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Abstract

A clinically relevant model of transient global brain ischemia involving cardiac arrest followed by resuscitation in dogs was utilized to
study the expression and proteolytic processing of apoptosis-regulatory proteins. In the hippocampus, an increase in pro-apoptotic Bel-2
family proteins Bcl-Xg and Bak was detected, concomitant with proteolysis of Bcl-X; and Bcl-2, following ischemia—reperfusion injury.
Also, biphasic cleavage of Bid was found in this region of the brain, with early generation of tBid-p11 within 10 min of cardiac arrest,
followed by generation of tBid-p15 within 30-min reperfusion, consistent with activation of this pro-apoptotic protein. In addition, cardiac
arrest and resuscitation induced early, reperfusion-dependent proteolytic processing of pro-caspase-6, -8, -10, and -14, which preceded
caspase-3 activation. Immunohistochemical analysis using antibodies, which preferentially recognize processed caspase-3, -6, -8, and -10,
provided evidence of time-dependent activation of these proteases in both neurons and glia in ischemia-sensitive regions of the brain.

In conclusion, extremely rapid, cell-selective processing of apoptosis-regulatory proteins occurs in a clinically relevant model of ischemic
brain injury caused by cardiac arrest and resuscitation. The early cleavage of Bid and rapid depletion of 32-kDa pro-caspase-14 from the
canine hippocampus after induction of ischemia suggests the involvement of calpains in the processing of these proteins. Demonstration of in
vitro cleavage of recombinant mouse caspase-14 by calpain I in the present study lends support to this hypothesis, further implicating cross-
talk between different protease families in the pathophysiology of ischemic neural cell death.
© 2004 Elsevier Inc. All rights reserved.
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Introduction neating the relative contributions of apoptosis and necrosis

to neuronal death after ischemia has an important therapeu-

Both apoptosis and necrosis contribute to the cell death
that occurs in the brain following transient global or focal
ischemia (Linnik et al., 1993; Snider et al., 1999). Deli-
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tic relevance. However, increasing evidence indicates that
these two forms of cell demise represent only the extreme
ends of a continuum. (Nicotera et al., 1999).

Bcl-2-family proteins and caspase-family cell death
proteases represent core components of the apoptotic
machinery (Nicholson and Thornberry, 1997). At least 14
different caspase proteases have been identified in mam-
mals (Nunez et al., 1998). From a functional perspective,
these proteases have been classified into upstream “initi-
ator” large prodomain caspases that act as signal trans-
ducers and downstream ‘effector” caspases containing
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only short N-terminal prodomains (Salvesen and Dixit,
1997).

At least two major pathways of caspase activation have
been identified. One pathway is triggered by TNF-family
receptors that recruit several intracellular proteins to their
cytosolic domains, forming a “death-inducing signaling
complex” (DISC) that triggers caspase-8 and -10 activation
and leads to apoptosis (Yuan, 1997).

Another major apoptosis pathway centers on mitochon-
dria, which release cytochrome c into the cytosol following
a variety of cell death stimuli. Cytochrome ¢ binds to the
caspase activator, Apafl, which then associates with and
activates pro-caspase-9 (Green and Reed, 1998). The initia-
tor caspases activated via these two pathways are capable of
cleaving and activating directly or indirectly downstream
effector caspases such as caspase-3, -6, and -7, thus pro-
pagating a cascade of proteolysis that results in apoptosis.

Additionally, alternative pathways involving cross-talk
among other cell protease systems during ischemia have
been proposed. Among these is calpain-induced cathepsin
release (Yamashima et al., 1996), cathepsin-mediated cas-
pase activation (Ishisaka et al., 1998), and caspase-mediated
calpastatin degradation leading to sustained calpain activa-
tion, an event that may play a role in the ischemic neuronal
death.

The Bcl-2-family proteins play crucial roles in the
transduction of intracellular apoptotic signals in the nervous
system. This gene family is composed of anti-apoptotic
members such as Bcl-2, Bel-X;, Bel-w, Mcl-1, Bfl-1, and
Bcl-B and pro-apoptotic proteins which include Bax, Bak,
Bad, Bok, Bik, Bid, Bim, Hrk, Blk, Bcl-Xg, Bnip3, Nix,
Noxa, Bcl-Gg, PUMA, and Bmf. One of the features of Bcl-
2 family proteins is the formation of homo- and hetero-
dimers, whose relative abundance coincides with either cell
death or survival (Reed, 1997).

Bcl-2-family proteins regulate the mitochondrial pathway
for caspase activation by controlling cytochrome c release.
Binding of Bid to Bax or Bak promotes their insertion into
and oligomerization in membranes, forming pores through
which molecules such as cytochrome ¢, SMAC, and Omi
can escape from mitochondria (Korsmeyer et al., 2000).
Conversely, anti-apoptotic proteins such as Bcl-2 and Bcl-
Xy are well known for their ability to prevent cytochrome ¢
release from mitochondria (Kluck et al., 1997; Yang et al.,
1997).

The function of some Bcl-2-family proteins is regulated
in part by caspases. For example, the anti-apoptotic Bel-2
and Bcl-X| proteins are converted into pro-apoptotic
factors when cleaved by caspases (Bellows et al., 2000;
Cheng et al., 1997). Cleavage of Bid by caspase-8 follow-
ing Fas/TNR-R1 activation (Li et al., 1998) results in its
activation and subsequent translocation to mitochondria,
where it promotes apoptosis. These caspase-mediated
effects on Bcl-2-family proteins define a pathway for
connecting the death receptor and mitochondrial pathways
for apoptosis.

Though some of the changes in expression and process-
ing of caspases and Bcl-2-family proteins have been studied
in rodent models of focal and global cerebral ischemia
(Antonawich et al., 1998; Asahi et al., 1997; Cao et al.,
2001; Gillardon et al., 1996b; Isenmann et al., 1998;
Krajewski et al., 1995; Krupinski et al., 2000), it has never
been investigated whether similar events occur in higher
mammals. Demonstration of specific cell death pathways in
large as well as small animal models of ischemic brain
injury is important for eventual translation to neuroprotec-
tive intervention with human patients.

We previously utilized a clinically relevant canine cardi-
ac arrest model of global cerebral ischemia to demonstrate
the release of mitochondrial pro-caspase-9 into the cytosol
of hippocampal and cortical neurons following cerebral
ischemia—reperfusion injury (Krajewski et al., 1999). Using
the same large animal model (Liu et al., 1998), we have now
characterized the spatial and temporal patterns of expression
and proteolytic processing of caspase and Bcl-2-family
proteins.

Materials and methods
Animal experiments

All animal experiments were performed in accordance
with the guidelines of the Institutional Animal Use and Care
Committees of the University of Maryland, Baltimore, and
the George Washington University. We employed a canine
model of cardiac arrest and resuscitation as a clinically
relevant large animal model for global cerebral ischemia
and reperfusion, as described (Liu et al., 1998; Rosenthal et
al., 1987, 2003). Six sham-controls and twenty-one adult
female beagles were submitted to cardiac arrest experimen-
tation (total 27). The animals weighing 10—15 kg were
anesthetized with 15 mg/kg sodium pentothal, and pro-
longed anesthesia was induced by infusion of a-chloralose
(75 mg/kg). Animals were endotracheally intubated and
ventilated with room air before induction of cardiac arrest.
Before arrest, muscle paralysis was maintained with intra-
venous pancuronium bromide. Following resuscitation, pa-
ralysis was used as needed to prevent fighting the ventilator,
but only after assurance that adequate sedation was provid-
ed. Antibiotic prophylaxis was achieved with ceftriaxone.
Resuscitative drugs were administered via venous catheter
advanced to the level of the right atrium. Arterial pressure
was continuously monitored through a femoral arterial
catheter. Pulse, ECG, and rectal temperature were also
continuously monitored and the temperature maintained
between 37°C and 39°C by use of warming lights and
heating blankets.

A left lateral thoracotomy was performed on all animals,
including non-arrested controls. Ventricular fibrillation car-
diac arrest was induced with a train of electrical current
applied directly to the epicardium of the right ventricle
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following incision and reflection of the pericardium. Artifi-
cial respiration was discontinued at the onset of fibrillation.
Following 10 min of cardiac arrest, animals were either
sacrificed or cardiopulmonary resuscitation (CPR) was ini-
tiated to allow for reperfusion periods of 30 min, 2, 4, 24, or
48 h. Resuscitation was initiated by open chest cardiac
massage at the rate of 60/min, administration of epinephrine
and sodium bicarbonate, and ventilation initially with 100%
0,. Open chest CPR was continued for 3 min followed by
internal defibrillation. Arterial blood gas samples were
measured before arrest, 2 min following defibrillation, and
frequently thereafter. The ventilator was adjusted following
the first blood gas determination and thereafter to maintain
arterial pO, between 80 and 100 mm Hg and pCO, between
25 and 35 mm Hg. Artificial ventilation was maintained for
22 h, at which time the dogs were weaned from controlled
ventilation. Animals were maintained under constant inten-
sive care for up to 48 h. Postoperative pain was controlled
using a constant infusion of morphine sulfate at 1 mg/h, with
additional boluses administered as warranted.

