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Abstract

Aims Some data have shown the functional connection between calpain and caspase-3. Here,
we investigated the cross-talk between calpain and caspase-3 in penumbra and core during
focal cerebral ischemia-reperfusion.

Methods The activities of calpain and the levels of calpastatin, microtubule-associated
protein-2 (MAP-2), and spectrin in penumbra and core at 3 or 23 h of reperfusion (R 3 h or R
23 h) after 1-h focal cerebral ischemia in rats were determined in sham- or caspase-3 inhibitor
z-DEVD-CHO-treated rats.On the other hand, the determination of the activities of caspase-3
and the levels of MAP-2 and spectrin was done in sham- or calpain-inhibitor I-treated rats.
Results z-DEVD-CHO (600 ng/rat, i.c.v.) markedly reduced the u- and m-calpain activities
in penumbra and the m-calpain activities in core at R 3 h and R 23 h, and enhanced the
calpastatin levels in penumbra at R 3 h and in core at R 3 h and R 23 h significantly; however,
it had no significant effects on the u-calpain activities in core and the calpastatin levels in
penumbra at R 23 h. Calpain inhibitor I (0.8 mg/rat, i.c.v.) markedly reduced the caspase-3
activities in core at R 3 h and R 23 h, but not in penumbra. Both calpain and caspase-3
inhibitors increased the levels of MAP-2 and spectrin in penumbra and core significantly after
focal cerebral ischemia-reperfusion.

Conclusions Our data provide direct evidence to demonstrate the cross-talk between calpain
and caspase-3 in penumbra and core during focal cerebral ischemia-reperfusion.
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Caspases and calpains are two intracellular cysteine proteases. Caspases are specifically
activated in response to apoptotic stimuli, and caspase-3 is one of the major executioners to act
downstream in the apoptotic cascade (Salvesen and Dixit 1997). Recently, some reports have
shown the involvement of caspase-3 in a typical necrotic death routine (Schwab et al. 2002;
Berliocchi et al. 2005). Calpains are activated by calcium and autolytic processing. They are
proposed to participate in the turnover of cytoskeletal proteins and regulation of kinases,
transcription factors, and receptors. Ubiquitously expressed - and m-calpains are regulated
reversibly by calcium and calpastatin, an endogenous calpain inhibitor (Goll et al. 2003).
Calpain/calpastatin has been implicated in necrosis and apoptosis (Seubert et al. 1989; Porn-
Ares et al. 1998; Neumar et al. 2003).

A growing body of literature has emerged, demonstrating functional connections between
calpains and caspases. Common substrate proteins have been identified, such as cytoskeletal
and regulatory proteins (Wang 2000). There are reports demonstrating calpain-mediated
cleavage of caspases-3 and -7 as well as caspases-8, -9 and -12 (Chua et al. 2000; Nakagawa
and Yuan 2000; Blomgren et al. 2001; Bizat et al. 2003). In addition to direct cleavage of
caspases, calpains have also been shown to cleave several apoptosis regulatory proteins
including apoptotic protease-activating factor-1, Bcl-xL, Bax, Bid, and p53 (Reimertz et al.
2001; Wood et al. 1998; Chen et al. 2001; Atencio et al. 2000; Nakagawa and Yuan 2000).
Based on the available evidence, calpains have the potential to both positively and negatively
modulate the caspase cascade during apoptosis. There is also evidence that caspases have the
potential to indirectly up-regulate calpain activity through cleaving calpastatin, the endoge-
nous calpain inhibitor (Wang et al. 1998; Porn-Ares et al. 1998). Moreover, some reports have
demonstrated the cross-talk between calpains and caspases in vitro (Nakagawa and Yuan
2000; Neumar et al. 2003) and in vivo (Blomgren et al. 2001; Bizat et al. 2003).

The brain lesion due to focal cerebral ischemia encompasses an irreversibly injured core
and a peripheral zone (penumbra), where tissue is at risk but potentially viable. The neuronal
death in penumbra is predominant in apoptosis, while that in core is predominant in necrosis
(Lipton 1999). During focal cerebral ischemia, calpains and caspase-3 are activated and
involved in the ischemic neuronal death, which have been demonstrated through investigating
the protection of calpain and caspase-3 inhibitors and the proteolysis of substrates, such as
microtubule-associated protein-2 (MAP-2), spectrin, and calpastatin (Dawson and Hallenbeck
1996; Endres et al. 1998; Lipton 1999; Kambe et al. 2005; Han et al. 20006).

