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Establishment of a Cell-Free System of Neuronal Apoptosis: Comparison of Premitochondrial, Mitochondrial, and Postmitochondrial Phases H. Michael Ellerby,1 Seamus J. Martin,2 Lisa M. Ellerby,1 Shahrouz S. Naiem,1,6 Shahrooz Rabizadeh,1,7 Guy S. Salvesen,1 Carlos A. Casiano,3 Neil R. Cashman,4 Douglas R. Green,5 and Dale E. Bredesen1,7 The Burnham Institute, La Jolla Cancer Research Center, La Jolla, California 92037, 2Molecular Cell Biology Laboratory, Maynooth University College, County Kildare, Ireland, 3Department of Molecular and Experimental Medicine, The Scripps Research Institute, La Jolla, California 92037, 4Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada H3A 2B4, 5La Jolla Institute for Allergy and Immunology, San Diego, California 92121, 6Program in Molecular Pathology, University of California, San Diego, California 92093, and 7Interdepartmental Program in Neuroscience, University of California, Los Angeles, California 90024 1



Apoptosis is a fundamental process required for normal development of the nervous system and is triggered during neurodegenerative disease. To dissect the molecular events leading to neuronal cell death, we have developed a cell-free model of neuronal apoptosis. The model faithfully reproduces key elements of apoptosis, including chromatin condensation, DNA fragmentation, caspase activation/processing, and selective substrate cleavage. We report that cell-free apoptosis is activated in premitochondrial, mitochondrial, and postmitochondrial phases by tamoxifen, mastoparan, and cytochrome c,



respectively, allowing a functional ordering of these proapoptotic modulators. Furthermore, this is the first report of mitochondrial-mediated activation of cell-free apoptosis in a cell extract. Although Bcl-2 blocks activation at the premitochondrial and mitochondrial levels, it does not affect the postmitochondrial level. The cell-free system described here provides a valuable tool to elucidate the molecular events leading to neuronal cell death. Key words: caspase; protease; apoptosis; cell-free; mitochondria; mastoparan; neuronal



Accumulating evidence suggests that neuronal apoptosis plays a role not only in nervous system development but also in neurological disease states (Bredesen, 1994). Evidence has been presented for apoptotic neuronal cell death in stroke (Linnik et al., 1993), Parkinson’s disease (Mochizuki et al., 1996), Alzheimer’s disease (Cotman and Anderson, 1995), amyotrophic lateral sclerosis (AL S) (Yoshiyama et al., 1994), human immunodeficiency virus encephalopathy (Gelbard et al., 1995), cerebral trauma (Rink et al., 1995), Huntington’s disease (Dragunow et al., 1995), and other diseases (Bredesen, 1994). In addition to evidence of neuronal apoptosis in disease states, some of the mutations associated with neurodegenerative diseases have been shown to have proapoptotic effects in cell culture models. For example, mutations of sod1, which encodes copper/ zinc superoxide dismutase (CuZ nSOD), are associated with familial amyotrophic lateral sclerosis (Rosen et al., 1993), and these mutations have been shown to convert CuZ nSOD from manifesting an antiapoptotic effect on cultured neural cells to manifesting a proapoptotic effect (Rabizadeh et al., 1995). Similarly, Alzheimer’s disease-associated mutations at amyloid precursor protein residue 717 (APP717 mutations) have been shown to be proapoptotic (Yamatsuji et al., 1996a,b).



Cell-free systems (CFSs) have proven to be invaluable for the study of a number of cellular events such as mitosis (Lee and Kirschner, 1996), protein translocation, and post-translational modification (Rothman, 1990) as well as apoptosis of non-neural cells (Lazebnik et al., 1993; Newmeyer et al., 1994; Martin et al., 1995a; Liu et al., 1996), among others. To dissect the events of neuronal apoptosis, we have developed a CFS that recapitulates the events of neuronal apoptosis, including nuclear morphological changes, internucleosomal fragmentation of DNA, caspase activation [cysteine proteases cleaving after aspartic acid (Alnemri et al., 1996)], and the proteolytic cleavage of key substrates. The system is applied to primary cultures of cerebellar neurons and several neural cell lines. Next, we report on the application of the system to the ordering of the events of neuronal apoptosis. (1) Premitochondrial level. Tamoxifen, an antiestrogenic and antineoplastic agent (Pollak, 1996), activates apoptosis in whole cells from which an apoptotically active extract then may be prepared. However, it does not activate a normal cell extract, whether or not mitochondria are added to the extract. (2) Mitochondrial level. Mastoparan, a peptide toxin from wasp (Vespula lewisii) venom (Hirai et al., 1979), induces apoptosis in whole cells from which an apoptotically active extract then may be prepared. Furthermore, it activates a normal cell extract, provided that mitochondria are added to the extract. (3) Postmitochondrial level. Cytochrome c and dATP, added together, do not activate apoptosis in whole cells. However, they do activate a normal cell extract, whether or not mitochondria are added to the extract. Furthermore, they activate a normal extract made from bcl-2-overexpressing cells, whether or not mitochondria from bcl-2-overexpressing cells are present.
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Taken together, our findings argue for a general ordering of neuronal apoptotic events as premitochondrial (or extramitochondrial), mitochondrial, and postmitochondrial.