Tissue acquisition

For immunohistochemistry, 18 dogs were perfused trans-
cardially with ice-cold 1% paraformaldehyde in phosphate-
buffered saline (PBS, pH 7.4) for 5 min followed by cold
4% paraformaldehyde in PBS for 15 min at a flow rate of
300 ml/min as previously described (Hof et al., 1996). After
perfusion, the brains were immediately removed from the
skull and postfixed in Bouin’s solution (Sigma, Inc. St.
Louis, USA), then embedded in paraffin.

For immunoblot analyses, the hippocampi of three sham-
controls and six dogs after cardiac arrest (total nine) were
removed from chloralose-anesthetized animals following a
craniotomy and immediately before euthanasia with 0.25 ml/
kg Euthanasia-6 (Veterinary Labs, Lenexa, KS). The surgeon
excised the entire proximal region encompassing CA1-CA2
sectors. While the proximal portion of the hippocampus used
for immunoblot analysis was similar for all animals, these
samples may have contained a small portion of the CA3
sector in addition to the CA1—-CA2 sectors. Before freezing
in liquid nitrogen, each hippocampal sample was divided in
half for duplicate lysate sample preparation. This intraoper-
ative procedure and rapid freezing minimizes post-mortem
alterations and allows for a precise control of the timing of
sample harvesting after cardiac arrest.

Antibodies

The preparation and characterization of antibodies spe-
cific for Bel-2 (AR-01, AR-08, and AR-09), Bcl-X (AR-04
specific for the long form and AR-05 recognizing Bcl-X-
short), Bax (AR-10), Bak (AR-06), and Bid (AR52-54)
have been described previously (Krajewski et al., 1994a,
1994c, 1995, 1996a, 2002b). A polyclonal antibody to
caspase-3 (AR-14) was raised in rabbits using recombinant

human caspase-3-Hisg protein as the immunogen (Krajew-
ska et al., 1997). The anti-peptide rabbit antibody recogniz-
ing cleaved subunits of caspase-3 (C3/MN-1) was generated
using the peptide SGVDD-C after conjugation with KLH
(Mashima et al., 1997). Affinity-purified Hiss-tagged pro-
caspase-9 recombinant protein was used as an immunogen
to produce caspase-9 antiserum (AR-19) (Krajewski et al.,
1999).

The additional polyclonal antisera for caspases were
generated in rabbits using synthetic peptides or recombinant
protein immunogens. Unless otherwise specified, peptides
were synthesized with an N-terminal cysteine appended to
permit conjugation to maleimide-activated carrier proteins
KLH and OVA (Pierce, Inc.) as described previously (Kra-
jewski et al., 1994b), and with a C-terminal amide (NH,)
rather than free carboxylic acid. New Zealand white female
rabbits were immunized according to the previously de-
scribed procedure (Krajewska et al., 2002b). Among the
peptides employed as immunogens were: NH,-(C)-
PQPTFTLRKKLVFPSD-COOH (free acid) representing
amino acids 51-69 of hu caspase-8 (AR-18), NH,-
CRPEIRKPEVLRPETPRPVD-amide representing amino
acids 112—130 of hu caspase-9 (AR-20), NH,-ALNPE-
QAPTSLQDSIPAEAD-(C)-amide corresponding to resi-
dues 373-392 of hu caspase-10 (AR-21).

An additional anti-caspase-8 serum (AR-17), and anti-
bodies specific for caspase-6 (AR-15), and -7 (AR-16) were
generated using catalytic subunits of the relevant recombi-
nant proteins fused with a C-terminal His¢-tag. Compar-
isons were made with a commercial anti-caspase-6 antibody
(Upstate Biotechnology, Lake Placid, USA). Affinity-puri-
fied Hisg-tagged recombinant human caspase-14 full-length
protein was used as an immunogen to produce a polyclonal
caspase-14 antiserum (AR-76). Since no dog-specific anti-
bodies to apoptotic proteins were available, a series of
immunoblotting experiments were performed to identify
canine ortholog proteins specifically reacting with our anti-
bodies, which were raised to human or mouse immunogens.
In vitro translated or recombinant proteins, specimens from
tissues with known endogenous expression of these proteins
(mostly lysates from spleen and thymus), or tissue culture
transfectants were used as positive controls and compared
with the dog samples (not shown). The C9 knockout mice
specimens were generously provided by Dr. Flavell, and
had confirmed specificity of anti-caspase-9 antibodies. For
all of the other proteins, there was no frozen or fixed
material available from the relevant deficient mice. All
antibodies (AR-#s) are available at BioCarta Inc, San
Diego, CA (www.biocarta.com), Stratagene Inc. USA
(www.stratagene.com) or Science Reagents, Inc., San
Diego, CA (www.sciencereagents.com).

Immunoblotting and densitometry

Tissue lysates were prepared from the spleen, thymus,
and duplicate hippocampal specimens of control-sham-
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operated (three animals) or post-ischemic animals (six dogs),
using modified RIPA lysis buffer (Upstate, Inc.). The lysates
were normalized for total protein content (50 pg per lane)
and subjected to SDS-PAGE/immunoblot analysis, using
1:1000—1:5000 (v/v) dilutions of antisera to Bcl-2 and
caspase family members, and secondary HRP-conjugated
goat anti-rabbit antibody (1:3000 v/v dilution) (Biorad). The
detection was accomplished using an enhanced chemilumi-
nescence (ECL) (Amersham-based) in conjunction with a
multiple antigen detection (MAD) immunoblotting method
that allows for multiple reprobings of blots, as described
previously (Krajewska et al., 1994b, 1997).

ECL data on X-ray films were quantified by scanning
densitometry using the Image-Pro Plus image analysis
system (Media Cybernetics Co.). Relative band densities
on Western blots were expressed as arbitrary densitometric
units for each time points and presented as ratios relative to
band densities observed in scans from loading control (F1-
-ATPase) on the same blot. The changes in expression of
the proteins were confirmed in duplicate samples from the
same animal and all investigations were performed in
triplicates to assure the significance and specificity of the
observations. The average of total counts was used to
calculate the mean value per group at particular time points.

In vitro processing of recombinant caspase-14

Recombinant mouse caspase-14 (40 pg) was treated for
45 min at 37°C with mouse skin extract (20 pg), prepared
according to Resing et al. (1989), or calpain I (2 units
established from human erythrocytes; Calbiochem Inc.) in
250 pl of caspase buffer supplemented with 1 mM DTT and
1 mM CacCl,. Detection of cleavage products was performed
by SDS-PAGE immunoblotting with anti His-tag antibodies
(Qiagen) or rabbit antibodies to caspase-14 (AR-76).

Immunohistochemistry

Dewaxed tissue sections were immunostained using a
diaminobenzidine (DAB)-based detection method as de-
scribed in detail, employing either an avidin—biotin com-
plex reagent (Vector Laboratories) or the Envision-Plus-
Horseradish Peroxidase (HRP) system (DAKO) using an
automated immunostainer (Dako Universal Staining Sys-
tem) (Krajewski et al., 1994a, 1994c, 1997, 1999, 2002b).

The controls for the specificity of the immunostaining
procedure were performed in parallel using preimmune
serum or antiserum preabsorbed with 5—10 pg/ml of either
synthetic peptide or recombinant protein immunogen.

The scoring of immunostaining for normal and ischemic
foci in cerebral cortex and hippocampal sectors was based
on the percentage of immunopositive cells (0—100) multi-
plied by staining intensity (0—3), yielding scores of 0—300.
The immunostained slides were evaluated blindly by two
independent investigators (MK and SK). The final scores
were averaged. Utilizing ImagePro 4.1 morphometry soft-

ware (Media Cybernetics Co.), the densitometry, which is
the stain intensity measurement that discriminates 256 levels
of color saturation in all cellular compartments, was initially
set on an arbitrary scale for intensities from 0 to 3 that can
be differentiatied by the human eye.

