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ABSTRACT
Caspase-3 has classically been deﬁned as the main executioner of programmed cell death. However, recent data
supports the participation of this protease in non-apoptotic
cellular events including cell proliferation, cell cycle regulation, and cellular differentiation. In this study, astroglial
cleavage of caspase-3 was analyzed following excitotoxic
damage in postnatal rats to determine if its presence is
associated with apoptotic cell death, cell proliferation, or
cytoskeletal remodeling. A well-characterized in vivo model
of excitotoxicity was studied, where damage was induced by
intracortical injection of N-methyl-D-asparate (NMDA) in
postnatal day 9 rats. Our results demonstrate that cleaved
caspase-3 was mainly observed in the nucleus of activated
astrocytes in the lesioned hemisphere as early as 4 h postlesion and persisted until the glial scar was formed at 7–14
days, and it was not associated with TUNEL labeling.
Caspase-3 enzymatic activity was detected at 10 h and
1 day postlesion in astrocytes, and co-localized with caspasecleaved fragments of glial ﬁbrillary acidic protein (CCPGFAP). However, at longer survival times, when astroglial
hypertrophy was observed, astroglial caspase-3 did not
generally correlate with GFAP cleavage, but instead was
associated with de novo expression of vimentin. Moreover,
astroglial caspase-3 cleavage was not associated with BrdU
incorporation. These results provide further evidence for a
nontraditional role of caspases in cellular function that is
independent of cell death and suggest that caspase activation is important for astroglial cytoskeleton remodeling
following cellular injury. V 2007 Wiley-Liss, Inc.
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INTRODUCTION
Caspase-3 is considered one of the major executioners of
apoptosis and has classically been viewed as a terminal
event in the process of programmed cell death. Caspase-3
is proteolytically activated into two catalytic subunits of 10
kDa (p10) and 20 kDa (p20), which can cleave numerous
intracellular substrates including cytoskeletal elements,
degrading proteases, and nuclear enzymes involved in
DNA repair (Marks and Berg, 1999; Springer et al., 2001)
to name just a few. Accordingly, caspase-3 activation has
been described in neuronal cells following speciﬁc types
C 2007
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of central nervous system (CNS) insults including traumatic brain injury and ischemic/excitotoxic damage
(Beer et al., 2000; Brecht et al., 2001; Chen et al., 1998;
Manabat et al., 2003; Namura et al., 1998; Nath et al.,
2000; Pulera et al., 1998). In all of these conditions, the
participation of executioner caspase activation and subsequent apoptosis in the neuronal cell death process has
largely been established both in the adult and postnatal
brain. Similarly, in vitro studies have also suggested
that caspase-3 proteolytic activity plays a crucial role in
excitotoxin-induced neuronal apoptosis (Allen et al.,
1999; Du et al., 1997; Tenneti and Lipton, 2000),
although caspase-3 activation and DNA fragmentation
often do not co-localize within the same cell at the same
time (Brecht et al., 2001). In addition, expression of caspase-3 has been described in oligodendrocytes (Beer
et al., 2000; Nottingham and Springer, 2003) and astrocytes following CNS damage (Beer et al., 2000; Benjelloun et al., 2003; Mouser et al., 2006; Narkilahti et al.,
2003; Su et al., 2000).
Recent studies, however, provide substantial evidence
for caspase function in non-apoptotic cellular events such
as cell cycle regulation, migration, and differentiation in
a variety of cell types (McLaughlin, 2004; Schwerk and
Schulze-Osthoff, 2003). Although the preponderance of
data has emerged from work in the immune system and
peripheral organs, several studies have also suggested
non-apoptotic roles of caspase-3 in the CNS. Under
physiological conditions, caspase-3 has been implicated
in neuronal cytoskeletal changes (Rohn et al., 2004), in
synaptic remodeling (Dash et al., 2000; Shimohama
et al., 2001), in neuronal survival associated with preconditioning (Garnier et al. 2003; McLaughlin et al.,
2003; Tanaka et al., 2004), in the differentiation of
cerebellar Bergmann glial cells (Oomman et al., 2004,
2005, 2006), and as a marker of astroglial subpopulations
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(Noyan-Ashraf et al., 2005). Accordingly, following
excitotoxic damage in the neonatal brain we have demonstrated that presence of cleaved caspase-3 in nitrated
reactive astrocytes in the absence of cell death (Acarin
et al., 2005). Nevertheless, alternative roles for caspase-3
in CNS astrocytes after injury have not been described.
The ﬁrst aim of the present study was to describe the
pattern, time course, and cellular distribution of cleaved
caspase-3 and TUNEL labeling after postnatal excitotoxicity by using a well characterized in vivo lesion
model in the immature rat brain (Acarin et al., 1999a,b,
2002, 2005). Brain damage as a consequence of perinatal
cerebral hypoxia/ischemia and stroke is a major cause
of acute mortality and severe chronic disabilities, and
excitotoxicity is one of the crucial underlying mechanisms. Several evidences suggest that in comparison to
the adult brain, the immature brain responds in a particular fashion to brain injuries, partly due to the fact
that many of adult gene expression patterns, neural
circuits organization, cell differentiation, and myelination have not yet been completed (Ferriero, 2004;
Vannucci and Hagberg, 2004). Furthermore, as astroglial cells were the main cell type showing cleaved caspase-3 but not apoptotic cell death after neonatal excitotoxicity, the second aim was to elucidate the putative
role that caspase-3 may play in proliferation and cytoskeletal reorganization in reactive astrocytes. Our ﬁndings suggest a participation of this protease in astroglial
remodeling of intermediate ﬁlaments containing glial
ﬁbrillary acidic protein (GFAP) and vimentin after
damage, more so than a contribution to cell death or
modulation of proliferation.