MATERIALS AND METHODS Cell culture. Primary cultures of rat cerebellar neurons were prepared by a procedure that combines elements of the method of Schousboe et al. (1989) with that of Cole and de Vellis (1989). Sprague Dawley rat pups between 5 and 7 d were alcohol-sterilized and decapitated. Gross dissection of each brain, microdissection of the cerebellum, and plating were performed in DM EM supplemented with 4.5 g / l glucose, L-glutamine, 10% heat-inactivated fetal bovine serum (FBS), and 1% penicillin / streptomycin (P/S). The Nitex bag method of L u et al. (1980) was used to dissociate the cerebellar tissue. Then the cells were plated at a density of 10 6/ml on ;2000 mm 2 tissue culture plates, which were coated with poly-L-lysine at 20 mg /ml. The cells were incubated at 37°C, with a 5% C O2 /95% air mixture. After a 48 hr incubation, the cells were treated with cytosine b-D-arabinoside at 40 mM. C SM 14.1 cells (Z hong et al., 1993a) are neural by neurofilament staining (N F-H) at the restrictive temperature of 39°C and by expression of tyrosine hydroxylase mRNA, suggesting that they are a dopaminergic precursor. C SM-25, a subclone of C SM 14.1, was selected for its high propensity to undergo apoptosis after serum withdrawal. C SM-25 cells were grown at 34°C, with a 5% C O2 /95% air mixture, in the same type of medium as that used for the cerebellar neurons. The NSC -34 and NSC -19 cell lines appear to mimic selected aspects of motor neuron development in an immortalized clonal system (C ashman et al., 1992). These cell lines display a multipolar neuron-like phenotype, express choline acetyltransferase, and induce twitching in cocultured mouse myotubes. They were grown at 37°C with a 5% C O2 /95% air mixture in DM EM (Life Technologies, Gaithersburg, MD) supplemented with 4.5 gm / l glucose, L-glutamine, 10% heat-inactivated FBS (Summit Biotechnology, Ft. Collins, C O), and 1% P/S. The human teratocarcinoma cell line N T2/ D1 can be manipulated after treatment of retinoic acid to yield .99% pure cultures of terminally differentiated N T2-N neurons (Pleasure and Lee, 1993). N T2/ D1 cells were grown at 37°C with a 5% C O2 /95% air mixture in Opti-M EM (Life Technologies) supplemented with 10% heat-inactivated FBS and 1% P/S. The R2 cell line is a conditionally immortalized cerebellar neural line (Rabizadeh et al., 1993). The R2 cells were grown at 34°C in the same medium as that used for the cerebellar neurons. Jurkat and HeLa cells were grown at 37°C with a 5% C O2 /95% air mixture in RPM I 1640 medium supplemented with L-glutamine, 10% heat-inactivated FBS, and 1% P/S. Activation of cellular apoptosis. Staurosporine, tamoxifen citrate, 4-hydroxy-tamoxifen, and tamoxifen were purchased from Sigma Chemical (St. L ouis, MO). C ells were induced to undergo apoptosis by exposure to 10 mM staurosporine or exposure to 100 mM tamoxifen citrate (or 4-hydroxytamoxifen or tamoxifen) for times ranging from 1 to 24 hr. Preparation of cell l ysates. C ells incubated with either 100 mM tamoxifen or 10 mM staurosporine were collected at the indicated time points. The plates were placed on ice, and all subsequent steps were performed either on ice or at 4°C. The 20 ml of media in each plate containing any detached cells was saved in a 50 ml conical centrif uge tube. The adherent cells received 20 ml of PBS and then were lifted gently off the plate with a cell scraper and pooled with the detached cells. A final 10 ml was used to wash off the plate completely. The combined 50 ml was placed on ice and treated with the protease inhibitor cocktail Complete (Boehringer Mannheim, Mannheim, Germany). C ells were pelleted at 400 3 g for 5 min at 4°C, washed again in 15 ml of PBS treated with Complete, and repelleted in a 15 ml conical centrif uge tube. The cells were resuspended in lysis buffer (containing 62.5 mM Tris-HC l, pH 6.8, 1% SDS, 10% glycerol, 1% mercaptoethanol, and Complete), boiled for 5 min, passed through a 27-gauge needle to shear the DNA, and stored at 284°C for later Western blot analysis. Preparation of c ytoplasmic e xtracts. The first type of cytoplasmic extract used in this work, known as “16,000 3 g extract,” does not contain whole cells, nuclei, and mitochondria. The required plates were removed from the incubator and immediately were placed on ice. The 20 ml of media in a plate was removed and discarded, and another 10 ml of ice-cold PBS, pH 7.2, was added to the plate. Then the cells were lifted gently, but quickly, off the plate with a cell scraper, placed on ice in a 50 ml centrif uge tube, and centrif uged (4°C) at 200 3 g. The resulting cell pellet was washed in 50 ml of ice-cold PBS. The cells were resuspended
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in a 15 ml conical centrif uge tube with 10 ml of hypotonic extraction buffer [H EB; containing (in mM): 50 PI PES, pH 7.4, 50 KC l, 5 EGTA, 2 MgC l2 , 1 dithiothreitol (DTT), and 0.1 phenylmethylsulfonyl fluoride (PMSF)]. The cells were centrif uged at 1000 3 g (4°C) to form a tight pellet, and the volume of the cell pellet was approximated. The supernatant was aspirated, and H EB was added to a volume between 0.5 and 13 the pellet volume. The cells were transferred to a 2 ml Dounce homogenizer and allowed to swell for 20 –30 min on ice. C ells were lysed with 20 –100 gentle strokes of a B-type pestle. The desired extent of lysis (.90%) was monitored under the microscope by trypan blue staining. The volume of H EB added, the time of swelling, and the number of pestle strokes all varied according to the cell type. Then the cell lysate was transferred to an Eppendorf tube and centrif uged for 30 min at 16,000 3 g (4°C). The clarified supernatant was removed caref ully and either was used immediately or stored in aliquots at 284°C. The second type of cytoplasmic extract used in this work, known as “3000 3 g extract,” contains mitochondria along with pieces of plasma membrane et cetera, but not whole cells or nuclei. The method here is the same as that for 16,000 3 g extracts, with the following differences. The lysis buffer is the CFS buffer used by Susin et al. (1996) [containing (in mM): 220 mannitol, 68 sucrose, 2 NaC l, 2.5 K H2PO4 , 0.5 EGTA, 2 MgC l2 , 5 pyruvate, 0.1 PMSF, 2 ATP, 10 phosphocreatine, 1 DTT, and 10 H EPES-NaOH, pH 7.4, with 50 mg /ml creatine phosphokinase], supplemented with the protease inhibitors leupeptin (1 mg /ml), pepstatin A (1 mg /ml), antipain (50 mg /ml), and chymostatin (10 mg /ml). After lysis of the cells in a Potter–Elvehjem homogenizer, the homogenate was centrif uged for 5 min at 1000 3 g (4°C) to remove whole cells and nuclei. Then the supernatant was centrif uged for 5 min at 3000 3 g (4°C). The protease inhibitors were purchased from Boehringer Mannheim. Protein determination. The Pierce Coomassie Plus protein assay with BSA standard was used to assay protein concentration in cell extracts with a Shimadzu UV-2101 PC UV-Vis Scanning Spectrophotometer. Preparation of nuclei. Rat liver nuclei were prepared as described (Newmeyer et al., 1994). C SM and HeLa nuclei were prepared as described (Martin et al., 1995a). Preparation of mitochondria. Rat and mouse liver mitochondria were prepared as described by Hovius et al. (1990), with modifications. Briefly, adult Sprague Dawley rats (;250 gm) or adult BAL B/c mice (;50 gm) were fasted for 6 hr and then killed by C O2 inhalation (or cervical dislocation). The livers were removed quickly and submerged in ice-cold mitochondria isolation buffer [M I B; containing (in mM): 250 mannitol (or sometimes 210 mannitol and 70 sucrose), 0.5 EGTA, and 5 H EPES with 0.1– 0.05% (w/ v) BSA, pH 7.2], supplemented with the protease inhibitors of leupeptin (1 mg /ml), pepstatin A (1 mg /ml), antipain (50 mg /ml), and chymostatin (10 mg /ml). All subsequent steps were performed on ice or at 4°C. The livers were washed in M I B and then chopped into 1–2 mm 2 cubes. These cubes were rinsed and transferred to a 15 ml Potter–Elvehjem homogenizer. Using a tight-fitting Tefloncoated pestle, we homogenized the tissue by 6 –10 up and down strokes at ;600 rpm. Large cell debris and nuclei were pelleted by centrif uging twice for 5 min at 600 3 g. Mitochondria were pelleted by centrif uging the supernatant for 10 min at 10,300 3 g. After the pellet was suspended in 5 ml of M I B, the suspension was loaded on a continuous Percoll gradient. Then the suspension /gradient was centrif uged at 40,000 3 g for 40 min. The mitochondria were removed from the brown band at ;1.10 g /ml with a Pasteur pipette. The mitochondrial pellets were washed with M I B by centrif uging for 10 min at 6300 3 g. Then the mitochondria were suspended gently in mitochondria storage buffer [MSB; containing (in mM): 400 mannitol, 10 K H2PO4 , and 50 Tris-HC l, pH 7.2, with 5 mg /ml BSA] and stored on ice for up to 4 hr. Cultured cell mitochondria were prepared as described previously (Moreadith and Fiskum, 1984). Activation of cell-f ree apoptosis. For reactions with primed and apoptotic extracts, two systems were reconstituted. First were reactions of primed (or apoptotic) extract on nuclear substrates: 20 ml of normal, primed, or apoptotic 16,000 3 g extract (15–25 mg /ml protein), 1 ml of nuclei (2 3 10 5), and 4 ml of H EB buffer or synthetic inhibitor peptides diluted in this buffer to a total volume of 25 ml. Second were reactions of primed (or apoptotic) extract on cytosolic substrates: 20 ml of normal cytoplasmic extract (15–25 mg /ml protein), 5 ml of primed or apoptotic cytoplasmic extract (15–25 mg /ml protein), and 4 ml of H EB buffer or synthetic peptides diluted in this buffer. For reactions activated by cytochrome c and dATP, a system was reconstituted according to the following formula: 10 ml of 16,000 3 g normal extract, 0.1 ml cytochrome c (1–10 mM final), and 0.1 ml of dATP