For double-labeling experiments, tissue sections were
stained as above using a combination of rabbit polyclonal
antisera and mouse monoclonal antibodies in conjunction
with species-specific secondary antibodies. The antibodies
used for these studies included monoclonal anti-cytochrome
¢ (Pharmingen/BD Inc., La Jolla, CA, USA) and a poly-
clonal antibody against S100 protein, a pan-marker of glia.
The staining for the monoclonal marker was accomplished
using a ABC-HRP system (Vector Lab. Inc., Burlingame,
CA, USA) and chromagen diaminobenzidine (DAB; Dako
Inc., USA), which produces a brown color, followed by
detection of the polyclonal antibody using alkaline phos-
phatase staining with Vector Red or BCIP/NBT develop-
ment (Vector Lab. Inc), which yield red or blue colors,
respectively. Slides were viewed by bright field or fluores-
cence microscopy.

TUNEL assays

The detection of nuclei with fragmented DNA by termi-
nal deoxynucleotidyl transferase [TdT] end-labeling
(“TUNEL assay”; ApopTag™, Oncor Inc.) was performed
as a single- or two-color analysis (Krajewski et al., 1995),
using the colorimetric substrates DAB and either VIP or SG
(Vector Labs. Inc.) for TUNEL and Bcl-2 or caspase-family
proteins, respectively.

Quantitative analysis of immunohistochemistry

All hippocampal cross-sections were studied immunohis-
tomorphometrically by a computerized system. The sections
were derived from three different animals at 0-, 30-min, and
2-h time points and four animals at 4-, 24-, and 48-h time
points. The entire hippocampal CA1—-CA2 and CA3 sectors
from both hemispheres were scanned and digitalized at 20x
magnification, using the Spot Advanced Imaging System
(Diagnostic Inst., Sterling Heights, MI). The images
imported into the Image-Pro plus 4.1 program (Media
Cybernetics LP, Silver Spring, MD) were used to perform
the morphometry. The method requires preliminary software
procedures of spatial calibration (micron scale) and setting of
color segmentation for quantitative color analysis.

The segmentation functions of the program were used to
discriminate normal nuclei from the dark blue, condensed
apoptotic nuclei in hematoxylin conterstaining, regardless of
the specific marker immunoreactivity in the cytosol. Only
hippocampal pyramidal neurons but no macroglia cells were
counted. Total counts of pathological nuclei were used to
calculate the mean value per group at particular time points.
The average values from five measurements performed on
representative coronal section in both hippocampi for each
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case were interpolated at different time points of our obser-
vations. Means = SEM were calculated using unpaired ¢
tests. The mean numbers of immunopositive or -negative
neurons found in hippocampal sectors in both hemispheres
from all animals at each time point were converted into
percentages of total cell count obtained in CA1-CA2 or
CA3 hippocampal sectors, respectively. Cell counts were
analyzed using ANOVA with Bonferroni’s post hoc analysis.
Values given are means = SD per time group of animals.
Differences were considered significant when P < 0.05.

Results

A recent survey of the dog genome sequence (6.22
million sequence reads; 1.5% coverage) revealed that almost
twice as much unique human sequence could be aligned
with the 1.5x collection of dog sequences than with the
more complete 8 X collection of mouse sequences (O’Brien
and Murphy, 2003). Therefore, the alignment of human
peptide or recombinant protein sequences used for antibody
production revealed 85—100% homology with dog relevant
genes. These results suggest strong evolutionary conserva-
tion. The anti-caspase-7 antibody was the only antiserum
that failed to react with its canine counterpart in immuno-
blotting experiments.

Immunoblot analysis of caspases and Bcl-2 family proteins
in the post-ischemic brain

Figs. 1A—G show evidence that the various anti-caspase
antisera are specific for their intended targets, using a panel
of recombinant caspase-3, -6, -7, -8, -9, -10, and -14

265

proteins. Note that all of these antisera react uniquely with
the appropriate caspase, with the exception of the anti-
caspase-7 antiserum, which exhibits weak cross-reactivity
with caspase-6. Loading of equivalent amounts of all
caspase proteins was confirmed by various methods, such
as reprobing the blot with anti-Hisgs antibody when proteins
were produced with Hisg-tags (Fig. 1H) or in vitro transla-
tion in the presence of **S-L-methionine (not shown).

Figs. 2 and 3 reveal the representative intravital changes
in the levels or proteolytic processing of these proteins in
the canine brain following transient global ischemia. The
hippocampus was chosen for these studies due to the
documented role of apoptosis in ischemia—reperfusion in-
jury in this ischemia-sensitive region of the brain (Krajewski
et al., 1995; Sei et al.,, 1994). The changes in protein
expression were confirmed on duplicate samples from the
same animal. All investigations were performed in tripli-
cates to assure the significance and specificity of the
observations. The membranes were quantified by scanning
densitometry and their mean density ratio is depicted in a
graphic form in Figs. 2C and 3E.

With regards to Bcl-2 family proteins, two separate anti-
peptide antisera, AR-04 and AR-05 that preferentially react
with either Bel-X; or Bel-Xg, respectively, (Krajewska et
al., 1994c, 20002a) were employed. These two forms of
the Bcl-X protein, which arise through alternative mRNA
splicing mechanisms, have opposing effects on cell life
and death, with Bel-X functioning as a cell death blocker
and Bcl-Xg as a promoter of apoptosis (Boise et al., 1993).
The approximately 28-kDa Bcl-X; protein was present in
control sham-operated animals, whereas the approximately
19-kDa Bcl-Xg protein was not detected (Fig. 2A). Within
2 h of reperfusion, levels of Bcl-X; declined 2.9-fold in
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Fig. 1. Specificity of anti-caspase antibodies. Rabbit antisera, raised against either purified recombinant processed human caspase-6 (AR-15), caspase-7 (AR-
16), purified recombinant mouse pro-caspase-14 (AR-76), or synthetic peptides corresponding to unique regions in caspase-3 (MN-1), caspase-8 (AR-18),
caspase-9 (AR-20), and caspase-10 (AR-28) were tested for reactivity against recombinant purified caspases by immunoblotting. SDS-gels (12%) were loaded
with 15 ng samples of recombinant proteins of active (processed) human caspases, except caspase-14 where the proforms of human and mouse proteins were
used. Immunoblots were analyzed using antisera at 0.1-0.0125% (v/v) dilution and an enhanced chemiluminescence (ECL) detection system. All of these
antisera react uniquely with the appropriate caspase, except anti-caspase-7 antiserum, which exhibits weak cross-reactivity with processed caspase-6. The same
blot shown in (G) was probed with anti His-tag antibody, demonstrating loading of comparable amounts of all proteases (H).
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Fig. 2. Immunoblot analysis of Bcl-2 family proteins in hippocampus during ischemia and reperfusion. (A—B) Immunoblot analysis of canine hippocampal
samples after sham operation (“C”), 10 min cardiac arrest alone (“S”), and for reperfusion periods from 0.5—48 h following cardiac arrest and resuscitation
was performed, using multiple antigen detection method (Krajewski et al., 1996b). Antisera targeted against Bcl-X; (AR-04), Bel-Xg (AR-05), Bel-2 (AR-01),
Bak (AR-06), and Bid (AR-54) were employed. Samples (15 ng) of recombinant caspases or Bcl-2 family members, such as pro-caspase-3 and active caspase-3
(A) or full-length (FL) and truncated tBid (B) were included in some blots. (C) ECL data on X-ray films were quantified by scanning densitometry. The results

for Bcel-2 family proteins are presented.

the hippocampus and remained lower for approximately 24
h, returning to pretreatment levels at 48 h (Figs. 2A, C). In
contrast, Bcl-Xg protein became detectable within 30 min
of reperfusion, reaching maximum levels at 30 min to 2
h of reperfusion, and slightly declining during 48 h post-
ischemic insult (Figs. 2A, C). Thus, a transient decline of
Bcl-X; levels within 2 h of reperfusion was preceded by
an 8-fold increase of Bcl-Xg levels. In contrast, levels of
some other Bcl-2 family proteins remained relatively
unchanged for approximately 2 days after transient cerebral
ischemia. For example, Bak increase and Bcl-2 decrease
remained within 1.5- and 1.4-fold of pretreatment levels,
respectively, according to densitometry estimates, while
Bcl-X;, levels dropped by nearly 3-fold (Figs. 2A, C).
Though Bcl-2 protein levels remained relatively un-
changed during ischemia—reperfusion injury, novel approx-
imately 23- and 19-kDa forms of Bcl-2 appeared beginning
at approximately 2 h after resuscitation (Figs. 2A, C). Since
it has previously been demonstrated that Bcl-2 can be
cleaved by caspases (Cheng et al., 1997; Kirsch et al.,
1999), these novel forms of Bcl-2 may represent caspase-
cleaved molecules. The caspase-cleaved form of Bcl-2 has

been reported to enhance rather than inhibit apoptosis
(Cheng et al., 1997).

