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Staurosporine-Induced Apoptosis of Cultured Rat Hippocampal
Neurons Involves Caspase-1-Like Proteases as Upstream Initiators
and Increased Production of Superoxide as a Main

Downstream Effector
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We induced apoptosis in cultured rat hippocampal neurons by
exposure to the protein kinase inhibitor staurosporine (30 nm,
24 hr). Treatment with the antioxidant (*)-a-tocopherol (100 um)
or the superoxide dismutase-mimetic manganese tetrakis
(4-benzoyl acid) porphyrin (1 wm) significantly reduced
staurosporine-induced cell death. Using hydroethidine-based
digital videomicroscopy, we observed a significant increase in
intracellular superoxide production that peaked 6-8 hr into the
staurosporine exposure. This increase occurred in the absence
of gross mitochondrial depolarization monitored with the
voltage-sensitive probe tetramethylrhodamine ethyl ester. We
then prepared extracts from staurosporine-treated hippocam-
pal neurons and monitored cleavage of acetyl-Tyr-Val-Ala-Asp-
aminomethyl-coumarin and acetyl-Asp-Glu-Val-Asp-AMC, flu-
orogenic substrates for caspase-1-like and caspase-3-like
proteases, respectively. Staurosporine caused a significant in-
crease in caspase-1-like activity that preceded intracellular
superoxide production and reached a maximum after 30 min.
Caspase-3-like activity paralleled intracellular superoxide pro-

duction, with peak activity seen after 8 hr. Treatment with the
corresponding caspase-3-like protease inhibitor acetyl-Asp-
Glu-Val-Asp-aldehyde (10 um) prevented the increase in
caspase-3-like activity and staurosporine-induced nuclear
fragmentation, but failed to prevent the rise in superoxide pro-
duction and subsequent cell death. In contrast, treatment with
caspase-1-like protease inhibitors reduced both superoxide
production and cell death. Of note, antioxidants prevented
superoxide production, caspase-3-like protease activity, and
cell death even when added 4 hr after the onset of the stauro-
sporine exposure. These results suggest a scenario of an early,
caspase-1-like activity followed by a delayed intracellular su-
peroxide production that mediates staurosporine-induced cell
death of cultured rat hippocampal neurons.
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During the development of the nervous system, many neurons die
because of a physiological process known as programmed cell
death (PCD) (Oppenheim, 1991). Growing evidence suggests
that features of a conserved cell death program may also play a
role in neuronal degeneration after stroke and trauma and in
neurodegenerative disorders such as Alzheimer’s and Parkin-
son’s disease (Bredesen, 1995; Thompson, 1995). Studies in Cae-
norhabditis elegans have identified three genes that regulate PCD
in the nematode: ced-3, ced-4, and ced-9 (Horvitz et al., 1994).
The proteins of the Bcl-2 family are the mammalian homologs of
CED-9 and are believed to act upstream of CED-3 and CED-4
(Hengartner and Horvitz, 1994). Apaf-1 is the first identified
mammalian homolog of CED-4 (Zou et al., 1997). It participates
in the activation of the protease caspase-3, a mammalian homolog
of CED-3 (Fernandes-Alnemri et al., 1994). Caspases are a family
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of cysteine proteases that specifically cleave proteins after Asp
residues (Alnemri et al., 1996). To date, more than 10 caspase
family members have been identified, but their relative contribu-
tion to PCD still remains unclear (Cohen, 1997; Salvesen and
Dixit, 1997).

During apoptosis, caspase-3 and related caspases cleave pro-
teins of the cytoskeleton, the nuclear matrix, transcription factors,
and DNA repair enzymes, and they activate apoptosis-specific
deoxyribonucleases (Cohen, 1997, Enari et al., 1998). Pharmaco-
logical inhibition of caspase-3-like protease activity has been
shown to rescue neurons from apoptosis caused by withdrawal of
trophic factors or excitotoxic injury (Du et al., 1997; Eldadah et
al., 1997). Moreover, caspase-3-deficient mice showed decreased
apoptosis in the developing nervous system, suggesting a role for
caspase-3 in the initiation and execution of neuronal apoptosis
(Kuida et al., 1996). In contrast, caspase-1 and its closest relatives,
caspase-4 and caspase-5, are believed to function primarily in the
activation of proinflammatory cytokines (Thornberry et al., 1992;
Cohen, 1997). In fact, caspase-1-deficient mice do not exhibit
reduced apoptosis in many organs, including the brain (Li et al.,
1995). However, activation of caspase-1-like proteases and pro-
tective effects by specific inhibitors have also been reported in
several models of neuronal apoptosis (Gagliardini et al., 1994;
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Milligan et al., 1995; Schulz et al., 1996; Troy et al., 1996; Jordan
et al., 1997).

Apart from the proteolytic activity of caspases, an increased
formation of oxygen free radicals also contributes to the self-
destruction of neurons undergoing PCD (Kane et al.,, 1993;
Greenlund et al., 1995; Jordan et al., 1995; Atabay et al., 1996,
Dugan et al., 1996; Schulz et al., 1996; Prehn et al., 1997; Estévez
et al., 1998). An increased formation of superoxide seems to be
particularly important, because overexpression of superoxide dis-
mutase (SOD) reduces neuronal apoptosis (Kane et al., 1993;
Greenlund et al., 1995; Jordan et al., 1995; Prehn et al., 1997).
However, whether free radical production occurs upstream or
downstream of caspase activation is still a matter of debate. The
present study was performed to investigate the relationship be-
tween caspase activation and superoxide production in neuronal
apoptosis and to elucidate the relative contribution of both events
to the resulting cell death.

MATERIALS AND METHODS

Cell culture. Cultured hippocampal neurons were prepared from neonatal
(P1) Fischer 344 rats as described by Sengpiel et al. (1998). Briefly, the
isolated hippocampi were dissected, treated with 0.1% papain (Sigma,
Deisenhofen, Germany) in Leibovitz L-15 medium (Life Technologies,
Eggenstein, Germany) at 37°C for 20 min, and gently triturated. After-
ward, the cell suspension was layered over a trypsin-inhibitor solution,
the suspension was centrifuged, and the cells were resuspended. For
image analysis, cells were plated onto poly-L-lysine-coated glass cover-
slips that were placed into 35 mm Petri dishes (Falcon, Heidelberg,
Germany). For cytotoxicity and caspase activity assays, cells were plated
onto poly-L-lysine-coated 24-well plates (Nunc, Hamburg, Germany).
Cells were plated at a density of 2 X 10° cells/cm?. Cells were main-
tained in MEM culture medium supplemented with 10% N U-serum, 2%
B-27 supplement (50 X concentrate), 2 mM L-glutamine, 20 mm
D-glucose, 26.2 mM sodium bicarbonate, 100 U/ml penicillin, and 100
ung/ml streptomycin (Life Technologies, Gaithersburg, MD). Cells were
cultured in a humidified atmosphere of 5% CO, and 95% air at 37°C.
After 1 d in vitro, the culture medium was exchanged and cultures were
treated with 1 uMm cytosine B-arabinofuranosid (Sigma) to inhibit the
proliferation of non-neuronal cells. All experiments were performed on
8- to 10-d-old cultures. Animal care followed official governmental
guidelines.