MATERIALS AND METHODS
Excitotoxic Lesions
Nine-day-old Long-Evans black-hooded rat pups of
both sexes were placed in a stereotaxic frame adapted
for newborns (Kopf) under isoﬂuorane anaesthesia. The
skull was opened using a surgical blade, and 0.15 lL
of saline solution (0.9% NaCl, pH 7.4) containing 20
nmols of N-methyl-D-aspartate (NMDA) (Sigma, M-3262,
Germany) were injected into the right sensorimotor cortex. Control animals received an injection of 0.15 lL of
the vehicle saline solution. After suture, pups were
placed in a thermal pad and maintained at normothermia before being returned to their mothers. Experimental animal work was conducted according to Spanish
regulations, in agreement with European Union directives. All experimental procedures were approved by
the ethical commission of the Autonomous University of
Barcelona. All efforts were made to minimize animal
suffering.

Survival Times and Sample Processing
Rats were sacriﬁced at 4 and 10 h and 1, 3, 5, 7, and
14 days after NMDA or saline injection. For histological

procedures, rats were anesthetized by ether inhalation
and perfused intracardially with 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Brains were postﬁxed in the same ﬁxative for 2 h and sunk in a 30%
sucrose solution before being frozen with dry CO2. Coronal sections (30-lm-thick) were obtained using a Leitz
cryostat. For caspase-3 activity, rats were sacriﬁced by
decapitation, brains were quickly removed and the
cortices dissected out, frozen in liquid nitrogen and kept
at 280°C. A minimum of four NMDA-injected animals,
two saline-injected controls, and two intact controls
were used for each survival time and each procedure.
50 -Bromodeoxyuridine Administration
In another set of animals, the thymidine analogue
50 -bromodeoxyuridine (BrdU, Sigma Chemical, St Louis,
MO) that incorporates into the DNA of dividing cells
during S-phase, was used to label actively proliferating
cells. NMDA or saline injected animals were administered intraperitonealy with BrdU (50 mg/kg) diluted in
0.05 M Tris base (TB, pH 7.4) every 2 h for 10 h before
sacriﬁce at 1, 3, 5, and 7 days after NMDA or saline
injection.

Immunohistochemistry and Histochemistry
After rinsing for 1 h in 0.05 M tris-buffered saline
(TBS), endogenous peroxidase was blocked with 2%
H2O2 in 70% methanol for 10 min. Sections were rinsed
in TBS and TBS 1 1% triton X-100 and incubated in
blocking buffer (BB, TBS containing 10% FCS, and 1%
triton X-100) for 30 min. The sections were then incubated overnight at 4°C and 1 h at room temperature
with either primary rabbit anti-cleaved caspase-3 (recognizing the p17/19 kDa fragment, 1:200, Cell Signaling
Technology, 9661) or primary rabbit anti-cleaved caspase-3
(recognizing the p17 subunit, 1:600, R&D Systems,
AF835) in BB. After washing, sections were incubated
for 1 h at room temperature with a biotin-conjugated
anti-rabbit secondary antibody (1:200, RPN1004, Amersham Pharmacia), rinsed in TBS 1 1% triton and incubated for 1 h at room temperature with HRP-conjugated
streptavidin (1:400, PO364, Dakopatts). Finally, the peroxidase reaction product was visualized by incubating
the sections in 100 mL of TB containing 50 mg
3,30 diaminobenzidine (DAB) and 33 lL hydrogen peroxide. As negative controls for immunohistochemistry, sections were incubated in media lacking primary antibody.
Double staining procedures were used for the simultaneous visualization of cleaved caspase-3 and NeuN as a
neuronal marker; GFAP and vimentin as astroglial
markers; Adenomatus Polyposis Coli (APC) as a marker
for oligodendrocytes, GFAP-CCP as a marker of caspasecleaved GFAP, BrdU as a marker for proliferating cells,
and tomato lectin histochemistry to label microglial
cells. For double ﬂuorescent labeling, sections were
processed for cleaved caspase-3 labeling as described
GLIA DOI 10.1002/glia
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earlier but using a Cy3-conjugated anti-rabbit secondary
antibody (1:1,000; PA4300V, Amersham Pharmacia).
Afterwards, sections were incubated overnight at 4°C
and 1 h at room temperature in either monoclonal
mouse anti-NeuN (1:1,000; MAB377, Chemicon); polyclonal rabbit anti-GFAP (1:1,800; Z-0224, Dakopatts);
monoclonal mouse anti-vimentin (1:1,000; M0725, Dakopatts); monoclonal mouse anti-APC (CC-1) (1:500, OP80,
Calbiochem); monoclonal mouse anti-BrdU (1:80, B5002,
Dakopatts); or polyclonal rabbit anti-CCP-GFAP (Mouser
et al., 2006) diluted in BB. Sections were then washed
in TBS 1 1% triton X-100 and incubated for 1 h at room
temperature with either Cy2-conjugated anti-rabbit
secondary antibody (1:1,000; PA-42004, Amersham Pharmacia) or Cy2-conjugated anti-mouse secondary antibody
(1:1,000; PA42002, Amersham Pharmacia). For tomato
lectin histochemistry, sections were incubated for 2 h at
37° in tomato lectin (1:150, L0651, Sigma) in TBS 1 1%
triton X-100. After washing, sections were incubated for
1 h at room temperature with Cy2-conjugated avidin
(1:1,000; PA-42000, Amersham Pharmacia). Selected
mounted sections were stained with a ﬂuorescent
nuclear marker by incubating slides for 10 min in a
DAPI (D9542, Sigma) solution at a concentration of
0.00125 lg/mL. After washing, sections were dehydrated, air-dried, and cover-slipped using DPX. Fluorescence and light microscopy digital images were captured
with a Nikon Digital Eclipse DXM1200 color camera
attached to a Nikon E-800 microscope. Confocal images
were obtained using a LEICA TCS SP2 AOBS confocal
microscope.