The pro-apoptotic Bcl-2 family member Bid was
expressed in the canine hippocampus before ischemic
insult (Figs. 2B, C). Following 10 min of complete
cerebral ischemia due to cardiac arrest and before reperfu-
sion, a truncated approximately 11-kDa form of the Bid
protein (tBid) was observed. Then, shortly after restoring
perfusion, levels of the full-length p22 Bid protein de-
clined, and were replaced by an approximately 15-kDa
truncated form of tBid. Since Bid is known to undergo
cleavage by either caspases or lysosomal proteases, the
generation of 11- to 14-kDa products depends on the
cleavage site (Gross et al.,, 1999; Li et al., 1998; Stoka
et al., 2001). We presume that the consumption of full-
length Bid and generation of shorter forms of the protein
results from protease cleavage, possibly involving both
caspases and other proteases, for example, lysosomal
enzymes and calpains (Chen et al., 2001).

Proteolytic processing of caspases was also demonstrated
in the hippocampus, occurring after induction of reperfusion
(at 30 min after cardiac arrest and reperfusion). Immunoblot
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Fig. 3. Immunoblot analysis of caspases family proteins in hippocampus during ischemia and reperfusion. Antisera targeted against caspases (caspase-3/AR-14
and MN-1, caspase-6/AR-15, caspase-8/AR-18, caspase-10/AR-21, caspase-14/AR-76) were employed. The representative results are presented separately for
the apical caspase-8 and -10 in A and executioner caspase-6, -3, and -14 in B—D. The positions of the endogenous proforms as well as processed large (L) or
small (S) catalytic subunits of caspases are indicated by arrows. Panels C—D are dedicated to the experimentation on caspase-14, whose function, target
substrates, and activation processing is at least known explored caspase so far. Tissue lysates from hippocampal gyri and cortical hemispheres of control sham-
operated dogs and rats, respectively, show the approximately 32-kDa caspase-14 proform which disappears after ischemic injury (C). Middle cerebral artery
occlusion (MCAO) in rats had been described previously (Gillardon et al., 1996a). A lysate from an astrocytic human tumor shows abundant amounts of pro-
caspase-14, thereby providing further evidence of caspase-14 expression in brain. The same blot was reprobed with anti-p-actin antibody (C) to confirm protein
loading. (D) Mouse recombinant purified pro-caspase-14-His, protein (lanes 1—3) was incubated without (lane 1) or with calpain I (lane 2) or with mouse skin
extract (lane 3). Lane 4 represents an equivalent amount of mouse skin extract incubated without recombinant pro-caspase-14. Proteins were analyzed by SDS-
PAGE/immunoblotting using anti-Hiss antibody. The positions of the uncleaved pro-protein and cleaved pl0 (small subunit) of caspase-14 are indicated by
arrows (left). On E, the graphic summary of relevant densitometry results performed in similar way as for Bcl-2 protein family is demonstrated.
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analysis of caspase-8 expression in the hippocampus of
sham-operated dogs revealed a prominent approximately
55-kDa protein (Fig. 3A), consistent with full-length pro-
caspase-8. Bands of p43/p41 and pl0 were also evident,
consistent with the partially processed fragments of this
caspase which are known to be generated during apoptosis
induced by recruitment of caspase-8 to TNF-family death
receptors creating death inducing signaling complex (DISC)
(Stegh et al., 2002). The DISC-associated p43/41 fragment
of caspase-8 reached its peak levels at 2 h of reperfusion,
and the p10 signal was noticeable within 30 min to 24 h after
cardiac arrest and resuscitation (Figs. 3A, E). The two other
bands indicated by arrows could correspond to additional
anti-caspase-8 reactive proteins, possibly reflecting iso-
forms, which are known to arise by alternative mRNA
splicing in humans (Scaffidi et al., 1997) (Figs. 3A, E).

Immediate proteolytic processing of pro-caspase-10 was
also observed in the hippocampus after transient global
cerebral ischemia. Our anti-caspase-10 antibody failed to
react with the unprocessed pro-caspase-10 zymogen, but it
detected the p12 small catalytic subunit (Fig. 3A). Levels of
the small subunit of processed pro-caspase-10 increased
approximately 4.3-fold after ischemia—reperfusion injury,
becoming maximal at 1-2 days post-ischemia (Fig. 3E).
Intermediate proteolytic processed forms of pro-caspase-10
were also detected beginning at approximately 2 h of
reperfusion. The most prominent of these probably repre-
sents the caspase-10 zymogen with its N-terminal prodo-
main removed, based on its estimated molecular mass in
SDS-PAGE (Cohen, 1997).

Caspase-6 was analyzed using two different antibodies
which either bind to unprocessed or processed proteases.
Unprocessed pro-caspase-6 was detected in the hippocampus
of sham-operated dogs by a commercially available antibody
(Fig. 3B). Shortly following 10 min of cardiac arrest, levels
of processed caspase-6 increased, as shown also by our
antibody that reacts preferentially with the processed protein.
The amount of processed caspase-6 rose by approximately 7-
fold at 2—24 h of reperfusion, persisting throughout 48 h of
observation (Figs. 3B, E). In contrast, an approximately 10-
fold decline in the amount of unprocessed pro-caspase-6 was
observed, starting at 2 days post-ischemia (Figs. 3B, E).

Caspase-3 is synthesized as a 32-kDa proform (zymo-
gen) that is cleaved during activation to yield a large
catalytic subunit of 20 or 18 kDa, depending on the
apoptotic signal (Erhardt and Cooper, 1996), and a small
catalytic subunit of 12 kDa (Nicholson et al., 1995). The
analysis of caspase-3 was conducted using two different
antisera, one which reacts with uncleaved pro-caspase-3
(approximately 32 kDa) as well as the large subunit of
processed caspase-3 (Fig. 3B; antiserum AR-14), and
another that reacts only with cleaved caspase-3 subunits
(large and small) but not unprocessed pro-caspase-3
(Figs. 1A, 3B; C3/MN-1). Levels of unprocessed pro-
caspase-3 declined 2.7-fold within 2 h of ischemia, with
little or no detectable uncleaved pro-caspase-3 remaining
after 4-48 h of reperfusion (Figs. 3B, E; AR-14). In
contrast, levels of the cleaved large and small catalytic
subunits of caspase-3 increased after ischemia, becoming
apparent at 30 min and persisting throughout 48 h of
reperfusion (Figs. 3B, E).

An anti-caspase-14 serum was produced in rabbits and
used to examine expression of this protease in the brain.
The mono-specificity of the antibody was confirmed by
SDS-PAGE/immunoblot analysis (Figs. 1G, 3C). Two
principal products were observed: (a) an approximately
30- to 32-kDa band consistent with unprocessed pro-
caspase-14; and (b) an approximately 20-kDa band indi-
cative of the processed large subunit of this protease. As
expected from other reports (Hu et al., 1998; Van de
Craen et al., 1998), abundant amounts of caspase-14
protein were detected in detergent lysates prepared from
human epidermis, where additional fragments pl14—16 and
pl10 were observed. Caspase-14 protein was also present at
lower levels in the brain, and testis of humans and mice
(not shown).