Induction of apoptosis. Exposure to the protein kinase inhibitor stau-
rosporine is a widely used model to induce apoptosis in neuronal and
non-neuronal cells (Falcieri et al., 1993; Jacobson et al., 1993; Bertrand
et al., 1994; Koh et al., 1995). We have shown previously that a 24 hr
exposure to staurosporine (30 nM) caused cell death in hippocampal
neurons characterized by shrinkage of the cell body, membrane blebbing,
chromatin condensation, nuclear pyknosis, and positive labeling of 3'-
OH-DNA ends using the terminal deoxynucleotidyl transferase-based
dUTP-digoxigenin nick-end labeling (TUNEL) technique (Prehn et al.,
1997). This cell death could be prevented by 24 hr pretreatments with the
protein synthesis inhibitor cycloheximide or the G, /S cell cycle inhibitor
mimosine (Prehn et al., 1997). For the induction of apoptosis, stauro-
sporine (Sigma; 1000X stock in dimethylsulfoxide) was added to the
culture medium in a final concentration of 30 nMm. This concentration has
been shown to induce apoptosis in ~50% of the neuronal population
(Prehn et al., 1997). Controls were exposed to the vehicle.

Protocol of cytotoxicity-neuroprotection experiments. For the toxicity—
neuroprotection experiments, staurosporine (30 nM) was added to the
culture medium for 24 hr. To exclude the possibility that neuroprotective
drugs were delaying rather than preventing neuronal cell death, the 24 hr
exposure period was followed by a 24 hr recovery period (24 hr exposure
+ 24 hr recovery). To this end, the staurosporine-containing medium was
aspirated, and the cultures were washed and maintained for a further 24
hr in astrocyte-conditioned culture medium. Neuroprotective drugs were
added 60 min before exposure to staurosporine unless stated otherwise
and were present during the staurosporine exposure only.

Estimation of cell survival. In the cytotoxicity—neuroprotection exper-
iments, cell death was analyzed using the trypan blue dye exclusion
method. Uptake of trypan blue indicates membrane leakage, an endpoint
of neuronal degeneration that also occurs after neuronal apoptosis in
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vitro (“secondary necrosis”). Cells were washed once with PBS and then
were exposed to trypan blue (0.5% in PBS) for a period of 5 min. Only
darkly stained neurons were considered damaged. A total number of
400-500 neurons were counted in three to four randomly chosen sub-
fields. Cell counts were performed by two investigators and without
knowledge of the respective treatments.

Hoechst 33258 staining of nuclear chromatin. Apoptotic cells undergo
chromatin condensation, which can be visualized using the DNA-binding
fluorescent dye Hoechst 33258. After treatment with staurosporine for
the indicated period of time, cells were fixed with 4% formaldehyde in
PBS at 37°C for 15 min, permeabilized with ethanol/acetic acid (19:1) at
—20°C for 15 min, and washed with PBS. Cells were then exposed to 1
ung/ml Hoechst 33258 (Sigma) in PBS at room temperature for 15 min.
Cultures were washed three times in PBS, and ProLong Anti-Fade
reagent (Molecular Probes, Leiden, The Netherlands) was added to the
cells according to the manufacturer’s instructions. Cells were visualized
with an Axiovert 135 fluorescence microscope (Zeiss, Oberkochen, Ger-
many) with UV illumination from a 50 W xenon arc using a 40X
fluorescence objective. Optical filters were as follows: excitation of 365
nm, dichroic mirror of 395 nm, and emission 420 nm. Nuclei of control
cells appeared round to oval, with a septate pattern of blue fluorescence.
During the exposure to staurosporine, nuclei became increasingly bright,
decreased in size, and fragmented into apoptotic bodies. Normal nuclei,
nuclei exhibiting increased Hoechst 33258 fluorescence caused by chro-
matin condensation, and fragmented nuclei were counted in 10 randomly
chosen subfields per culture dish. Because increased Hoechst 33258
fluorescence might indicate reversible nuclear condensation, only frag-
mented nuclei were considered “apoptotic.”

Hydroethidine-based detection of intracellular superoxide production.
The cell-permeant probe hydroethidine (HEt) is oxidized by superoxide
to a fluorescent product, ethidium (Et). Et is retained intracellularly, thus
allowing semiquantitative estimations of cellular superoxide production
(Rothe and Valet, 1990; Bindokas et al., 1996). Hydroethidine (Molec-
ular Probes) was prepared as a 10 mg/ml stock in dry dimethylsulfoxide
and stored at —80°C. Working stocks (1 mg/ml) were made in distilled
water and were freshly prepared. For estimation of cellular superoxide
production, 5 ug/ml hydroethidine was added to the culture medium for
a period of 30 min. Cultures were washed three times in HEPES-buffered
saline (HBS) (144 mm NaCl, 10 mm HEPES, 2 mm CaCl,, 1 mm MgCl,,
5 mMm KCl, 10 mMm D-glucose; 320 mOsm, pH 7.4) and fixed in 4%
formaldehyde as described above. Cellular Et fluorescence was measured
using a fluorescence microscope (Axiovert 100 inverted-stage micro-
scope; Zeiss) with attenuated UV illumination from a 75 W xenon arc.
Optics were as follows: excitation of 490 nm, dichroic mirror of 505 nm,
and emission >510 nm. Images were collected using a 40X fluorescence
objective and an intensified CCD camera (C 2400-77, Hamamatsu,
Herrsching, Germany). Sixteen frames were averaged for each image.
Images were digitized as 256 X 256 pixels. Before each experiment, a
background image was taken that was later subtracted from the images.
Data were analyzed using Argus-50 software (Hamamatsu). Fluores-
cence intensity data were normalized through standardization of loading
procedures, background subtraction, and randomization of the experi-
ments. Alternatively, cellular extracts were prepared using a lysis buffer
(10% SDS, 0.1 M Tris, pH 7.5), and the Et fluorescence of the cell lysates
was quantified using a fluorescent plate reader (FL 500; Biotek, Ham-
burg, Germany) (excitation 485 nm, emission 530 nm). Lysis buffer
served as blanks. Protein content was determined using a Pierce BCA
Micro Protein Assay Kit (KMF, Cologne, Germany) according to the
manufacturer’s instructions. Et fluorescence of cell lysates is expressed as
fluorescence units per micrograms of protein.

