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We examined the expression, activation, and cellular localiza-
tion of caspase-3 (CPP32) using immunohistochemistry, immu-
noblots, and cleavage of the fluorogenic substrate
N-benzyloxycarbonyl-Asp-Glu-Val-Asp-7-amino-4-trifluoro-
methyl coumarin (zDEVD-afc) in adult mouse brain after tem-
porary (2 hr) middle cerebral artery occlusion produced by
filament insertion into the carotid artery. Immunoreactive
caspase-3p32 but not its cleavage product caspase-3p20 was
constitutively expressed in neurons throughout brain and was
most prominent in neuronal perikarya within piriform cortex.
Caspase-like enzyme activity was elevated in brain homoge-
nate 0–3 hr after reperfusion and reached a peak within 30 to 60
min. Caspase-3p20 immunoreactivity became prominent in
neuronal perikarya within the middle cerebral artery territory at
the time of reperfusion and on immunoblots 1–12 hr later. DNA

laddering (agarose gels) and terminal deoxynucleotidyl
transferase-mediated dUTP—biotin nick-end labeling (TUNEL)-
stained cells were detected 6–24 hr after reperfusion. At 12–24
hr, immunoreactive p20 was visualized in TUNEL-positive cells,
a finding also observed in apoptotic mouse cerebellar granule
cells on postnatal day 5. Together, these observations suggest
the existence of a time-dependent evolution of ischemic injury
characterized by the close correspondence between caspase-
like enzyme activation and an associated increase in immuno-
reactive product (caspase-3p20) beginning at or before reper-
fusion and followed several hours later by morphological and
biochemical features of apoptosis.
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Apoptosis or programmed cell death (PCD) is a prominent
feature of the developing nervous system (Oppenheim et al.,
1990). Several lines of evidence suggest that apoptosis is also an
important mechanism of cell death in adult brain in acute or
chronic diseases, including stroke or Alzheimer’s disease (Loo et
al., 1993; Thompson, 1995). In animal models of stroke, markers
of apoptosis, such as cytoplasmic and nuclear condensation, and
DNA fragmentation appear in neurons (MacManus et al., 1994;
Li et al., 1995b).

The genetic control of PCD has been studied most completely
in the nematode Caenorhabditis elegans and involves the death-
promoting genes ced-3 and ced-4 (Ellis and Horvitz, 1986; Ellis et
al., 1991; Yuan et al., 1993). Cysteine proteases called caspases
are mammalian homologs of the ced-3 gene product (Alnemri et
al., 1996) and are essential for the execution step in apoptosis
(Cohen, 1997; Nicholson and Thornberry, 1997). All caspases are
synthesized as proenzymes activated by proteolytic cleavage at
Asp-X sites and contain a conserved pentapeptide QACXG

sequence. The first identified family member caspase-1
[interleukin-1b-converting enzyme (ICE)] cleaves pro-
interleukin-1b (pro-IL-1b) to generate the mature cytokine
(Cerretti et al., 1992; Thornberry et al., 1992).

Among the caspases, caspase-3 (CPP32) (Fernandes-Alnemri
et al., 1994; Nicholson et al., 1995; Tewari et al., 1995) has the
highest homology to CED-3 in terms of both amino acid sequence
and substrate specificity (Xue et al., 1996). Caspase-3p32 is acti-
vated by cleavage into p20 and p12 fragments and cleaves several
intracellular substrates (Nicholson and Thornberry, 1997).
Caspase-3-deficient mice show grossly abnormal brain develop-
ment and die within 3 weeks after birth (Kuida et al., 1996).
Caspase-1 knockout mice by contrast show phenotypically nor-
mal brain development but are protected from endotoxin shock
(Kuida et al., 1995; Li et al., 1995a). Transgenic mice that express
a dominant negative mutant caspase-1 gene (Friedlander et al.,
1997; Hara et al., 1997a) and caspase-1 knockout mice are resis-
tant to ischemic cell damage (Schielke et al., 1998).

We recently reported that two irreversible caspase inhibitors,
N-benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-
fluoromethyl ketone (zDEVD-fmk) and N-benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethyl ketone (zVAD-fmk) protected
brain from ischemic injury and improved neurological deficits in
mice and rats (Hara et al., 1997b). Because caspase-1 and its
substrate pro-IL-1b exhibit both pro-inflammatory and pro-
apoptotic actions (Rothwell and Relton, 1993), we sought more
direct evidence for the linkage of the caspases to ischemic cell
death by studying caspase-3 in an ischemia model in which
zDEVD-fmk was neuroprotective. We chose to study reversible
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ischemia because injury tends to be milder and apoptosis more
prominent, and because free radicals generated during reperfu-
sion are associated with apoptosis (Bonfoco et al., 1995). We
extend our preliminary findings (Namura et al., 1997), demon-
strate that caspase-3p32 protein is constitutively expressed in
mammalian adult brain, and provide biochemical and immuno-
chemical evidence for caspase-3 activation in ischemic brain.