These above findings urge us to investigate whether both calpain and caspase-3 are together
involved in both necrotic and apoptotic cell death that happened in penumbra or core during
focal cerebral ischemia-reperfusion through their cross-talk. Thus, in this study, we combined
the biochemical estimations of enzyme activities and their substrates with pharmacological
blockade using enzyme inhibitors in the experiment, by way of such investigation, to dem-
onstrate the above hypothesis.

Materials and Methods

Rat Model of Focal Cerebral Ischemia

All animal protocols were approved by the national institutes of health guide for the care and
the use of laboratory animals. Male Sprague-Dawley rats weighing between 315 and 330 g

were anesthetized with chloral hydrate (400 mg/kg, i.p.) and the right middle cerebral artery
occlusion (MCAo) was produced by inversion of a 4-0-nylon filament as described previously
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(Schmid-Elsaesser et al. 1998). The filament was withdrawn 1 h after onset of MCAo and then
reperfused. Rectal temperature was continuously monitored and maintained at 37 £ 0.5°C by
a negative-feedback-controlled heating pad during the whole experiment.

Experimental Protocols

Effects of Caspase-3 Inhibition on the Activities of Calpain, and the Protein Levels of
Calpastatin, MAP-2, and spectrin

z-DEVD-CHO (Calbiochem, San Diego, CA, USA), a specific and reversible inhibitor of
caspase-3, has been used in in vitro studies (Huston et al. 2000). Based on the dose of caspase-
3 inhibitor z-DEVD-FMK used in vitro and in vivo (Yakovlev et al. 1997; Hara et al. 1997,
Stefanis et al. 1998; Yakovlev et al. 1997; Hara et al. 1997), 600 ng/rat of z-DEVD-CHO was
used in the study. Animals were randomly assigned to 5 groups treated with z-DEVD-CHO or
vehicle (dimethyl sulfoxide (DMSO)): (1) sham: DMSO; (2) R 3 hand R 23 h: DMSO, and (3)
R 3 h 4+ z-DEVD-CHO and R 23 h 4 z-DEVD-CHO: 600 ng/rat of z-DEVD-CHO. The
respective agent (20 pl) was administrated intraventricularly (bergma: 1.5 mm lateral, 0.8 mm
posterior, 3.5 mm deep) at 15 min before MCAo. Rats were decapitated and the tissues of
penumbras and cores were dissected at 3 or 23 h of reperfusion (R 3 h or R 23 h) in the
vehicle- or z-DEVD-CHO-treated rats, and the regions from the right hemispheres that cor-
responded to the ischemic penumbra and core were dissected 4 h after operation in sham-
operated rats. The cytosolic fractions were prepared and used to determine the activities of
calpain (n = 8 per group), and the levels of calpastatin protein, MAP-2, and spectrin (n = 6

per group).

Effects of Calpain Inhibition on the Activities of Caspase-3, and the Protein Levels of MAP-2
and spectrin

Calpain inhibitor I (Roche Diagnostics, GmbH, Germany) is a cell-permeable peptide alde-
hyde that blocks the active site of calpain (Mehdi 1991; Wang and Yuen 1997). Referring to
the dose of calpain inhibitor I used in brain ischemia (Rami and Krieglstein 1993), 0.8 mg/rat
of calpain inhibitor I was used to inhibit calpain activity. Animals were randomly assigned to 5
groups treated with calpain inhibitor I or vehicle (DMSO): (1) sham: DMSO; (2) R 3 h and R
23 h: DMSO, and (3) R 3 h + calpain inhibitor [ and R 23 h + calpain inhibitor I: 0.8 mg/rat
of calpain inhibitor I. The respective agent (20 pl) was administrated intraventricularly at
15 min before MCAo. Rats were decapitated and the tissues of penumbras and cores were
dissected at R 3 h or R 23 h in the vehicle- or calpain-inhibitor I-treated rats, and the regions
from the right hemispheres that corresponded to the ischemic penumbra and core were dis-
sected 4 h after operation in sham-operated rats. The cytosolic fractions were prepared and
used to determine the activities of caspase-3 (n = 8 per group), and the levels of MAP-2 and
spectrin (n = 6 per group).