Tetramethylrhodamine ethyl ester-based estimation of mitochondrial
membrane potential. Tetramethylrhodamine ethyl ester (TMRE) is a
cationic, lipophilic dye that partitions to the negatively charged mito-
chondrial matrix according to the Nernst equation. Uptake of TMRE has
been shown to allow semiquantitative estimations of mitochondrial mem-
brane potential (Ehrenberg et al., 1988). TMRE (Molecular Probes) was
prepared as a 10 mg/ml stock in dry dimethylsulfoxide and stored at
—20°C. Working stocks (1 mg/ml) were made in distilled water and were
freshly prepared. For estimation of mitochondrial transmembrane poten-
tial, cells were incubated with 100 nm TMRE at room temperature for a
period of 15 min in HBS, and cellular TMRE fluorescence was acquired
using the above-described fluorescence microscope, filter sets, and imag-
ing system.

Assessment of caspase-1- and caspase-3-like protease activity. After
treatment with staurosporine for the indicated periods of time, the
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culture medium was aspirated, and the cells washed three times with
HBS and lysed in 200 ul of lysis buffer (10 mm HEPES, pH 7.4, 42 mm
KCl, 5 mm MgCl,, 1 mMm PMSF, 0.1 mm EDTA, 0.1 mm EGTA, 1 mMm
DTT, 1 ug/ml pepstatin A, 1 pg/ml leupeptin, 5 pg/ml aprotinin, 0.5%
CHAPS) (Armstrong et al., 1997). Fifty microliters of this extract were
added to 150 ul of reaction buffer (25 mm HEPES, 1 mm EDTA, 0.1%
CHAPS, 10% sucrose, 3 mm DTT, pH 7.5). The reaction buffer was
supplemented either with 10 um Ac-YVAD-AMC, a fluorogenic sub-
strate for caspase-1-like proteases, or with 10 um Ac-DEVD-AMC, a
fluorogenic substrate for caspase-3-like proteases (Margolin et al., 1997).
Production of fluorescent AMC was monitored over 60 min using the
above-mentioned fluorescent plate reader (excitation 380 nm, emission
460 nm). Fluorescence of blanks containing no cellular extracts was
subtracted from the values. Caspase-1-like and caspase-3-like activity is
expressed as change in fluorescence units per hour per micrograms of
protein.

Protein gel electrophoresis—Western blotting. Cells were rinsed with PBS
and lysed in Tris-buffered saline containing SDS, glycerin, and protease
inhibitors. Protein content was determined using the Pierce BCA Micro
Protein Assay Kit, and samples were supplemented with
2-mercaptoethanol and denaturated at 95°C for 5 min. Twenty micro-
grams of protein were separated with 10% or 12.5% SDS-PAGE and
blotted to nitrocellulose membrane (Protran BA 83; Schleicher & Schiill,
Dassel, Germany). Nonspecific binding was blocked by incubation in PBS
containing 2% bovine serum albumin, 5% nonfat dry milk, and 0.1%
Tween-20 for 1 hr at room temperature. The blots were then incubated
overnight at 4°C in blocking buffer with either a mouse monoclonal
antibody specific for poly-(ADP-ribose) polymerase (PARP; 116 kDa)
(MCA1522; Serotec, Biozol, Eching, Germany), diluted 1:500, or a rabbit
polyclonal antibody specific for pro-caspase-3 (32 kDa) (06-538; Upstate
Biotechnology, Biomol, Hamburg, Germany), diluted 1:100. This was
followed by incubation with anti-mouse or anti-rabbit IgG-horseradish
peroxidase conjugate (1: 5000; Promega, Mannheim, Germany).
Antibody-conjugated peroxidase activity was visualized using the Super-
Signal chemiluminescence reagent (Pierce).

RT-PCR. For detection of caspase-1, caspase-3, and B-actin mRNA,
total cellular RNA was extracted from the hippocampal cultures using
the RN Easy kit (Qiagen, Hilden, Germany). Total cellular RNA isolated
from secondary cultures of rat cortical astrocytes, from rat brain (stria-
tum and septum), and from mouse brain (neocortex) served as controls.
Total cellular RNA was treated with RNase-free DNase 1 (Promega,
Heidelberg, Germany) (1.0 U/50 wl) for 10 min at 37°C. RNA concen-
tration was determined UV-photometrically by absorbance at 260 nm,
and purity of the samples was confirmed by A,,/A4,5, ratios between 1.7
and 2.0. RNA (600 ng) was subjected to a reverse transcriptase (RT)
reaction. RT was performed in 45 ul of RT-mix consisting of 100 U
MMLV-RT (Life Technologies), 2.2 mm MgCl, (Amersham, Braun-
schweig, Germany), dNTP mix (dATP, dCTP, dGTP, dTTP, 0.2 mm
each; Life Technologies), 4 mm DTT (Life Technologies), 20 U RNase-
inhibitor (Promega), 50 uM oligo-(T)-primer (MWG Biotech, Ebersberg,
Germany), 1 X PCR buffer (Amersham), and RNase-free water. The RT
reaction at 37°C for 60 min was followed by 5 min denaturation at 95°C.
Ten microliters of the cDNA solution were used for the subsequent PCR.

PCR was performed in 50 pl of PCR mix containing 0.1 U Tagq
polymerase (Dianova, Hamburg, Germany), 2.0 mm MgCl,, dNTP mix
(dATP, dCTP, dGTP, dTTP, 0.2 mm each), 0.3 um each primer (sense
and antisense; MWG Biotech), and 1X PCR buffer. PCR reaction
was performed using a Progene thermocycler (Techne; Thermodux,
Wertheim, Germany). The following primers were used: 5'-GGTATTG-
AGACAGACAGTGG-3" (sense primer) and 5'-CATGGGAT-
CTGTTTCTTTGC-3' (antisense primer) for caspase-3 [expected size
of amplification product: 280 bp (Eldadah et al., 1997; Ni et al., 1997)];
5'-CACATTGAAGTGCCCAAGCT-3" (sense primer) and 5'-
TCCAAGTCACAAGACCAGGC-3' (antisense primer) for caspase-1
[expected size of amplification product: 300 bp (Eldadah et al., 1997)];
5'-ATTTGGCACCACACTTTCTACA-3" (sense primer) and 5'-
TCACGCACGATTTCCCTCTCAG-3' (antisense primer) for B-actin
[expected size of amplification product: 380 bp (Semkova et al., 1996)].
For caspase-1, 30 and 35 cycles were performed, and for caspase-3, 30
cycles of PCR were performed (template denaturation at 95°C for 30 sec;
annealing at 55°C for 60 sec, primer extension at 72°C for 120 sec). For
B-actin, 25 cycles of PCR were performed (template denaturation at 95°C
for 30 sec; annealing at 58°C for 60 sec, primer extension at 72°C for 120
sec). Previous studies using RNA extracted from cultured cortical astro-
cytes or rat brain have shown that 25 cycles of PCR is within the linear
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range of amplification (C. Culmsee and E. Preis, unpublished data). In
each PCR, the last cycle was followed by a final extension step at 72°C for
3 min. Fifteen microliters of the PCR product were used for agarose gel
electrophoresis (2%), and the PCR products were visualized with 0.1%
ethidium bromide under UV transillumination using a CCD camera-
based gel documentation system (GelDoc, MWG). In control experi-
ments, extracted RNA from hippocampal neuron cultures was treated
with RNase I (Promega; 13.5 U/ug RNA) at 37°C for 30 min and was
then subjected to RT-PCR as described. As a second control, RT-PCR
was performed with distilled water.