Terminal dUTP Nick End Labeling (TUNEL)
Staining and Double Labeling with Cleaved
Caspase-3, and Neuronal and Glial Markers
For TUNEL staining, tissue sections were rinsed in
Tris buffer (10 mM, pH 8) and EDTA (5 mM) and then
incubated in the same buffer plus Proteinase K (20 lg/mL)
for 15 min at room temperature. After several washes with
EDTA (5 mM), sections were incubated for 10 min in TdT
buffer (Tris 30 mM, 140 mM sodium cacodilate, 1 mM
cobalt chloride, pH 7,7). Sections were then incubated
in TdT buffer plus 0.161 U/lL TdT enzyme (Terminal
Transferase, 3333566 Roche, Manheim, Germany) and
0.0161 nmol/lL of biotin-16-dUTP (1093070, Roche,
Manheim, Germany) for 30 min at 37°C. The reaction was
stopped by washing the sections in citrate buffer (300 mM
sodium chloride, 30 mM sodium citrate, 5 mM EDTA).
After several washes with TBS, sections were incubated
with HRP-conjugated streptavidin (1:400, SA5004, Vector
Laboratories) and the peroxidase reaction product was
visualized in a solution containing 0.02% DAB, 2.4%
nickel ammonium, 0.04% chloride ammonium, 0.2%
glucose D1, and 0.0027% glucose oxidase in 0.1 M acetate
buffer (pH 6.0).
For double labeling, TUNEL-stained sections were
incubated with either anti-NeuN, anti-GFAP, anti-APC,
or tomato lectin as described in the previous section
GLIA DOI 10.1002/glia

but using biotin-conjugated secondary antibodies: biotinconjugated anti-rabbit secondary antibody (1:200,
RPN1004, Amersham) for GFAP or biotin-conjugated antimouse secondary antibody (1:200, RPN1001, Amersham)
for NeuN and APC and incubated for 1 h at room temperature with HRP-conjugated streptavidin (1:400, PO364
Dakopatts). Sections incubated with tomato lectin were
directly incubated in the HRP-conjugated streptavidin
(1:400, PO364 Dakopatts). Finally, peroxidase reaction
product was visualized by incubating the slides in 100 mL
of tris buffer containing 50 mg DAB and 33 lL of hydrogen
peroxide.
For TUNEL ﬂuorescent labeling and double immunostaining with cleaved caspase-3, free-ﬂoating sections
were ﬁrst incubated with the primary antibody anticleaved caspase-3 (1:1,000; Cell Signaling Technology,
9661), which was visualized by using Cy3-conjugated antirabbit secondary antibody (1:1,000; PA-42004, Amersham). Afterwards, sections were mounted on slides and
TUNEL labeling was performed as described above but
using Cy2-conjugated streptavidin (1:1,000; PA-42000,
Amersham Pharmacia) to visualize the staining.
Caspase-3 Activity Assay
Ipsilateral cortices of intact controls, saline-injected,
and NMDA-injected animals, were weighed and homogenized in ice-cold Tris/HCl buffer containing a cocktail
of protease inhibitors. Homogenates were centrifuged
(12,000 rpm) for 10 min at 4°C and supernatants were
extracted and assayed for caspase-3 activity using
EnzCheck assay kit #1 containing Z-DEVD-AMC substrate (E-13183 Molecular Probes, Invitrogene), following Manufacturer’s instructions. Caspase activity was
measured in 50 lL of sample for 30 min using a ﬂuorimeter at 340/360 nm of excitation and 440/460 nm emission, using appropriate ﬁlters. Arbitrary ﬂuorescent
units were converted into micromoles of AMC release
using a standard curve and standardized to total protein
in each sample. Enzyme activity is shown as micromolar
AMC released/mg total protein. As a control, the
protease inhibitor Ac-DVED-CHO was incubated with
alternate samples and controls to inhibit caspase-3-like
activity.
Cell Number Quantiﬁcation
Digital images were captured at different magniﬁcations with a Nikon Digital Eclipse DXM1200 color camera attached to a Nikon E-800 microscope using the software ACT-1 2.20 (Nikon Corporation). TUNEL-positive
cells, cleaved caspase-3-positive cells, and cleaved caspase3/GFAP double positive cells were counted in 203 micrographs from the cortical lesion core. For the analysis of
TUNEL-GFAP double-labeled cells, TUNEL-positive and
double TUNEL/GFAP-positive cells of the same area
were counted in micrographs taken at 403 from the cortical lesion core. In all cell counts, at least 10 consecutive
sections were counted for each animal and averaged.