Sample Collection and Preparation of Cytosolic Fraction

As has been previously described by Ashwal et al. (1998), the tissues of penumbras and cores
were dissected according to the experimental protocols at 4°C. Briefly, in each animal, the
brain was sectioned into three sections beginning 3 mm from the anterior tip of the frontal lobe
and 3 mm from the posterior tip of occipital lobe. Regions from the right hemisphere of the
middle section that corresponded to the ischemic core and penumbra were dissected.
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We initially identified the midline between the two hemispheres and then made a longitudinal
cut (from top to bottom) approximately 2 mm from the midline through right (ischemic)
hemisphere, then made a transverse diagonal cut at approximately the “2 o’clock” position to
separate the core (i.e., striatum and overlying cortex) from the penumbra (adjacent cortex). The
tissues of penumbras and cores were homogenized in 7 volumes of homogenization buffer
(25 mM HEPES, pH 7.4, 0.1% Triton X-100, 5 mM MgCl,, 2 mM DTT, 1.3 mM EDTA,
1 mM EGTA, 0.5 mM phenylmethanesulfonyl fluoride, 10 pg/ml aprotinin, 10 pg/ml pep-
statin A, 10 pg/ml leupeptin). The homogenates were centrifuged at 1,000 x g for 10 min at
4°C, and the supernatants were centrifuged at 17,000 x g for 90 min at 4°C again. The final
supernatants (cytosolic fractions) were used to measure the activities of calpain or caspase-3,
and the levels of calpastatin, MAP-2, or spectrin. The protein concentrations in supernatants
were determined by the method of Bradford (1976).

Calpain Activity Assay

As has been previously described (Raser et al. 1995), 12% polyacrylamide gel containing
0.05% casein and 4% polyacrylamide gel were prepared and used as separating and stacking
gels, respectively. The casein gel was pre-run at 50 V for 1 h at 4°C in a running buffer
(25 mM Tris, 192 mM glycine, | mM EGTA, 1 mM DTT, pH 8.3). Proteins from each sample
(50 pg) were loaded in each well and then given electrophoresis at 50 V, 4°C. When bro-
mophenol blue reached the base of the gel, the gel was removed and rinsed in incubation buffer
(20 mM Tris, 10 mM DTT, 3 mM CaCl,, pH 7.6 for p-calpain and pH 7.3 for m-calpain)
twice, then incubated in the same incubation buffer at 32 + 1°C for 24 h. The gel was stained
in 0.2% Commassie blue R-250 for 2 h and incubated in a destaining solution overnight. The
gel was analyzed by a gel image analyzer (Aalpha Innotech Co., USA). Results were nor-
malized as the integrated optical density (arbitrary densitometric units) of the lysed region
(cleared band).

Caspase-3 Activity Assay

The caspase-3 activity was determined by the use of ac-DEVD-AFC (Calbiochem, San Diego,
CA, USA), a fluorescent substrate to be used as a susceptible fluorescent substrate for caspase-
3 (Benchoua et al. 2001). Ten-microliter sample was diluted in caspase-3 assay buffer (50 mM
HEPES, pH 7.4, 100 mM NaCl, | mM EDTA, 10 mM DTT) to a final volume of 990 pl. The
enzymatic reaction was started by addition of 10 pl of a 2 mM solution of ac-DEVD-AFC and
incubated for 2 h at 37°C. Quantification of substrate cleavage leading to release of free AFC
was determined with a spectrofluorometer set at 400 nm excitation wavelength and at 505 nm
emission wavelength (Hitachi Co., Japan). Fluorescent arbitrary units were converted into
micromoles of AFC released per hour and milligram of protein using a standard curve of free
AFC (Sigma Co., St Louis, MO, USA).