Drugs and substrates. Carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone (FCCP), staurosporine, and (*)-a-tocopherol were purchased
from Sigma. The caspase inhibitors, acetyl-Asp-Glu-Val-Asp-aldehyde
(Ac-DEVD-CHO), acetyl-Trp-Glu-His-Asp-aldehyde (Ac-WEHD-
CHO), acetyl-Tyr-Val-Ala-Asp-aldehyde (Ac-Y VAD-CHO), acetyl-Tyr-
Val-Ala-Asp-chloromethylketone (Ac-YVAD-CMK), and Boc-Asp-
CMK (Boc) were from Bachem (Heidelberg, Germany). The fluorogenic
substrates for caspase-1-like and caspase-3-like proteases, acetyl-Y VAD-
aminomethylcoumarin (Ac-YVAD-AMC) and Ac-DEVD-AMC, and
manganese tetrakis (4-benzoyl acid) porphyrin (MnTBP) were pur-
chased from Alexis (Griinstetten, Germany). The 21-aminosteroid trolox
was kindly provided by Upjohn (Kalamazoo, MI). Noncaspase protease
inhibitors came from Boehringer Mannheim (Mannheim, Germany).

Statistics. Data are given as mean = SEM. For statistical comparison,
t test or one-way ANOVA followed by Tukey’s test were used. For
statistical comparison of Et and TMRE fluorescence units, Mann—
Whitney U test and Kruskal-Wallis H test for nonparametric data were
used. p values smaller than 0.05 were considered to be statistically
significant.

RESULTS

Antioxidants and caspase inhibitors protect cultured
rat hippocampal neurons against staurosporine-
induced PCD

We began our experiments by investigating the effects of antioxi-
dants and caspase inhibitors on long-term survival of the hip-
pocampal neurons (24 hr exposure to 30 nm staurosporine plus 24
hr recovery). We have shown previously that adenovirus-
mediated overexpression of SOD-1 protected cultured rat hip-
pocampal neurons against staurosporine-induced cell death
(Prehn et al.,, 1997). In agreement with this finding, staurosporine
neurotoxicity was significantly reduced by 60 min pretreatment
with the antioxidants (=)-a-tocopherol (100 pm) and trolox
(1 mm), or the cell-permeant, superoxide dismutase-mimetic
MnTBP (1 um) (Fig. 14).

Staurosporine-induced cell death was also significantly reduced
by a 60 min pretreatment with the cell-permeant, broad-spectrum
caspase inhibitor Boc-Asp-CMK (0.1 um) (Fig. 1B). Comparable
protective effects were observed in cultures treated with Ac-
YVAD-CHO (10 um) (Fig. 1B) or Ac-YVAD-CMK (1-10 um)
(Table 1), reversible and irreversible inhibitors of caspase-1-like
proteases, respectively. A 60 min pretreatment with Ac-WEHD-
CHO, a reversible inhibitor with increased specificity for
caspase-1, also reduced cell death (Table 1). In contrast, 60 min
pretreatment with the caspase-3-like protease inhibitor Ac-
DEVD-CHO (10 um) failed to decrease staurosporine-induced
cell death (Fig. 1B), even with repeated treatments (3 X 10 um;
data not shown). Other peptide protease inhibitors, including
calpain inhibitor I (1-10 um) and leupeptin (1-10 um), also failed
to reduce staurosporine-induced cell death (data not shown).

Intracellular superoxide production peaks after 6-8 hr
of staurosporine exposure

We then investigated the time course of superoxide production
during the exposure to staurosporine using the oxidation-
sensitive probe HEt. HEt is a nonfluorescent, cell-permeant
probe that is oxidized by superoxide to a fluorescent product, Et
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Antioxidants and caspase inhibitors rescue hippocampal neurons from staurosporine-induced PCD. A, Protective effect of antioxidants.

Cultured rat hippocampal neurons were pretreated for 60 min with (*)-a-tocopherol (Toc) (100 um), trolox (7ro) (1 um), the superoxide dismutase-
mimetic MnTBP (1 uM), or vehicle (Veh) and were then exposed to 30 nM staurosporine for 24 hr. Afterward, the staurosporine-containing medium was
aspirated, drug treatments were discontinued, and cultures were washed and maintained for a further 24 hr in astrocyte-conditioned culture medium.
The percentage of damaged neurons was determined by trypan blue exclusion at the end of the recovery period. Data are mean = SEM from n = §-12
cultures in two to three separate experiments per treatment. B, Protective effect of caspase inhibitors. Hippocampal neurons were pretreated for 60 min
with the broad-spectrum caspase inhibitor Boc-Asp-CMK (Boc) (0.1 uMm), the caspase-1-like protease inhibitor Ac-Y VAD-CHO (YVAD) (10 um), the
caspase-3-like protease inhibitor Ac-DEV D-CHO (DEVD) (10 uM), or vehicle and were exposed to staurosporine as described above. Data are mean =
SEM from n = 8-15 cultures in two to four separate experiments per treatment. Different from respective controls: *p < 0.05. n.s., Not statistically

significant.

Table 1. Effect of the irreversible, caspase-1-like protease inhibitor Ac-
YVAD-CMK and the reversible inhibitor with increased specificity for
caspase-1 Ac-WEHD-CHO on staurosporine-induced cell death in rat

hippocampal neurons

Trypan blue-positive

Treatment neurons (%) n

Vehicle (DMSO) 93x42 10
Vehicle + 10um Ac-YVAD-CMK 7319 4
Staurosporine 61.4+73 9
Staurosporine + 1 uM Ac-Y VAD-CMK 21.7 £ 6.2* 4
Staurosporine + 10 uM Ac-Y VAD-CMK 10.1 = 3.0* 4
Vehicle (DMSO) 9.7x39 10
Vehicle + 100 uMm Ac-WEHD-CHO 11.9 =29 4
Staurosporine 66.9 = 4.5 13
Staurosporine + 10 um Ac-WEHD-CHO 532 + 6.9* 4
Staurosporine + 100 um Ac-WEHD-CHO  37.3 = 6.2* 4

Cultured rat hippocampal neurons were pretreated for 60 min with Ac-YVAD-
CMK, Ac-WEHD-CHO, or vehicle and were then exposed to 30 nM staurosporine
for 24 h. Afterward, the staurosporine-containing medium was aspirated, drug
treatments were discontinued, and cultures were washed and maintained for an
additional 24 h in astrocyte-conditioned culture medium. The percentage of dam-
aged neurons was determined by trypan blue exclusion at the end of the recovery
period. Data are means = SEM from # cultures in four separate experiments.