MATERIALS AND METHODS
Ischemia model. Adult male SV-129 mice (18–20 gm) (Taconic Farms,
Germantown, NY) were anesthetized for induction with 1.5% halothane
and maintained in 1.0% halothane in 70% N2O and 30% O2 using a
Fluotec 3 vaporizer (Colonial Medical, Amherst, NH). Ischemia was
induced with an 8.0 nylon monofilament coated with a silicone resin–
hardener mixture (Xantopren and Elastomer Activator; Bayer Dental,
Osaka, Japan) as described previously (Hara et al., 1996). The filament
was introduced into the left common carotid artery, advanced into the
anterior cerebral artery, and left in this position for 2 hr. For reperfusion,
animals were reanesthetized briefly and the filament was withdrawn.
Core temperature was maintained at ;37°C with a thermostat (FHC,
Brunswick, ME) and a heating lamp (Skytron; Daiichi Shomei, Tokyo,
Japan) until 1 hr after reperfusion. Neurological deficits caused by
ischemia were scored according to Bederson et al. (1986): 0, no observ-
able neurological deficits (normal); 1, failure to extend the right forepaw
(mild); 2, circling to the contralateral side (moderate); 3, loss of walking
or righting reflex (severe). Animals were included only if their neurolog-
ical deficit score was 2 or higher during reperfusion.

Protocols. Mice were killed 0–5 min after reperfusion or 1, 3, 6, 12, or
24 hr after reperfusion for characterization of enzyme activity, immu-
noblots, or immunohistochemistry as described below. One additional
time point (30 min reperfusion) was studied only in the DEVDase
activity experiments.

Caspase-like DEVDase activity assay. We initially established the
caspase-like DEVDase activity assay in preliminary experiments using
homogenates from HeLa cells exposed to staurosporine (Bertrand et al.,
1994). After 3 hr exposure, caspase-like enzyme activity measured by
cleavage of the fluorogenic substrate N-benzyloxycarbonyl-Asp-Glu-Val-
Asp-7-amino-4-trifluoromethyl coumarin (zDEVD-afc) (Enzyme Sys-
tems, Dublin, CA) increased from 114 6 32 pmol z mg 21 protein z min 21

in control cells (n 5 3) to 227 6 18 pmol z mg 21 protein z min 21, and this
increase was blocked completely by 10 mM zDEVD-fmk (n 5 2) (Enzyme
Systems). We then measured activity in cerebellar homogenates from
mouse pups at postnatal day 5, which is when granule cells undergo
extensive apoptosis (Wood et al., 1993), and compared it with activity in
brain homogenates from postnatal day 25 when developmental apoptosis
is no longer present. Activity was increased approximately twofold at
postnatal day 5, and this increase was inhibited 62% by adding 100 mM
zDEVD-fmk. Mouse forebrain, excluding frontal pole (2 mm) and oc-
cipital pole (1 mm), was homogenized in 4 vol of 25 mM HEPES buffer,
pH 7.5, containing 0.1% Triton X-100, 5 mM MgCl2 , 2 mM dithiothreitol
(DTT), 74 mM antipain, 0.15 mM aprotinin, 1.3 mM EDTA, 1 mM EGTA,
15 mM pepstatin, and 20 mM leupeptin, and centrifuged at 50,000 3 g.
One hundred microliters of the supernatant were added to 900 ml of 100
mM HEPES buffer, pH 7.4, containing 2 mM DTT. In preliminary
experiments, enzyme activity was substantially reduced (.80%) by in-
cubating at pH 6.8–7.0 instead of 7.4. After addition of the fluorogenic
substrate zDEVD-afc (12.5 mM), fluorescence (400–505 nm; Hitachi
F-4500 fluorometer) was measured at 5 min intervals. The increase in
fluorescence was linear between 5 and 35 min after zDEVD-afc was
added. Caspase-like activity was calculated from the slope as fluores-
cence units per milligram of protein per minute of reaction time and
converted to picomoles of substrate cleaved per milligram of protein per
minute based on a standard curve for amino-4-trifluoromethyl coumarin.
Protein concentration in the supernatant was determined by the Bradford
assay. Enzyme activity is expressed as mean 6 SEM. Significant differ-
ences between zDEVD-fmk treatment and control were determined by
Student’s t test. Differences between caspase-like enzyme activity in
ischemic versus sham brains were determined by one-way ANOVA
followed by Dunnett’s post hoc tests. p , 0.05 was considered statistically
significant.

Cleavage activity did not differ between sham-operated brain and the
contralateral hemisphere during reperfusion. To show that the addition
of a caspase inhibitor reduced enzyme activity in ischemic brain, super-

natant was incubated for 15 min with zDEVD-fmk (100 mM) before the
addition of fluorogenic substrate zDEVD-afc. Enzyme activity was in-
hibited by 64% after 100 mM zDEVD-fmk was added. We used 100 mM
in subsequent experiments because this concentration (and higher) was
used in previous studies to characterize caspase-3-like activity in vitro
(Enari et al., 1996; Armstrong et al., 1997; Eldadah et al., 1997). In more
recent preliminary studies, the addition of 10 mM zDEVD-fmk inhibited
the reaction to the same extent (;55–60%), indicating that adding a
lower concentration of inhibitor works as well and might provide greater
specificity; 100 mM is tenfold higher than the Km for caspase-3 (Nicholson
et al., 1995) and tenfold higher than the concentration required to
completely inhibit enzyme activity in staurosporine-treated HeLa cells.