Western Blot Analysis

Calpastatin, MAP-2, and spectrin were determined from cytosolic fraction separated by 10%,
7.5%, and 6% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
respectively. Twenty-microliter sample was mixed with 5 pl of sample buffer and then boiled
for 5 min. Equal amount of proteins (30 pg) was separated by SDS-PAGE, and molecular
weight markers (R&D Systems Inc., Minneapolis, MN, USA) were loaded on each gel for
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protein band identification. The proteins on the gel were subsequently transferred onto a
nitrocellulose membrane using a semidry transfer apparatus. Blots were probed with either
primary rabbit polyclonal antibody reactive with calpastatin (Sigma Co., St Louis, MO, USA,
1:1200), or primary mouse monoclonal antibody reactive with MAP-2 (Sigma Co., St Louis,
MO, USA, 1:800), or primary mouse monoclonal antibody reactive with spectrin (Chemicon
International Inc, Temecula, CA, USA, 1:100), and subsequently incubated with secondary
anti-rabbit or mouse antibody conjugated with horseradish peroxidase (Beijing Zhongshan
Golden Bridge Biotech Co., China). Finally, the color reaction was observed by incubation of
membrane with 3,3'-diaminobenzidine (Beijing Zhongshan Golden Bridge Biotech Co.,
China). The staining results were scanned into a computer and the integrated optical densities
of the protein bands were analyzed by a gel image analyzer (Aalpha Innotech Co., USA).

Data Expression and Statistical Analysis

Data were presented as mean = SEM. Comparisons among multiple groups were statistically
evaluated by one-way ANOVA with a post hoc Fisher’s test and comparisons between two
groups were evaluated by Student’s ¢ test. A probability of <0.05 was considered statistically
significant.

Results
Effects of Caspase-3 Inhibition on Calpain Activity

The results are shown in Fig. 1. The activities of u- and m-calpains at R 3 h and R 23 h in
penumbra and core in vehicle-treated rats increased significantly (u-calpain and m-calpains: all
P < 0.01 vs. sham-treated rats). Caspase-3 inhibition by z-DEVD-CHO markedly reduced the
activities of u- and m-calpains in penumbra at R 3 h and 23 h (p-calpain: both P < 0.01 vs.
vehicle-treated rats; m-calpain: both P < 0.05 vs. vehicle-treated rats), and the activities of
m-calpain in core at R 3 h and R 23 h (both P < 0.05 vs. vehicle-treated rats). However, it had
no significant effects on the activities of u-calpain in core at R 3 h and R 23 h.

Effects of Caspase-3 Inhibition on Calpastatin Protein Levels

As illustrated in Fig. 2 the protein levels of calpastatin in penumbra at R 3 h and R 23 h in
vehicle-treated rats increased significantly (both P < 0.05 vs. sham-treated rats), while the
protein levels of calpastatin in core at R 3 h and R 23 h reduced, but it did not reach statistical
significance. Caspase-3 inhibition by z-DEVD-CHO markedly enhanced the calpastatin pro-
tein levels in penumbra at R 3 h (P < 0.05 vs. vehicle-treated rats) and in core at R 3 h and
R 23 h (both P < 0.05 vs. vehicle-treated rats); however, it had no significant effect on the
calpastatin protein levels in penumbra at R 23 h.

Effects of Calpain Inhibitor on Caspase-3 Activity

The activities of caspase-3 at R 3 h and R 23 h in penumbra and core increased significantly
(all P < 0.01 vs. sham-treated rats). Calpain inhibitor I reduced the caspase-3 activities at
R 3 h and R 23 h in core significantly (both P < 0.01 vs. vehicle-treated rats); however, it had
no significant effect on the caspase-3 activities at R 3 h and R 23 h in penumbra (Fig. 3).
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Fig. 1 Effects of z-DEVD-CHO on the u- and m-calpain activities in penumbra and core after transient focal
cerebral ischemia. The rats received 1-h ischemia and then were reperfused. (A) Casein zymography of p-calpain in
penumbra. (B) The bar graph reflects the densitometry data from the casein zymography of u-calpain in penumbra
(mean £ SEM; 1 = 8; *P < 0.01 vs. sham; °P < 0.01 vs. R 3 h; °P < 0.01 vs. R 23 h). (C) Casein zymography of
m-calpain in penumbra. (D) The bar graph reflects the densitometry data from the casein zymography of m-calpain in
penumbra (mean + SEM; n = 8; *P < 0.01 vs. sham; °P < 0.05 vs. R 3 h; °P < 0.05 vs. R 23 h). (E) Casein
zymography of p-calpain in core. (F) The bar graph reflects the densitometry data from the casein zymography of
u-calpain in core (mean + SEM; n = 8; *P < 0.01 vs. sham). (G) Casein zymography of m-calpain in core. (H) The
bar graph reflects the densitometry data from the casein zymography of m-calpain in core (mean & SEM; n = §;
2P < 0.01 vs. sham; °P < 0.05 vs. R 3 h. °P < 0.05 vs. R 23 h). R: reperfusion; DEVD: z-DEVD-CHO