*Difference from vehicle-treated, staurosporine-exposed controls: p < 0.05.

(Rothe and Valet, 1990; Bindokas et al., 1996). Control cultures
accumulated Et fluorescence to a small degree, reflecting endog-
enous superoxide production derived from the mitochondrial
respiratory chain (Fig. 2) (Bindokas et al., 1996; Sengpiel et al.,
1998). Exposure to staurosporine (30 nm) led to an increase in Et
formation that was statistically significant after 30 min and
peaked after 6—-8 hr (Fig. 24). Simultaneous treatment with

(%)-a-tocopherol (100 um) attenuated staurosporine-stimulated
superoxide production (Fig. 2B). Of note, (*)-a-tocopherol also
reduced staurosporine-induced superoxide production when
added 4 hr after the onset of staurosporine exposure (Fig. 2B).

To investigate whether the increase in superoxide was preceded
or paralleled by mitochondrial depolarization, hippocampal cul-
tures were exposed to staurosporine and loaded with the voltage-
sensitive probe TMRE. We observed no decrease in cellular
TMRE fluorescence, indicative of mitochondrial depolarization,
before or during the peak superoxide production (Table 2). In
fact, cellular TMRE fluorescence increased significantly in cul-
tures exposed for 8 hr to staurosporine (Table 2). In addition,
staurosporine-exposed neurons still responded with mitochon-
drial TMRE release on depolarization with the protonophore
FCCP (0.1 uM, 5 min; increase of 45 = 12 FLU. in neurons
treated for 8 hr with staurosporine vs 45 = 6 FL.U. in controls;
p > 0.1).

Intracellular superoxide production precedes nuclear
fragmentation and membrane leakage

Production of superoxide preceded the large increase in nuclear
fragmentation, a hallmark of apoptosis. Staining of nuclei with
the DNA-binding dye Hoechst 33258 revealed no significant in-
crease in the percentage of apoptotic nuclei up to 8 hr after onset
of staurosporine exposure (Fig. 34). By 10 hr, 26.4 * 6.3% of the
nuclei were apoptotic (p < 0.05) (Fig. 34). The large increase in
nuclear fragmentation, however, occurred after 12 hr of stauro-
sporine exposure (Fig. 34). Production of superoxide also pre-
ceded the large increase in chromatin condensation, which oc-
curred after 10 hr (data not shown).

Cultures were analyzed by trypan blue staining to determine
the time course of membrane leakage, an endpoint of neuronal
degeneration. The percentage of trypan blue-stained neurons
remained indistinguishable from that of control cultures up to 10
hr into the staurosporine exposure (Fig. 3B). By 12 hr, there was
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Figure 2. Superoxide production during PCD in rat hippocampal neurons: time course (A4) and inhibition by (*)-a-tocopherol (B). Cultures were
treated with staurosporine (30 nm; solid bars) or staurosporine plus (*)-a-tocopherol (vitamin E, 100 um; hatched bars) for the indicated periods of time.
Alternatively, cultures were treated for 8 hr with staurosporine and received the antioxidant during the last 4 hr of the exposure period (§+E@4).
Controls were exposed to vehicle. For estimation of intracellular superoxide production, 5 ug/ml hydroethidine was added to the cultures during the last
30 min of the staurosporine exposure, and ethidium (Et) fluorescence of the neuronal somata was quantified by digital videomicroscopy. Data are mean *
SEM from n = 57-202 neurons in two to three separate experiments per treatment. Different from respective controls: *p < 0.05. n.s., Not statistically

significant; FLU., arbitrary fluorescence units.

Table 2. Time course of cellular TMRE fluorescence during neuronal
apoptosis

TMRE fluorescence

Treatment (h) (FL. U.) n p value
0 225+ 0.6 139

0.5 211+ 13 29 ns.
2 235*13 26 ns.
8 28.6 1.2 78 0.01

Cultured rat hippocampal neurons were treated with staurosporine (30 nm) for the
indicated period of time and incubated with 100 nm TMRE during the last 15 min
of the exposure. Afterward, cultures were washed and TMRE fluorescence of the
neuronal somata was recorded and quantified using digital video imaging and Argus
50 software. Data are means = SEM from n neurons in four to eight separate
experiments per condition. n.s., Not statistically significant; FI. U., arbitrary fluo-
rescence unit.

a moderate yet statistically significant increase in the percentage
of cells showing membrane leakage (Fig. 3B). At the end of the 24
hr exposure period, 45.1 £ 2.3% of the hippocampal neurons
were trypan blue positive. Interestingly, when the cultures were
maintained for a further 24 hr in astrocyte-conditioned culture
medium (24 hr exposure plus 24 hr recovery), the percentage of
trypan blue-stained neurons increased to 52.9 = 2.3% (p < 0.05
vs 24 hr exposure only; n = 12 cultures in three separate exper-
iments) (Fig. 3B).

Biphasic activation of caspases during
staurosporine-induced PCD

To investigate the time course of caspase activation in
staurosporine-induced apoptosis, we prepared extracts from
staurosporine-treated hippocampal cultures and measured their
cleavage of fluorogenic caspase substrates. Ac-Y VAD-AMC is
cleaved by caspase-1 and, with lower affinity, by the related
caspases, caspase-4 and caspase-5 (Cohen, 1997; Salvesen and
Dixit, 1997). Control cultures exhibited no significant YVAD-
cleavage activity (Fig. 44). Exposure to staurosporine resulted in

an early increase in caspase-1-like protease activity that was
maximal 30 min into the staurosporine exposure and returned to
baseline levels by 4 hr (Fig. 44). RT-PCR confirmed the expres-
sion of caspase-1 mRNA in the hippocampal cultures. However,
caspase-1 mRNA expression was low in the hippocampal neuron
cultures in comparison to cultured cortical astrocytes and brain
tissue derived from rat or mouse (Fig. 54). No PCR products
were obtained if extracted RNA from hippocampal neuron cul-
tures was treated with RNase I and was then subjected to RT-
PCR, or if RT-PCR was performed with distilled water (data not
shown). Caspase-1 mRNA did not show significant changes in the
level of expression up to 6 hr into the staurosporine exposure
(Fig. 54).

Ac-DEVD-AMC is cleaved by caspase-3 and its closest rela-
tives, caspase-2 and caspase-7 (Cohen, 1997; Salvesen and Dicxit,
1997). Cellular extracts from control cultures showed negligible
Ac-DEVD-AMC cleavage (Fig. 4B). Ac-DEVD-AMC cleavage
was not different from baseline activity up to 2 hr into the
staurosporine exposure. Ac-DEVD-AMC cleavage activity then
increased gradually and reached a maximal activity after 8 hr of
staurosporine exposure (Fig. 4B). RT-PCR confirmed the expres-
sion of caspase-3 mRNA in the hippocampal cultures (Fig. 5B).
No PCR products were obtained if extracted RNA from hip-
pocampal neuron cultures was treated with RNase I (data not
shown). As with caspase-1, there was no significant increase or
decrease in caspase-3 mRNA expression up to 6 hr into the
staurosporine exposure (Fig. 5B).