Immunoblots and immunohistochemistry. Two antisera were used to
identify either caspase-3p32 or its cleavage product caspase-3p20.
Caspase-3p32 antiserum was raised against a synthetic peptide
C 12SIKNFEVKT 20 residing near the N terminus of the hamster
caspase-3 prodomain (Wang et al., 1996) and was a gift from Dr. J. L.
Goldstein (University of Texas Southwestern Medical Center). Caspase-
3p20 antiserum was raised against 163CRGTELDCGIETD 175 spanning
cysteine at the active site to the C terminus of the human and mouse p20
fragment and was affinity-purified against the peptide (Armstrong et al.,
1997) (A. Srinivasan, unpublished observations). On immunoblots, this
antibody recognizes processed caspase-3 preferentially to unprocessed
zymogen. Antigen binding was examined in ischemic tissue by immuno-
blots as well as by immunohistochemistry.

To test antiserum specificity, caspase-3p32 antiserum was preadsorbed
with a specific synthetic peptide (SIKNFEVKT) (Enzyme Systems). To
demonstrate specificity of caspase-3p20 staining, preadsorption with the
peptide immunogen (CRGTELDCGIETD) was performed.

Immunoblots. Extracts from mouse forebrain enriched in ischemic
tissue (excluding 2 mm frontal and 1 mm occipital pole) were prepared by
lysis in 10 mM HEPES buffer, pH 7.6, containing 42 mM KCl, 5 mM
MgCl2 , 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA,
1 mM EGTA, 1 mM DTT, 1% lauryl sulfate sodium salt (SDS), 1.5 mM
pepstatin, 2 mM leupeptin, and 0.7 mM aprotinin, and centrifugation at
21,000 3 g. Ten micrograms of total protein of each sample were loaded
on a 15% SDS-PAGE gel. After electrophoresis, protein was transferred
to nitrocellulose membrane. Blots were blocked with 5% nonfat milk in
TBST (10 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween 20) and probed
with 1:1500 dilutions of either caspase-3p32 or caspase-3p20 antiserum in
5% nonfat milk/TBST. Immunoblots were then processed with
horseradish–peroxidase-conjugated anti-rabbit immunoglobulin G (IgG)
using the enhanced chemiluminescence (ECL) Western blotting detec-
tion system kit (Amersham, Arlington Heights, IL). The blots were
exposed to Hyperfilm (ECL, Amersham) at room temperature.

Densitometry was performed on a total of four Western blots (Bio-Rad
GS-700; Bio-Rad, Hercules, CA). Optical density (OD) values at each
time point were obtained by comparing the absolute OD value of the 32
kDa band with that of a-tubulin. Differences between OD values for the
32 kDa band in ischemic hemisphere over time were determined by
one-way ANOVA followed by Bonferroni’s post hoc test. p , 0.05 was
considered statistically significant. OD values for the contralateral hemi-
sphere were also analyzed in this way.

Immunohistochemistry. Mice were anesthetized deeply with an over-
dose of sodium pentobarbital (100 mg/kg, i.p.) and then transcardially
perfused with 0.9% saline solution, followed by 4% paraformaldehyde in
0.1 M PBS, pH 7.4. The brains were removed quickly and stored in the
same fresh buffer containing 20% sucrose. The brains were cut into
coronal sections of 40 mm thickness on a freezing microtome. The
sections were processed by the free-floating method. After they were
washed three times in PBS, pH 7.4, the sections were successively
incubated with 0.3% H2O2 in PBS, pH 7.4, for 30 min, 10% normal goat
serum (NGS) in PBS, pH 7.4, for 30 min, and primary antisera (1:1000
for either caspase-3p32 or caspase-3p20 antisera) in 2% NGS, 0.3%
Triton X-100, 0.05% NaN3 in PBS, pH 7.4, at 4°C overnight. After they
were rinsed three times in PBS, the sections were incubated with biotin-
ylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA) in
PBS, pH 7.4, containing 2% NGS, 0.3% Triton X-100 for 2 hr at room
temperature. The sections were incubated with avidin–biotin–peroxi-
dase solution (Vectastain ABC kit, Vector Laboratories) in PBS, pH 7.4,
for 30 min at room temperature after they were washed three times in
PBS, pH 7.4. After three additional washes in PBS, pH 7.4, the sections
were incubated in 50 mM Tris-HCl, pH 7.5, for 10 min and treated with
0.05% 3,39-diaminobenzidine tetrahydrochloride (DAB) (Sigma, St.
Louis, MO) with 0.003% H2O2 in 50 mM Tris-HCl, pH 7.5. The sections
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were mounted on gelatin-coated glass slides, air-dried, dehydrated in
ascending ethanol series, immersed in xylene, and coverslipped with
Permount (Fisher Scientific, Pittsburgh, PA).