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(10 mM final), 1–2 ml of peptide (or other) inhibitors or H EB buffer, and 0.5–1 ml of nuclei (2 3 10 5) or H EB buffer. For cell-free reactions activated by mastoparan or atractyloside, two systems were reconstituted. First were reactions involving 3000 3 g extracts: 20 ml normal extract and 2 ml of atractyloside (5 mM final concentration) or mastoparan (10 –50 mM final concentration) or CFS buffer. Second were reactions involving 16,000 3 g extracts: in these reactions the ionic strength /osmolarity of the extract was altered to account for the 50% of the extract composed of hypotonic buffer. Mitochondria were washed once and resuspended in CFS to $ 40 mg /ml. Then the mitochondria were added to extract with mastoparan or atractyloside according to the following formula: 20 ml normal extract, 2 ml of mitochondria, and 2 ml of atractyloside (5 mM final concentration) or mastoparan (10 –50 mM final concentration) or CFS buffer. N-benzyloxycarbonyl-Val-Ala-Asp.fluoromethylketone (zVAD.fmk) was purchased from Enzyme Systems (Dublin, CA). Ac-YVAD aldehyde and Ac-DEV D-aldehyde were purchased from Bachem Bioscience (Torrance, CA). Bovine and horse heart cytochrome c, yeast (ISO-1) cytochrome c, and partially acetylated cytochrome c were purchased from Sigma or Fluka BioChemika (Ronkonkoma, N Y). dATP was purchased from Promega (Madison, W I). Sodium and potassium atractyloside and mastoparan were purchased from Sigma. Control peptide (DL SL ARL ATARL AI) was purchased from Coast Scientific (San Diego, CA). Release of c ytochrome c f rom mitochondria. In this experiment 2 ml of mastoparan (10 –100 mM final concentration) and 2 ml of mitochondria (500 ng /ml final concentration) were added to 20 ml of CFS buffer. Reactions were run as above (see Activation of C ell-Free Apoptosis), except that at the end of the incubation period reaction tubes were spun at 12,000 3 g for 3 min to pellet the mitochondria. Then the pellet and the supernatant were subjected to Western blot analysis with cytochrome c antibody. For cell-free reactions activated by a mastoparan-treated mitochondrial fraction, a system was reconstituted according to the following formula: in this experiment, reactions just like those above were run, but then the supernatants were mixed with normal extract in the formulation of 20 ml normal extract and 5 ml of supernatant. The supernatant was concentrated from 50 to 5 ml, using a 3000 Da cutoff protein Microconcentrator (Amicon, Beverly, M A). Quantification of apoptosis. C ells undergoing morphological changes associated with apoptotic cell death were monitored as previously described (McGahon et al., 1995). Briefly, at the given time points, cell culture medium was aspirated from adherent cells, and the cells were gently washed once with room temperature PBS. Then 1–2 ml of a 20-fold dilution of the dye mixture (composed of 100 mg /ml acridine orange and 100 mg /ml ethidium bromide) in PBS with formalin was pipetted gently on the cells and viewed on an inverted fluorescence microscope. C ells were scored as apoptotic if their nuclei exhibited margination and condensation of the chromatin and /or nuclear fragmentation similar to that observed in normal apoptotic cells (Martin et al., 1995a). A minimum of 300 cells were scored for each time point. The procedure for the quantification of cell-free apoptosis was essentially the same as that for cellular apoptosis, except that at the time points indicated in the text a 3.5 ml aliquot of cell-free reaction mixture containing nuclei was removed, stained with 1.5 ml of the dye mixture described above, and placed on a glass slide. Nuclei were scored as apoptotic if they exhibited morphological changes similar to those observed in the nuclei of apoptotic cells. On each slide a minimum of 300 nuclei were scored for quantification of apoptosis. Protein electrophoresis and Western blots. Electrophoresis of proteins was performed with either 8 or 12% SDS-polyacrylamide gels. Equal amounts of total protein were loaded per lane, and proteins were separated at 4°C under reducing conditions at 70 V. Western blot transfer of separated proteins was performed at 4°C, using poly vinylidene fluoride membranes at 200 mA for 2 hr. Blots were blocked for 1 hr in TBST (10 mM Tris-HC l, pH 7.5, 150 mM NaC l, and 0.1% T ween) containing 5% nonfat dried milk. Next, the membranes were probed with an appropriate dilution (1:500 to 1:2000) of primary antibody in TBST containing 5% nonfat dried milk for 1 hr. Anti-a-fodrin mouse monoclonal antibody was purchased from Chemicon (Temecula, CA). Anti-nPKC -d rabbit polyclonal antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-poly (ADP-ribose) polymerase (PARP) rabbit polyclonal antibody was purchased from Biomol Research Laboratories (Plymouth Meeting, PA); anti-C PP32 mouse monoclonal antibody was purchased from Transduction Laboratories (Lexington, K Y). Anti-C PP32 rabbit polyclonal anti-
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body was purchased from Upstate Biotechnology (Lake Placid, N Y). Anti-C PP32 goat polyclonal antibody was purchased from Santa Cruz Biotechnology. Anti-lamin B mouse monoclonal mouse antibody was purchased from Oncogene Research Products (C albiochem, La Jolla, CA). Anti-cytochrome c mouse monoclonal antibody was a generous gift of Dr. Ronald Jemmerson (University of Minnesota Medical School, Minneapolis, M N). Human sera containing highly specific high-titer autoantibodies to PARP, DNA topoisomerase I, U1-70 kDa, NuMa, Lamin B, Jo-1, rRN P, and PC NA were from the collection of W. M. Keck Autoimmune Disease C enter Laboratory (The Scripps Research Institute, La Jolla, CA) serum bank (C asiano et al., 1996). Then the blots were washed for 1 hr with frequent changes of TBST, followed by incubation in a peroxidase-coupled secondary antibody for 1 hr in TBST containing 5% nonfat dried milk. The blots were washed for 1 hr with frequent changes of TBST. Enhanced chemiluminescence detection of the proteins was performed with Hyperfilm ECL (Amersham, Arlington Heights, IL) and Pierce SuperSignal Substrate Western Blotting reagents (Rockford, IL). Internucleosomal DNA f ragmentation. After incubation in the cytoplasmic extracts for various time periods, nuclei were lysed in TE buffer (50 mM Tris-HC l, pH 8.0, and 10 mM EDTA) containing 0.5% sodium lauryl sarkosyl and 0.5 mg /ml proteinase K . Digestion was continued for 1–3 hr at 50°C, followed by the addition of Rnase A to 1.0 mg /ml and f urther incubation for 1 hr. Then running dye was added, and the preparations were electrophoresed in 1.5–2% agarose gels in TAE buffer (40 mM Tris-acetate and 1 mM EDTA) or TBE buffer (40 mM Tris-borate and 1 mM EDTA) at 4 V/cm of gel (30 –35 V). DNA was visualized by ethidium bromide staining. Measurement of caspase activation and activit y. For the caspase activation assay, the following CFS was reconstituted. First, a 100 ml aliquot (at least) of 16,000 3 g extract was clarified a second time for 20 –30 min at 4°C, in that the spectrophotometer gave irreproducible results unless the extract was clarified f ully. Then, 1 ml of DEV D-pNA or YVAD-pNA substrate (100 mM final concentration) was added to 50 ml of the 16,000 3 g normal extract (15–25 mg /ml protein) and allowed to come to thermal equilibrium for 2–3 min at either 30 or 37°C in a well of a Corning 96-well plate placed in a Molecular Devices M AX line Microplate Spectrophotometer (Menlo Park, CA). Next, 1 ml of cytochrome c (1–10 mM final concentration) and 1 ml of dATP (1 mM final concentration) were added, along with 1 ml of inhibitor or buffer. Hydrolysis of the substrate was followed spectrophotometrically at 405 nm for 30 – 60 min at either 30 or 37°C. For the study of caspase activity a CFS was reconstituted according to the following formula: 10 ml of 16,000 3 g normal extract, 0.1 ml cytochrome c (1–10 mM final), and 0.1 ml of dATP (10 mM final), 1–2 ml of peptide (or other) inhibitors or H EB buffer, and 0.5–1 ml of nuclei (2 3 10 5) or H EB buffer. After the incubation was complete, a 1– 8 ml aliquot of extract from a cell-free reaction was added to 100 ml of assay buffer (10% sucrose, 50 mM H EPES, 100 mM NaC l, and 0.1% CHAPS, pH 7.4.) containing 100 mM DEV D-pNA N-acetyl-Asp-Glu-Val-AsppNA. Hydrolysis of the substrate was followed spectrophotometrically at 405 nm for 30 – 60 min at either 30 or 37°C. The substrates DEV D-pNA [sequence; N-acetyl-Asp-Glu-Val-AsppNA ( p-nitroanilide); (Lazebnik et al., 1994)] and YVAD-pNA [sequence; N-acetyl-T yr-Val-Ala-Asp-pNA; (Reiter, 1994)] were purchased from Biomol Research Laboratories.