Evidence for the activation of caspase-3-like proteases was also
obtained from Western blotting experiments using cytosolic pro-
tein extracts of staurosporine-treated hippocampal cultures. The
cytosolic content of PARP, a substrate for caspase-3-like pro-
teases, decreased during the exposure to staurosporine as de-
tected with a monoclonal antibody specific for the uncleaved 116
kDa protein (Fig. 64). Maximal changes were seen after 4 and 8
hr of exposure. Caspase-3 itself is proteolytically activated by
cleavage of its precursor, pro-caspase-3, into active subunits. We
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Figure 3. Time course of nuclear fragmentation and membrane leakage in cultured rat hippocampal neurons during exposure to staurosporine. A4,
Hoechst 33258 staining of nuclear chromatin. Cultured rat hippocampal neurons were treated with 30 nM staurosporine for the indicated period of time
(0-24 hr). Nuclei were considered apoptotic if they fragmented into apoptotic bodies. Data are mean = SEM from n = 4-13 cultures in three separate
experiments. B, Trypan blue uptake, indicative of membrane leakage. Data are mean = SEM from n = 4-12 cultures in four separate experiments.

Different from controls (0 hr): *p < 0.05. n.s., Not statistically significant.
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Figure 4. Time course of caspase activity in cytosolic protein extracts from rat hippocampal cultures after treatment with staurosporine. A,
Caspase-1-like protease activity determined by cleavage of the fluorogenic substrate Ac-YVAD-AMC (10 um). B, Caspase-3-like protease activity
determined by cleavage of the fluorogenic substrate Ac-DEV D-AMC (10 uM). Cultures were treated with staurosporine (30 nMm) for the indicated periods
of time. Activities are represented as increase in AMC fluorescence per hour per micrograms of protein. Data are mean = SEM from n = 10-22 cultures
in three to five separate experiments per condition. Different from controls (0 hr). *, p < 0.05. n.d., Not detectable; n.s., not statistically significant.

observed a pronounced decrease in the cytosolic content of the 32
kDa precursor protein during the staurosporine exposure (Fig.
6B; compare with Fig. 5B).

Delayed treatment with antioxidants, but not caspase
inhibitors, prevents staurosporine-induced PCD

We then determined the latest time at which neurons could be
protected by antioxidants or caspase inhibitors. Treatment with
the irreversible caspase-1-like protease inhibitor Ac-YVAD-
CMK (10 uM) immediately after addition of staurosporine still
resulted in a significant, albeit reduced protection of the hip-
pocampal neurons (Fig. 74; compare with Table 1). However, the
protective effect of Ac-Y VAD-CMK was lost when the treatment
was started 2 hr after the onset of staurosporine exposure (Fig.

7A4). A similar window of protection was observed with the
broad-spectrum caspase inhibitor Boc-Asp-CMK (0.1 uMm; data
not shown).

In contrast, (*)-a-tocopherol (100 um) prevented cell death
when added up to 4 hr after the onset of staurosporine exposure
(Figs. 7B, 8). Statistically significant neuroprotective effects were
observed even when (*)-a-tocopherol was added after 8 hr (Fig.
7B). Treatment with (*)-a-tocopherol 10 hr after addition of
staurosporine, i.e., after the peak in superoxide production, failed
to show a neuroprotective activity (Fig. 7B). Treatment with the
21-aminosteroid trolox (1 pm) or the SOD-mimetic MnTBP
(1 mwm) 4 hr after the onset of the staurosporine exposure also
reduced staurosporine-induced cell death (data not shown).
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Figure 5. Expression of caspase-1 (A4), caspase-3 (B), and B-actin (C)
mRNA in rat hippocampal cultures determined by RT-PCR. cDNA from
cultured cortical astrocytes (Ast, two samples), rat brain (Rat; striatum
and septum), mouse brain (Mo; neocortex, two samples), hippocampal
control cultures (Hip), hippocampal cultures treated for 3 hr (H3h), or 6
hr (H6h) with staurosporine (30 nM) were amplified by 30 or 35 (Caspase-
1), 30 (Caspase-3), and 25 cycles of PCR (B-Actin). Reaction products
were separated by agarose gel electrophoresis and visualized with 0.1%
ethidium bromide under UV illumination. MW: 100 bp (top) to 1000 bp
(bottom) molecular weight ladder. Expected sizes of amplification prod-
ucts are indicated. bp, Base pairs.

Intracellular superoxide production occurs
downstream of caspase-1-like but upstream of
caspase-3-like protease activity

We then determined the effects of the caspase-1-like and caspase-
3-like protease inhibitors on staurosporine-induced superoxide
production. A 60 min pretreatment with the caspase-1-like pro-
tease inhibitor Ac-YVAD-CHO (10 um) prevented the increase
in superoxide production determined after 6 hr of staurosporine
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Figure 6. A, B, Evidence for the activation of caspase-3-like proteases
during staurosporine-induced cell death demonstrated by Western blot-
ting. A, Cultures were treated with staurosporine (30 nm) for the indicated
period of time (0-8 hr), and 20 ug of protein extract was separated by
10% SDS-PAGE. After blotting onto nitrocellulose membranes, immu-
nodetection was performed using a mouse monoclonal antibody specific
for uncleaved PARP (116 kDa). The experiment was performed in
duplicate, with similar results. B, Cultures were treated for 8 hr with
staurosporine or vehicle, and 20 pg of protein extract was separated by
12.5% SDS-PAGE. Immunodetection was performed using a rabbit poly-
clonal antibody specific for pro-caspase-3. The experiment was performed
in duplicate, with similar results. C, Treatment with the antioxidant
(£)-a-tocopherol prevents PARP degradation. Cultures were treated
with vehicle [control (C)], staurosporine (S) (30 nm), or staurosporine
plus (*)-a-tocopherol [vitamin E (S+E); 100 uM] for 8 hr. Protein extract
(20 png) was separated by 10% SDS-PAGE, proteins were blotted, and
immunodetection was performed using the PARP antibody. Locations of
molecular weight marker bands (in kilodaltons) are provided on the left
side of each figure.

exposure (Fig. 94). Ac-YVAD-CHO had no effect when added 2
hr after the addition of staurosporine. In contrast, a 60 min
pretreatment with the caspase-3-like protease inhibitor Ac-
DEVD-CHO (10 uMm) failed to reduce the staurosporine-induced
increase in superoxide production (Fig. 94).

