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Ischemic Preconditioning: Neuronal Survival in the Face of
Caspase-3 Activation
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Michael V. L. Bennett, and R. Suzanne Zukin
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Apoptosis is an evolutionarily conserved process critical to tissue development and tissue homeostasis in eukaryotic organisms and,
when dysregulated, causes inappropriate cell death. Global ischemia is a neuronal insult that induces delayed cell death with many
features of apoptosis. Ischemic preconditioning affords robust protection of CA1 neurons against a subsequent severe ischemic chal-
lenge. The molecular mechanisms underlying ischemic tolerance are unclear. Here we show that ischemia induces pronounced caspase-3
activity in naive neurons that die and in preconditioned neurons that survive. Preconditioning intervenes downstream of proteolytic
processing and activation of caspase-3 (a protease implicated in the execution of apoptosis) and upstream of the caspase-3 target
caspase-activated DNase (CAD, a deoxyribonuclease that catalyzes DNA fragmentation) to arrest neuronal death. We further show that
global ischemia promotes expression of the pro-survival inhibitor-of-apoptosis (IAP) family member cIAP, but unleashes Smac/DIABLO
(second mitochondria-derived activator of caspases/direct IAP-binding protein with low pI), a factor that neutralizes the protective
actions of IAPs and promotes neuronal death. Preconditioning blocks the mitochondrial release of Smac/DIABLO, but not the ischemia-
induced upregulation of IAPs. In the absence of Smac/DIABLO, cIAP halts the caspase death cascade and arrests neuronal death. These
findings suggest that preconditioning preserves the integrity of the mitochondrial membrane, enabling neurons to survive in the face of
caspase activation.
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Introduction

Ischemic tolerance is a well known phenomenon in which brief
ischemic insults (ischemic preconditioning) confer robust neu-
roprotection to hippocampal CA1 neurons against a subsequent
severe ischemic challenge (Kirino et al., 1991; Kitagawa et al.,
1991; Liu et al., 1992; Nishi et al., 1993; Simon et al., 1993; Wu et
al., 2001). Ischemic tolerance can also be induced in vivo by
spreading depression (Kawahara et al., 1997), hypoxia (Gidday et
al., 1999), activation of A1 adenosine receptors (Heurteaux et al.,
1995), and inhibition of oxidative phosphorylation (Riepe et al.,
1997) and in vitro by exposure to excitotoxins (Grabb and Choi,
1999). Although the molecular mechanisms underlying ischemic
tolerance are not yet fully delineated, the considerable delay from
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the preconditioning stimulus until onset of ischemic tolerance is
consistent with a role for transcriptional changes in adaptation
(Kirino, 2002).

Transient, severe global ischemia arising in humans as a con-
sequence of cardiac arrest or cardiac surgery or induced experi-
mentally in animals, leads to selective and delayed neuronal
death, particularly of pyramidal neurons in the hippocampal
CA1 (for review, see MacManus and Buchan, 2000; Yamashima,
2000; Graham and Chen, 2001). The relative contributions of
apoptotic and necrotic death to ischemia-induced neuronal loss
remain controversial. Strong evidence in support of apoptosis,
defined as activation of specific signaling cascades that result in
cell suicide, comes from molecular studies. Injurious stimuli such
as ischemia disrupt the integrity of the mitochondrial membrane,
leading to the release of cytochrome ¢ (Zou et al., 1997; Ouyang et
al., 1999) and activation of caspase-9, an “initiator” caspase (Kra-
jewski et al., 1999; Ouyang et al., 1999) and caspase-3, a “termi-
nator” caspase implicated in the execution step of apoptosis
(Chenetal., 1998;Jover etal., 2002). The importance of caspase-3
activation in ischemic death is underscored by the finding that
Z-DEVD-FMK, a selective caspase-3 inhibitor, affords robust
protection of neurons against ischemic death (Hara et al., 1997;
Chen et al., 1998). Caspase-3 promotes cell death by proteolytic
cleavage of target proteins, including the inhibitory subunit of
caspase-activated DNase (ICAD), which liberates activated CAD
(for review, see Nagata, 2000), the DNA repair and surveillance
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enzyme poly (ADP-ribose) polymerase (PARP-1) and the nu-
clear lamins, proteolysis of which mediates nuclear shrinking and
budding (for review, see Cohen, 1997; Nicholson and Thorn-
berry, 1997; Hengartner, 2000). After activation, CAD cuts
genomic DNA between the nucleosomes to generate DNA frag-
ments of graded lengths (“DNA laddering”) in the nuclei of neu-
rons destined to die (for review, see Nagata, 2000).

The present study was undertaken to examine a possible role
for the caspase cascade and apoptotic signaling proteins in isch-
emic tolerance. Here we show that induction of global ischemia
in preconditioned animals triggers activation of the initiator pro-
tease caspase-9 and of the terminator protease caspase-3, but fails
to increase nuclear CAD, induce p75 NTR o1 cause DNA fragmen-
tation in neurons destined to die. Thus, ischemic precondition-
ing acts downstream of caspase-3 activation and upstream of its
target CAD to prevent arrest neuronal death. We further show
that global ischemia promotes upregulation of cellular inhibitor-
of-apoptosis protein (cIAP) and heat shock protein 70 (HSP70)
and the mitochondrial release of second mitochondria-derived
activator of caspases/direct IAP-binding protein with low pl
(Smac/DIABLO), and that preconditioning blocks the mito-
chondrial release of Smac/DIABLO, with little or no effect on
cIAP-2 and HSP70 expression. In the absence of Smac/DIABLO,
IAPs bind and inhibit activated caspases and thereby halt the
self-amplifying caspase death cascade. These findings suggest that
preconditioning preserves the integrity of the mitochondrial
membrane in the face of ischemic insults, enabling CA1 neurons
to survive caspase-3 activation.