Effects of Inhibition of Calpain or Caspase-3 on the Levels of MAP-2 and Spectrin

As illustrated in Fig. 4 the levels of MAP-2 in penumbra and core in vehicle-treated rats
reduced significantly at R 3 h and R 23 h (both P < 0.05 vs. sham-treated rats at R 3 h; both
P < 0.01 vs. sham-treated rats at R 23 h). Both calpain inhibitor I and z-DEVD-CHO
increased the levels of MAP-2 significantly at R 3 h and R 23 h in penumbra (calpain inhibitor
I or z-DEVD-CHO: both P < 0.05 and 0.01 vs. vehicle-treated rats at R 3 h and R 23 h,
respectively) and core (calpain inhibitor I: both P < 0.01 vs. vehicle-treated rats; z-DEVD-
CHO: P < 0 .05 and 0.01 vs. vehicle-treated rats at R 3 h and R 23 h, respectively).

The effects of calpain and caspase-3 inhibitors on spectrin levels are shown in Fig. 5
Spectrin levels at R 3 h and R 23 h in penumbra and core in vehicle-treated rats reduced
significantly (all P < 0.01 vs. sham-treated rats). Both calpain inhibitor I and z-DEVD-CHO
increased the spectrin levels significantly at R 3 h and R 23 h in penumbra (calpain inhibitor I:
P < 0.05 and 0.01 vs. vehicle-treated rats at R 3 h and R 23 h, respectively; z-DEVD-CHO:
both P < 0.01 vs. vehicle-treated rats) and in core (calpain inhibitor I and z-DEVD-CHO: all
P < 0.05 vs. vehicle-treated rats).
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Discussion

Caspase-3 and calpain/calpastatin play central roles in neuronal death during focal cerebral
ischemia. Caspase-3 acts as an executioner of the neuronal apoptosis (Endres et al. 1998;
Lipton 1999), and calpain/calpastatin has been implicated in neuronal necrosis or apoptosis
after brain ischemia (Seubert et al. 1989; Lipton 1999; Kambe et al. 2005; Han et al. 2006).
Recently, some reports have shown the involvement of caspase-3 in necrosis after brain
ischemia (Schwab et al. 2002; Berliocchi et al. 2005). MAP-2 and spectrin, two cytoskeletal
proteins, play important roles in maintenance of structural integrity, neuronal stability, normal
functions, and plasticity through interaction with neuronal cytoskeleton (Ludin and Matus
1993; Goodman and Zagon 1986; Lipton 1999). Spectrin is a common substrate for calpain
and caspase-3 (Wang 2000), and MAP-2 is one of the substrates for calpain (Johnson et al.
1991). Some reports demonstrate that cytoskeletal degradation, represented by the loss of
MAP-2 or spectrin shown by immunochemical methods, is a sensitive indicator of neuronal
damage after focal cerebral ischemia (Dawson and Hallenbeck 1996; Kambe et al. 2005).

@ Springer



78

Cell Mol Neurobiol (2008) 28:71-85

Fig. 3 Effects of calpain inhibitor I
on the caspase-3 activities in
penumbra and core after transient
focal cerebral ischemia. The rats
received 1-h ischemia and then were
reperfused. Fluorescent arbitrary units
were converted into picomoles of
AFC released per hour and milligrams
of protein. (A) Caspase-3 activities in
penumbra (mean + SEM; n = §;

4P < 0.01 vs. sham). (B) Caspase-3
activities in core (mean &= SEM;

n = 8;*P <0.01 vs. sham; °P < 0.01
vs. R 3 h; °P < 0.01 vs. R 23 h). R:
reperfusion; Cal I: calpain inhibitor I

Fig. 4 Effects of z-DEVD-CHO and
calpain inhibitor I on the MAP-2
levels in penumbra and core after
transient focal cerebral ischemia. The
rats received 1-h ischemia and then
were reperfused. (A) Western blot
analysis using anti-MAP-2 antibody
in penumbra. (B) The bar graph
reflects the densitometry data from
the experiment of MAP-2 Western
blot analysis in penumbra

(mean £ SEM; n = 6; *P < 0.05 and
5P < 0.01 vs. sham; P < 0.05 vs.