Finally, we investigated the effect of the antioxidant (*)-a-
tocopherol (100 um) on caspase-3-like protease activity. Treat-
ment with (*)-a-tocopherol (100 um) reduced the staurosporine-
induced rise in caspase-3-like protease activity determined 6 hr
after addition of staurosporine, even when added 4 hr after
staurosporine (Fig. 9B). In addition, treatment with (*)-a-
tocopherol (100 uMm) prevented the proteolytic degradation of the
116 kDa PARP protein as demonstrated by Western blotting (Fig.
6C). As expected, a 60 min pretreatment with Ac-DEVD-CHO
(10 uMm) prevented the increase in caspase-3-like protease activity
(Fig. 9B). Reduction of caspase-3-like protease activity was also
observed in cultures pretreated for 60 min with the caspase-1-like
protease inhibitor Ac-YVAD-CHO (10 um) (Fig. 9B).

Nuclear fragmentation is not required for
staurosporine-induced cell death

Treatment with the caspase-3-like protease inhibitor Ac-DEV D-
CHO prevented the increase in caspase-3-like protease activity
(Fig. 9B) but failed to reduce staurosporine-induced cell death
(Fig. 1B). To determine whether staurosporine-treated neurons
were able to die in the absence of nuclear fragmentation, hip-
pocampal neurons were pretreated with Ac-DEVD-CHO (1-10
uM), exposed to staurosporine (24 hr exposure plus 24 hr recov-
ery), and then analyzed by Hoechst 33258 staining. Treatment
with Ac-DEVD-CHO clearly reduced the percentage of cells
showing nuclear fragmentation in concentrations as low as 1 um
(Table 3).
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Figure 7. Delayed administration of the antioxidant (*)-a-tocopherol (vitamin E), but not of the caspase-1-like protease inhibitor Ac-Y VAD-CMK,
prevents staurosporine-induced cell death. A, Cultured rat hippocampal neurons were treated with Ac-Y VAD-CMK (10 uM) at various time points after
the onset of the staurosporine exposure (30 nM, 24 hr). Afterward, the staurosporine-containing medium was aspirated, drug treatment was discontinued,
and cultures were washed and maintained for a further 24 hr in astrocyte-conditioned culture medium. The percentage of damaged neurons was
determined by trypan blue exclusion at the end of the recovery period. Data are mean = SEM from n = 8-12 cultures in three separate experiments.
B, Effect of delayed treatment with (*)-a-tocopherol (100 uM). Data are mean = SEM from n = 8-16 cultures in five separate experiments. Difference
from respective vehicle-treated, staurosporine-exposed controls: *p < 0.05. n.s., Not statistically significant.

DISCUSSION

Activation of caspases and increased formation of reactive oxygen
species are believed to play central roles in the initiation and
execution of PCD. In the present study, we characterized the time
course of caspase activation and intracellular superoxide produc-
tion in cultured rat hippocampal neurons exposed to the PCD-
inducing agent staurosporine. We demonstrated that staurospor-
ine caused an early increase in a caspase-1-like activity and that
this activity mediated a delayed increase in superoxide produc-
tion. Pharmacological inhibition of both caspase-1-like activity
and superoxide production rescued neurons from PCD. Finally,
we showed that activation of caspase-3-like proteases occurred
downstream of both processes but did not contribute to the actual
cell death.

Superoxide mediates staurosporine-induced

neuronal apoptosis

In agreement with previous reports, we found that antioxidants
have the capacity to protect cultured neurons from apoptosis
(Atabay et al., 1996; Dugan et al., 1996; Schulz et al., 1996; Prehn
et al., 1997; Estévez et al., 1998) (Fig. 14). Of note, the long-term
survival studies performed in this investigation indicate that
antioxidants not only delayed but in fact prevented neuronal
degeneration. Our previous observation of the importance of
superoxide in staurosporine-induced neuronal apoptosis, shown
by the protective effect of SOD-1 overexpression (Prehn et al.,
1997), was confirmed in the present study by the protective effect
of the cell-permeant SOD-mimetic MnTBP (Fig. 14). This cor-
related with the increase in intracellular superoxide production
detected with the specific, oxidation-sensitive probe HEt (Bindo-
kas et al., 1996).

The antioxidant (=*)-a-tocopherol prevented the increase in
superoxide production and neuronal death, even when added 4 hr
after the onset of the staurosporine exposure (Figs. 2B, 7B, 8).
This indicates that the mild elevation of intracellular superoxide
production occurring in the first 4 hr of staurosporine exposure

was not sufficient to trigger cell death in hippocampal neurons.
Because the antioxidant (*)-a-tocopherol does not directly scav-
enge superoxide, an increased generation of reactive oxygen
species other than superoxide contributes to the increase in
superoxide production and cell death. Surprisingly, delayed treat-
ment with (*)-a-tocopherol 8 hr after the onset of staurosporine
exposure, i.e., at a time point when apoptosis-specific changes
were evident, still led to a significant reduction in neuronal cell
death (Fig. 7B).

Evidence has been presented that intracellular superoxide pro-
duction during apoptotic injury is Ca®*-dependent and mito-
chondrial in origin (Ankarcrona et al., 1995; Zamzami et al.,
1995; Bindokas et al., 1996; Prehn et al., 1997). An increase in
superoxide production might be a consequence of mitochondrial
depolarization (Zamzami et al., 1995). The voltage-sensitive
probe TMRE partitions to the negatively charged mitochondrial
matrix according to the Nernst equation and can be used to
estimate changes in mitochondrial membrane potential (Ehren-
berg et al., 1988). We could not detect a significant decrease in
cellular TMRE fluorescence, indicative of mitochondrial depo-
larization, in the hippocampal neurons before (0.5 and 2 hr) or
during (8 hr) peak superoxide production (Table 2). Moreover,
staurosporine-exposed hippocampal neurons still responded with
mitochondrial TMRE release on depolarization with the pro-
tonophore FCCP. It is conceivable that only a subset of mito-
chondria depolarized during the exposure to staurosporine. Nev-
ertheless, previous reports have suggested that mitochondrial
depolarization is not required for the induction of apoptosis
[Deckwerth and Johnson (1993); Kluck et al. (1997); Vander
Heiden et al. (1997); Bossy-Wetzel et al. (1998); but see Mancini
et al. (1997); Wadia et al. (1998)]. In fact, we observed an
increased neuronal TMRE fluorescence during peak superoxide
production (Table 2). An increase in mitochondrial volume or
mitochondrial hyperpolarization might underlie this increase
(Vander Heiden et al., 1997).
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Figure 8. Phase-bright micrographs of rat hippocampal neurons stained with trypan blue: protective effect of a delayed (*)-a-tocopherol treatment. A4,
Control culture treated for 24 hr with vehicle and maintained for a further 24 hr in astrocyte-conditioned culture medium. B, Control culture treated
with (£)-a-tocopherol (100 um) for 24 hr and maintained for a further 24 hr in astrocyte-conditioned medium. C, Culture exposed to staurosporine (30
nM, 24 hr) followed by 24 hr of recovery. Note the appearance of shrunken, trypan blue-positive neurons in the culture (arrows). D, Culture exposed to
staurosporine (30 nm) for 24 hr and treated with (*)-a-tocopherol 4 hr after the onset of the staurosporine exposure. Afterward, the staurosporine-
containing medium was aspirated, drug treatment was discontinued, and the culture was maintained for a further 24 hr in astrocyte-conditioned medium.
Note the preservation of neuronal morphology in the majority of the hippocampal neurons. Scale bar, 20 um.