Materials and Methods

Ischemic preconditioning and global ischemia. Age-matched male Sprague
Dawley rats (Charles River Laboratories, Wilmington, MA) were main-
tained in a temperature- and light-controlled environment with a 14/10
hrlight/dark cycle and were treated in accordance with the principles and
procedures of the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals. All protocols were approved by the
Institutional Animal Care and Use Committee of the Albert Einstein
College of Medicine. Animals were subjected to global ischemia by four-
vessel occlusion (4 min for preconditioning; 10 min for global ischemia),
followed by reperfusion as described (Kinouchi et al., 1993; Calderone et
al., 2003). For sham operation, animals were subjected to the same anes-
thesia and surgical exposure procedures, except that the carotid arteries
were not occluded. Body temperature was monitored and maintained
close to 37.5 = 0.5°C with a rectal thermistor and heat lamp until the
animal had fully recovered from anesthesia. The rare animals that exhib-
ited obvious behavioral manifestations (abnormal vocalization when
handled, generalized convulsions, loss of >20% body weight by 3-7 d or
hypoactivity) and animals that failed to show complete loss of the right-
ing reflex from 2 min after occlusion was initiated and anesthesia was
discontinued until the end of occlusion were excluded. Histology and
neuronal counts from six to eight rats per group (four sections per ani-
mal) were as described (Calderone et al., 2003). Statistical analysis was
assessed by ANOVA, followed by Scheffe’s post hoc tests. Ischemic pre-
conditioning and global ischemia in gerbils were as described (Tanaka et
al., 2002).

Antibodies. The following antibodies were used in this study: (1) an
anti-caspase-9 p35 polyclonal antibody that recognizes both
procaspase-9 and activated caspase-9 p35 (1:1000; Santa Cruz Biotech-
nology, Santa Cruz, CA); (2) anti-caspase-3p20, a goat polyclonal anti-
body that recognizes both procaspase-3 and activated caspase-3 (1:75;
Santa Cruz Biotechnology); (3) an anti-CAD polyclonal antibody that is
specific for activated CAD (1:1000; FL-338; Santa Cruz Biotechnology);
(4) an anti-PARP polyclonal antibody raised against a synthetic peptide
corresponding to amino acids 764—1014 within the C terminus of human
PARP; this antibody reacts with the 112 and 85 kDa forms of PARP
(1:200; H-250; Santa Cruz Biotechnology); (5) anti-p75™"® polyclonal
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antibody directed to the cytoplasmic domain of human p75~"® (1:4000;
gift from Dr. Moses V. Chao, New York University School of Medicine,
New York, NY); (6) anti-XIAP polyclonal antibody raised against a syn-
thetic peptide corresponding to residues around amino acid 240 of XIAP;
this antibody is specific for XIAP and does not react with other inhibitors
of apoptosis (1:1000; Cell Signaling Technology, Beverly MA); (7) anti-
cIAP-2 polyclonal antibody raised against a synthetic peptide corre-
sponding to amino acid residues 507-524 of human cIAP-2; this anti-
body is highly specific for human and rat cIAP-2, does not react with
cIAP-1 (1.5 pg/ml; R & D Systems, Inc., Minneapolis MN); (8) rabbit
anti-HSP70 polyclonal antibody-specific for the inducible form of
HSP70 (HSP72) and does not cross-react with constitutive Hsc70 (1:
100,000; SPA-812; Stressgen Biotechnologies, Victoria, British Colum-
bia, Canada); (9) anti-cytochrome ¢ mouse monoclonal antibody raised
against peptides 1-80, 81-104, and 66—104 of pigeon cytochrome ¢ (1.5
wg/ml; clone 7H8.2C12; BD Biosciences, San Diego CA); and (10) anti-
Smac/DIABLO, raised against a synthetic peptide corresponding to
amino acid residues 222-237 of murine Smac/DIABLO (0.5 ug/ml;
Axxora, LLC San Diego, CA). Secondary antibodies were horseradish
peroxidase (HRP)-conjugated rabbit anti-goat IgG (1:2000; Vector Lab-
oratories, Burlingame, CA) for caspase-3, goat anti-rabbit IgG (1:2000;
Vector Laboratories) for caspase-9, CAD, PARP-1, p75 NTR * XTAP,
cIAP-2, and HSP70 or horse anti-mouse IgG (1:2000; Vector Laborato-
ries) for cytochrome ¢ and Smac/DIABLO.

Immunocytochemistry. Immunolabeling was performed as described
(Calderone et al., 2003). In brief, gerbils were killed under deep anesthe-
sia by transcardiac perfusion with 4% paraformaldehyde and 0.125%
glutaraldehyde at 6, 12, 24, 72 hr, or 7 d after sublethal ischemia, global
ischemia, and sublethal ischemia followed by global ischemia, or 24 hr
after sham operation. Brains were rapidly removed, postfixed with 4%
paraformaldehyde for 2 hr, and cut into sections (40 wm) in the coronal
plane of the dorsal hippocampus by cryotome. Sections were blocked and
processed for labeling with anti-caspase-3p20. The caspase-3 signal was
amplified with a biotin-conjugated rabbit antibody against goat IgG (1:
200; 1 hr at room temperature; Vector Laboratories). Sections were in-
cubated and processed with avidin—biotin peroxidase complex (Vec-
tastain ABC kit; Vector Laboratories). The specificity of the
immunolabeling was confirmed in separate control experiments in
which sections were processed with pre-immune rabbit IgG in place of
primary antibody; no detectable labeling was observed. Images were
viewed through a Nikon ECLIPSE TE300 inverted microscope and ac-
quired with a SPOT RT CCD-cooled camera equipped with diagnostic
software version 3.0.