Double labeling with in situ terminal deoxynucleotidyl transferase-
mediated DNA nick-end labeling (TUNEL) and caspase-3p20 immunohis-
tochemistry. TUNEL was based on the method of Gavrieli et al. (1992)
with modifications (Wood et al., 1993). After they were immunostained
with caspase-3p20 primary antibody and Bodipy fluorescein (Bodipy FL)
-conjugated goat anti-rabbit IgG secondary antibody (Molecular Probes,
Eugene, OR), the sections were passed through ethanol (70%, 95%,
100%, and 100% for 3 min each) and then immersed in chloroform for 2
min. The sections were rehydrated by passage through decreasing ethanol
series (100%, 100%, 95%, 70% for 3 min each) followed by three washes
in PBS, pH 7.4, at 5 min per wash. The sections were immersed in
terminal deoxynucleotidyl transferase (TdT) buffer (30 mM Trizma base,
140 mM sodium cacodylate, 1 mM cobalt chloride) for 5 min at room
temperature, and then incubated with TdT buffer containing 12.5 mM
biotinylated dUTP (Boehringer Mannheim, Indianapolis, IN) and 0.15
U/l TdT (Boehringer Mannheim) at 37°C for 70 min. The reaction was
stopped by transferring the sections to termination buffer (300 mM NaCl,
30 mM sodium citrate) for 15 min at room temperature. After three
washes in PBS, pH 7.4, the sections were blocked with PBS containing
normal goat serum (10%) and incubated with streptavidin-conjugated
Cy3 (Jackson ImmunoResearch, West Grove, PA) in PBS, pH 7.4, for 25
min at room temperature. After three washes in PBS, pH 7.4, the sections
were dehydrated in ascending ethanol series. After immersion in xylene,
the sections were coverslipped in Permount. For control studies, the
sections were treated the same way except that either TdT or biotinylated
dUTP was omitted or the sections were treated with DNase before the
delipidization.

To validate our method for double staining, we examined cerebellar
granule cells from C57BL/6 mouse pups at postnatal day 5 when exten-
sive apoptosis normally develops (Wood et al., 1993). By so doing, we
could also determine whether double staining was a distinct event in
ischemic apoptotic cell death or whether it occurred during normal
development. Parasagittal sections of 40 mm thickness were incubated
with caspase-3p20 antiserum followed by TUNEL. Fluorescent-stained
sections were analyzed on a Leica DMRB/Bio-Rad MRC 1024 confocal
microscope with krypton–argon laser. For Bodipy FL, the excitation
filter was 488 nm and the emission was 522 nm. For Cy3, excitation and
emission filters were 568 and 605 nm, respectively.

Double labeling with Hoechst 33342 and caspase-3p20 immunohisto-
chemistry. After fluorescence immunostaining as described above, sec-
tions were incubated with 10 mg/ml Hoechst 33342 (Sigma) in PBS for 5
min, washed three times in PBS, coverslipped in Aqua-Mount (Lerner
Laboratories, Pittsburgh, PA), and examined under an Olympus BH-2
fluorescence microscope with ultraviolet and fluorescein isothiocyanate
(FITC) filters for Hoechst 33342 and Bodipy FL, respectively.

DNA analysis. The brain was cut into 2 mm slices with a brain matrix
(RBM-2000C, Activational Systems), and ischemic tissue was obtained
4–6 mm from the frontal pole 6, 12, and 24 hr after reperfusion. DNA
laddering was visualized with a radioactive end-labeling method by
terminal transferase according to Tilly and Hsueh (1993), with minor
modifications according to Hara et al. (1997a). Three micrograms of
DNA per animal were labeled with [ 32P]-ddATP, electrophoresed on a
2.0% agarose gel (agarose 3:1) (Amresco, Solon, OH), and
autoradiographed.

RESULTS
Detection of caspase-like activity in ischemic
brain lysate
We used a fluorogenic substrate zDEVD-afc, which may be
preferentially cleaved by caspase-like proteases (Sarin et al., 1996;
Armstrong et al., 1997; Keane et al., 1997) to measure enzyme
activity in control as well as in ischemic brain lysate. Cleavage of
zDEVD-afc was much higher in homogenates of apoptotic HeLa
cells as compared with homogenates from ischemic brain
(Fig. 1A).

In the ischemic hemisphere, enzyme activity was detected in
brain homogenates from 0 to 3 hr after reperfusion (Fig. 1B) (12
or 24 hr data not shown). Highest increases were observed after
30 min, and preincubation with zDEVD-fmk (100 mM) reduced

activity by 64% ( p , 0.03; n 5 5). Addition of zVAD-fmk (100
mM) (Enzyme Systems) to the zDEVD-fmk-containing reaction
mixture did not further decrease enzyme activity. Cleavage of
zDEVD-afc in sham-operated brain was not inhibited by adding
100 mM zDEVD-fmk and was subtracted as nonspecific activity.