RESULTS Activation of neural apoptosis with staurosporine Many of the stimuli that induce apoptotic cell death in neural cell lines induce it over several days, a condition that results in mixed populations of apoptotic and viable cells. Furthermore, the dying cells are in various stages of apoptosis. For example, 100 mM H2O2 , 10 min of UV exposure, withdrawal of trophic factors, and serum withdrawal all induce slow neural cell death (.30 hr for 50% cell death) (Bredesen, 1994), with significant numbers of cells passing through all phases of death from early apoptosis to secondary necrosis. Such asynchronous apoptosis makes it unfeasible to make extract from cells at, or near, the same stage of cell death. Synchronous cell extracts are required to study effectively the temporal ordering of events in apoptosis (e.g., a protease cascade) or to make a so-called primed extract, which is made



6168 J. Neurosci., August 15, 1997, 17(16):6165–6178



Ellerby et al. • Cell-Free System of Neuronal Apoptosis



Figure 1. Staurosporine and tamoxifen-activated neural apoptosis. A, Percentage of apoptotic cells versus time in hours. C SM-25 cells were incubated with staurosporine (10 mM; white rectangles) or tamoxifen (100 mM; black rectangles) for the indicated times (34°C). Apoptotic cells were judged morphologically. Data are mean values 6 SD as given by error bars (number of independent experiments, n 5 3). No significant apoptosis was observed in control cells during the 24 hr period. B, Proteolytic profile of protein substrates selectively cleaved during staurosporine-initiated neural apoptosis. CSM-25 cells were incubated with staurosporine for the indicated times (10 mM, 34°C). C ell lysates were made at the indicated time points and subjected to Western blot analysis. The data in B are representative of at least three independent experiments, depending on substrate.



from cells committed to, but not yet engaged in, apoptosis, thus representing a more upstream stage of apoptosis than extracts taken from apoptotic cells. In this study we made both primed and apoptotic extracts. For our purposes, an extract was considered primed if it met the following criteria: (1) the cells showed little or no morphological change at the time of harvest, and (2) there was little or no cleavage of the cytosolic substrate fodrin.



As shown in Figure 1 A, we found that the kinase inhibitor staurosporine (Koh et al., 1995) induced a relatively rapid (.95% apoptotic cell death within 24 hr for 10 mM staurosporine) and relatively synchronous apoptosis in the CSM-25 neural cell line, as judged by morphology. Similar results were obtained with the NSC-19 cell line (data not shown). To define further the appropriate conditions to prepare
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Table 1. Proteolysis of some substrates in neural staurosporine-induced apoptosis Substrate



Function



Proteolytic fragments



Nuclear substrates DNA topoisomerase I (Topo I) Lamin B NuMA PARP U1–70 kDa PCNA Ku



Modification of DNA topology (Liu, 1989) Nuclear envelope formation; anchoring chromatin to nuclear matrix (Lazebnik et al., 1995) Involved in nuclear structure and nuclear re-formation (Compton and C leveland, 1994) DNA repair; interaction with chromatin in the nuclear matrix (Lazebnik et al., 1994) pre-mRNA splicing (C asciola-Rosen et al., 1994) Proliferation-associated DNA replication (Bravo et al., 1987) DNA repair (Ajmani et al., 1995)



100 3 70 kDa 68 3 45 kDa 210 3 160, 180 kDa 110 3 85 kDa 70 3 40 kDa Not cleaved Not cleaved



C ytosolic substrates Jo-1 rRNP Fodrin



his tRNA synthetase (C asiano et al., 1996) Ribosomal proteins P0,P1,P2 (C asiano et al., 1996) C ytoskeletal protein (Martin et al., 1995b)



Not cleaved Not cleaved 240 3 150, 120 kDa



Nuclear/cytosolic substrates PKC-d



Signal transduction; activated in apoptosis; blocked by Bcl-2 (Emoto et al., 1995)



78 3 40 kDa



staurosporine-primed extracts and to define the kinetics of apoptotic cell death in C SM-25, we performed a time course with a substrate profile of caspase cleavage events. Table 1 lists nuclear and cytosolic substrates that we found to be cleaved in staurosporine-treated neural cells and gives a brief description of the f unction of these proteins and their proteolytic fragments. Figure 1 B shows the proteolytic profile of 11 substrates in neural cell lines. The cleavage pattern of the neural substrates reported here is in agreement with that reported recently in non-neural cells by C asiano et al. (1996). The nuclear substrate PARP was f ully cleaved within the first 3 hr of staurosporine-induced neural cell death and was the first substrate f ully cleaved in our kinetic profile. This is consistent with other kinetic studies of substrate cleavage events indicating that PARP is cleaved early during apoptosis (Tewari et al., 1995; Casiano et al., 1996). After 3 hr of exposure to staurosporine, small amounts of cleaved PKC -d, lamin B, U1-70, fodrin, and NuM A appeared. For the cytoplasmic substrate fodrin, cleavage was complete by 6 hr, whereas U1-70, NuM A, PKC-d, Topo I, and lamin B were substantially cleaved 12 hr into staurosporinestimulated apoptosis. The cleavage events during the neural apoptosis described above were selective, in that some proteins did not undergo proteolysis; for example, the nuclear proteins PC NA and Ku and the cytoplasmic proteins Jo-1 and rRN P remained uncleaved after 12 hr (Fig. 1 B), consistent with observations in non-neural cells (C asiano et al., 1996).



ifen, especially in estrogen-independent cells, remains unclear, like staurosporine it is a protein kinase C (PKC) inhibitor (Couldwell et al., 1994), and such inhibition is known to induce apoptosis (Couldwell et al., 1994; Koh et al., 1995). The tamoxifenmediated activation of apoptosis has been reported in the human glioblastoma cell line WITG3 (Iwasaki et al., 1995) and in some non-neural cell lines: rat osteoclasts (Arnett et al., 1996), T-289 melanoma cell line (McClay et al., 1994), and the ER-positive MCF-7 and ER-negative MDA-231 human mammary carcinoma cell lines (Perry et al., 1995; Chen et al., 1996). Here we report that tamoxifen is an extremely potent inducer of apoptosis in nonglial neural cells. The treatment of nonglial, neural CSM-25 (and NSC) cells with 100 mM tamoxifen resulted in the rapid activation of apoptosis (;100% in 3 hr; Fig. 1 A). More importantly, tamoxifen produced a homogeneous detachment of neural cells in ;2 hr. Cells were in late apoptosis by 3– 6 hr, as judged by morphology. On the other hand, our experience with staurosporine was that, although all of the cells rounded up within ;1 hr, the cells detached at various times over several hours and did not exhibit the classic progressive morphological changes in synchrony. For this reason cytoplasmic extracts also were made from tamoxifen-treated cells in addition to extracts made from staurosporine-treated cells. It is worth noting that, at equal concentrations, tamoxifen citrate and 4-hydroxytamoxifen led to a more rapid cell death (data not shown).