Western blotting. Western blot analysis was performed as described
(Opitz et al., 2000). Tissue samples of the CA1 were microdissected. For
CAD, nuclear and cytosolic fractions were isolated as described (Cal-
derone et al., 2003). For Smac/DIABLO and cytochrome ¢, mitochondria
and cytosolic fractions were isolated. In brief, microdissected tissue from
one rat was transferred to lysis buffer containing in mm: 5 HEPES, 1
MgCl, 2 EGTA, 1 DTT, and 300 sucrose supplemented with a 1% cock-
tail of protease and phosphatase inhibitors, incubated (30 min at 4°C)
and homogenized with a Dounce homogenizer. The resulting lysate was
centrifuged at 3200 rpm (10 min at 4°C) to separate cytoplasmic fraction
(supernatant) from the nuclear fraction (pellet). To isolate mitochon-
dria, the supernatant was centrifuged again at 10,500 rpm (20 min at 4°C)
to separate the mitochondrial fraction (pellet) from the cytosolic fraction
(supernatant). Protein concentration was by BCA kit (Pierce, Rockford,
IL). Aliquots of protein (30—40 ug) were loaded on 18 or 10% polyacryl-
amide gels and subjected to gel electrophoresis. Bands were transferred to
a nitrocellulose membrane and incubated with antibodies against
caspase-9, caspase-3p20, CAD, PARP-1, XIAP, cIAP, HSP70, cyto-
chrome ¢, and Smac/DIABLO. Secondary antibodies were horseradish
peroxidase (HRP)-conjugated rabbit anti-goat IgG, goat anti-rabbit IgG,
or goat anti-mouse IgG (Vector Laboratories). Membranes were washed
and reacted with enhanced chemiluminescence reagent (ECL; Amer-
sham Biosciences, Little Chalfont, UK). Purity of nuclear and cytosolic
fractions was verified by labeling with the anti-PARP-1 antibody. Purity
of mitochondrial and cytosolic fractions was verified by labeling with the
cytochrome ¢ antibody. Band density values were normalized to actin



2752 - ). Neurosci., March 17, 2004 - 24(11):2750-2759

(whole cell and cytosolic samples) or, in the case of nuclear and mito-
chondrial fractions (which do not contain actin), equal loading of sam-
ples was performed. Mean band densities for protein samples from ex-
perimental animals were normalized to the corresponding values for
samples from control animals. Statistical significance was by ANOVA
and post hoc Scheffe’s tests.

Caspase-3 activity assay. Caspase-3 activity assays were performed on
sections of fresh—frozen rat brain using the FAM-DEVD-FMK caspase
detection kit according to manufacturer’s instructions (APO
LOGIXTM). FAM-DEVD-FMK is a carboxy-fluorescein analog of
zDEVD-FMK, a potent inhibitor of caspase-3 that enters the cell and
irreversibly binds to activated caspase-3. Brain sections were viewed un-
der a Nikon (Tokyo, Japan) ECLIPSE TE-300 fluorescent microscope
equipped with an image analysis system at an excitation wavelength of
488 nm and emission wavelength of 565 nm. Images were acquired with
aSPOT RT CCD-cooled camera with diagnostic software version 3.0. For
quantitation of caspase-3 activity, images were analyzed by NIH Image
1.61 software. Statistical analysis was by ANOVA and Newman—Keuls
test.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling and p75N™ immunolabeling. To detect DNA fragmentation
in neurons undergoing end-stage apoptosis, animals were killed at 48 hr
and coronal sections (18 um) of fresh—frozen rat brain were cut by cryo-
tome and processed for Hoechst/ terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling (TUNEL)/p75™"® triple
labeling using an in situ cell death detection kit as per the manufacturer’s
instructions (Roche Molecular Biochemicals, Mannheim, Germany). In
brief, sections were fixed in 4% paraformaldehyde for 20 min at 4°C and
processed for TUNEL labeling. Sections were then blocked, labeled with
an anti-p75N"® antibody, followed by biotinylated goat anti-rabbit IgG
(1:200) and avidin-conjugated Texas Red (1:200; Vector Laboratories).
During washes, sections were labeled with the nuclear stain Hoechst
33342 according to manufacturer’s instructions (Molecular Probes, Eu-
gene, OR). Specificity of immunolabeling was assessed as above. Images
were viewed under a Nikon ECLIPSE TE300 fluorescence microscope
and acquired with a SPOT RT CCD-cooled camera equipped with diag-
nostic software version 3.0. Settings were held constant for imaging of
sections from control and experimental animals. TUNEL-positive cells
were identified directly by the fluorescence signal of incorporated
fluorescein-dUTP. Positive cells in 24 fields sampled from the hippocam-
pal CA1 subfields from three animals (eight fields each) were scored at 72
hr for p75 "™ immunolabeling and TUNEL signal and are expressed as a
percentage of the total p75™'® or total TUNEL-positive cells + SEM
values. Statistical analysis was by ANOVA, followed by Newman—Keuls
test.

Results

Preconditioning affords robust protection of CA1 neurons

To examine molecular mechanisms underlying the neuroprotec-
tive effects of preconditioning, rats were subjected to sham oper-
ation, preconditioning, global ischemia, or preconditioning fol-
lowed by global ischemia, and neuronal death was assessed
histologically at 7 d. Global ischemia afforded highly delayed,
highly selective death of pyramidal cells in the hippocampal CA1,
evident at 7 d (Fig. 1) (see also Calderone et al., 2003). Neuronal
death in the CAl was extensive; the few remaining pyramidal
neurons were severely damaged and appeared pyknotic. Neuro-
nal death was specific in that inhibitory interneurons of the CA1
survived and little or no cell loss occurred in the nearby CA2 or
transition zone, CA3, or dentate gyrus. Neuronal death was de-
layed in that little or no death was manifested at 48 hr (data not
illustrated, but see Pulsinelli et al., 1982; Calderone et al., 2003).
Preconditioning did not induce neuronal damage (Fig. 1¢,d), but
afforded robust protection of CA1 neurons against a subsequent
global ischemic insult at 48 hr (ischemic tolerance) (Fig. 1g,h).
These findings were validated by neuronal counts (Fig. 17) and
corroborate findings in rats (Liu et al., 1992; Nishi et al., 1993;
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Figure 1. Ischemic preconditioning affords neuroprotection against ischemia-induced neu-
ronal death. Toluidine blue-stained coronal brain sections at the level of the dorsal hippocam-
pus from sham (n = 8; a, b) and experimental rats subjected to ischemic preconditioning (n =
8; ¢, d), global ischemia (n = 8; e, f) or to preconditioning, followed by global ischemia (n = 8;
g, h) at 7 d after reperfusion. Preconditioning did not induce neuronal death (c, d). Global
ischemia induced loss of pyramidal neurons in the hippocampal CA1; cell loss was not detected
in CA3 or dentate gyrus (e, ). Preconditioning afforded robust neuroprotection against subse-
quent global ischemia-induced death ( g, h). so, Stratum oriens; sp, stratum pyramidale; s,
stratum radiatum. Scale bars: g, ¢, e, g, 500 m; b, d, £, h, 50 um. Quantitation of photomicro-
graphs like those shown in a—h (i). *p << 0.05; **p < 0.01.