NON-APOPTOTIC ROLE OF ASTROGLIAL CASPASE-3

A minimum of three animals for each survival time were
used.
Data Processing and Statistical Analysis
All results are expressed as mean 6 standard error
mean (SEM). Statistical analysis was performed using
StatView software, where differences were evaluated
by one-way analysis of variance (ANOVA) followed by
Fisher’s PLSD post-hoc test comparisons to determine
signiﬁcant differences (P < 0.05) between survival times
and cell types.
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(Fig. 1G). From day 7, the number of positive cells was
clearly reduced and cleaved caspase-3 immunoreactivity
became restricted to the glial scar, with darker staining
observed in the upper cortical layers and fainter staining in the lower cortical layers and corpus callosum
(Figs. 1J–L and 2).
The analysis of caspase-3 activity using a ﬂuorimetric
assay showed no differences within the different postnatal ages, both in intact controls and in saline-injected
controls. However, NMDA-injected cortices showed signiﬁcant enzymatic caspase-3 activity at 10 h and 1 day
postlesion, but this activity was not signiﬁcantly different from controls at shorter or longer survival times
(Fig. 3).

RESULTS
Injection of the excitotoxin NMDA into the right
sensorimotor cortex of postnatal day 9 rat pups caused a
lesion involving neuronal loss and a glial response in
the entire thickness of the cortex and the dorsal striatum at the level of the injection site, which has been
previously described in detail (Acarin et al., 1996;
1999a,b, 2000a). Injection of a control saline solution
resulted in slight tissue disruption restricted to the area
of the needle track and a focal and transient glial
response that lasted until three days postinjection.

Distribution and Time Course of Cleaved
Caspase-3 Immunoreactivity and Caspase-3
Enzymatic Activity
Cleaved caspase-3 immunoreactivity in both intact
control and saline-injected brains, was seen in the
ventricle walls and meninges and in cells accumulated
in the cingulum of the corpus callosum (Fig. 1B). In
contrast, in NMDA-injected animals, cleaved caspase-3positive cells were found in the ipsilateral hemisphere at
all survival times examined. Both primary antibodies
used for the detection of cleaved caspase-3 (see methods
section) showed similar results. Cleaved caspase-3 labeling was commonly found in the nuclei, and in a minority
of cells in the perinuclear region (Fig. 1). At 4 h postlesion, scattered cleaved caspase-3-positive cells were
present in the damaged cortex (Figs. 1A,C), mainly
in the periphery of the degenerating area. At 10 h and 1
day postlesion, extensive dark cleaved caspase-3 staining was seen throughout the degenerating cortical area,
namely in the upper cortical layers and the medial cortex, and in the ipsilateral dorsal striatum (Figs. 1D–F).
The maximum number of cleaved caspase-3-positive
cells in the neurodegenerating cortex was seen at day 1
(Fig. 2), when fainter caspase staining was also observed
in adjacent cortex and the corpus callosum. At days 3
and 5, cleaved caspase-3 staining was still evident in
the cortical neurodegenerative area (Figs. 1G–I) but the
number of positive cells was slightly diminished (Fig. 2).
In addition, cleaved caspase-3-positive cells were also
present in the dorsal striatum, and in the deeper cortical
layer VI even at caudal levels far from the lesioned area

Identiﬁcation of Cleaved Caspase-3 Positive Cells
by Double Labeling with Speciﬁc Cellular Markers
In control animals and in the contralateral hemispheres of lesioned animals, cleaved caspase-3-positive
cells were identiﬁed as GFAP-positive astroglial cells in
the cingulum of the corpus callosum (data not shown).
In the damaged hemisphere of lesioned animals, cleaved
caspase-3 was seen both in neurons and astrocytes (see
Fig. 4). Mainly at 10 h and 1 day postlesion, cleaved caspase-3 immunolabeling was observed in NeuN-positive
neuronal cells within the degenerating core and in
the proximal lesion border (Figs. 4A,B), but not in
the distant caudal cortex (Fig. 4C). Cleaved caspase-3
labeling in neurons was both nuclear and cytoplasmic
(Figs. 1E,F and 4B).
Colocalization of cleaved caspase-3 in the nuclei of
astroglial cells was evident in the damaged cortex and
the adjacent corpus callosum from 4 h postlesion, the
ﬁrst survival time analyzed (Figs. 4D and 5). At 10 h
postlesion, when a decrease in GFAP immunoreactivity
is observed in the lesion core (Acarin et al., 1999b), double-labeled cleaved caspase-3/GFAP-positive astrocytes
comprised 35% of the total number of cleaved caspase-3positive cells, the lowest percentage seen at all time
points examined (see Fig. 5). At day 1 postlesion, the
presence of cleaved caspase-3 was associated with astroglial hypertrophy and increased GFAP labeling (Figs.
4E,F) and by the onset of vimentin expression (Acarin
et al., 1999b). Astrocytes in cortical layer VI and in the
striatum showed stronger cleaved caspase-3 immunoreactivity than those located in the corpus callosum.
From 3 days postlesion, astrocytes were the main population showing cleaved caspase-3 immunoreactivity (see
Fig. 5). At this time and at 5 days postlesion, increased
GFAP immunoreactivity and astroglial hypertrophy was
observed throughout the neurodegenerative area. The
observed astroglial hypertrophy was also associated with
vimentin immunoreactivity as well as the presence of
cleaved caspase-3 in the nucleus (Figs. 4G–H). From 7
days postlesion, reactive hypertrophied astrocytes located in the glial scar showed cleaved caspase-3 immunoreactivity in the nucleus and strong GFAP (Fig. 4I)
and vimentin labeling.
GLIA DOI 10.1002/glia
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Fig. 1. Temporal and spatial distribution of cleaved caspase-3 immunoreactive cells at different survival times following a cortical excitotoxic lesion in the immature brain. Lesioned area is encircled and
shown in light grey in the ipsilateral right hemisphere from 10 h postlesion (D, G, J). Cells strongly labeled for cleaved caspase-3 are shown
in black circles, whereas mildly positive cells are depicted in white circles. In the contralateral control hemisphere cleaved caspase-3 cells are

found in the cingulum of the corpus callsoum (left hemisphere in A, B).
In NMDA-injected ipsilateral hemisphere, immunoreactive cells are
seen in the cortex and corpus callosum at all survival times (A–L). cc,
corpus callosum; cx, cortex; VI, cortical layer VI. Scale bars 5 10 lm.
[Color ﬁgure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