R 3 h; P < 0.01 vs. R 23 h). (C)
Western blot analysis using anti-
MAP-2 antibody in core. (D) The bar
graph reflects the densitometry data
from the experiment of MAP-2
Western blot analysis in core

(mean £ SEM; n = 6; *P < 0.05 and
°pP < 0.01 vs. sham; °P < 0.05 vs.
R3h; P <0.01vs.R3 h;°P < 0.01
vs. R 23 h). R: reperfusion; DEVD:
z-DEVD-CHO; Cal I: calpain
inhibitor 1
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Fig. 5 Effects of z-DEVD-CHO and A R3h+ R3h+ R23h+ R23h+
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In the present study, we find that the activities of pu- and m-calpains, and caspase-3
markedly increase; meanwhile, the levels of MAP-2 and spectrin decrease significantly, and
both calpain and caspase-3 inhibition reduce the degradation of MAP-2 and spectrin in pen-
umbra and core at 3 and 23 h of reperfusion. These data indicate that calpain and caspase-3 are
activated concurrently in penumbra and core, subsequently, degrade MAP-2 and spectrin,
together, leading to the loss of structural integrity and stability of neurons, resulting in neu-
ronal death. Our data imply the existence of cross-talk between calpain and caspase-3 after
focal cerebral ischemia-reperfusion. This implication is supported by some previous studies:
(1) caspases may cleave calpastatin and thus regulate calpain activity during apoptosis (Wang
et al. 1998; Porn-Ares et al. 1998; Neumar et al. 2003) and renal ischemia-reperfusion (Shi
et al. 2000) and (2) calpain may contribute to caspase-3 activation during cerebral hypoxia-
ischemia in the immature rat (Blomgren et al. 2001) and apoptosis (Wood et al. 1998; Nak-
agawa and Yuan 2000; Bitko and Barik 2001).

In order to further confirm the cross-talk between calpain and caspase-3 in penumbra or
core during focal cerebral ischemia-reperfusion, pharmacological blockade of calpain and
caspase-3 by their inhibitors was used in the experiments to study their interaction. Our results
reveal that z-DEVD-CHO markedly reduces the pu- and m-calpain activities in penumbra and
the m-calpain activities in core at 3 and 23 h of reperfusion, and enhances the calpastatin levels
in penumbra at 3 h of reperfusion and in core at 3 and 23 h of reperfusion significantly,
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although it has no significant effects on the p-calpain activities in core at 3 and 23 h of
reperfusion and the calpastatin levels in penumbra at 23 h of reperfusion. Meanwhile, calpain
inhibitor I markedly reduces the caspase-3 activities in core at 3 and 23 h of reperfusion, but
not in penumbra. These data provide direct evidence to demonstrate the cross-talk between
calpain and caspase-3 in penumbra and core during focal cerebral ischemia-reperfusion.