Activation of neural apoptosis with tamoxifen



The results presented above indicate that CSM-25 cells treated with staurosporine or tamoxifen are well into apoptotic cell death by 4 –5 hr and 2–3 hr of treatment, respectively. Therefore, we prepared primed neural cell-free extracts made from cells incu-



Tamoxifen is effective in the treatment of estrogen receptor (ER)-positive as well as some ER-negative breast cancers (Perry et al., 1995). Although the precise mechanism of action of tamox-



Activation of neural cell-free apoptosis with primed extracts
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bated with staurosporine or tamoxifen for 2–3 hr and 1 hr, respectively. These extracts, labeled as 16,000 3 g extracts, were made free of large cellular debris, nuclei, and mitochondria. They also were made to leave the nuclei and mitochondria as intact as possible to prevent contamination of the extract by DNA, nuclear, and mitochondrial proteins. Such extracts were tested regularly by DNA electrophoresis and Western blot probing with cytochrome c antibody to detect contamination. It has been established in non-neural CFSs that nuclei incubated in a primed extract undergo morphological changes that faithf ully reproduce those associated with apoptosis (Martin et al., 1995a). To show that the neural cell-free extracts generated from tamoxifen- or staurosporine-treated cells were potent enough to carry out this aspect of apoptosis, we incubated HeLa, CSM, and rat liver nuclei in primed or normal extract. As shown in Figure 2 A, C SM-25 nuclei incubated in NSC -19 tamoxifenprimed extract underwent nuclear changes typical of apoptosis. Initially, they appeared decondensed, with the chromatin dispersed throughout the nuclear body, and nucleolar structures were apparent. Within 30 min of incubation in the extracts, the nuclear chromatin started moving to the nuclear margins, forming crescent-shaped patches along the nuclear envelope, which remained intact. They then f urther condensed into many discrete convex shapes over the 60 –90 min that followed and were totally destroyed in 2 hr. These changes in morphology were quantified in Figure 2 B by counting apoptotic nuclei versus normal nuclei incubated in both normal and primed extracts. As these data indicate, the vast majority of nuclei incubated for up to 2 hr in normal extract did not undergo morphological change. Similar results were obtained with staurosporine-primed extracts (data not shown). Apoptosis usually is accompanied by the cleavage of DNA at internucleosomal sites (Wyllie et al., 1980). This effect has been reproduced in several non-neural CFSs (Lazebnik et al., 1993; Newmeyer et al., 1994; Martin et al., 1995a). As Figure 2C illustrates, rat liver nuclei incubated in tamoxifen-primed 16,000 3 g C SM-25 extracts also underwent this type of chromatin destruction involving the fragmentation of DNA into integer multiples of ;200 base pairs, whereas nuclei incubated with normal 16,000 3 g neural extracts remained unfragmented. Another hallmark of apoptosis is the selective proteolytic cleavage of key substrates (C asiano et al., 1996), as discussed and illustrated above. As shown in Figure 2 D, the incubation of HeLa nuclei in tamoxifen-primed 16,000 3 g NSC -34 extract resulted in the cleavage of PARP and PKC -d, whereas the incubation of normal extract in primed extract resulted in the cleavage of fodrin. No such cleavage events were observed when normal extract was substituted for primed extract. Comparable results were obtained with staurosporine-primed extracts (data not shown). Consistent with reports on non-neural systems (Lazebnik et al., 1994), the cleavage of PARP was blocked by Ac-DEVDCHO (Nicholson et al., 1995), a tetrapeptide inhibitor specific (at 1 mM) for the C PP32-like [C PP32 is also known as Yama or apopain (Tewari et al., 1995)] caspase family proteases, but not by Ac-YVAD-CHO (Thornberry et al., 1994), a tetrapeptide inhibitor specific (at 1 mM) for the ICE-like caspase family members. The activation of caspases is known to be essential for apoptotic execution (Schwartz and Milligan, 1996). The kinetics of caspase activation was measured spectrophotometrically by assaying the hydrolysis of a substrate that can be cleaved only by a CPP32-like caspase family member (DEV D-pNA substrate) (Nicholson et al., 1995) or an ICE-like caspase family member
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(YVAD-pNA substrate) (Thornberry et al., 1994). As Figure 2 E illustrates for a 16,000 3 g NSC-19 extract incubated at 37°C for 2 hr, only the DEVD-pNA substrate is hydrolyzed, implying that CPP32-like caspases are responsible for these selective cleavage events. Note that there is no lag phase seen in Figures 5C and 6 D, because this extract was incubated for 2 hr before the assay so that it was already active.



Mitochondrial-dependent activation of neuronal cellfree apoptosis with atractyloside and mastoparan Atractyloside is an inhibitor of the mitochondrial adenine nucleotide translocator and an inducer of the mitochondrial inner membrane permeability transition (MPT) (Z amzami et al., 1996). The cleavage of fodrin has been shown previously to be tightly coupled to apoptosis (Martin et al., 1995b). As shown in Figure 3, incubation of a 3000 3 g CSM-25 extract in the presence of atractyloside resulted in the cleavage of fodrin. Beyond this, atractyloside also induced the cleavage of fodrin in a system composed of rat liver mitochondria and a 16,000 3 g CSM-25 extract. However, atractyloside incubated in a 16,000 3 g extract alone did not lead to such cleavage, demonstrating that the cleavage of fodrin was mitochondrial-dependent. Furthermore, incubation of the 3000 3 g CSM-25 extract alone (or the 16,000 3 g CSM-25 extract) did not lead to the cleavage of fodrin. It has been shown previously that atractyloside induces the MPT and the release of a mitochondrial protein called apoptosisinducing factor (AIF) (Susin et al., 1996). Purified AIF has been shown to induce morphological changes in isolated non-neural nuclei with some similarities to those of apoptosis and to process the caspase family member CPP32 directly into active fragments characteristic of apoptosis (Susin et al., 1996). The wasp venom peptide toxin mastoparan kills cultured cerebellar granular neurons by apoptosis (Yan et al., 1995). In Figure 4 we show that it also induces cell death in cultured R2 rat cerebellar neuron precursors. This death was determined to be apoptotic within 6 hr at a mastoparan concentration of 50 mM and necrotic at a concentration of 100 mM or greater, as measured by morphology (data not shown). Like atractyloside, mastoparan induces the MPT (Pfeiffer et al., 1995). Furthermore, mastoparan interacts with the mitochondria outer membrane to release mitochondrial proteins even before the MPT (Nicolay et al., 1994). In light of the above and with the understanding that atractyloside and mastoparan might act by different mechanisms, it was reasonable to test mastoparan for a similar mitochondrialdependent activation of protease activity unique to apoptosis. Therefore, we incubated a 3000 3 g CSM-25 extract with mastoparan. In addition to the cleavage of the cytoskeletal protein fodrin, we found that the caspase family member CPP32 was processed to the active forms found in apoptosis (Fig. 5A). The longer incubation periods ($3 hr) gave the most complete caspase activation and substrate cleavage (data not shown). Incubation of the 3000 3 g CSM-25 extract alone did not lead to the cleavage of fodrin or the processing of CPP32. Because 3000 3 g extracts not only contain mitochondria but also, for example, pieces of plasma membrane and in light of the fact that mastoparan has been shown to interact with G-proteins (Ross and Higashijima, 1994), the next logical step was to determine whether mastoparan indeed had acted through the mitochondria. As shown in Figure 5A, we found that mastoparan induced the cleavage of fodrin and processing of CPP32 to active forms in a neural CFS composed of mouse liver mitochondria in a 16,000 3 g NT2 extract but did not prime such an extract
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Figure 2. Tamoxifen-primed extract activates neural cell-free apoptosis. A, Nuclear morphological changes in C SM nuclei incubated in a 16,000 3 g extract made from tamoxifen-primed NSC -19 cells at 34°C. B, Percentage of apoptotic nuclei incubated as in A in either normal or primed extract. Data are mean values 6 SD as given by error bars (n 5 3). No significant apoptotic changes were observed in control nuclei during the 2 hr incubation. C, Agarose gel electrophoresis of internucleosomal DNA fragmentation of rat liver nuclei incubated in a 16,000 3 g extract made from tamoxifen-primed CSM-25 cells (2 hr, 34°C). D, Selective proteolytic cleavage of key substrates from a cell-free reaction of HeLa nuclei incubated for the indicated times in a 16,000 3 g extract made from tamoxifen-primed C SM-25 cells at 37°C. C leavage was prevented by Ac-DEV D-CHO, but not by Ac-YVAD-CHO (each at 1 mM). E, The activity of C PP32-like caspases as measured by DEV D-pNA hydrolysis. The C PP32-like caspase activity of a tamoxifen-primed NSC-19 extract after a 2 hr incubation at 37°C is given by the top line. The DEV D activity of a normal NSC -19 extract and the YVAD activity of a tamoxifen-primed NSC -19 extract fall at or below the bottom line. In each case the data in A, C–E are representative of at least three independent experiments.
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Figure 3. Atractyloside activates neural cell-free apoptosis. Atractyloside (5 mM) was incubated in a 3000 3 g extract made from C SM-25 cells (2– 4 hr, 37°C). The activation of apoptosis was measured by fodrin cleavage. Atractyloside also induced cell-free apoptosis in a system composed of rat liver mitochondria and 16,000 3 g extract from C SM-25 cells. However, atractyloside incubated in a 16,000 3 g extract alone did not lead to cell-free apoptosis. The data given in this figure are representative of three independent experiments.