Simon et al., 1993) and gerbils (Kirino et al., 1991; Tanaka et al.,
2002).

Preconditioning does not block ischemia-induced

caspase-9 activation

Neuronal insults such as ischemia trigger upstream events, lead-
ing to the release of cytochrome ¢ from mitochondria (Ouyang et
al., 1999; Sugawara et al., 1999) and formation of the apopto-
some, which proteolytically processes procaspase-9 to generate
caspase-9 (Liu et al., 1996; Li et al., 1997; Zou et al., 1997). In
neurons, procaspase-9 is localized to mitochondria and in re-
sponse to global ischemia is released concomitantly with cyto-
chrome ¢ (Krajewski et al., 1999; Ouyang et al., 1999). We exam-
ined the effects of global ischemia on procaspase-9 abundance
and proteolytic processing by Western blot analysis of mitochon-
drial and cytosolic samples from microdissected CA1. In control
animals, the abundance of procaspase-9 (50 kDa band) in the
mitochondria and that of cleaved (activated) caspase-9 (35 kDa
band) in the cytosol were low (Fig. 2a—d). Global ischemia caused
a marked upregulation of procaspase-9 in the mitochondria (in-
crease to 206 = 9.3% of control) (Fig. 2a, third lane, ¢) and
dramatic increase in the abundance of activated caspase-9 in the
cytosol, assessed at 24 hr (increase of 35 kDa species to 674 =+
124% of the control value; p < 0.01 vs control; n = 4) (Fig. 2b,
third lane, d) in confirmation of others (Krajewski et al., 1999;
Ouyang et al., 1999; Henshall et al., 2001). Preconditioning, un-
der conditions that afford robust neuroprotection, did not signif-
icantly alter the abundance of procaspase-9 in the mitochondria
(Fig. 2a, second lane, ¢), but markedly increased caspase-9 in the
cytosol of CA1 at 24 hr (increase of 35 kDa species to 373 * 80%
of the control value; p < 0.05 vs control) (Fig. 2b, second lane, d).
Moreover, preconditioning did not alter the ischemia-induced up-
regulation of procaspase-9 (Fig. 24, fourth lane, ¢), but markedly
enhanced the ischemia-induced increase in caspase-9 35 kDa species
(increase to 1260 = 28% of the control value; p < 0.01 vs control and
vs global ischemia) (Fig. 24, fourth lane, c). These findings are con-
sistent with a model in which ischemia promotes the upregulation
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Figure 2.

Global ischemia triggers activation of caspase-9 and caspase-3 in preconditioned neurons. Representative Western

blots probed with anti-caspase-9 for protein samples isolated from the mitochondrial (@) and cytosolic ( b) fractions of CA1 from
rats subjected to sham operation, preconditioning, global ischemia, or preconditioning followed by global ischemia and killed 24
hr after the last surgery. Relative abundance of procaspase-9 and caspase-9 in mitochondria ( ) and cytosol ( d). e, Representative
Western blots probed with anti-caspase-3 (50 and 17 kDa bands, Cell Signaling Technology; 35 kDa band, Santa Cruz Biotechnol-
ogy; see Materials and Methods); f, relative abundance of procaspase-3 (left graph) and caspase-3 17 kDa band (right graph) for
samples isolated from the CA1 of animals as in a. Mean band densities of protein samples from experimental animals were
normalized to the corresponding values for samples from control animals. Statistical significance was assessed by means of
ANOVA, followed by Newman—Keuls test. (**p << 0.01). g, ¢’, Caspase-3 immunolabeling in sections of brain at the level of the
dorsal hippocampus from control (sham-operated; g—i) and experimental gerbils subjected to preconditioning at 24 hr ( j—/),
global ischemia at 6 hr (m—0), 12 hr ( p—r), 24 hr (s—u), 48 hr (v—x), 72 hr ( y—a") and 7d (b"—d"), and preconditioning followed
by global ischemia at 24 hr after global ischemia (e’ — g') after the last surgery. Scale bars: 400 m (low magnification); 50 um

(high magnification).

and mitochondrial release procaspase-9, and its proteolytic cleavage
to generate the 35 kDa (activated) species in both naive and precon-
ditioned animals, but do not distinguish between regulation at the
transcriptional versus post-transcriptional level and/or relocaliza-

tion between cellular compartments.
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Preconditioning does not block caspase
3 upregulation or activation

Caspase-3 is a critical target of caspase-9
and downstream “terminator” protein im-
plicated in the execution step of apoptosis
(Cohen, 1997; Nicholson and Thornberry,
1997). In control animals, abundance of
procaspase-3 (32 kDa) and cleaved
caspase-3 (17 kDa) were low in CAl, as
assessed by Western analysis (Fig. 2e, first
lane, f). Global ischemia induced a marked
increase in procaspase-3 and cleaved (acti-
vated) caspase-3 in CAl, evident at 24 hr
(procaspase-3, increase to 142 * 8% of
control; n = 5; p < 0.01; caspase-3, in-
crease to 161 % 13% of control; n = 5;p <
0.01) (Fig. 2e, second lane, f). Precondi-
tioning under conditions that afford neu-
roprotection did not detectably alter the
ischemia-induced upregulation or proteo-
lytic processing of procaspase-3 (Fig. 2e,
third lane, f).