The possible mechanisms concerning the effects of caspase-3 inhibition on the calpain
activities during focal cerebral ischemia-reperfusion in rats may be explained by: (1) reducing
the degradation of calpastatin, maintaining the inhibitory ability of calpastatin to calpain
(Wang et al. 1998; Porn-Ares et al. 1998; Shi et al. 2000), as shown in this study that caspase-
3 inhibition enhances the calpastatin protein levels in penumbra at 3 h of reperfusion and in
core at 3 and 23 h of reperfusion. Although caspase-3 inhibition has no significant effect on the
calpastatin protein levels in penumbra at 23 h of reperfusion, it is not ruled out that caspase-3
may up-regulate calpain activities through degrading calpastatin protein, since the calpain
activity in penumbra shows a small-to-moderate increase at the second hour of ischemia and a
larger increase between the 6th and 24th hour after transient focal cerebral ischemia (Hong
et al. 1994), and calpastatin may act as a suicide substrate for calpain to prevent the over-
activation of calpain (Mellgren et al. 1986; Blomgren et al. 1999); (2) suppressing PKC
activation (Ghayur et al. 1996), as PKC may phosphorylate calpain and calpastatin (Kuo et al.
1993; Brumley and Wallace 1989; Averna et al. 1999), leading to the activation of calpain and
the reduction of the capacity of calpastatin to inhibit calpain. During transient focal cerebral
ischemia, PKC 6 mRNA is specifically induced in penumbra at 4, 12, and 24 h after ischemia,
while the mRNA levels of PKC-a, -f, -y, -9, -¢, and - are decreased in core 4 h after ischemia
and lost completely 12 h after ischemia (Miettinen et al. 1996). Possibly, caspase-3 inhibition
may down-regulate calpain activation in penumbra by suppressing the activation of PKC ¢;
and (3) depressing the cleavage of plasma membrane calcium pump, which is contributed to
maintain intracellular calcium homeostasis (Schwab et al. 2002), leading to the reduction of
calpain activation. Figure 6 summarizes the possible regulation of caspase-3 on calpain acti-
vation after transient focal cerebral ischemia.

However, the different effects of caspase-3 inhibition on p-calpain activities in penumbra
and core, and on the p- and m-calpain activities in core are observed simultaneously. The
former may be due to the degree of insults, i.e., penumbra suffers milder insults compared with
core (Lipton 1999; Mergenthaler et al. 2004), and the latter may be related to (1) the distri-
bution of u- and m-calpains within brain, as u-calpain is located primarily in neurons, whereas
m-calpain is more prominent in glial cells (Hamakubo et al. 1986). It is reported that glial
activation after brain ischemia contributes to neuronal death (Stoll et al. 1998), which implies
that the glial cells are more resistant to ischemic damage than neurons and suggests that
m-calpain are more susceptible to pharmacological intervention than yu-calpain, and (2) the
calcium concentration required for y- and m-calpain activations, since p- and m-calpains need
micromolar and millimolar calcium for activation, respectively (Goll et al. 2003), and caspase-
3 may modulate intracellular calcium through cleaving plasma membrane calcium pump
(Schwab et al. 2002).

Not only do caspases modulate calpain activity, they also regulate caspase activity (Fig. 6).
Calpain may up- or down-regulate caspase-3 activation in different experimental system
through one or more mechanisms as follows: (1) cleaving procaspase-3 directly, facilitating the
caspase-3 activation (Blomgren et al. 2001); (2) cleaving caspase-12 (Bitko and Barik 2001),
or the proapoptotic protein Bax and the antiapoptotic molecule Bcl-xL. (Wood et al. 1998;
Nakagawa and Yuan 2000), promoting the activation of caspase-3; and (3) cleaving procas-
pase-9, leading to the loss of the capacity of caspase-9 to activate caspase-3 (Chua et al. 2000),
or cleaving active caspase-3 directly, resulting in the inactivation of caspase-3 (Bizat et al.
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Fig. 6 Overview of the cross-talk
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2003). Therefore, it is possible that calpain may exert either positive or negative effects on
caspase-3 activation in penumbra or core by affecting different point of the caspase-3 apoptotic
cascade after focal cerebral ischemia-reperfusion. The results that calpain inhibition does not
exert significant effect on caspase-3 activation in penumbra, however, down-regulate caspase-
3 activation in core, may be due to the final outcome (the net effect) of their complex cross-
talk. This difference may be attributed to the diversity of insults in penumbra and core (Lipton
1999; Mergenthaler et al. 2004).

Moreover, the observation with regard to the effect of calpain and caspase-3 inhibitors on
substrates of two enzymes provides further evidence to support our conclusion that there is a
cross-talk between calpain and caspase-3 during focal cerebral ischemia-reperfusion. The
evidences include: (1) caspase-3 inhibition reduces the MAP-2 degradation both in penumbra
and core, indicating the down-regulation of calpain activation by caspase-3 inhibition, since
MAP-2 can be degraded specifically by calpain (Johnson et al. 1991), and (2) the reduction of
spectrin degradation by either calpain or caspase-3 inhibition may imply the coordinated
actions of calpain and caspase-3, as spectrin can be cleaved by calpain and caspase-3 at
different sites (Wang 2000).