Caspases in staurosporine-induced neuronal apoptosis
In the cultured rat hippocampal neurons, staurosporine induced a
biphasic activation of caspases: an early activity characterized by
cleavage of a substrate for caspase-1-like proteases (maximal
activity 30 min after addition of staurosporine), followed by a
delayed activity characterized by cleavage of a substrate for
caspase-3-like proteases (peak activity 8 hr after addition of
staurosporine) (Fig. 4). Evidence for the delayed activation of
caspase-3-like proteases was also obtained by Western blotting
experiments (Fig. 6) [also see Taylor et al. (1997)]. Activation of
caspases has been reported to occur during neuronal apoptosis
after withdrawal of trophic support (Deshmukh et al., 1996;
Schulz et al., 1996; Stefanis et al., 1996; Armstrong et al., 1997,
Eldadah et al., 1997; Lynch et al., 1997; Miller et al., 1997) or
excitotoxic injury (Du et al., 1997). A biphasic response during
neuronal apoptosis similar to the one reported in the present
study, however, has rarely been reported. In non-neuronal cells,
sequential activation of caspase-1-like proteases followed by

caspase-3-like proteases occurred during CD95-induced apopto-
sis of lymphocytes (Enari et al., 1996; Susin et al., 1997). Inter-
estingly, CD95-induced apoptosis is also associated with in-
creased oxidant stress and is partially impaired in caspase-1-
deficient mice (Kuida et al., 1995; Li et al., 1995; Zamzami et al.,
1995).

Pharmacological inhibition of caspase-1-like protease activity
blocked the staurosporine-induced increase in superoxide pro-
duction, caspase-3-like protease activity, and cell death in the
hippocampal neurons (Figs. 1B, 9), suggesting that caspase-1-like
proteases act upstream of these processes. In contrast, although
pharmacological inhibition of caspase-3-like activity suppressed
the increase in caspase-3-like protease activity and prevented
apoptosis-specific morphological alterations such as nuclear frag-
mentation, it did not prevent the increase in superoxide and did
not result in improved cell survival (Figs. 1B, 9; Table 3). This
dissociation of caspase-3-like activity and cell death has been
reported previously by other groups (Stefanis et al., 1996; Lynch
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Figure 9. A, Inhibition of superoxide production by the caspase-1-like protease inhibitor Ac-Y VAD-CHO. Cytosolic extracts were prepared from
hippocampal cultures treated for 6 hr with vehicle (Con), staurosporine (Stau) (30 nm), staurosporine plus Ac-Y VAD-CHO (YVAD) (10 uM, 60 min
pretreatment), staurosporine plus Ac-YVAD-CHO added after 2 hr (YVAD 2h), or staurosporine plus Ac-DEVD-CHO (DEVD) (10 puM, 60 min
pretreatment). Hydroethidine was added during the last 30 min of the exposure in a concentration of 5 pug/ml. Et fluorescence of cellular extracts was
quantified using a fluorescence microplate reader. Data are mean = SEM from n = 8-10 cultures in two separate experiments. Different from
vehicle-treated controls: *p < 0.05. n.s., Not statistically significant. B, Inhibition of caspase-3-like protease activity by the antioxidant (*)-a-tocopherol
and by the caspase inhibitors Ac-Y VAD-CHO and Ac-DEV D-CHO. Cytosolic protein extracts were prepared from hippocampal cultures treated for
6 hr with vehicle (Con), staurosporine (Stau) (30 nm), staurosporine plus (*)-a-tocopherol (E 04) (100 um), staurosporine plus (*)-a-tocopherol added
after 4 hr (E 4h), staurosporine plus Ac-Y VAD-CHO (YVAD) (10 uM, 60 min pretreatment), or staurosporine plus Ac-DEVD-CHO (DEVD) (10 pMm,
60 min pretreatment). Caspase-3-like activity was determined as described in the legend to Figure 4. Data are mean * SEM from n = 10-12 cultures

in two separate experiments. Different from vehicle-treated controls: *p < 0.05. n.s., Not statistically significant.

Table 3. The caspase-3-like protease inhibitor Ac-DEVD-CHO inhibits
staurosporine-induced nuclear fragmentation

Treatment Apoptotic nuclei (%) n
Vehicle (DMSO) 6.7 1.7

Vehicle + 10 um Ac-DEVD-CHO 12x14 4
Staurosporine 35845 4
Staurosporine + 1 um Ac-DEVD-CHO 12.3 = 3.8% 4
Staurosporine + 10 um Ac-DEVD-CHO 9.3 £ 4.5*% 4

Cultured rat hippocampal neurons were pretreated for 60 min with Ac-DEV D-CHO
or vehicle and were then exposed to 30 nM staurosporine for 24 h. Afterward, the
staurosporine-containing medium was aspirated, drug treatment was discontinued,
and cultures were washed and maintained for an additional 24 h in astrocyte-
conditioned culture medium. The percentage of nuclear fragmentation was deter-
mined after Hoechst 33258 staining of nuclear chromatin. Data are means + SEM.

*Difference from vehicle-treated, staurosporine-exposed controls: p < 0.05.

et al., 1997; Taylor et al., 1997). Still, there is evidence that
inhibition of caspase-3-like protease activity has protective effects
in some forms of neuronal apoptosis (Du et al., 1997; Eldadah et
al., 1997; Troy et al., 1997). These contradictory findings suggest
the existence of multiple pathways in neuronal apoptosis (Miller
et al., 1997; Park et al., 1998). In staurosporine-induced PCD of
hippocampal neurons, the role of caspase-3-like proteases might
be restricted to the dismantling and packaging of cells. The cell
death itself is mediated by other effectors, such as increased
generation of superoxide. Interestingly, delayed administration of
(*)-a-tocopherol 4 hr after the addition of staurosporine not only
prevented the large increase in intracellular superoxide produc-
tion occurring after 8 hr (Fig. 2B), but also reduced the activation
of caspase-3-like proteases (Fig. 9B). On the other hand, inhibi-
tion of caspase-3-like activity failed to reduce the increase in
intracellular superoxide production (Fig. 84), suggesting that

intracellular superoxide production occurred upstream from ac-
tivation of caspase-3-like proteases.

In conclusion, staurosporine-induced apoptosis of cultured rat
hippocampal neurons involves caspase-1-like proteases as up-
stream initiators of cell death and increased production of super-
oxide as a main downstream effector. Caspase-3-like proteases
appear to be involved in ensuring an orderly cell death rather
than in execution of cell death. Because neurons are very suscep-
tible to oxidant stress, it remains to be shown whether this is a
neuron-specific phenomenon or whether it also holds true for
PCD in other cell types.
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