To examine the localization of
procaspase-3 and caspase-3, we performed
immunolabeling of brain sections with an
anti-caspase-3 antibody (Fig. 2g, ¢'). In
control animals, the caspase-3 signal was
low throughout the molecular layers of the
hippocampus (Fig. 2g—i). Global ischemia
induced a marked increase in expression
and nuclear translocation of caspase-3 in
CA1 pyramidal neurons, evident at 6-72
hr (Fig. 2m—a’"). These findings are in
corroboration of Chen et al. (1998). The
effects of ischemia on caspase-3 expression
were specific in that expression was not
altered in the resistant CA3 (Fig.
20,nu,xa’) or dentate gyrus (Fig.
2m,p,s,v,y). At 7 d, the pyramidal cell layer
was essentially ablated, and caspase-3 im-
munolabeling was undetectable (Fig. 20,
¢"). Preconditioning under conditions that
afford robust neuroprotection modestly
and specifically enhanced caspase-3 ex-
pression in CAl pyramidal neurons, evi-
dent at 24 hr after preconditioning (Fig.
2j-1), but did not alter the ischemia-
induced increase in caspase-3 expression
(Fig. 2¢'—¢").

Preconditioning induces a delayed,
persistent block of caspase-3 activity
The results thus far demonstrate that
global ischemia promotes upregulation of
the “terminator” protease caspase-3, but
do not distinguish between active and in-
active protein. To directly measure
caspase-3 functional activity, we took ad-

vantage of FAM-DEVD-FMK, a fluorescein-tagged analog of
zDEVD-FMK. FAM-DEVD-FMK is a potent and cell-permeant
inhibitor of caspase-3, which enters cells and binds irreversibly to
the active site of caspase-3, and thus provides a fluorescent indi-

cator of the abundance of active caspase-3. In sections of control
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brain, caspase-3 activity was low (Fig. 3a).
Global ischemia induced a dramatic in-
crease in caspase-3 activity in CA1, evident
at all times examined (Fig. 3f~i, o). The
increase in caspase-3 activity was specific
in that it was not observed in the resistant
CA3 or dentate gyrus. Preconditioning un-
der conditions that afford robust neuropro-
tection induced a substantial, but lesser and
evidently sublethal, increase in caspase-3 ac-
tivity in CA1 pyramidal neurons (Fig. 3b-e,
n); caspase-3 activity in preconditioned ani-
mals peaked at 12—48 hr and declined mark-
edly by 72 hr, a time at which neuroprotec-
tion is still observed (Liu et al., 1992).
Preconditioning enhanced the ischemia-
induced increase in caspase-3 functional ac-
tivity observed at 6 hr, but caused a potent
inhibition of caspase-3 activity that persisted
from 12 hr to at least 48 hr (Fig. 3j-m, n).
These findings are consistent with a model in
which preconditioning promotes expression
of a potent inhibitor or negative modulator
that directly binds activated caspase-3 to halt
the self-amplifying caspase death cascade
such as, for example, the IAP (inhibitors-of-
apoptosis) family of pro-survival proteins
(see below).

Preconditioning blocks the increase in
CAD in the nuclei of CA1 neurons

We next examined a critical downstream
target of caspase-3, ICAD (Nicholson and
Thornberry, 1997). Caspase-3 cleaves the
CAD-ICAD heterodimer to generate acti-
vated CAD. Active CAD catalyzes inter-
nucleosomal cleavage of genomic DNA
and promotes nuclear condensation, hall-
marks of apoptotic cell death. We first ex-
amined protein abundance of CAD in
neurons destined to die by Western blot
analysis of nuclear and cytosolic samples
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Figure3. Globalischemia elicits marked, transient caspase-3 activity in preconditioned neurons. Representative brain sections
at the level of the dorsal hippocampus from rats subjected to sham operation (control, a), preconditioning (b— e), global ischemia
( f~i), or preconditioning, followed by global ischemia ( j—m). Sections were labeled with FAM-DEVD-FMK, a fluorescein-tagged
analog of zZDEVD-FMK, which binds irreversibly to activated caspase-3. Boxed regions are shown at higher magnitication in insets.
a, In sections of control brain, caspase-3 activity was undetectable. b— e, Preconditioning induced a substantial, but sublethal,
increase in caspase-3 activity in CAT neurons, evident from 12— 48 hr after preconditioning. /i, Global ischemia induced pro-
nounced caspase-3 activity in the CA1 pyramidal cell layer, evident from 6 —48 hr after ischemia. j/—m, In animals subjected to
preconditioning followed by global ischemia, caspase-3 activity was robust at 6 hr, but declined sharply by 12 and remained low.
n, Summary of data for animals subjected to preconditioning (light gray) or to preconditioning followed by global ischemia (dark
gray). o, Summary of data for animals subjected to global ischemia only. Statistical significance was assessed by ANOVA, followed
by Newman—Keuls test (**p << 0.01). Scale bars: 400 m (low magnification); 50 um (high magnification).

of CAl. Global ischemia induced a marked

increase in CAD in the nuclear fraction of the CA1 (Fig. 4a), with
a more modest increase in the cytosolic fraction (Fig. 4c). These
results are in corroboration of others (Cao et al., 2001). Precon-
ditioning had little or no effect on the modest ischemia-induced
increase in CAD expression in the cytosol (Fig. 4d), but greatly
reduced the increase in CAD in the nuclei of CA1 neurons (Fig.
4b). Thus, preconditioning blocks nuclear activation of CAD, a
critical player in apoptotic cell death.