In general terms, we provide the biochemical and pharmacological evidences to demon-
strate the existence of the cross-talk between calpain and caspase-3 in penumbra and core
during focal cerebral ischemia-reperfusion in rats. Furthermore, calpastatin, as an endogenous
calpain inhibitor and a common substrate for calpain and caspase-3, may play an important
role in the process of this cross-talk. Our data suggest that there are two different types of
cross-talk between calpain and caspase-3 during focal cerebral ischemia-reperfusion in rats.
First, in penumbra, the activated caspase-3 up-regulates calpain activation through degrading
calpastatin; however, calpain has no significant effects on caspase-3 activation, suggesting that
calpain may act as a downstream event to participate in the caspase-3-mediated ischemic
neuronal death, whereas caspase-3 may not be involved in the calpain-mediated ischemic
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neuronal death. Second, in core, the activated caspase-3 up-regulates m-calpain activation
through degrading calpastatin; simultaneously, calpain is contributed to the caspase-3 acti-
vation, suggesting that both calpain and caspase-3 may be involved in neuronal death in core,
and the positive cross-talk between m-calpain and caspase-3 may play more important roles.

Apoptosis is an energy-dependent and regulated active process of cell death. It differs from
necrosis, a toxic process in which the cell is a passive victim (Harwood et al. 2005). The mode
of cell death, apoptosis or necrosis, is determined by the energy status under a stress or an
insult (Nicotera et al. 1999). The interrelationship between apoptosis and necrosis is high-
lighted by the fact that necrotic cell death can be mediated by part of the apoptotic machinery
(Wang et al. 2003), and that both death modes can share common pathways (Kim et al. 2003).
Caspases and calpains, two cysteine protease families, play key roles in apoptosis and necrosis.
Caspases are thought of as the essential apparatus of classical apoptosis, and caspase-3 is an
execution caspase. Calpains are primarily involved in necrotic cell death (Harwood et al.
2005). Recently, some data suggest that calpain can function in apoptotic cell death. For
example, the cross-talk between calpain and caspase-3 has been demonstrated in vitro and
in vivo (Nakagawa and Yuan 2000; Blomgren et al. 2001; Neumar et al. 2003; Bizat et al.
2003), and p-calpain, but not m-calpain, is transported into nuclei in an ATP-dependent
fashion (Mellgren 1997), and the calpain activity in the nuclear fraction is observed (Kubbutat
and Vousden 1997). It is well known that ischemic penumbra suffers milder insults compared
with core. In penumbra, the caspase-3 and p-calpain-mediated apoptotic cascades can continue
as the energy metabolism is partly preserved, and the neuronal death is predominant in
apoptosis. While in core, the caspase-3 and p-calpain-mediated apoptotic cascades cannot
continue due to the ATP depletion, and the neuronal death is predominant in necrosis (Lipton
1999). Moreover, some reports have shown the concomitant activation of apoptotic and
necrotic death mechanisms in the same cell after focal cerebral ischemia (Unal-Cevik et al.
2004), and the morphological characteristics of ischemic neuronal death, including necrosis,
apoptosis, or combination of necrosis and apoptosis (hybrid death) (Martin et al. 1998; Lipton
1999; Wei et al. 2004). Therefore, we hypothesize that the complex cross-talk between calpain
and caspase-3 in penumbra or core may contribute to the hybrid morphology of neuronal death
commonly observed in in vivo studies (Wei et al. 2004), since both calpain and caspase-3 are
involved in the apoptosis and necrosis after brain ischemia (Endres et al. 1998; Lipton 1999;
Blomgren et al. 2001; Schwab et al. 2002; Berliocchi et al. 2005; Kawamura et al. 2005).
Furthermore, the complex cross-talk of these two pathways should be considered when
evaluating the mechanism and efficacy of therapeutic interventions aimed at reducing injury-
induced neuronal death.

In summary, the present study provides direct evidence to demonstrate the concurrent
activation of calpain and caspase-3, and the interaction between calpain and caspase-3 in
penumbra and core during focal cerebral ischemia-reperfusion. Further study should be per-
formed to elucidate the detailed mechanism mediating the interaction between calpain and
caspase-3 during focal cerebral ischemia-reperfusion.
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