Constitutive expression of caspase-3 immunoreactivity
in normal brain and activation of caspase-3 in
ischemic brain
Caspase-3 is synthesized as a 32 kDa pro-form that is cleaved
during activation into a large subunit of 20 or 18 kDa, depending
on the apoptotic signal (Erhardt and Cooper, 1996), and a small
subunit of 12 kDa (Nicholson et al., 1995). To determine whether

Figure 1. A, Cleavage of the caspase fluorogenic substrate zDEVD-afc
(12.5 mM) in homogenates of HeLa cells and brain tissue homogenates.
Reaction was monitored every 5 min for 35 min by spectrofluorometry in
apoptotic HeLa cell lysate, which was isolated after treatment with 1 mM
staurosporine for 3 hr (M) or in control cell lysate (‚). Caspase-like
DEVDase activity was also measured in brain tissue homogenates from
the ischemic (f) or contralateral (Œ) hemisphere 1 hr after reperfusion
after 2 hr of middle cerebral artery occlusion. The data are from a single
set of representative experiments that were highly reproducible. B,
Caspase-like enzyme activity increases in brain homogenates after reper-
fusion after 2 hr occlusion of left middle cerebral artery. Enzyme activity
measured as described above is expressed as picomole of substrate
cleaved per milligram of protein per minute. Data show mean 6 SEM of
four to eight experiments assayed in duplicate. *p , 0.05 indicates a
significant difference compared with sham-operated animals.
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caspase-3 is activated in ischemic brain, we examined for the
presence of caspase-3p32 and its cleavage products using two
different antisera.

The specificity and sensitivity of these two antisera were com-
pared in mouse cerebellum at postnatal day 5, which is when
extensive developmental apoptosis occurs (Wood et al., 1993).
Caspase-3p32 antiserum detected only one band at 32 kDa that
disappeared after preadsorption with synthetic peptide (Fig. 2A),
whereas caspase-3p20 antiserum identified a single band at 20
kDa but did not recognize a band corresponding to caspase-3p32
(Fig. 2B). The 20 kDa band detected with caspase-3p20 anti-
serum was markedly diminished by preadsorption with synthetic
peptide.

On the basis of the above results, we investigated the expres-
sion and activation of caspase-3 and its cleavage products in the
mouse MCA occlusion and reperfusion model. Full length
caspase-3 (p32) was detected by caspase-3p32 antiserum in isch-
emic and contralateral brain tissue homogenates at every time
point from 0 to 24 hr after reperfusion as well as in normal brain
(Fig. 3A). Significant time-dependent changes in caspase-3p32
expression were not detected by densitometric analysis of immu-
noblots over 24 hr (n 5 4 experiments; data not shown). However,
the expression of a 20 kDa fragment as detected by caspase-3p20
antiserum was increased at 1–12 hr after reperfusion compared
with the contralateral hemisphere (Fig. 3B). Thus, the processing
of caspase-3 to an active form was detected in ischemic mouse
brain early during reperfusion.

To provide more detailed information about cellular localiza-
tion of caspase-3 in brain, we examined caspase-3p32 and
caspase-3p20 immunoreactivity in normal and ischemic brain
sections. Throughout normal brain, we observed caspase-3p32
immunoreactivity within neurons and axonal fibers (Fig. 4A,B).
Neurons in the piriform cortex (Fig. 4A) and neocortex (Fig. 4B),
as well as axons passing through the striatum (data not shown),
showed intense immunoreactivity. A few large cells in the stria-
tum showed caspase-3p32 immunoreactivity; otherwise, constitu-

tively expressed protein appeared lower in striatum than in cortex
(data not shown). Preadsorption with peptide immunogen mark-
edly reduced immunostaining (Fig. 4C). By contrast, caspase-
3p20 immunoreactivity was barely detectable above background
when tissue sections from normal brain were incubated with
caspase-3p20 antiserum (Fig. 4D).

Caspase-3p32 immunoreactivity in the ischemic area appeared
diminished early after reperfusion (data not shown). This de-
crease, however, was not observed on immunoblot (a more quan-
titative method but less sensitive to spatial changes). At 6–24 hr
after reperfusion, immunostaining increased within perikarya
and dendrites of cortical neurons in the penumbral territory
(Fig. 4E).

Many caspase-3p20-immunoreactive neurons appeared in the
ipsilateral piriform and parietal cortices and striatum after isch-
emia and reperfusion (Fig. 5) (and data not shown). Caspase-
3p20 staining, which appeared as dense coarse granular immu-
nodeposits in cortex, was less granular but nevertheless quite
dense in striatum (Figs. 5E,F) (and data not shown). This immu-
nostaining was dramatically reduced by preadsorption with pep-
tide immunogen (data not shown). In 3 of 18 examined brains,
p20 immunostaining appeared slightly increased over background
levels in the contralateral cortex during reperfusion (data not
shown), and this faint staining was observed on immunoblots as
well. In the other 15 brains, however, caspase-3p20 immunoreac-
tivity remained at background levels in the contralateral hemi-
sphere during reperfusion (Fig. 5A,C).

Double-fluorescence immunohistochemistry was used to detect
the coexistence of caspase-3p20 and glial fibrillary acidic protein
(GFAP) within single cells. Colocalization was not observed
when tissue sections were examined from 5 min to 24 hr after
reperfusion (data not shown).