Preconditioning blocks expression of p75~"® and

DNA fragmentation

Activated CAD catalyzes internucleosomal cleavage of genomic
DNA. If preconditioning indeed acts upstream of CAD activa-
tion, it would be expected to block DNA fragmentation in CAl
neurons destined to die. In the TUNEL technique used, a termi-
nal deoxynucleotidyl transferase confers fluorescein “tags” to
nicked ends present in fragmented DNA. p75~™ is a proapop-
totic neurotrophin receptor that can trigger apoptotic cell death
via a death-receptor-dependent pathway (Kaplan and Miller,
1997) and provides a marker for apoptotic cells (Roux et al., 1999;

Jover et al., 2002). To examine DNA fragmentation and induc-
tion of p75™™ in neurons undergoing apoptosis, we labeled
brain sections from control and experimental animals at 72 hr
after ischemia with TUNEL (to assess DNA fragmentation), anti-
p75™™ antibody (to assess p75™™" expression) and Hoechst
33342 (to assess cell numbers and possible alterations in nuclear
morphology). In sections from control brain, TUNEL labeling
and p75™™ expression were undetectable in the pyramidal cell
layers of the CA1 (Fig. 4e—¢) and in other subfields of the hip-
pocampus (data not illustrated). Global ischemia induced a
marked increase in the incidence of TUNEL-positive and
p75N"R_positive neurons specifically in CA1 pyramidal neurons,
evident at 72 hr after ischemia (Fig. 4k—m) ( n = 3 per treatment
group). There was a high coincidence of p75™"™™ immunoreactiv-
ity and TUNEL-positive nuclei in the CA1 pyramidal cell layer;
70.2 * 3.1% of p75™™-positive CAl nuclei were TUNEL-
positive and 68.5 * 2.9% of TUNEL-positive nuclei were
p75 NTR—positive (Fig. 4n—s) in confirmation of Jover et al. (2002).
Moreover, Hoechst stain revealed shrunken nuclei in many of the
p75NTR- and TUNEL-positive cells (Jover et al., 2002). These
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findings indicate that p75™"® expression occurs in post-ischemic

CA1 neurons undergoing apoptosis. Preconditioning alone did
not detectably induce p75™'® expression or DNA fragmentation
in any hippocampal subfield (Fig. 4h—j), but blocked onset of
DNA fragmentation and increase in p75™"™ expression in CA1
(Fig. 4t—v). These findings demonstrate that preconditioning in-
tervenes upstream of CAD activation, DNA fragmentation, and
p75 induction to protect CAl neurons.

Global ischemia induces IAPs and HSP70 in naive and
preconditioned neurons

We next examined the effects of preconditioning on two classes of
endogenous caspase inhibitors. The IAP proteins are a family of
structurally related proteins that confer protection from death-
inducing stimuli by their ability to bind and reversibly inhibit
activated caspases (Deveraux and Reed, 1999; Salvesen and
Duckett, 2002). cIAP is a structural analog of XIAP and potent
inhibitor of caspase-3 and caspase-6 (Deveraux and Reed, 1999;
Salvesen and Duckett, 2002). XIAP binds and reversibly inhibits
caspase-3, -7, and -9 and thereby suppresses apoptosis. Global
ischemia induced a slight, but not significant, elevation in XIAP
expression in the hippocampal CAl, evident at 6 and 12 hr after
reperfusion, as assessed by Western blot analysis (Fig. 5a). Isch-
emia in preconditioned animals did not alter XIAP abundance at
6 hr, but induced a significant reduction in XIAP abundance in
CAl, evident at 12 and 24 hr after ischemia (Fig. 5b). Global
ischemia induced a pronounced increase in cIAP-2, evident at 12
hr after reperfusion (Fig. 5¢); preconditioning did not signifi-
cantly alter the ischemia-induced upregulation in cIAP-2 (Fig.
5d).

Heatshock proteins such as HSP70 can also halt the self-
amplifying caspase death cascade and prevent apoptosis (for re-
view, see Beere et al., 2000). HSP70 negatively regulates apoptosis
by directly associating with Apaf-1 and blocking the assembly of a
functional apoptosome (Beere et al., 2000; Saleh et al., 2000).
Global ischemia induced a pronounced increase in HSP70 ex-
pression in CAl, evident at 6 and 12 hr after reperfusion, as
assessed by Western blot analysis (Fig. 5e); in preconditioned
animals, upregulation of HSP70 was modestly greater at 6 hr (but
not 12 hr) after global ischemia compared with naive animals
(Fig. 5f). The finding that global ischemia enhances cIAP-2 and
HSP70 protein expression to the same degree in naive as in pre-
conditioned animals strongly suggests that the two-factors to-
gether do not account for preconditioning-induced neuropro-
tection. There was no statistically significant difference between
the preconditioned versus non-preconditioned groups for any of
the factors (XIAP, cIAP, and HSP70) at any time point examined.

Preconditioning blocks ischemia-induced mitochondrial
release of cytochrome ¢ and Smac/DIABLO

Injurious stimuli that are sufficiently potent promote the mito-
chondrial release of cytochrome ¢ and Smac/DIABLO (for re-
view, see Hengartner, 2000). Smac/DIABLO binds to IAP family
members and neutralizes their anti-apoptotic activity (Du et al.,
2000; Verhagen et al., 2000). Global ischemia did not significantly
alter the abundance of either cytochrome ¢ (Fig. 6¢) or Smac/

<«

to preconditioning (h—j), global ischemia (k—s) or to preconditioning, followed by global isch-
emia at 72 hr after the last surgery (t-v). n and g are the merge of kand /; 0 and r are the merge
of /and m; p and s are the merge of k and m. Boxed areas in n—p are shown at higher magnifi-
cation in g—s. Scale bars: ej, t-v, 40 m; g—s, 10 wm.
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Figure 6. Preconditioning blocks the ischemia-induced mitochondrial release of cyto-

DIABLO (Fig. 6g) in the mitochondrial fraction of the CAI, but
promoted a rise in cytosolic cytochrome ¢ (Fig. 6a) and Smac/
DIABLO (Fig. 6¢) from the mitochondria to the cytosol, evident
at 6, 12, and 24 hr after reperfusion, as assessed by Western blot
analysis of mitochondrial and cytosolic fractions. These data are
in confirmation of Sugawara et al. (2002). Preconditioning com-
pletely blocked the mitochondrial release of cytochrome ¢ (Fig.
6b) and Smac/DIABLO (Fig. 6f), evident at 6—24 hr, and induced
a downregulation of cytochrome ¢ (Fig. 6b) and Smac/DIABLO
(Fig. 6f) in the cytosolic fraction, evident at 12 hr, with little or no
change in the mitochondrial fraction relative to that of control
neurons (Fig. 6d,h). The cytosolic levels of cytochrome ¢ were
significantly lower in the “preconditioned, global ischemia” ver-
sus “global ischemia” groups at 6 hr ( p <0.05)and at 12 hr (p <
0.001) (Fig. 6a,b). The cytosolic levels of Smac/DIABLO were
significantly lower in the “preconditioned, global ischemia” ver-