We did not ﬁnd, at any survival time, colocalization
between cleaved caspase-3 immunoreactivity and tomato
lectin, a speciﬁc marker for either microglia/macrophages
or endothelial cells (Fig. 4J). In addition, colocalization
was not evident between cleaved caspase-3 and the APCpositive oligodendrocytes (Figs. 4K–L).

cells in animals injected with the thymidine analogue
prior to sacriﬁce. Few BrdU-positive cells showed cleaved
caspase-3 labeling in the nucleus, while the majority of
cleaved caspase-3 labeled nuclei did not show BrdU
incorporation at any survival times studied (Figs. 6A,B).

Association Between Cleaved Caspase-3
and Proliferation

Association Between Cleaved Caspase-3 and the
Presence of Caspase-Cleaved GFAP Fragments

To assess the role of caspase-3 in cellular proliferation,
the cleavage of caspase-3 was examined in BrdU positive

Presence of cleaved caspase-3 in astrocytes was associated with the presence of caspase-cleaved GFAP ﬁla-

GLIA DOI 10.1002/glia
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Fig. 2. Quantiﬁcation of cleaved caspase-3 positive cells and TUNEL
positive cells in the excitotoxically injured cortex of postnatal rats at
different survival times (n 5 4 for each labeling and survival time).
Cleaved caspase-3-positive cells outnumber TUNEL-positive cells at all
survival times (*P < 0.05). Maximum density of both cleaved caspase-3positive cells and TUNEL-positive cells is seen at day 1 postlesion
(#P < 0.05).

Fig. 3. Caspase-3 enzymatic activity in the cortex of intact control
postnatal rats of 9 days of age (P9), P10, P12, P14, and P16 (n 5 2 for
each age); and at different survival times following saline (n 5 2 for
each survival time) or NMDA-injection (n 5 4 for each survival time).
Caspase-3 enzymatic activity is signiﬁcant at 10 h and 1 day postlesion
in NMDA-injected cortex (*P < 0.05) in comparison to both control and
lesioned cortices at 4 h, 3 or 7 days postlesion, when caspase-3 activity
was not different from controls.

ments by using a recently described site-directed caspase-cleavage antibody speciﬁc to GFAP, termed CCPGFAP (Mouser et al., 2006). CCP-GFAP immunostaining
was located within the lesion core from 10 h until
the last survival time examined, peaking at day 1. At
10 h and 1 day postlesion, CCP-GFAP was observed as
rounded beads in the cytoplasm of astrocytes, which displayed cleaved caspase-3 in their nuclei (Figs. 6E–H)
and were located in the lesion core and immediately surrounding cortex (Fig. 6E). Interestingly, GFAP immunoreactivity was markedly reduced in those cell projections
showing CCP-GFAP immunolabeling (Figs. 6F–G). At
day 3 postlesion, only scattered reactive astrocytes
showed CCP-GFAP within the GFAP-positive ﬁlaments
(Fig. 6H), and were mainly located in the medial cortex
and the upper cortical layers. No association at all was
found at 7 days between CCP-GFAP and GFAP (Fig. 6I),
and instead CCP-GFAP-positive structures were located
within lectin-labeled macrophages (data not shown).

pus callosum. In general, cleaved caspase-3-positive
nuclei always outnumbered those showing TUNELlabeling at all times examined (see Fig. 2). Although
some cells showed both cleaved caspase-3 and TUNEL
staining, many cleaved caspase-3-positive cells did not
colocalize with TUNEL and furthermore, many TUNELpositive cells did not display cleaved caspase-3 labeling
(Figs. 6C,D).

Association Between Cleaved Caspase-3
and TUNEL Labeling
Saline-injection in controls resulted in only a few
number of TUNEL-positive cells, being located primarily
in the region of the needle track, where tissue disruption
occurs, and occasionally in the meninges. In NMDAinjected animals, TUNEL-positive nuclei displaying condensed chromatin, pyknotic nuclei, or apoptotic bodies
were seen from 10 h until 7 days postlesion. Quantitative analysis revealed a maximum number of TUNELpositive cells at 1 day postlesion and decreasing thereafter (see Fig. 2). TUNEL-positive apoptotic cells were
located in the cortical lesion site but also extended to
the dorsal striatum, the septum, and CA ﬁelds of the
rostral hippocampus, but were rarely found in the cor-

