis of glycolytic ATP even if release of all of cytochrome c had caused complete respiratory inhibition. A more recent study where Dcm and a cytochrome c/green fluorescent protein chimera were simultaneously imaged indeed suggests that after staurosporine treatment mitochondrial depolarization occurs at the same time as cytochrome c release [140]. In the study by Newmeyer et al. experiments were carried out in a cell-free apoptotic system where cytochrome c is spontaneously released from mitochondria. Despite the release of cytochrome c changes of Dcm were not observed in assays based on retention of DiOC6(3) that were otherwise fully sensitive to the addition of a protonophore [139]. These results are easily explained by the fact that 2 mm ATP and an ATP-regenerating system based on phosphocreatine and creatine kinase were present in the assay. Indeed, the Dcm generated by ATP hydrolysis is obviously unaffected by electron flow while it can still be dissipated by protonophoric uncouplers. The idea that cytochrome c release occurs from fully energized mitochondria has been considerably reinforced by recent studies centered on Bid, a BH3 domain-containing protein that interacts with Bcl-2 and Bax. After cleavage by caspase-8 activated by stimulation of cell surface death receptors, the C-terminal portion of cytosolic Bid is able to insert into the mitochondrial outer membrane [141±143]. This Bid fragment appears to cause cytochrome c release directly (i.e. in the absence of mitochondrial swelling) in a process that is antagonized by overexpression of Bcl-2, and was presumed to occur in the absence of mitochondrial depolarization [141]. This latter conclusion needs a reassessment, however, as this study used CMTMRos, which causes respiratory inhibition and induction of the PT while being largely insensitive to changes of Dcm in living cells [90]. Irrespective of the issue of mechanism, a number of studies have shown that mitochondrial overexpression of Bcl-2 decreases release of cytochrome c and of AIF, the latter effect having been ascribed to inhibition of the PT [124]. Conversely, it has been reported that mitochondrial overexpression of the proapoptotic Bax facilitates cell death because it facilitates the mitochondrial release of cytochrome c. Whether the latter effect is due to a PT is perhaps the single most controversial issue of recent literature. Pastorino et al. have reported that overexpression of Bax in a Jurkat T cell line by stable transfection caused mitochondrial depolarization, cytochrome c release, caspase 3 activation, and cell death that could be completely prevented by a combination of CsA and of the phospholipase A2 inhibitor, aristolochic acid [144]. Similar results were reported by Bradham et al. in a model where stimulation of the tumor necrosis factor a receptor induced mitochondrial depolarization, cytochrome c release,
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caspase activation and cell death, all events that could be prevented by CsA [145]. These findings led to the conclusion that MTP opening was responsible for cytochrome c release and the subsequent downstream events. In a similar study where Bax was overexpressed in HeLa and COS cells, and cytochrome c release was assessed both in situ and in isolated mitochondria, Eskes et al. reached just the opposite conclusion, as Bax-induced release of cytochome c was not prevented by CsA either in intact cells or in isolated mitochondria [146]. After 15 h of treatment CsA did not prevent release of cytochrome c, but this is not necessarily an argument against involvement of the PT at earlier time points, or even later in the cell death sequence. It is well established that inhibition by CsA is transient in long time-frame experiments even with isolated mitochondria [42], and Eskes et al. [146] did not assess whether release of cytochrome c by Bax was accompanied (and therefore potentially caused) by swelling. Indeed, whether CsA inhibits the PT in vitro is not easy to predict, and it remains possible that Bax overexpression affected the PT sensitivity to CsA directly, or by varying the retention of factors that are essential for MTP inhibition by CsA like ADP [147]. In summary, we feel that involvement of the PT in cytochrome c release cannot be ruled out at present. It remains quite possible that different mechanisms (both PT-dependent and PT-independent) may be operating in different experimental systems, or at different time points; or that subtle, inapparent differences exist that will eventually explain what today appear to be unresolved experimental discrepancies. In conclusion, we believe that the renewed enthusiasm about mitochondria in cell death is fully justified. The key role of mitochondria in energy production, the mitochondrial localization of pro- and anti-apoptotic proteins, and the prominent position of mitochondria in cellular Ca2+ homeostasis all suggest potential points of regulation. We hope that this review will help address the mechanistic issues that still need to be solved.
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