Double staining with caspase-3 immunohistochemistry
and TUNEL
To determine whether caspase-3p20-positive neurons also con-
tain fragmented DNA, we stained tissue sections for caspase-3p20
immunoreactivity followed by TUNEL. Caspase-3p20 immuno-
reactivity was found within the same cells containing double-
strand DNA breaks 12 to 24 hr after reperfusion (Fig. 6D–I).
Many caspase-3p20-positive cells contained TUNEL (;80 and
60% in striatum and cortex, respectively, among 400 cells counted
at 12 and 24 hr). A smaller subset of TUNEL-positive cells was
caspase-3p20 positive (40 and 44% in striatum and cortex, respec-
tively, at 12 hr among 500 counted cells). Some striatal nuclei
appeared to contain both caspase-3p20 staining and Hoechst
33342 (Fig. 6J,K). Within ischemic cortical cells, caspase-3p20
staining was found predominantly in the cytoplasm at the exam-
ined time point (Fig. 6L,M).

To determine whether caspase-3p20 immunoreactivity and
TUNEL are present in nonischemic apoptotic cells, we stained
single tissue sections from mouse pups (postnatal day 5) for
TUNEL and caspase-3p20 immunoreactivity. Some cerebellar
granule cells showed intense caspase-3p20 immunoreactivity and
most of these were TUNEL positive (Fig. 6A–C). By contrast,
cells stained negative for both when apoptosis was no longer
present (postnatal day 25; data not shown).

Genomic DNA extraction and analysis
To confirm that TUNEL reflected nucleosomal DNA fragmen-
tation, we analyzed DNA from ischemic brain homogenates by
gel electrophoresis. DNA laddering was first observed in ischemic

Figure 2. The specificity of antisera detecting either caspase-3p32 (A) or
caspase-3p20 ( B) is shown by immunoblots of lysates from mouse cere-
bellum on postnatal day 5 (P5). Ten micrograms of protein were loaded
per lane, and the membrane was probed with 1:1500 dilution. A, A band
corresponding to caspase-3p32 was detected (lane 1) that disappeared
after preadsorption with peptide immunogen (lane 2). B, Immunoblots
detected caspase-3p20 in lysates from mouse cerebellum (P5) (lane 1) but
did not detect caspase-3p32. The p20 band disappeared after preadsorp-
tion with peptide immunogen (lane 2).
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tissue 6 hr after reperfusion. DNA laddering became more ap-
parent 12 hr after reperfusion, and this sustained for at least 24
hr (Fig. 7).

DISCUSSION
The present study provides evidence for constitutive expression
of caspase-3 in normal adult mammalian brain. We found
caspase-3p32 immunoreactivity diffusely distributed within neu-
ronal perikarya, dendrites, and axons in cerebral cortex and
striatum, more notably in cortex than striatum but particularly
marked in piriform cortex. Constitutive expression was not par-
ticularly prominent in brain regions selectively vulnerable to
ischemia, such as hippocampal CA1 pyramidal cells, although
immunoreactivity was localized predominantly in neurons that
are known to be more susceptible to ischemic insult than glial or
endothelial cells.

We also documented caspase-3 cleavage (appearance of
caspase-3p20) and DEVDase enzymatic activity in brain homog-
enate during the reperfusion phase of ischemia. Both enzymatic
assay and immunohistochemistry showed enhanced signal within
the MCA territory during reperfusion (0–5 min) and were tem-
porally consistent early during reperfusion. In fact, caspase-3
appears to have been activated during the occlusion period be-
cause the p20 antigen and enzyme activity were already evident
upon reperfusion. (In a preliminary experiment, DEVDase ac-
tivity was elevated 1 hr after MCA occlusion and before reper-
fusion.) When examined 5 min after reperfusion, p20 cleavage
product appeared within the cytoplasm of GFAP-negative cells
exhibiting the morphology of neurons and remained in those cells
for at least 24 hr. At 1 hr, the immunoproducts appeared as
cytoplasmic granules reminiscent of the immunostaining pattern
observed for the lysosomal protease cathepsin B in ischemic
hippocampus (Nitatori et al., 1995).

Caspase-3p20 was found within cells showing features of apo-
ptosis, and more than half of the caspase-3p20 labeled cells were
TUNEL positive. The relatively large fraction of double-labeled
cells suggests the importance of caspase-3 activation to ischemia-
induced apoptosis in mammalian brain and is consistent with
previously published data indicating that blocking caspase acti-
vation alters the outcome of experimental cerebral ischemia
(Friedlander et al., 1997; Hara et al., 1997a,b) and markers of
apoptosis (Endres et al., 1998). A similar staining pattern was
observed for Reaper, an apoptosis inducer, and TUNEL-positive
cells in Drosophila embryos: there are cells positive for Reaper
only, for TUNEL only, and for Reaper and TUNEL (White et

al., 1994). Caspase-3 activation may not be required for apoptosis
in all cells because we observed ;50% of TUNEL-positive cells
that did not stain for the caspase-3 cleavage product.

Several regional differences were observed between striatum
and parietal cortex that may reflect more severe striatal injury or
region-specific differences in constitutive caspase-3p32 expres-
sion. Constitutive caspase-3p32 immunoreactivity was low in stri-
atal cells, but by 6 hr p20 immunoreactivity was marked in
numerous striatal cells and colocalized with TUNEL after reper-
fusion. By contrast, constitutive caspase-3p32 staining was prom-
inent within parietal cortex, as was p20 immunoreactivity early
after reperfusion. The onset of TUNEL, however, was more
delayed and less dramatic than in striatum. In every instance
though, activation of caspase-3 preceded the appearance of
TUNEL. The findings suggest that the apoptotic cell death path-
way shows regional differences conditioned by cell type and local
factors.