Double Labeling for TUNEL and Speciﬁc
Cell Markers
Qualitatively, we could observe that most TUNELpositive cells observed at all time points postlesion were
identiﬁed as NeuN-positive neuronal cells (Figs. 7A,B)
and that TUNEL/NeuN double labeled cells were more
frequent than cleaved caspase-3/NeuN double positive
cells (compare with Figs. 4A–C). TUNEL-positive neurons often showed nuclear fragmentation (Fig. 7A) and
were located in the cortical degenerating area (Figs.
7A,B), cortical layer VI, the dorsal striatum, and the rostral hippocampus CA ﬁeld (data not shown).
In addition, although most lectin-positive microglial
cells did not show TUNEL labeling (Fig. 7C), some
microglia/macrophages with characteristic round or ameboid phagocytic forms at 5 days postlesion were found
(Fig. 7D).
Analysis of TUNEL/GFAP double-labeled sections
showed few astrocytes with TUNEL-positive nuclei, contrasting with the high presence of cleaved caspase-3 in
reactive astrocytes. At 10 h, when massive TUNEL
staining was observed in neuronal cells, only 8% of all
TUNEL-positive cells were astrocytes (Fig. 5). These
cells were found close to the tissue disrupted at the site
of the needle track, and in the corpus callosum (Figs.
7E–F). At days 3–5, although astrocytes did not generGLIA DOI 10.1002/glia

Fig. 4. Identiﬁcation of cleaved caspase-3-positive cells at different
survival times following a cortical excitotoxic lesion in the postnatal
brain. Caspase-3 (casp3) labeling is shown in red, whereas the neuronal
marker NeuN (in A–C), the astroglial markers GFAP (in D–F, H, and
I) and vimentin (VIM) (in G), the microglial marker tomato lectin (TL)
(in J), and the oligodendroglial marker APC (in K and L) are shown in
green. NeuN-positive neuronal cells do not generally show cleaved caspase-3 labeling at 4 h postlesion (A), but labeling is seen in neurons at
10 h and 1 day postlesion (arrows in B) in the lesion core and the proximal border (B) but not in the distal caudal cortex (c). In contrast, astro-

GLIA DOI 10.1002/glia

cytes show nuclear cleaved caspase-3 as early as 4 h postlesion (D) and
persists until the last survival time analyzed (I). Cleaved caspase-3
positive astrocytes are seen in the corpus callosum (cc) (F), the lesion
core and cortical border (H) and in the cortical glial scar (I). Cleaved
caspase-3 colocalizes with vimentin-positive astrocytes (G). In contrast,
no TL-positive cells (J) or APC-positive oligodendrocyte (K, L) show
cleaved caspase-3 labeling. cc, corpus callosum; cx, cortex; v, ventricle.
Scale bars 5 10 lm. [Color ﬁgure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Fig. 5. Quantiﬁcation of cleaved caspase-3/GFAP (A) and TUNEL/
GFAP (B) double positive cells in the excitotoxically damaged cortex at
different survival times. Data are shown as the percentage of cleaved
caspase-3 positive cells showing GFAP colocalization (A) (n 5 4 for each
survival time), and percentage of TUNEL positive cells showing GFAP
colocalisation (B) (n 5 3 for each survival time). GFAP-positive astrocytes are the majority of cleaved caspase-3 positive cells at 4 h and 3–7
days postlesion (A). Lower percentages are found at 10 h and 1 day

postlesion. Decreased immunoreactivity for GFAP within the lesion
core (see results) found at these times may account for the reduction in
the amount of double positive cells. In contrast, GFAP/TUNEL-positive
cells are a minority of TUNEL-positive cells at all survival times. However, percentage increases with time and in the cortical glial scar at 7
days postlesion, when the densitiy of TUNEL-positive cells at this timepoint is strongly diminished (see Fig. 2), GFAP/TUNEL-positive account
for 26% of all TUNEL-positive nuclei. IR, immunoreactivity.

ally show TUNEL-positive nuclei, reactive astrocytes
were frequently seen surrounding TUNEL-positive
nuclei with their projections (Figs. 7G–I). At longer survival times, TUNEL staining was strongly reduced and
was not found in the majority of scar forming GFAPpositive astrocytes (Fig. 7J). However, some reactive
astrocytes located in the upper and more superﬁcial glial
scar and in the medial cortex showed TUNEL-positive
nuclei (Figs. 7K–L), representing 26% of the total number of TUNEL-positive cells identiﬁed (Fig. 5). It should
be noted that the number of TUNEL-positive cells at
this time is strongly reduced (Fig. 2). Analysis of doublelabeling for TUNEL and the oligodendroglial marker
APC showed few if any TUNEL-positive oligodendrocytes throughout all survival times analyzed (Fig. 7M).

stress, mitochondrial dysfunction, and treatment with
apoptotic inducers like staurosporine and ceramide
(Giffard and Swanson, 2005; Takuma et al., 2004),
although it has been established that they are more resistant than neuronal cells (Xu et al., 2004). In this
regard, studies of astroglial cell death after different
types of acute injuries such as traumatic brain injury
(Beer et al., 2000; Newcomb et al., 1999) and ischemia/
excitotoxicity (Biran et al., 2006; Dihne et al., 2001),
have shown that apoptosis occurs only in few astrocytes,
in agreement with our ﬁndings in the injured neonatal
brain. Alternatively, non-apoptotic roles of caspase-3
need to be considered.