Figure 4. Mastoparan activates neural apoptosis. Mastoparan induces apoptosis in cultured rat cerebellar neuron precursors (the R2 cell line) as measured by cell death, using propidium iodide staining of DNA in cells with a compromised plasma membrane (see Rabizadeh et al., 1993). Data are mean values 6 SD as given by error bars (n 5 3). No death was observed in control cells (6 hr).



without mitochondria (see Fig. 8). A control nonhelix-forming peptide (DL SL ARL AT ARL AI) did not activate these systems (data not shown). Also, the addition of C SM nuclei to these reactions resulted in nuclear morphology characteristic of apoptosis (data not shown). Furthermore, the result was the same for rat neuronal mitochondria in a 16,000 3 g extract from primary cerebellar neurons, demonstrating the extension of our neural CFS to primary neurons (Fig. 5A). When CFS buffer was used instead of extract, there was no detectable fodrin cleavage or CPP32 processing (data not shown), no doubt because there was no detectable fodrin or C PP32 in our mitochondrial preparations (by Western blot). Thus, the cytosol seems to be required for these reactions, although it remains possible that mitochondria have endogenous CPP32 at levels below our detection sensitivity. As we discuss below (see C PP32 Processing in MitochondrialDependent Activation of C ell-Free Apoptosis), tamoxifen did not activate this system.



Figure 5. Mastoparan activates neural and neuronal cell-free apoptosis. A, Fodrin cleavage and C PP32 processing in a neural cell-free system composed of a 3000 3 g extract (containing mitochondria) made from C SM-25 cells in a neural cell-free system of mouse liver mitochondria incubated in a 16,000 3 g extract from N T2 cells and in a neuronal cell-free system of rat neuronal mitochondria in a 16,000 3 g extract from primary cerebellar neurons (2– 4 hr at 37°C; 50 mM). Mastoparan did not prime a 16,000 3 g extract without mitochondria. B, Mastoparan induced release of cytochrome c from mitochondria. Mouse liver mitochondria incubated with mastoparan under the conditions in A led to the release of cytochrome c, as measured by Western blot of the supernatant from the mitochondrial pellet. C, The processing of DEV D-pNA substrate by a 16,000 3 g normal N T2 extract activated by the concentrated supernatant from B is shown in the top curve (37°C). The activity of a 16,000 3 g normal N T2 extract, of a 16,000 3 g normal N T2 extract incubated with mastoparan, and mastoparan in buffer was less than or equal to the activity shown by the bottom curve. In each case the data given in A–C are representative of at least three independent experiments.



The above studies indicate that mastoparan induces a mitochondrial-dependent neuronal cell-free apoptosis, as measured by fodrin cleavage, CPP32 processing to active forms, and the CPP32-like caspase hydrolysis of the DEVD-pNA substrate.
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Mastoparan induces the release of cytochrome c from mitochondria



Cytochrome c/dATP activation of cell-free apoptosis is not inhibited by Bcl-2



Recently, Liu et al. (1996) reported on a CFS that differs from the previously reported systems, in that it uses extracts from normally growing cells that have not been induced to undergo apoptosis. Apoptosis is initiated by the addition of dATP and cytochrome c, as opposed to apocytochrome c, to extracts generated from healthy cells. Because holocytochrome c is found only in the intermembrane space of mitochondria (Brayer and Murphy, 1996), we decided to determine whether or not mastoparan releases cytochrome c from mitochondria. This was done, however, with the knowledge that AI F (Z amzami et al., 1996) or another mediator could have been released from the mitochondria to cause cell-free apoptosis and, moreover, that the actual physiological mechanism by which mastoparan kills might not involve mitochondria. Nevertheless, as illustrated in Figure 5B, we found that mastoparan incubated with mouse liver mitochondria led to the release of cytochrome c (as measured by Western blot), whereas control reactions did not release cytochrome c. Furthermore, as shown in Figure 5C, we found that the supernatant from the mastoparan-treated mitochondria activated a 16,000 3 g normal extract made from N T2 cells, as measured by the processing of DEV D-pNA substrate. The supernatant from control reactions did not activate the 16,000 3 g extracts.



Expression of the proto-oncogene bcl-2 inhibits both necrotic and apoptotic cell death in several cell types, including neural cells, and in response to a wide variety of inducers, including serum and growth factor withdrawal (Zhong et al., 1993a), glutamate toxicity (Zhong et al., 1993a), calcium ionophore and membrane peroxidation (Zhong et al., 1993b), protein kinase inhibitors such as staurosporine (Srinivasan et al., 1996), and free-radical inducing agents (Zhong et al., 1993b). With respect to chronic neurodegenerative conditions such as Alzheimer’s disease and ALS, it has been shown that the expression of bcl-2 inhibits neuronal death induced by both glutamate (Zhong et al., 1993a) and b-amyloid peptide (Zhong et al., 1993b). Furthermore, with regard to acute neurological events such as stroke, the expression of bcl-2 protects neurons during acute in vivo cerebral ischemia (Martinou et al., 1994). The gene bcl-2 encodes a 26 kDa membrane-associated protein Bcl-2 that has been located ultrastructurally to the mitochondria, the nuclear membrane, and the endoplasmic reticulum (Hockenbery et al., 1990; de Jong et al., 1994). Susin et al. (1996) have shown that mitochondria from bcl-2overexpressing cells do not release AIF when incubated with atractyloside. As Figure 6C illustrates, both a 16,000 3 g extract made from Bcl-2-overexpressing CSM-25 cells and a 3000 3 g extract from such cells (which therefore contains mitochondria) are activated by cytochrome c/dATP. These results demonstrate that Bcl-2 can prevent the activation of apoptosis at the mitochondrial level, but not at the postmitochondrial level. This is consistent with the fact that cytochrome c is found only in the mitochondrial intermembrane space (under normal conditions) (Brayer and Murphy, 1996) and that Bcl-2 is found at the contact points between the outer and inner mitochondrial membranes (de Jong et al., 1994). Therefore, although Bcl-2 can prevent neural cells from undergoing apoptosis induced by such agents as tamoxifen and staurosporine (premitochondrial phase) and can prevent the cell-free activation of apoptosis by such agents as atractyloside (mitochondrial phase), it cannot prevent the cell-free initiation of neural apoptosis by cytochrome c/dATP (postmitochondrial phase).