Methodological issues
Enzyme activity
We adapted an enzyme activity assay for caspase that has been
applied successfully in cell culture supernatants (Sarin et al.,
1996; Armstrong et al., 1997; Eldadah et al., 1997; Keane et al.,
1997). We determined that cleavage of the fluorogenic substrate
was temperature and protein dependent, could be partially inhib-
ited by zDEVD-fmk, and was abolished by previous boiling of
brain homogenate. Recently, it was reported that caspase-7 as
well as caspase-1, -3, and -4 cleave substrates after DEVD se-
quence (Talanian et al., 1997; Thornberry et al., 1997). Hence, we
believe that caspase-3 is not the only enzyme cleaving zDEVD-
afc in ischemic brain homogenate, and we use the term caspase-
like enzyme activity in this report.

The source of zDEVD-afc cleavage activity unblocked by the
addition of zDEVD-fmk or zVAD-fmk remains unknown but was
present in homogenates from adult ischemic forebrain and devel-
oping cerebellum as well as HeLa cells after staurosporine treat-
ment. This probably reflects activation of an unidentified enzyme
or enzymes.

Antibody specificity
Caspase-3 was detected using two polyclonal antisera recognizing
different epitopes in mature and cleaved proteins. Both constitu-
tively expressed immunoreactivity and binding after ischemia
were markedly diminished by preadsorption with synthetic im-
munogens. Caspase-3p20 antiserum detected p20 in ischemic

Figure 3. Time-dependent changes in caspase-3 dur-
ing reperfusion after 2 hr middle cerebral artery oc-
clusion. Brain lysates (10 mg/ lane) were subjected to
SDS-PAGE and immunoblot analysis using either
caspase-3p32 (A) or caspase-3p20 (B) antiserum as
described in Figure 2. Caspase-3p32 band was present
in normal brain and did not change over time when
measured in four different experiments (see Materials
and Methods). Cleavage product (p20) increased 1–6
hr after reperfusion in the left (L, ischemic) com-
pared with right (R, contralateral) and normal brain
(N ). A faint p20 band is also present at 12 hr.
a-tubulin was used as an internal control (bottom).
The experiment was repeated four times; a represen-
tative experiment is shown.
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mouse brain and p18 in cultured mouse cerebellar cells after
K1–serum withdrawal (Armstrong et al., 1997) (A. Srinivasan,
unpublished observations). Hence, p18 formed by cleavage at
28DS29 may not be formed or may be unstable in mouse brain.
This antiserum detected caspase-3p20 antigen during apoptosis
induced by ischemia and in mouse pup cerebellar granule cells
together with TUNEL at a developmental stage when apoptosis
is prominent.

Changes in enzyme activity and immunochemistry
during reperfusion
Caspase-like enzyme activity increased upon reperfusion and
returned to baseline between 3 and 6 hr later. The onset of
cleavage activity was similar to the appearance of p20 immuno-
reactivity, although there were certain differences in time course,
which may reflect methods of detection or activity of other
DEVD-cleaving enzymes (Talanian et al., 1997; Thornberry et

Figure 4. Immunohistochemical staining of normal (A–D) and ischemic
(E) brains using caspase-3p32 or caspase-3p20 antiserum. Caspase-3p32
immunoreactivity (A, B) was detected in neuronal perikarya (large ar-
rows) and dendrites (small arrows), in 40 mm sections from piriform (A)
or in parietal cortex ( B) counterstained with thionine hydrochloride.
Frequently, cells in the piriform cortex contained intense caspase-3p32
immunoreactivity (A, arrowhead). Preadsorption with peptide immuno-
gen (see Materials and Methods) markedly blocked the staining in
piriform cortex (C). By contrast, normal brain stained poorly with anti-
caspase-3p20 (piriform cortex) (D). Within the penumbra of ischemic
cortex, caspase-3p32 staining was prominent in neuronal cytoplasm 24 hr
after reperfusion (E). Scale bar, 15 mm.
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Figure 5. Caspase-3p20 immunohistochemical staining of tissue sections (40 mm) from ischemic mouse parietal cortex after 2 hr middle cerebral artery
occlusion and reperfusion. High-power photomicrographs (C–F) were taken from lamina V. Caspase-3p20 immunoreactivity was detected as early as
5 min after reperfusion in ischemic cortex (B, D) compared with the contralateral side (A, C) and was found within cytoplasm of cortical neurons after
5 min (B, D), 1 hr ( E), and 24 hr ( F) of reperfusion. Caspase-3p20 staining did not change in the contralateral hemisphere at these times (not shown).
At 1 and 24 hr, coarse granular immunoproducts were densely concentrated in neurons (E, F ). II, III, and V refer to cortical laminae (n 5 3 animals per
time point). Scale bar (shown in F ): A, B, 120 mm; C–F, 15 mm.
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al., 1997). For example, p20 was first detected during reperfusion
by immunohistochemistry, compared with 1 hr after reperfusion,
using a less sensitive but more specific method: immunoblotting.
Methodological differences may partly explain why the p20 cleav-
age product was detected by immunohistochemical method but
not reflected by DEVDase activity 6–24 hr after reperfusion. A
decrease in DEVDase activity coinciding with the appearance of
DNA fragmentation (both at 3–6 hr) may reflect cell death as a
reduction of caspase-like activity. Moreover, caspase activity is
highly concentration dependent, especially in cell–tissue extracts

(Thornberry et al., 1992) (J. Yuan, unpublished observations); a
partial reduction of immunoreactivity could translate into a loss
of assayable DEVD cleaving activity.