Having obtained evidence that caspase-14 is expressed in
normal brain, we applied our anti-caspase-14 antibody for
analysis of this protease in cerebral ischemia models. The
32-kDa proform of caspase-14 was detected in canine
hippocampal specimens derived from sham-operated ani-
mals (Fig. 3C). In contrast, this protein was rapidly depleted
from hippocampal tissue within 30 min of reperfusion.
Similar results were obtained in a rat model of focal

Fig. 4. Immunohistochemical analysis of Bcl-2-family proteins and apical caspases during global ischemia. Representative examples of immunohistochemical
data are presented (150—1200x magnification). Ischemic neurons in CAl hippocampal sectors displayed increased staining for Bel-Xg compared to
immunonegative normal neuronal cells (panel A; arrows). Panel B shows negative immunostaining using peptide-preabsorbed antiserum. (C) Elevated levels of
Bax were observed in ischemic cortical neurons compared to morphologically unchanged neurons (arrowheads). (D) Bak expression in normal neurons was
barely detectable (arrowheads). Increased Bak immunostaining was observed in affected CA1 hippocampal neurons (arrow). (E) Unlike normal neurons,
degenerating cortical pyramidal neurons showed intense Bid staining (E; arrow) at 30 min reperfusion. At 2 h reperfusion, many neurons displayed loss of
BID immunoreactivity in cortical layer III in large Betz pyramidal neurons (F) and CA1 hippocampal region in pyramidal neurons (G), respectively. (H) A
sequential section from the hippocampus was stained using anti-BID antiserum, which had been preabsorbed with specific peptide. The dynamic of caspase-
8 immunoreactivity is demonstrated in the cortex of sham-operated animals (I) and after reperfusion, in the CA1 sector of hippocampus (J—L). Caspase-
8 immunostaining was performed using AR-17 (I-K) and AR-18 (L), respectively. (M—P) Low to moderate neuronal (M) and high oligodendroglial (M;
arrows) immunoreactivity for caspase-10 in brains of sham-operated animals declined after reperfusion, as shown for CA 1 hippocampal sector (N), and in cortex
(O). In contrast to oligodendroglia in close proximity to undamaged neurons (O; arrow), dying satellite oligodendroglial cells in contact with degenerating
neurons contained perisomatic intense caspase-10 immunostaining (N, O; arrowheads). (P) Control staining is shown, using AR-21 preabsorbed with caspase-10
peptide.
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ischemia, where pro-caspase-14 was immunodetectable in
mock-treated animals but not in ischemic brain tissue from
animals subjected to middle cerebral artery occlusion
(MCAQO; Fig. 3C). Reprobing the same blot with anti-3-
Actin antibody confirmed loading of approximately equi-
valent amounts of total protein. An in vitro experiment
revealed that calpain I and proteases present in extracts of
mouse epidermis cleaved recombinant mouse caspase-14
(Fig. 3D) to generate fragments of approximately the same
size as those observed in specimens derived from the human
brain and epidermis. It remains to be determined if calpains

are responsible for caspase-14 processing in vivo in the
brain during ischemia—reperfusion injury.

Immunohistochemical analysis of Bcl-2-family proteins in
ischemia-sensitive regions of the brain

Immunostaining for Bcl-2 family proteins revealed the
most profound changes in immunoreactivity in the ische-
mia-sensitive regions of the brain, particularly the (a)
hippocampal sectors CA1, CA2, and CA4; (b) basal ganglia,
including striatum and intrathalamic nuclei, (c) cerebral
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cortex layers III-V (particularly in the depth of gyri); and
(d) cerebellum, especially the Purkinje cell layer. Represen-
tative data are presented in Fig. 4. The ischemia-resistant
regions of the brain served as internal controls when
evaluating changes in immunointensity.

Within 30 min to 2 h after resuscitation following 10
min of global ischemia, various neuronal subpopulations
exhibited reductions in the immunoreactivity for the Bcl-2
and Bcl-X| proteins. At 2 h reperfusion, the expression of
both proteins in neurons with morphological features of
acute ischemic degeneration uniformly declined. In con-
trast, immunoreactivity for Bcl-Xg (AR-05) appeared with-
in 30 min to 2 h after cardiac arrest and resuscitation in
ischemic-damaged neurons (Fig. 4A). Consistent with prior
reports in rodent models (Antonawich et al., 1998; Gillar-
don et al., 1996b; Isenmann et al., 1998; Krajewski et al.,
1995), immunostaining for the pro-apoptotic protein Bax
also increased in affected neurons after ischemia/reperfu-
sion (Fig. 4C). Again, Bak protein immunoreactivity was
observed, particularly in the pyramidal neurons of the
cortex (cortical layers III-V), at regions of borderline
vascularization (Zulch and Gessaga, 1972), and in hippo-
campal sectors CAl, CA2, and CA4 (Fig. 4D). When cells
exhibited early signs of degeneration, both Bax and Bak
proteins resided within the neuronal cell bodies in a
granular (mitochondria-like) pattern. In shrunken cells with
advanced deterioration, the immunostaining sometimes
overlaid the nucleus as well.

In the normal canine brain, Bid was constitutively
expressed in many neuronal subpopulations throughout
the central nervous system. Moderate intensity cytosolic
immunostaining was seen, for example, in the pyramidal
neurons of the hippocampus (sectors CAl1-4), cortex,
basal ganglia, and in the mitral cells of the olfactory bulb.
In contrast, the small granular neurons of the olfactory
bulb, hippocampal dentate gyrus, and cerebellum exhibited

only low-intensity Bid staining. Neuroglia within control
brains contained moderate (satellite oligodendroglia and in
the white matter) or low (ependyma, astroglia) Bid levels.
Moderate Bid immunoreactivity was present in the neuro-
pil and axons (both in the cortex and in the white matter),
while the axons of cranial peripheral nerves were strongly
positive for Bid. As early as 30 min after initiating
reperfusion, striking depletion of Bid immunoreactivity
was observed in neurons suffering acute post-ischemic
changes within the ischemia-prone regions of the brain
(CA1 hippocampal sector, cortical layers III-VI, basal
ganglia/thalamic nuclei, Purkinje cells/cerebellum, reticular
formation/brain stem). Interestingly, in some types of
neurons, particularly the Purkinje cells of the cerebellum
and the large motoneurons within cranial nerve nuclei, the
intracellular location of Bid immunostaining was sugges-
tive of translocation of the Bid protein to cell organelles
(presumably mitochondria) within cells displaying early
morphological signs of post-ischemic degeneration (Fig.
4E; arrow). By 24 h after ischemia—reperfusion injury, Bid
immunoreactivity had completely disappeared from the cell
bodies of affected neurons (Figs. 4F, G).

Initiator caspases

The patterns of immunostaining were examined for the
upstream initiator proteases, caspase-8, and -10. Using two
different anti-caspase-8 antibodies, cytosolic caspase-
8 immunostaining was found in both neurons and glia
throughout the CNS of sham-operated dogs (Fig. 4I).
Moderate-intensity caspase-8 immunostaining was ob-
served in most neuronal cell bodies and the surround-
ing neuropil (dendrites mostly), while axons generally
contained weaker caspase-8 immunostaining. In contrast
to most other neurons, however, Purkinje cells of the
cerebellum were immunonegative. Among the glial cells,

Fig. 5. Immunohistochemical and immunofluorescence analysis of executioner caspases, cytochrome ¢, and neuroglia marker S-100 in post-ischemic brain. In
A, in addition to cytoplasmic staining, occasional neurons in hippocampus CAl sector demonstrated immunoreactivity for processed caspase-3 both in
cytoplasm and nucleus (arrow), while many neuroglia cells showed strong nuclear staining at 0.5 and at 24 h after reperfusion (B) before neurons (arrowheads).
(C) In cortical layer III, degenerating neurons contained increased cytoplasmic caspase-6 staining alone or in combination with strong nuclear
immunoreactivity. Surrounding oligo- and astroglia exhibit similar strong nuclear immunostaining for caspase-6 (arrowheads). Unchanged neurons are
indicated by arrows. (D) A sequential tissue section from the same area as panel C was analyzed for DNA fragmentation by the TUNEL assay. Note the strong
TUNEL reaction in the nuclei of astroglia (arrows) and oligodendroglia (arrowhead), while most neurons remain TUNEL-negative (asterisk). (E—G)
Cerebellum was analyzed using a two-color method for simultaneous detection of cytochrome ¢ (brown) and caspase-6 (pink-red). In morphologically normal
Purkinje cells from a sham-operated animal (E), cytochrome ¢ displays a coarse-granular pattern in cell bodies, dendrites, and in the basket cell synapses on the
Purkinje cell bodies (arrow). Negligible staining for caspase-6 is seen in these morphologically normal cells (E). At 2 h post-reperfusion, caspase-6 staining was
noticed also in the nuclei of degenerating Purkinje cells (F). After 24 h of reperfusion, Purkinje cells with advanced degeneration showed significantly reduced
levels of both markers (G). Strong cytochrome ¢ immunostaining remains present only in the basket cell synaptic contacts upon Purkinje cell bodies and
glomeruli (arrowheads) (G), as shown also by dark field microscopy (H). (I) In brains of sham-operated animals, macroglia did not contain caspase-6
immunoreactivity (here in the parietal cortex). (J) In ischemic foci, downregulation in immunostaining for neuroglial marker S-100 (brown) and simultaneous
increases of immunostaining for active caspase-6 (blue) were observed in astroglial cells (thick arrows) and in neighboring pyramidal neurons with apoptotic
morphology (thin arrows). An adjacent normal astroglial cell is indicated by an open arrow. (K, L) Using dark-field microscopy and single-color
immunostaining with a fluorescent (red) substrate, decreasing diffuse pattern of cytochrome ¢ was found in ischemic neurons of cortex (K) and thalamus (L) at
2 h of reperfusion. (M, N) The double-labeling technique used for panels (I) and (J) was applied here. CA1—CA2 sectors of hippocampus show evidence of
depletion of S-100 macroglia at early times (0.5 h) of reperfusion, accompanied by increased caspase-6 immunostaining in their nuclei (on N at high
magnification). (O) Later, dying neurons in the cortex often contained strong nuclear caspase-6 immunostaining (arrows) along with low levels of cytosolic
staining. (P1-P2) The panels demonstrate at low and high magnification the representative example of caspase-14 immunostainings in the CA2/C3
hippocampal sectors, 2 h after global ischemia.
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the satellite oligodendroglia of the cortex and fibrillary
astroglia in the white matter expressed the strongest
caspase-8 immunoreactivity.