Cleaved Caspase-3 is Found
in the Astroglial Nuclei
DISCUSSION
This study shows that following excitotoxic cortical
damage to the postnatal rat brain, cleaved caspase-3 can
be observed in some neuronal cells, the main cell type
undergoing apoptotic cell death, as classicaly reported.
However, the majority of cleaved caspase-3 was found in
the nuclei of activated astrocytes within the lesioned
hemisphere from early times and until glial scar formation. Neither microglial cells nor oligodendrocytes showed
cleaved caspase-3 immunoreactivity. Interestingly, astroglial caspase-3 cleavage did not generally correlate with
TUNEL labeling and apoptotic astrocytes were only seen
at speciﬁc times and regions.
Astroglial cells can undergo cell death in vitro in a variety of situations such as calcium overload, oxidative

The nuclear localization of cleaved caspase-3 in astrocytes has not only been previously demonstrated in
injury paradigms (Acarin et al., 2005; Benjelloun et al.,
2003; Johnson et al., 2005), but also in astrocytes of the
normal adult CNS (Noyan-Ashraf et al., 2005) and in
differentiating Bergmann glial cells (Oomman et al.,
2005). It is largely established that during apoptosis,
caspase-3 is the main protease responsible for the cleavage of nuclear proteins, like Poly(ADP-ribose) Polymerase-1 (PARP-1), acinus, and lamins (Eldadah and Faden,
2000), inducing DNA damage and chromatin condensation. To date, however, very little is known about the
function of caspase-cleaved nuclear proteins that are
independent of apoptosis, but recent reports have suggested
several possible mechanisms. First, caspase-generated
GLIA DOI 10.1002/glia
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Fig. 6. Colocalization of cleaved caspase-3 with BrdU, TUNEL, and
CCP-GFAP immunolabeling at several days (d) postlesion. Cleaved caspase-3 (casp3) (A-D and H) and GFAP (E-G, I, and J) are shown in
red. BrdU (A, B), TUNEL (C, D), and CCP-GFAP (E-J) are shown in
green. No colocalization is observed between cleaved caspase-3 and
BrdU incorporation (A, B). Colocalization between cleaved caspase-3
and TUNEL labeling is seen in some cells (arrows in C and D), but
TUNEL-negative and cleaved caspase-3-positive cells are more frequent
(arrowheads in C and D). At 10 h and 1 day postlesion CCP-GFAP is

seen in GFAP-positive astrocytes in the lesion core and adjacent border
(arrows in E). CCP-GFAP shows a beaded immunoreactivity associated
to astroglial projections which usually display low GFAP content
(arrows in F and G). CCP-GFAP colocalizes with cleaved caspase-3
labeling within the lesion core (H). At 3 days, CCP-GFAP labeling is
clearly diminished and only few immunoreactive astrocytes remain
(arrow in I). No colocalization is seen at longer survival times (J). Scale
bars 5 10 lm. [Color ﬁgure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

fragments of PARP-1 can interact with Nuclear Factor
kappa B (NFkappaB) subunits and enhance NFkappaB
transcriptional activity (Lamkanﬁ et al., 2006), a transcription factor present in the nucleus of postnatal reactive astrocytes (Acarin et al., 2000b). Second, cleavage of
FoxO transcription factors, like FoxO3a, that contain a
conserved caspase-3 cleavage site (Charvet et al., 2003),
could also play a role in the modulation of gene expression during glial differentiation or astrogliosis. Third,
it has been suggested that caspase-3 could serve as
a mechanism of protein degradation required for the
cellular response to changes in extrinsic signals
(McLaughlin, 2004).

tivity in astrocytes, colocalizing with cleaved caspase-3,
within the lesion core at 10–24 h postlesion, when caspase-3 enzymatic activity was observed. Decreased
GFAP immunoreactivity induced by excitotoxicity and ischemia within the lesion core during the ﬁrst 24 h postlesion is a well characterized event, both in the immature (Acarin et al., 1999b), adult (Dihne et al., 2001),
and aged brain (Castillo-Ruiz et al., 2007). As caspasegenerated GFAP fragments are not recognized by commonly used GFAP antibodies directed to the full length
molecule (Mouser et al., 2006), caspase-mediated cleavage of GFAP could, at least in part, explain the
decrease in GFAP immunoreactivity observed in the
lesion core at early times in several injury paradigms.
This decrease in GFAP, together with the existence of
astrocytes showing low GFAP content in gray matter
(Walz, 2000), obviously leads an underestimation of the
number of GFAP-positive astrocytes showing caspase-3
at early times (see Fig. 5).

Presence of Caspase-Cleaved GFAP
One of the main ﬁndings of the present study was the
detection of beaded caspase-cleaved GFAP immunoreacGLIA DOI 10.1002/glia
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Fig. 7. Identiﬁcation of TUNEL-positive cells at different survival
times following a cortical excitotoxic lesion. TUNEL labeling is shown
in gray-black (A-M) and NeuN (A, B), Tomato lectin (TL) (C, D), GFAP
(E-L), or APC (M) are shown in brown. The majority of TUNEL-positive
cells show NeuN labeling at different survival times (A, B). At 10 h and
1 day postlesion, TUNEL/NeuN double positive cells commonly display
fragmented nuclei (arrows in A). Double staining for TUNEL and TL
shows that whereas no colocalization is found at early times (C), some
macrophages at 5–7 days postlesion display TUNEL-positive nuclei
and/or TUNEL-positive material within the cytoplasm (inset in D). In
TUNEL/GFAP double labeled sections, scattered double positive cells

are found at 10 h in the needle track (E) and adjacent corpus callosum
(F). At days 1–5 postlesion, no double positive cells are found (G-J),
although close proximity between processes of GFAP-positive astrocytes
and TUNEL-positive nuclei is often observed (arrows in G and H, I). At
longer survival times, in the glial scar, scattered astrocytes located in
the upper cortical layers (arrows in K) and the medial cortex (arrow in
L) do show TUNEL-positive nuclei. No colocaization is seen between
TUNEL and the oligodendroglial marker APC (M). Cc, corpus callosum;
cx, cortex. Scale bars 5 10 lm. [Color ﬁgure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

In Alzheimer’ disease brain (AD) and mouse models of
AD, caspase-cleaved GFAP colocalizes with cleaved caspase-3 in beaded and/or fragmented processes of astrocytes located in plaque-rich regions and near blood vessels (Mouser et al., 2006), a process thought to be associated with cytoskeletal dismantling and cell death.