We recently observed that zDEVD-fmk administration 1 hr,
but not later, after reperfusion following 2 hr ischemia decreased
infarction volume (Ma et al., 1998). The therapeutic time window
is quite consistent with the peak of caspase-like enzyme activity
(30 min to 1 hr), which lends support to the notion that putative
caspase inhibitors in fact may decrease infarction volume and
improve neurological deficits by irreversible enzyme inactivation.

Figure 6. Confocal microscopic images doc-
ument the localization of caspase-3p20 immu-
noreactivity and TUNEL in single tissue sec-
tions (40 mm) from normal cerebellar
hemisphere (postnatal day 5, P5) (A–C) and
ischemic striatum (D–F) and parietal cortex
(G–I) after 2 hr middle cerebral artery occlu-
sion and 12 hr ( D–F) or 24 hr ( G–I) reperfu-
sion. Immunoreactivity and TUNEL were vi-
sualized with Bodipy fluorescein (A, D, G:
green) and Cy3 (B, E, H: red), respectively.
Almost every caspase-3p20 immunoreactive
cerebellar granule cell at P5 was TUNEL pos-
itive. Two representative cells are shown here
(C). Many ischemic cells contained both im-
munoreactive staining (p20) and TUNEL (F,
I, arrowheads). Note a typical apoptotic body
in a TUNEL-positive striatal cell (E, arrow).
After 12 hr of reperfusion caspase-3p20 stain-
ing looked as if it was localized within the
nucleus of some striatal cells [immunofluores-
cence staining ( J) combined with Hoechst
33342 staining (K) using conventional fluores-
cence microscopy]. Within cortical cells, how-
ever, the pattern of p20 differed at 24 hr (L,
p20 immunostaining; M, Hoechst 33342 stain-
ing), which may reflect the more rapid rate of
ischemic evolution in striatum. Scale bar,
10 mm.
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Caspase-3 activation in related models
As noted above, Armstrong et al. (1997) reported that K1–serum
withdrawal activates caspase-3 and induces apoptosis in cultured
mouse cerebellar granule neurons by zVAD-fmk-inhibitable
mechanisms. Keane et al. (1997) observed similar findings after
staurosporine treatment of cultured mouse cortical neurons. Ni et
al. (1997) recently found upregulation in a cloned caspase-3-
related rat protease gene in cultured cerebellar granule neurons
after K1–serum withdrawal. The mRNA expression of this gene
was robust in adult piriform cortex, which agrees with our data
showing strong constitutive expression of caspase-3p32 in this
brain area. Asahi and colleagues (1997) found upregulation of
caspase-3 mRNA after permanent MCA occlusion in rat brain at
16–24 hr, although protein expression, activation, and localiza-
tion were not determined. In the present study, we demonstrate
that ischemic insult upregulates caspase-3p32 in the penumbra, as
evidenced by the increase in caspase-3p32 immunoreactivity in
this region after 24 hr of reperfusion. Recently, activation of
caspase-3 enzyme activity was identified after traumatic brain
injury in rats; improvement in neurological deficits after zDEVD-
fmk treatment was reported in that model as well (Yakovlev et al.,
1997), consistent with our previous report in brain ischemia
(Hara et al., 1997b).

Colocalization of TUNEL and
caspase-3p20 immunoreactivity
We observed colocalization of p20 immunoreactivity and
TUNEL in individual cells within the ischemic striatum 12–24 hr

after reperfusion and in postnatal day 5 cerebellum in normal
mouse brain. In some cells, these two stains appear to localize
within individual nuclei (e.g., TUNEL and caspase-3p20), al-
though additional studies are required to clarify this point. Our
data provide evidence for caspase-3 activation in neurons under-
going ischemic cell death, although we have not directly shown
that caspase-3 activation causes cell death. Linkage is suggested
by the protective effects of caspase inhibition in ischemic cell
death (Friedlander et al., 1997; Hara et al., 1997a,b; Schielke et
al., 1998) and by the observation that apoptotic neurons contain
both p20 and TUNEL and that caspases activate hours before the
appearance of TUNEL-positive cells. The recent discovery of a
caspase-activated deoxyribonuclease (CAD) establishes an im-
portant linkage between cysteine protease activity and DNA
laddering (Enari et al., 1998; Sakahira et al., 1998), which could
be highly relevant to the appearance of p20 immunoreactivity
within TUNEL-positive cells. By characterizing events both up-
stream and downstream from caspase-3-like activation (including
activation of other caspase family members in addition to
caspase-1), new therapeutic opportunities might emerge beyond
those suggested previously for zVAD-fmk and zDEVD-fmk
(Hara et al., 1997b). Taken together, our findings support an
important role for caspase-3 in apoptotic signal transduction in
injured brain.
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