Postmitochondrial activation of neuronal cell-free apoptosis with cytochrome c and dATP As discussed in the previous section, Liu et al. (1996) have reported on a CFS that activates extracts from normally growing cells by the addition of cytochrome c and dATP. This system, when applied to human embryonic kidney 293 cells and human monoblastic U937 cells, reproduces nuclear and DNA fragmentation, PARP cleavage, and the processing of C PP32 to active forms found in apoptotic cell death. In light of these results, we added horse heart cytochrome c and dATP (cytochrome c/dATP) to 16,000 3 g neuronal/neural extracts and found that this system reproduced nuclear and DNA fragmentation (Fig. 6 A,B), the proteolysis of fodrin and the processing of C PP32 (Fig. 6C), and the activation/activity of CPP32-like caspase hydrolysis of DEV D-pNA (Fig. 6 D). In addition to rat primary cerebellar granule cell neurons, the system works equally well with neural cell lines such as C SM, NSC, and NT2 and non-neural cell lines such as Jurkat. As we discuss below (see C PP32 Processing in Mitochondrial-Dependent Activation of C ell-Free Apoptosis), we found that tamoxifen and mastoparan did not activate this system.



Some forms of cytochrome c do not activate cell-free apoptosis Although the neuronal CFS described in the previous section activates with horse and bovine cytochrome c, it does not activate with yeast cytochrome c (ISO-1) nor with partially acetylated horse heart cytochrome c (Fig. 6C). The acetylation process described by Azi et al. (1975) preferentially acetylates surface lysines. In common with this theme of altered lysines, yeast cytochrome c differs from mammalian cytochrome c not only in the number and distribution of lysines (Fig. 7) but also in that lysine 72 is naturally trimethylated in yeast cytochrome c (Clements et al., 1989). Thus, it seems that lysines are important for the function of cytochrome c in activating cell-free apoptosis and that mutations of these lysines might shed f urther light on the mechanism by which cytochrome c initiates apoptosis.



Extract preincubation inhibits cytochrome c/dATPactivated cell-free apoptosis A preincubation of 16,000 3 g extract renders the extract incapable of activation by cytochrome c/dATP, implying that a temperature-sensitive protease or activator is involved in this apoptotic process (Fig. 6C). Indeed, reactions seemed to run better at 30 than at 37°C, as measured by the extent of substrate cleavage and pNA hydrolysis (data not shown). Furthermore, the peptide inhibitor Z-Val-Ala-Asp-fluoro-methylketone (zVADfmk) (Casiano et al., 1996) of caspase proteases prevents the activation (Fig. 6C). Finally, cytochrome c alone was usually enough to activate a 16,000 3 g extract, without the need for added dATP, although the resulting activity was lower (data not shown).



CPP32 processing in mitochondrial-dependent activation of cell-free apoptosis The proteolytic conversion of pro-CPP32 to active forms is a hallmark of apoptosis (Casciola-Rosen et al., 1994; Tewari et al., 1995). Figure 8 shows that tamoxifen induces apoptosis at the premitochondrial level (cells) but does not induce apoptosis at
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Figure 6. C ytochrome c and dATP activate neural and neuronal cell-free apoptosis. A, Nuclear fragmentation of HeLa nuclei incubated in a 16,000 3 g N T2 extract with horse heart cytochrome c and dATP. B, DNA fragmentation of C SM nuclei incubated in a 16,000 3 g C SM extract with horse heart cytochrome c and dATP. C, Proteolysis of fodrin and the processing of C PP32 in extracts. Although horse heart cytochrome c activated both 16,000 3 g N T2 extracts and 16,000 3 g extracts from rat primary cerebellar neurons, yeast and acetylated horse cytochrome c did not activate extracts. A 16,000 3 g C SM extract made from Bcl-2-overexpressing cells, with or without mitochondria from Bcl-2-overexpressing cells, and a 3000 3 g extract from such cells is activated by cytochrome c/dATP. A 30 – 60 min preincubation of 16,000 3 g extract at 37°C renders the extract incapable of activation by cytochrome c/dATP. Furthermore, the peptide inhibitor zVAD-fmk prevents the activation. Incubation conditions for A–C are 10 mM cytochrome c and 1 mM dATP for 1.5 hr at 37°C. D, Activation of CPP32like caspase in a 16,000 3 g NSC -34 extract incubated with dATP and cytochrome c, shown by the top curve, as measured by hydrolysis of DEVDpNA (10 mM cytochrome c and 1 mMdATP at 37°C). The activity of extract alone is shown by the bottom curve.The activities of yeast and partially acetylated cytochrome c in the above system and cytochrome c/dATP in buffer lie at or below the activity of normal extract. In each case the data given in A–D are representative of at least three independent experiments.
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Figure 7. Sequence alignment of horse and yeast (Iso-1) cytochrome c. Yeast cytochrome c differs from horse heart cytochrome c in the number and distribution of lysines. The open rectangles highlight lysine residues found in horse, but not in yeast cytochrome c. The shaded rectangle highlights lysine 72, which is naturally trimethylated in yeast cytochrome c (C lements et al., 1989).



Figure 8. CPP32 processing in apoptosis and cell-free apoptosis. As indicated by the processing of C PP32, Tamoxifen (Tam) induces apoptosis in whole cells (Pre-mito) but does not induce cell-free apoptosis in extract with added mitochondria (Mito) or extract alone (Post-mito). Similar results were obtained for staurosporine (data not shown). Mastoparan (Mast) induces apoptosis at the Pre-mito level and cell-free apoptosis at the Mito level but does not induce cell-free apoptosis at the Post-mito level. Similar results were obtained for atractyloside (data not shown). Cytochrome c/dATP (Cytc) activates cell-free apoptosis at the Mito and Post-mito levels but does not induce apoptosis at the Pre-mito level. For the premitochondrial level, neural cells (C SM, NSC, or N T2) were incubated with tamoxifen (2 hr), mastoparan (6 hr), or cytochrome c/dATP (8 hr). For the mitochondrial level, a cell-free system composed of 16,000 3 g neural extract and added rat liver mitochondria was incubated with tamoxifen (4 hr), mastoparan (4 hr), or cytochrome c/dATP (1 hr). For the postmitochondrial level, a cell-free system composed of 16,000 3 g neural extract was incubated with tamoxifen (4 hr), mastoparan (4 hr), or cytochrome c/dATP (1 hr). All incubations were run under the following conditions: 100 mM tamoxifen; 50 mM mastoparan; 10 mM cytochrome c; 1 mM dATP; 37°C). The data given in this figure are representative of at least three independent experiments.



mentation of DNA, the selective proteolysis of substrates, and the activation of CPP32-like caspases. During the last few years the substrates of the caspase family of cysteine proteases have received considerable attention because cleavage of these substrates may offer molecular mechanisms for many of the hallmark morphological and functional changes exhibited by apoptotic cells (Casiano et al., 1996). For example, the cleavage of fodrin may lead to morphological alterations such as process retraction, cellular rounding, and bleb formation. The cleavage of nuclear substrates such as the lamins, NuMA, and topoisomerase I may be associated with the dissolution of the nuclear membrane, chromatin condensation, and nuclear fragmentation. Furthermore, the cleavage of substrates during apoptosis can lead to activation, not just inactivation. For example, although PARP cleavage has been reported to lead to inactivation (Lazebnik et al., 1994), the cleavage of PKC-d results in the activation of the enzyme (Emoto et al., 1995). As Figure 1 B shows, some PKC-d is activated (40 kDa fragment) at 0 hr. This could reflect the presence of apoptotic cells before staurosporine treatment or the basal activity of PKC-d in normal cells. Having established the fundamentals of the neuronal CFS, it was applied in an initial attempt to order the events of neural apoptosis. This approach may be valuable in the determination of the site(s) of action of the mutant proteins associated with neurodegenerative diseases. The findings suggest that a broad classification scheme would include premitochondrial (or extramitochondrial) activation, mitochondrial activation, and postmitochondrial activation.