The caspase-8 immunostaining pattern changed rapidly
in selected cell populations after cardiac arrest. The cyto-
solic staining of glial cells, for example, was replaced by
strong nuclear staining, particularly in oligodendroglia. In
neurons featuring signs of early ischemic injury, a coarse-
grain accumulation of caspase-8 immunoreactivity was seen
in the cytosol, suggesting association with organelles or
filaments (Fig. 4J). In the cerebral cortex, basal ganglia, and

o5
CA15¢A2 e

hippocampus, a gradual loss of cytosolic caspase-8 immu-
noreactivity occurred, accompanied by a gain in nuclear
staining which generally reached maximum intensity at 2
h of reperfusion (Figs. 4K, L). By 24 h of reperfusion, most
of the caspase-8 immunoreactivity disappeared from neu-
rons exhibiting morphological evidence of degeneration.
Two different anti-caspase-8 antibodies generated against
either a synthetic peptide or recombinant protein produced
the same results.

Caspase-10 showed a similar expression pattern to cas-
pase-8 throughout the CNS in sham-operated dogs (Fig.
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4M). The immunoreactivity declined in the neurons of the
ischemia-sensitive regions of the brain within 30 min of
reperfusion, with minimal expression remaining at 24 h (Fig.
40). However, degenerating satellite oligodendroglia in the
vicinity of ischemic neuronal cell bodies within the hippo-
campal sectors CA1-CA2, cortical layers III-VI, and
particularly around large Betz neurons in the motocortex
contained augmented caspase-10 immunolabeling in their
remnants (Figs. 4N, O; arrowheads).

Caspase-9 immunoreactivity in this canine model has
been previously described (Krajewski et al., 1999), and thus
the results are not presented here.

Effector caspases

The expression of the downstream effector proteases,
caspase-3, -6, and -7, was examined. Two antibodies were
used to characterize the involvement of caspase-3 in the
post-ischemic brain. The AR-14 antiserum was generated
against recombinant unprocessed human caspase-3 and
primarily displays affinity to the unprocessed proform of
caspase-3 in immunostaining experiments (Krajewska et
al., 1997). The anti-peptide (C3/MN-1) antibody reacts
preferentially with active processed caspase-3 and was
raised against a sequence corresponding to junction be-
tween the large (C-termini end; 175—180 amino acids) and
small catalytic subunits. With the antibody detecting un-
processed pro-caspase-3, low levels of caspase-3 immuno-
reactivity were detected in most types of glia and neurons.
A transient signal increase in cytosol of ischemia-sensitive
neurons within 30 min after cardiac arrest and resuscitation
was followed after 2 h by reduction of caspase-3 levels in
neurons displaying morphologic features of ischemic de-
generation. At 24—48 h of reperfusion, a complete loss of
pro-caspase-3 cytosolic expression was observed in exten-
sively shrunken neurons, with a few neuronal cells show-
ing faint nuclear staining.

With the antiserum that preferentially reacts with pro-
cessed (active) caspase-3, brain sections from sham-operat-
ed dogs were largely immunonegative. However, after
cardiac arrest and resuscitation, a marked increase in immu-
nostaining of both cytosolic and nuclear compartments of
ischemia-damaged neurons was evident as early as 2 h of
reperfusion (Fig. 5A; arrow). At later stages (24—48 h),
active caspase-3 immunostaining was largely confined to
the nucleus, with little residual cytosolic staining seen (Fig.
5B). Additionally, occasional astrocytes, numerous oligo-
dendrocytes, and satellite perineuronal glia contained acti-
vated caspase-3, in both the cytoplasm and the nucleus
(Figs. 5A, B; arrowheads).

Using the anti-caspase-6 antiserum that reacts preferen-
tially with the processed protease, low caspase-6 immunore-
activity was observed in the cytosol of cerebral neurons in the
brains of sham-treated animals. Contrary to active caspase-3,
immediately after initiating reperfusion, caspase-6 immuno-
reactivity increased predominantly in the nuclei of glial cells

(Fig. 5C; arrowheads), and subsequently in the cytosol and
nuclei of neurons in the cortex (Figs. 5C, J), Purkinje cells in
the cerebellum (Figs. 5F—G) and the CA1 sector of hippo-
campus at 2 h, and in the granular neurons of the dentate
gyrus at 24 h. However, primarily mostly nuclear elevated
caspase-6 expression in the degenerating pyramidal neurons
of the CA1 sector declined at 24 h. This evidence suggests
that the increase in caspase-6 immunoreactivity is transient
following ischemia—reperfusion injury. Neighboring neu-
rons that retained normal morphological appearance
contained mostly low intensity cytosolic caspase-6 immu-
nostaining and were TUNEL-negative (Fig. 5C; arrows and
5D).

Caspase-14 immunoreactivity was detected in neuronal
and glial cells in the normal canine brain. After cardiac arrest,
caspase-14 immunoreactivity was rapidly lost in neurons in
the ischemia-prone regions of the brain (Fig. 5, P1-P2).

Changes in location of cytochrome c in ischemia-damaged
brain

Since cytochrome ¢ is known to be released from mito-
chondria into the cytosol and then induces activation of
certain caspases (reviewed in Green and Reed, 1998), we
evaluated the in situ location of this protein by immunohis-
tochemical analysis of brain sections taken from sham-
operated (control) and post-ischemic brain. In addition,
two-color immunocytochemical analysis of caspase-6 and
cytochrome ¢ distribution in the normal and ischemic brain
was performed. In the cerebellum, Purkinje cells in sham-
operated animals exhibited an intense, punctate cytochrome ¢
immunostaining pattern (Fig. SE; brown from DAB) indica-
tive of mitochondrial localization (Green and Reed, 1998).
Immunodetectable caspase-6 was negligible in these cells. In
contrast, as early as 0.5—-2 h of reperfusion, cytochrome ¢
staining was distributed diffusely through the cytoplasm,
indicating that this protein had been released from mitochon-
dria (Fig. 5F). The markedly elevated cytosolic immunore-
activity of caspase-6 (red from Vector Red) was detected by
our antibody that preferentially reacts with the processed
form of this protease (Fig. 5F).

At 24 h reperfusion, Purkinje cells with advanced
degeneration (“ghost cells”) were immunonegative for
caspase-6 and cytochrome ¢, suggesting degradation of
these proteins (Fig. 5G; arrow). In contrast, the cyto-
chrome ¢ pattern in mitochondria-rich basket cell synapses
was unchanged during ischemia—reperfusion (Fig. 5G;
arrowheads), demonstrating that release of cytochrome ¢
is highly localized to ischemia-sensitive Purkinje cells.
Also, at 2—24 h reperfusion, many of the granular cell
neurons contained nuclear caspase-6 immunostaining (red),
implying that these cells may activate their apoptotic
program in a similar fashion to the ischemia-vulnerable
Purkinje cells (Figs. 5F, G). The small size of these
granular cell neurons precluded an analysis of cytochrome
¢ distribution.
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Astro- and oligodendroglial apoptosis following
ischemia—reperfusion injury

In our study, strong immunostaining for Bid and the

initiator proteases, caspase-8 and -10, was found in astro-
dendroglia and particularly in oligodendroglia. During is-

A
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chemia and reperfusion, the first changes in caspases
immunostaining patterns were noticed in macroglia, which
demonstrated widespread strong nuclear staining for cas-
pase-8, -10 and for active caspase-6. These findings were
associated with depletion of Bid immunoreactivity and
increased TUNEL positivity. Interestingly, TUNEL positi-
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Fig. 6. Quantitative analysis of immunohistochemistry. For quantitative analysis of immunohistochemistry, the entire hippocampal CA1—-CA2 and CA3 sectors in
both hemispheres were scanned and digitalized at 20 X magnification, using an imaging system with morphometry software. The sections were derived from three
different animals for sham-operated controls and 30-min, 2-h reperfusion time points, and five animals for the 24-h reperfusion period. The neuronal cells
presenting elevated levels of proteins were plotted as positive, while those with reduced levels were plotted as negative on the y-axis. The evaluation was performed
by two independent observers. Cell counts were analyzed with ANOVA and Bonferroni’s post hoc analysis. Data represent mean + SD for the Bcl-2 family
proteins (A) and caspases (B), showing percentage of neurons exhibiting a change in staining intensity.
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vity of glia typically preceded morphological changes of
nuclei (Fig. 5D).