chrome ¢ and Smac/DIABLO. Representative Western blots and relative abundance of cyto-
chrome ¢ or Smac/DIABLO in the cytosolic (g, b, e, f) and mitochondrial (¢, d, g, h) fractions of
protein samples isolated from the hippocampal CAT from animals subjected to sham operation,
global ischemia (g, ¢, ¢, g), or preconditioning followed by global ischemia (b, d, f, h). Experi-
mental animals were killed 6, 12, and 24 hr after the last surgery. Westerns were probed with
anti-cytochrome ¢ antibody (a— d) or anti-Smac/DIABLO antibody (e— h). Mean band densities
for cytochrome ¢ or Smac/DIABLO in protein samples from the CA1 of experimental animals
were normalized to the corresponding values for samples from control animals. Statistical sig-
nificance was assessed by ANOVA, followed by Newman—Keuls test (**p << 0.01).

sus “global ischemia” groups at 12 hr ( p < 0.001) and at 24 hr
(p < 0.05) (Fig. 6¢,f). Together, these findings suggest that pre-
conditioning prevents the release of cytochrome ¢ and Smac/
DIABLO, consistent with a model whereby preconditioning pre-
serves the integrity of the mitochondrial membrane in the face of
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ischemic insults and may promote degradation of cytochrome ¢
and Smac/DIABLO in the cytoplasm.

Discussion

Apoptosis is an evolutionarily conserved process that is crucial
for tissue development and homeostasis in eukaryotic organisms
that, when dysregulated, can elicit inappropriate cell death.
Global ischemia is a neuronal insult that induces apoptotic death.
Ischemic preconditioning is a paradigm that affords robust pro-
tection of CA1 neurons against ischemic death for up to 14 d (for
review, see Kirino, 2002). A major conclusion of the present study
is that preconditioning intervenes downstream of caspase-3 acti-
vation and upstream of ICAD cleavage and DNA fragmentation
to inhibit caspase-3 functional activity. In animals subjected to
preconditioning followed by global ischemia, caspase-3 activity is
pronounced and transient in CA1 neurons, which are protected
and survive. Moreover, caspase-3 does not modify downstream
targets, such as ICAD, presumably because of insufficient time,
rather than activity level which at 6 hris as high in preconditioned
animals as in naive animals subjected to global ischemia. Al-
though the present study does not directly examine whether
caspase-3 activation is required for neuroprotection, clearly the
window of neuroprotection afforded by ischemic precondition-
ing persists for many days (Kirino, 2002) after caspase-3 activity
is extinguished. Interestingly, induction of brief (sublethal) focal
ischemia in vivo (and brief chemical ischemia in cortical neurons
in vitro) induce sustained caspase-3 activation in cortical neurons
that survive; in these paradigms caspase-3 activation and PARP-1
cleavage are required for neuroprotection (Garnier et al., 2003;
McLaughlin et al., 2003). The finding of a commonality between
focal and global ischemia, namely neuronal survival in the face of
caspase-3 activation, is unexpected in that the paradigms target
different populations of neurons and induce cell death via differ-
ent mechanisms. The finding that neurons survive functional
activation of caspase-3 is unexpected in that caspase-3 has been
considered essential and sufficient for the execution of apoptosis
(for review, see Cohen, 1997; Nicholson and Thornberry, 1997;
Hengartner, 2000).

Derailing caspase-3-induced neuronal death

How then can neurons survive caspase-3 activation? A second
major conclusion of the present study is that global ischemia
promotes expression of negative modulators of apoptosis in both
naive and preconditioned animals. The IAPs are a family of pro-
survival genes that act downstream of caspase cleavage to directly
bind and inhibit activated caspases and halt the caspase death
cascade (for review, see Deveraux et al., 1997; Salvesen and Duck-
ett, 2002). cIAP is known to potently bind and inhibit caspase-3.
Global ischemia rapidly upregulates cIAP in selectively vulnera-
ble CA1 neurons of naive and preconditioned animals with a time
course that parallels that of the decline in caspase-3 activity in
preconditioned animals. In contrast, XIAP is downregulated in
CALl neurons (present study), and NAIP is upregulated in resis-
tant thalamic neurons, but not vulnerable CA1 neurons (Xu et
al,, 1997). The present study also shows that global ischemia pro-
motes expression of HSP70 in CA1 neurons. HSP70 is a chaper-
one protein, which negatively regulates apoptosis by binding
Apaf-1 and inhibiting formation of the apoptosome (Beere et al.,
2000) and by blocking the release of cytochrome ¢ from the mi-
tochondria (Tsuchiya et al., 2003). Although these factors could
act upstream of procaspse-3 cleavage, our findings that caspase-9
and -3 are cleaved and activated at 6 hr after global ischemic insult
of preconditioned neurons clearly indicate that in this paradigm
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mitochondrion

Figure 7.  Representative scheme showing that preconditioning prevents initiation of the
intrinsic (mitochondrial) pathway of caspase activation. Injurious stimuli such as global isch-
emia promote the coordinated release of cytochrome ¢ and Smac/DIABLO from the mitochon-
dria (for review, see Hengartner, 2000). Once in the cytoplasm, cytochrome ¢ assembles with
the apoptotic protease activating factor 1 (Apaf-1), procaspase-9 and (d)ATP to form the apop-
tosome. Formation of the apoptosome promotes activation of procaspase-9 by Apaf-1. Acti-
vated caspase-9, in turn, cleaves procaspase-3 to generate the downstream “terminator” pro-
tein caspase-3. Injurious stimuli also upregulate IAPs, which bind and inhibit activated
caspases, thereby squelching the caspase cascade. Smac/DIABLO neutralizes the protective
effects of IAPs by directly binding them and disengaging them from activated caspases, en-
abling the caspase death cascade to induce apoptotic cell death. Heat shock protein 70 (HSP70)
inhibits the oligomerization of Apaf-1and the release of cytochrome ¢ from the mitochondria;
HSP70 also inhibits release of apoptosis-inducing factor (AIF), thus inhibiting apoptosis. The
breakdown of the mitochondrial outer membrane can be blocked by a number of eventsinclud-
ing upregulation of anti-apoptotic Bcl-2 family members and phosphorylation of the pro-
apoptotic family member BAD. Arrows indicate the activation of targets, whereas lines with
blunted ends indicate their inactivation. (adapted from Zimmermann et al., 2001).

they do not. Moreover, the finding that global ischemia increases
cIAP-2 and HSP70 expression to nearly the same degree in naive
as in preconditioned animals argues that yet another factor is
required for protection.