Premitochondrial level the mitochondrial level (mitochondria and extract) or the postmitochondrial level (extract). Mastoparan induces apoptosis at the premitochondrial level (cells) and at the mitochondrial level (mitochondria and extract) but does not induce apoptosis at the postmitochondrial level (extract). Finally, cytochrome c/dATP induces apoptosis at the mitochondrial level (mitochondria and extract) and at the postmitochondrial level (extract) but does not induce apoptosis at the premitochondrial level (cells).



DISCUSSION We report here the development and use of a CFS for the study of neural apoptosis. This system may be applied to neural cell lines or to primary neurons in culture. Activation of the system results in a reproduction of the events of neuronal apoptosis, including nuclear morphological changes, internucleosomal frag-



Our studies indicate that staurosporine and tamoxifen induce apoptosis in whole cells from which active extracts then may be prepared but do not induce apoptosis directly in cell extracts. This suggests that induction of apoptosis by these agents requires an intact signaling mechanism that is absent in the CFS described here. In light of this, we currently are developing a second generation neuronal CFS that includes additional purified fractions such as plasma membranes (Meier et al., 1984) and lysosomes (Ohshita and Kido, 1995). Because this type of CFS could represent a more upstream system, agents like tamoxifen then might induce apoptosis without the need for intact cells.



Mitochondrial level Our studies show that, unlike staurosporine and tamoxifen, atractyloside and mastoparan, both of which induce the mitochondrial
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inner membrane permeability transition (Pfeiffer et al., 1995; Zamzami et al., 1996), activate neural cell extracts directly, without the requirement for whole cells but with the requirement for mitochondria. This lack of need for intact cells argues that the points of apoptosis activation by staurosporine and tamoxifen lie upstream from that of atractyloside and mastoparan. An alternate interpretation is that apoptosis activation by tamoxifen and staurosporine involves a pathway that is independent of that triggered by atractyloside and mastoparan. Although mastoparan has been shown to have G-protein signaling effects (Ross and Higashijima, 1994) involving the activation of the Go /Gi proteins, Yan et al. (1995) found that the pretreatment of granule neurons with pertussis toxin (PTX) did not block mastoparan-induced apoptosis, although it does block Go /Gi activation. So, whereas a P TX-insensitive G-protein still might mediate mastoparan-induced apoptosis, we suggest the alternative view that mastoparan induces mitochondria to release an apoptotic activator such as cytochrome c. Three previous studies, taken together, demonstrate the plausibility of this view. First, mastoparan has been shown to interact with mitochondria in a manner similar to that of mitochondrial presequences. The results of this interaction between mastoparan and the mitochondrial membranes have been ordered by Nicolay et al. (1994), who demonstrated that the interaction of mastoparan with the mitochondrial outer membrane is followed by an increase in the permeability of the mitochondrial outer membrane to adenylate kinase, which is followed in turn by proton leak through the inner membrane, a decrease in the mitochondrial membrane potential, and then the M P T. This is an important result because it demonstrates protein release (adenylate kinase) from the mitochondria before the mitochondria are severely compromised by the M P T. Second, Pfeiffer et al. (1995) demonstrated that mastoparan is a potent inducer of the MPT. Third, atractyloside also induces the M P T and the release of AIF, which is known to induce in vitro apoptotic changes in nuclei, the cleavage of PARP, and the processing of CPP32 (Zamzami et al., 1996). Therefore, our findings that mastoparan induces the release of a soluble proapoptotic signal (not necessarily limited to cytochrome c) from mitochondria and a mitochondrial-dependent cell-free apoptosis are not surprising. Nevertheless, it remains unknown whether this mechanism is indeed the mechanism by which mastoparan induces apoptosis in whole cells.



Postmitochondrial level Our studies demonstrate that cytochrome c and dATP added together activate neural cell extracts in a manner that is independent of mitochondria. These findings argue that cytochrome c and dATP induce apoptosis at a point distal to those of staurosporine, tamoxifen, atractyloside, and mastoparan. Three points should be highlighted regarding the cytochrome c/dATP activation. First, not all forms of cytochrome c activate the system. Yeast (ISO-1) and partially acetylated horse cytochrome c are incapable of activating the system. In yeast, lysine 72 is trimethylated (Brayer and Murphy, 1996). Furthermore, the acetylation of lysines (Azi et al., 1975) prevents horse cytochrome c from activating the system. Thus, whether acetylated or methylated, lysine 72 is a good candidate as a residue required for cytochrome c to activate cell-free apoptosis. Work is currently underway to determine which lysines actually are required for cytochrome c to induce cell-free apoptosis.



Second, preincubation of an extract for 30 min at 37°C renders it insensitive to cytochrome c activation, implying that a temperature-sensitive component in the extract is required for cytochrome c/dATP activation. This finding is similar to that of Susin et al. (1996) involving AIF. Third, Bcl-2 produces an antiapoptotic effect at the premitochondrial and mitochondrial levels but cannot protect against the postmitochondrial activation of apoptosis by cytochrome c. Work is underway to determine whether Bcl-2 can protect against mastoparan-initiated cell-free apoptosis. Use of the cell-free neural apoptosis system described also might lead to new insights into the cytotoxic mechanisms of proapoptotic, mastoparan-like peptides. We recently have found that a peptide consisting of the mastoparan-like region of p75 N TR (the low-affinity neurotrophin receptor) is a potent inducer of apoptosis (M. R. Hileman, B. S. Chapman, S. Rabizadeh, V. V. Krishnan, D. E. Bredesen, N. Assa-Munt, L. A. Plesniak, unpublished data; S. Rabizadeh, H. M. Ellerby, L. M. Ellerby, D. E. Bredesen, unpublished data). Furthermore, structural determination of the mastoparan-like p75 N TR peptide by nuclear magnetic resonance disclosed a helical structure in the presence of lipid micelles, whereas a nonapoptotic point mutant failed to form a helix (M. R. Hileman, B. S. Chapman, S. Rabizadeh, V. V. Krishnan, D. E. Bredesen, N. Assa-Munt, L. A. Plesniak, unpublished data). Ongoing experiments should determine the organellar requirement for apoptosis activation by the p75 N TR mastoparan-like peptide. Similarly, the Drosophila proapoptotic protein Reaper (RPR) (Pronk et al., 1996) and mitochondrial presequences (Nicolay et al., 1994) bear some structural similarity (e.g., formation of an a-helix) to mastoparan and the mastoparanlike peptide. Therefore, it is reasonable to hypothesize that there may be a common underlying mechanism of action among some agents of toxic insult, developmental regulation, and neurodegenerative disease involving the activation of apoptosis via the action of mitochondrial “disrupting” peptides. With this in mind, we currently are evaluating p75-like peptides, mitochondrial presequences, and peptides related to RPR in our neuronal CFS to determine whether they induce a mastoparan-like mitochondrialmediated apoptosis. In summary, this CFS for the study of neuronal apoptosis should find application in a wide range of problems, including the ordering of transduction events in neural apoptosis, determination of the mechanisms by which proapoptotic and antiapoptotic gene products act, identification of the mechanisms by which inhibitors of the process function, and studies of the mechanisms by which mutant proteins induce neurodegenerative disease states.
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