Double labeling of macroglia for caspase-6 (marked blue
with alkaline phosphatase) and a glial cell antigen S-100
(marked brown with DAB) revealed negligible signals for
caspase-6 in glial cell bodies and their processes in the
normal CNS (Fig. 5I). After ischemia/reperfusion, increased
immunopositivity for active caspase-6 and a sharp reduction
of S-100 staining were seen in degenerating glial cells
(Figs. 5], M—0).

Quantitative analysis of immunohistochemistry

A quantitative analysis of immunohistochemical stain-
ing results was performed in arbitrary fashion for pyrami-
dal neurons of the entire CA1/CA2 (sensitive) and CA3
(resistant) sectors in both hippocampi (Fig. 6). The per-
centage of neurons demonstrating a change in immunoin-
tensity relative to control neurons (down- or upregulation)
was determined for all animals at each time point (0/sham,
30 min, 2 and 24 h) using an imaging system with
morphometry software. The mean percentage of neurons
with changes in immunostaining was plotted separately for
Bcl-2-family proteins (Fig. 6A) and caspases (Fig. 6B) at
four time points (0/sham, 30 min, 2 h, and 24 h). Note that
in the CA3 ischemia-resistant sector during the entire
experiment, the number of neurons showing increased or
decreased immunoreactivity different from normal expres-
sion pattern did not exceed +20%, compared to 85% in
CAl. Statistically significant post-ischemia increases in
CA1 sector neurons were documented for Bcl-Xg, Bax,
Bak, caspase-6, and -8, while post-ischemia reductions
were noted for Bel-2, Bcel-X; Bid, caspase-10, and -14
(P < 0.005).

Discussion

Mechanisms of neuronal cell death following ischemia
injury have been studied extensively in rodent models.
However, during evaluation of novel agents for neuropro-
tective activity in stroke, it is well established that data from
rodent models are not fully predictive of experiences in
human clinical trials (Forsting et al., 1994). Similar issues
were recently addressed by an NIH panel, the Stroke
Progress Review Group (SPRG, Report of the Stroke
Progress Review Group. NINDS 2002). One of the recom-
mendations of the review panel was that animal modeling of
cerebral ischemia must be carried out in other species
besides rats. In particular, they stressed the need for in-
creased usage of large animal models of cerebral ischemia.

Thus, a need exists to confirm and extend data about
molecular mechanisms of ischemia-induced neuronal cell
loss to alternative animal models. To this end, we reported
the first data concerning core regulators of apoptosis in a
large animal model of global cerebral ischemia.

We elected to employ a model of transient global
ischemia involving cardiac arrest followed by resuscitation
for our analysis of apoptosis proteins because of the
evidence that apoptotic cell death occurs in this setting.
In this regard, caspases are a family of cysteine proteases
that play a central role in the initiation and execution of
apoptosis (Thornberry and Lazebnik, 1998). Our analysis
reported here for caspase-8 and -10, in conjunction with
our previous report on caspase-9 (Krajewski et al., 1999),
provides evidence that both the mitochondrial and death
receptor-mediated pathways for caspase activation are
triggered in the canine brain following transient global
ischemia. The immunoblot analysis revealed an early
processing of caspase-8 and -10 (within 2 h of reperfu-
sion), with a gradual increase of small subunit of processed
caspase-10, reaching peak levels at 1-2 days post-ische-
mia. Although caspase-8 and -10 activation was generally
described in spatiotemporal relationships with delayed cell
death (Jin et al., 2001; Velier et al., 1999), a few reports
showed early activation of caspase-8 in a model of focal
ischemia (Benchoua et al., 2001) or transient spinal cord
ischemia (Matsushita et al., 2000). The differential expres-
sion of the active forms of caspase-8 and -3 in cortical
neurons after permanent focal stroke in rats (Velier et al.,
1999) contributes to the hypothesis that specific apoptosis
pathways may be activated among the populations of brain
neurons.

Among effector caspase-3 and -6, our observations
suggest immediate activation, that is, within 30 min reper-
fusion, and redistribution of caspase-6 before active cas-
pase-3, which occurred latter at 2—24 h of reperfusion
period. Although activation of caspase-3 following injury
to brain and spinal cord is well established (Gillardon et al.,
1997; Namura et al., 1998; Sasaki et al., 2000; Springer et
al., 1999), little is known about caspase-6 processing after
cerebral ischemia. In rodent models, similar time points for
caspase-3 activation have been reported, with an early peak
at 6—24 h (Cho et al., 2003), and a delayed peak 2—3 days
after ischemia. Active caspase-3 in dendrites and axons was
found to be responsible for a transynaptic execution of
neuronal death in vulnerable sectors of hippocampus (Rami
et al., 2003). The temporal sequence of caspases processing
seen here raises the possibility that caspase-6 activation
occurs upstream of caspase-3 or via an alternative pathway
independent from caspase-3. In addition, we obtained evi-
dence here that cytochrome c is released from mitochondria
in neurons after ischemia—reperfusion injury in the dog
model, implying direct activation of the caspase-9 pathway
for apoptosis.

Regardless, broad-spectrum caspase inhibitors have been
shown to abrogate ischemic injury after global (Chen et al.,
1998; Himi et al., 1998; Vogel et al., 2003) and focal
ischemia (Endres et al., 1998; Fink et al., 1998; Ma et al.,
1998; Onteniente et al., 2003). Ischemic brain injury is also
reduced in caspase-3 knockout mice (Le et al., 2002),
strongly suggesting an important role for this and other
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caspases in neural cell death caused by cerebral ischemia
and reperfusion.

Development of apoptotic morphology is still considered
the gold standard for apoptosis identification (Darzynkie-
wicz et al., 2001). DNA fragmentation is usually detected by
in situ techniques such as the TUNEL assay. In our study,
changes in intracellular distribution of caspases were gene-
rally seen before evidence of DNA fragmentation. For
example, immunostaining for caspase-8, -6, -3 and -9
appeared to converge on the nuclei of ischemia-damaged
neurons, many of which were TUNEL-negative. This find-
ing suggests that caspase activation precedes DNA fragmen-
tation in ischemia-damaged neurons in this animal model,
consistent with the sequence of events demonstrated for
apoptosis induction in vitro in neurons and other types of
cells. Similar observations have been made by others, at least
for caspase-3 and -8, using rodent models of brain ischemia
or brain trauma (Chen et al., 1998; Namura et al., 1998;
Velier et al., 1999). While caspase activation and DNA
fragmentation are normally associated with apoptosis, stud-
ies indicate that both events can occur during, and contribute
to cell injury that eventually culminates in necrosis (Atlante
et al., 2003; Jaeschke and Lemasters, 2003; Neumar et al.,
2003; Niquet et al., 2003; Wang et al., 2003). The potential
involvement of caspases and other “apoptotic” proteins in
necrotic cell death is particularly relevant to our cardiac
arrest model of global cerebral ischemia. We observed a
mixture of both apoptotic and necrotic neuronal morpholo-
gies using this model (Rosenthal et al., 2003).