An inferred conclusion of the present study is that precondi-
tioning preserves the integrity of the mitochondrial membrane in
the face of ischemic insults and thereby enables CA1 neurons to
survive. Injurious stimuli such as global ischemia disrupt the
integrity of the outer mitochondrial membrane and enable the
release of cytochrome ¢ and Smac/DIABLO (Sugawara et al,,
2002) (Fig. 7). Smac/DIABLO binds IAPs and disengages them
from activated caspases, thus promoting caspase activity and en-
abling the execution of apoptosis (Du et al., 2000; Verhagen et al.,
2000). The interplay between the IAPs and Smac/DIABLO estab-
lishes a threshold for “lethal” caspase-3 activity. Findings in the
present study show that preconditioning blocks the release of
cytochrome ¢ and Smac/DIABLO. Moreover, animals subjected
to preconditioning followed by global ischemia exhibit reduced
levels of cytosolic Smac/DIABLO relative to control animals at 12
hr; the observed decrease in Smac/DIABLO could arise as a con-
sequence of increased (regulated) degradation and/or reduced
release of Smac/DIABLO relative to that of control neurons. In
the absence of Smac/DIABLO, IAPs bind activated caspase-3 and
halt the caspase cascade (Fig. 7, model). An important prediction
from the present study is that the unleashing of Smac/DIABLO is
critical for global ischemia-induced (caspase-3-dependent) neu-
ronal death.

Although the precise mechanisms by which mitochondrial
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membrane breaks down are unknown, dephosphorylation of the
pro-apoptotic Bcl-2 family member BAD is thought to play a
critical role (for review, see Hengartner, 2000; Kroemer and
Reed, 2000). Global ischemia induces sustained high cytoplasmic
Ca**, which triggers activation of the protein phosphatase cal-
cineurin (Wang et al., 1999; Hengartner, 2000). After activation,
calcineurin dephosphorylates BAD, promoting its release from
cytosolic retention factor 14-3-3 and translocation to the mito-
chondria, where it heterodimerizes with anti-apoptotic Bcl-2
family members such as Bcl-x; or Bcl-x; and initiates the mito-
chondrial permeability transition (Wang et al., 1999). A possible
scenario is that preconditioning acts via the phosphotidylinositol
3-kinase (PI3K)/protein kinase B (Akt) signaling system to pro-
mote BAD phosphorylation.

Global ischemia induces apoptosis via the

mitochondrial route

Caspase-3 can be activated by both extrinsic (receptor-mediated)
and intrinsic (or mitochondria-mediated) signaling pathways.
The finding that global ischemia in naive animals promotes Fas
mRNA expression (Jin et al., 2001) and p75~"® protein expres-
sion (present study) many hours after caspase-3 activation argue
against the extrinsic pathway of caspase-3 activation. The finding
that global ischemia in naive and preconditioned animals elicits
mitochondrial release and activation of caspase-9 at a time before
activation of caspase-3 is consistent with the notion that
caspase-3 is activated via caspase-9 and the mitochondrial route.
The finding that preconditioning elicits mitochondrial release
and activation of caspase-9 in the apparent absence of detectable
cytosolic cytochrome ¢ is somewhat unexpected. One possibility
is that preconditioning elicits a transient release of a low,
but evidently effective, level of cytochrome c¢ together with
procaspase-9 from the mitochondria to the cytosol, resulting
in limited apoptosome formation. Indeed, recent findings sug-
gest the existence of caspase-dependent amplification loops that
feed back on the mitochondria to amplify an initial wave of
caspsase-9 activation; thus, the apoptosome may serve not only
to initiate, but also to amplify the caspase cascade (Creagh et al.,
2003). Another possibility is that caspase-9 is activated via a
cytochrome c-independent route. Hints of cytochrome
c-independent mechanisms of caspase-9 activation come from
observations that truncation mutants of Apaf-1 bind and activate
pro-caspase-9 in the absence of cytochrome ¢ (Srinivasula et al.,
1998) and that caspase-12 activates caspase-9 in a cytochrome
c-independent (and Apaf-1-independent) manner (Nakagawa et
al., 2000; Morishima et al., 2002; Rao et al., 2002). A possible
scenario is that global ischemia activates the proteolytic enzyme
calpain (Neumar et al., 2001), which then activates caspase-12
(Nakagawa et al., 2000).

In summary, the present study shows that ischemic precondi-
tioning acts downstream of caspase-3 activation and upstream of
its target CAD to prevent the onset of apoptotic cell death. Im-
portantly, preconditioned neurons subjected to lethal insult sur-
vive transient, potent caspase-3 activity. Our findings suggest that
preconditioning preserves the integrity of the mitochondrial
membrane in the face of ischemic insults and thereby enables
CA1 neurons to survive caspase activation. In contrast, estrogen
at neuroprotective doses blocks caspase-3 activation (Jover et al.,
2002). Thus, diverse protective strategies intervene at different
steps in the caspase cascade. An understanding of the molecular
mechanisms underlying ischemic tolerance may help in the de-
sign of novel neuroprotective strategies for intervention in the
neuronal death associated with stroke and other neurological
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disorders. Arrest of apoptotic cell death downstream of caspase-3
activation provides a potentially important mechanism of neu-
ronal survival in the face of injurious stimuli.
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