However, in this model of acute postnatal injury, it is
unclear if cleavage of GFAP is associated with cell death
or contributes to cytoskeletal remodeling and associative
morphological changes. In this regard, it should be noted
that from 3 days postlesion, cleaved caspase-3 was found
in hypertrophied reactive astrocytes that did not immuGLIA DOI 10.1002/glia
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nolabelled for caspase-cleaved GFAP. Therefore, an
interesting hypothesis would be that caspase-3 is participating in astrocyte cytoskeletal remodeling processes, a
characteristic feature of astrogliosis, by cleaving intermediate ﬁlament proteins at speciﬁc sites. In support of
this, we found that a majority of the reactive astrocytes
expressing vimentin also were positive for cleaved caspase-3. Vimentin is speciﬁcally cleaved by caspase-3,
irreversibly dismantling intermediate ﬁlaments (Byun
et al., 2001), which may impact the integrity and dynamics of intracellular structures (Morishima, 1999).
Similarly, the GFAP sequence contains a single caspase
consensus sequence, DLTD266, based on the general tetrapeptide motif DXXD recognized by caspases, and the
antibody CCP-GFAP used in this study was synthesized to
the downstream neoepitope that would be generated after
caspase cleavage of full length GFAP (Mouser et al., 2006).

Other Non-Apoptotic Roles of Caspase-3
An important conclusion of this study is that cleaved
caspase-3 is found in surviving reactive astrocytes, supporting the hypothesis of a non-apoptotic role of astroglial cleaved caspase-3, as has been postulated in other
cell types, where non-apoptotic activities of caspases
include the regulation of cell proliferation and differentiation (for review see McLaughlin, 2004; Schwerk and
Schulze-Osthoff, 2003). One of the ﬁrst described nonapoptotic roles of caspase-3 was the demonstration that
caspase-3 cleavage is a physiological step during T
lymphocyte activation and mitogenic induction (Miossec
et al., 1997; Wilhelm et al., 1998). Recently, caspase-3 was
characterized as a cell cycle-regulated protein considered a
mitotic check point in HeLa cells (Hsu et al., 2006).
In the CNS, caspase activation may also play a role in
neuronal cell dispersion and correct morphology (Rohn
et al., 2004), and non-apoptotic neuronal caspase-3 cleavage occurs during normal hippocampal neuronal function such as in long-term potentiation processes (Dash
et al., 2000), and in the soma and nerve endings of the
adult brain, suggesting a contribution of this caspase to
the regulation of synaptic plasticity (Shimohama et al.,
2001). In addition, caspase-3 activation and substrate
cleavage has been reported in the absence of cell death
in gerbil hypoxia (Garnier et al., 2004) and in ischemic
tolerance where neuronal caspase-3 is essential for the
neuroprotective effect of preconditioning (Garnier et al.
2003; McLaughlin et al., 2003; Tanaka et al., 2004).
Furthermore, other studies have also demonstrated a
role of caspase-3 in the maturation of cerebellar granular cells during development (Oomman et al., 2004) and
the differentiation of neural progenitor cells in the olfactory bulb (Fernando et al., 2005; Yan et al., 2001). Progenitor cells that divide and migrate through the rostral
migratory stream en route to the olfactory bulb, show
cleaved caspase-3 but no signs of cell death (Yan et al.,
2001). In the present study, despite the fact that astroglial cells do undergo proliferation in this model of postnatal excitotoxicity (unpublished ﬁndings) no association
GLIA DOI 10.1002/glia

was found between nuclear caspase-3 and BrdU incorporation.
With regards to glial cell differentiation, Oomann and
coworkers, who have described cleaved caspase-3 in
Bergmann glia during postnatal development in the
absence of apoptotic or proliferation markers, have
demonstrated a role of this protease in differentiation
processes (Oomman et al., 2004, 2005, 2006). In addition, it was recently shown that constitutive non-apoptotic expression of the cleaved form of caspase-3 occurs in
the nuclei of a subpopulation of astrocytes in the cerebellar cortex, hippocampus, and spinal cord of adult rats
of different strains, which show expression of the sodium dependent glutamate transporter (EAAT1, GLAST)
(Noyan-Ashraf et al., 2005). In relation to this, it was
recently reported that the other glutamate transporter
EAAT2, also expressed predominantly in astrocytes, is
cleaved by caspase-3, leading to a drastic and selective
inhibition of the transporter (Boston-Howes et al., 2006).
In view of all these ﬁndings, it is becoming evident that
caspase-3 may have unique, nontraditional roles in
astrocytes that may be important to determine changes
in cell phenotyping either during differentiation or after
injury.
In conclusion, this study demonstrates for the ﬁrst time
that immature brain damage causes astroglial caspase-3
cleavage without associated apoptotic death. Alternative
roles for capase 3 were examined, but no correlation
was seen between caspase-3 and cell proliferation.
Instead, this work suggests a novel role for cleaved caspase-3 in the cytoskeletal remodeling associated with
astrogliosis.
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