Caspase-14 is the most recently discovered member of
the caspase family in mammals (Ahmad et al., 1998; Hu et
al., 1998; Van de Craen et al., 1998). The role of caspase-14
in apoptosis has not yet been clarified. Unlike other cas-
pases, caspase-14 is cleaved at Ile152 and Lys153, produc-
ing fragments with homology to the p20 and p10 subunits,
but no substrates of this caspase have been described (Chien
et al., 2002). Highly expressed in embryonic tissues, ex-
pression of caspase-14 mRNA in several adult organs was
reported by Ahmad et al. (1998) but was claimed to be
limited predominantly to epidermis by others (Hu et al.,
1998; Van de Craen et al., 1998). In brain tissue, von Mering
et al. (2001) showed elevation of caspase-14 mRNA after
inducing bacterial meningitis in mice. In the present study,
abundant amounts of caspase-14 protein were detected by
immunoblotting, predominantly in epidermis, but also in
brain and some other tissues. We also discovered that pro-
caspase-14 is rapidly depleted from the canine hippocampus
after induction of ischemia. These results are consistent
with, but do not prove, activation of caspase-14 during
ischemia—reperfusion injury in the brain. Interestingly, we
show in vitro that recombinant mouse caspase-14 was
cleaved by calpain 1 as well as by proteases from mouse
epidermal extracts. However, selective substrates of cas-
pase-14 must be identified before caspase-14 protease
activity can be measured directly. We were unable to obtain
processing of human caspase-14 by calpain I in vitro

experiments. The latter result is in agreement with another
report (Chien et al., 2002).

Although caspases represent the principal effectors of
apoptosis, Bcl-2-family proteins function by governing the
mitochondria-dependent cell death pathway and often dic-
tate whether caspases become activated. We obtained evi-
dence of several changes in either the expression or
proteolytic processing of Bcl-2-family proteins following
ischemia—reperfusion injury in the large animal model.
First, a reciprocal decrease in Bel-Xp and increase in Bcl-
Xg was observed, suggesting that a shift in mRNA splicing
occurs during ischemia—reperfusion injury that favors pro-
duction of the apoptosis-inducing Bcl-Xg protein. Dimi-
nished Bcl-X; immunoreactivity has also been observed in
neurons following middle cerebral artery occlusion in rats
(Gillardon et al., 1996b). Bcl-X;, overexpression was shown
to protect neurons from injury during brain ischemia in
transgenic mice (Parsadanian et al., 1998).

Second, levels of pro-apoptotic Bax and Bak proteins
increased following transient global ischemia, though
changes in Bak were less obvious by immunoblotting. This
is possibly due to the heterogeneity of cell populations that
contribute to the protein samples used for immunoblot
measurements. These results agree with our prior reports
on upregulation of Bax protein levels in neurons following
transient ischemic episode in rat focal (Isenmann et al.,
1998) and global ischemia (Krajewski et al., 1995), and in
the gerbil model of global ischemia (Antonawich et al.,
1998).

Third, immunohistochemistry determined that levels of
Bcl-2 declined following ischemia—reperfusion injury.
Smaller isoforms of Bcl-2 were detected by immunoblotting
suggesting caspase-mediated cleavage of this protein, as
reported for in vitro culture models (Cheng et al., 1997).
Though only correlative, immunoblot comparisons of the
time course of caspase-3, -6, -10 processing with Bcl-2
cleavage were consistent with the possibility of caspase-
mediated cleavage of Bcl-2. Caspase cleavage of Bcl-2 at
asparatic acid 34 converts this protein from an anti-apoptotic
protector to a pro-apoptotic killer (Kirsch et al., 1999).

Fourth, early proteolytic processing of Bid was detected,
an event known to activate the latent pro-apoptotic poten-
tial of the Bid protein (Gross et al., 1999). The demonstra-
tion of cleaved Bid in the brain during ischemia and
following reperfusion implies the activation of TNF-family
death receptor pathways since activation of caspase-8 by
these cytokine receptors is known to result in cleavage of
and activation of Bid. Cleaved Bid then translocates to
mitochondria and induces cytochrome c release, thus de-
fining an important mechanism for cross-talk between the
death receptor and mitochondrial pathways for apoptosis
(Gross et al., 1999). In mouse stroke models, the activation
of Bid was reported to occur 3 h after ischemia and in a
caspase-8-dependent fashion. Inversely, Bid (—/—) mice
were shown to have a significant attenuation of infarction
and significantly lower release of cytochrome c after
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transitory occlusion of the middle cerebral artery (Plesnila
et al., 2002).

However, in addition to caspase-8-dependent cleavage of
Bid, lysosomal proteases have also been recently shown to
generate similar length cleaved fragments of this protein,
which are competent to induce cytochrome c release from
mitochondria (Stoka et al., 2001). Moreover, other investi-
gators have suggested the possibility of cross-talk among the
calpain, cathepsin, and caspase protease systems during brain
ischemia (Rami et al., 2000; Yamashima, 2000). We have
reported previously the cleavage of Bid by calpains during
myocardial ischemia/reperfusion (Chen et al., 2001). In the
present study, it appears from our Western blot investigation
that of all apoptosis proteins analyzed, Bid is the only one to
be cleaved early during ischemia, in contrast to mouse model
showing late Bid processing during the reperfusion phase
(Plesnila et al., 2002). This suggests that Bid is particularly
sensitive to calpain or lysosomal protease cleavage. Thus,
further studies are required to dissect the mechanisms that
account for the Bid cleavage observed after cerebral ische-
mia—reperfusion injury in our large animal model.

Though much attention is given to mechanisms of
neuronal cell death during ischemic process, it is important
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to note that besides neurons, astro- and oligodendroglia
undergo apoptosis following ischemia—reperfusion injury
(Goldberg and Ransom, 2003). Oligodendrocytes, a major
cellular component of white matter, are the only myelin-
forming cells of the CNS. Therefore, it is essential to protect
oligodendrocytes and neurons against ischemic insult. Fol-
lowing transient global ischemia, we observed in some
regions of the brain that DNA fragmentation in astroglia
and satellite oligodendroglia preceded DNA fragmentation
in neurons, implying that the glial cells are highly vulner-
able to ischemic damage. This observation agrees with
previous reports that suggest glia damage is a very early
event (Banati et al., 1996).

In non-ischemic brain, we observed the expression of
several caspase proforms in astro- and oligodendrocytes,
including caspase-3, -6, -8, -9, and -10, suggesting that these
cells possess the proteases required for activation of both the
mitochondrial and TNF-family death receptor pathways for
apoptosis. Early increases in nuclear caspase-6 immuno-
staining in astroglia and oligodendroglia, and co-localiza-
tion of caspase-6 and TUNEL positivity in ischemia-
vulnerable regions of the brain that occur before caspase-3
activation may implicate activation of this caspase by
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Fig. 7. Graphic summary of events after global brain ischemia during reperfusion. The activation of major, caspase-dependant apoptosis pathways, the possible
cross-talk between necrosis inducing cytoplasmic-lysosomal proteases and their possible interaction with Bel-2 and caspase protein families are depicted.
Calcium flux and energy depletion after mitochondria injury is seen as a major reason of the cell collapse either in acute form, resembling necrosis or a delayed

form corresponding to an apoptotic type.
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mechanisms related to necrosis rather than apoptosis. Later,
nuclear immunopositivity for caspase-8 and for processed
caspase-3 within affected glial cells was also observed,
implying the involvement of a death receptor pathway with
Bid processing and a possible cross-talk between JNK and
intrinsic cell death pathway in the induction of pronounced
apoptotic changes (Deng et al., 2003). This concept is
consistent with reports of cytokine activation of these cells
during cerebral ischemia (Craighead et al., 2000; Shibata et
al., 2000). Altogether, our results indicate that glial cells
activate early apoptotic programs during ischemia—reperfu-
sion injury. It remains to be determined to what extent glial
cell death indirectly contributes to neuronal death due to
loss of trophic factor support, decreased L-glutamate se-
questration, or other mechanisms.

In conclusion, rapid, cell-selective processing of apopto-
sis-regulatory proteins occurs in a clinically relevant model
of ischemic brain injury caused by cardiac arrest and
resuscitation. A very early cleavage of Bid during ischemia
alone and before reperfusion, and a rapid depletion of 32-
kDa pro-caspase-14 from the canine hippocampus after
induction of ischemia, may be suggestive of the involve-
ment of calpains in the processing of these proteins. De-
monstration of Bid cleavage by calpains during myocardial
ischemia/reperfusion (Chen et al., 2001), and of in vitro
cleavage of recombinant mouse caspase-14 by calpain-I in
the present study lend support to this assumption.

The chain of events, evoked by oxygen-glucose depri-
vation and the resultant calcium-ion flux (Lopachin, 1999;
LoPachin et al., 2001) in ischemia—reperfusion, is depicted
in Fig. 7. These results, taken together with evidence
obtained in vitro demonstrating close relationships between
caspases, calpains, and calpastatin (Neumar et al., 2003;
Rami, 2003), justify further in vivo exploration of cross-talk
between caspase-regulated apoptosis pathways and other
protease families during cerebral ischemia. These investiga-
tions may provide important insights necessary for devising
therapeutic strategies that will provide efficient protection
against the cellular damage associated with cerebral ische-
mic insults.
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