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Release of cytochrome c from mitochondria to the cytosol is a
critical step in apoptotic cell death after focal cerebral ischemia.
The relationship among cytochrome c release, selective vulner-
ability, and delayed death of hippocampal CA1 neurons after
transient global ischemia was examined. Global ischemia was
induced by 10 min of bilateral common carotid artery occlusion
and hypotension in rats. Cytosolic expression of cytochrome c
was evaluated by immunohistochemistry and Western blotting.
Apoptosis after global ischemia was also characterized by
terminal deoxynucleotidyl transferase-mediated uridine 59-
triphosphate-biotin nick end-labeling (TUNEL) staining and
DNA gel electrophoresis. Immunohistochemistry showed cyto-
solic cytochrome c-positive cells exclusively in the CA1 subre-
gion of the hippocampus as early as 2 hr after ischemia. Double
fluorescent immunostaining confirmed that CA1 neurons and a

small number of astrocytes expressed cytochrome c. Western
blot analysis revealed a band (15 kDa) of cytochrome c in the
cytosolic fraction and a corresponding decrease in the mito-
chondrial fraction. A significant number of TUNEL-positive cells
appeared only in the CA1 pyramidal cell layer of the hippocam-
pus, and DNA gel electrophoresis showed a significant amount
of DNA fragmentation 3–5 d after ischemia. Our data provide
the first evidence that cytochrome c was released to the cytosol
from mitochondria in CA1 neurons after global ischemia and
that the release preceded DNA fragmentation. These findings
suggest cytochrome c involvement in the delayed death of
hippocampal CA1 neurons in rats after transient global
ischemia.
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Mitochondria are assumed to be involved in apoptosis by releas-
ing cytochrome c from their intermembrane space to the cyto-
plasm. If deoxy-ATP (dATP) is present, cytochrome c binds to
the CED-4 homolog Apaf-1, and subsequently, Apaf-1 binds to
procaspase-9, resulting in activation of caspase-9, which has been
shown to be an initiator of the cytochrome c-dependent caspase
cascade (Li et al., 1997b; Kuida et al., 1998; Yoshida et al., 1998).
Activated caspase-9 directly cleaves procaspase-3, and active
caspase-3 (CPP32) triggers activation of additional caspases and
leads to apoptosis (Liu et al., 1996; Slee et al., 1999).

The transient global ischemia model has been used to analyze
selective vulnerability in the hippocampal CA1 subregion. Neu-
ronal death in the CA1 subregion after global ischemia has been
shown to occur in a delayed manner (Kirino, 1982), and recent
studies have demonstrated that these neuronal deaths are in part
caused by apoptosis (MacManus et al., 1993; Nitatori et al., 1995).
CPP32, an important caspase in the cytochrome c-dependent
caspase cascade, is overexpressed in the CA1 subregion after
transient global ischemia, and administration of a CPP32 inhib-
itor reduces apoptotic cell death (Chen et al., 1998). These
findings strongly suggest the involvement of cytochrome c in

delayed death of CA1 neurons after transient global ischemia.
However, recent morphological data question the role of apopto-
sis in this phenomenon (Colbourne et al., 1999). For this reason,
the present study is undertaken to investigate the possible role of
cytochrome c release from mitochondria in vulnerable neurons as
a possible apoptotic mechanism after global ischemia.

MATERIALS AND METHODS
Global cerebral ischemia. Ten minutes of transient global ischemia was
induced in male Sprague Dawley rats (275–325 gm) by bilateral common
carotid artery occlusion and bleeding to lower the mean arterial blood
pressure to 30–35 mmHg, using the method originally described by Smith
et al. (1984) with some modifications (Chan et al., 1998). The rectal
temperature was controlled at 37.0 6 0.5°C during surgery with a
feedback-regulated heating pad.

Immunohistochemistry of cytochrome c. Animals were anesthetized and
perfused with 4% formaldehyde in PBS 2, 6, and 12 hr and 1, 2, 3, and
5 d after ischemia and reperfusion. Brains were sectioned coronally, 50
mm in thickness, on a vibratome and incubated with a monoclonal
anti-cytochrome c antibody (PharMingen, San Diego, CA) at a dilution
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of 1:500, followed by procedures previously described (Fujimura et al.,
1998). Then the sections were counterstained with methyl green for
nuclear staining. Consecutive sections were stained with cresyl violet for
histological assessment of neuronal damage.

Fluorescent double labeling with cytochrome c and neuron-specific nu-
clear protein immunohistochemistry. Fixed sections were incubated with a
monoclonal anti-vertebrate neuron-specific nuclear protein (NeuN) an-
tibody (Chemicon, Temecula, CA) at a dilution of 1:100, and with Texas
Red-conjugated horse anti-mouse IgG antibody. Subsequently, the sec-
tions were incubated in an anti-cytochrome c antibody at a dilution of
1:500 and with biotinylated horse anti-mouse antibody and fluorescein-
avidin (Vector Laboratories, Burlingame, CA). Fluorescence of Texas
Red was observed at excitation of 510 nm and emission of .580 nm.
Fluorescence of fluorescein was also observed at excitation of 495 nm
and emission of .515 nm.

Fluorescent double labeling with cytochrome c and glial fibrillary acidic
protein immunohistochemistry. Fixed sections were first processed with an
anti-cytochrome c antibody and fluorescein-avidin and then incubated in
a polyclonal anti-glial fibrillary acidic protein (GFAP) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) at a dilution of 1:500, and Texas
Red-conjugated anti-goat antibody. Fluorescence was assessed as de-
scribed above.

Western blot analysis. Protein extraction of both the mitochondrial and
cytosolic fractions was performed 6 and 12 hr and 1 and 3 d after
ischemia as described (Fujimura et al., 1998). Proteins were separated by
SDS-PAGE on a 10–20% Tris-glycine gel (Novex, San Diego, CA) and
transferred to a polyvinylidene difluoride membrane (Novex). The pri-
mary antibodies were either a 1:1000 dilution of cytochrome c monoclo-
nal (PharMingen) or 1 mg/ml of 20E8C12 cytochrome oxidase subunit IV
monoclonal (Molecular Probes, Eugene, OR). Western blots were per-
formed with horseradish peroxidase-conjugated anti-mouse IgG (Boehr-
inger Mannheim, Indianapolis, IN) using the chemiluminescence
method as previously described (Fujimura et al., 1999). After the film was
scanned with a GS-700 imaging densitometer (Bio-Rad, Hercules, CA),
a quantitative analysis was performed using Multi-Analyst software
(Bio-Rad). Western blot analysis of b-actin was also performed.

In situ labeling of DNA fragmentation. The experimental animals were
killed at 1, 3, and 5 d after 10 min of global ischemia and reperfusion.
Brains were rapidly frozen and sectioned coronally, 25 mm in thickness,
on a cryostat. The sections at the level of the hippocampus were stained
using an in situ technique [terminal deoxynucleotidyl transferase-
mediated uridine 59-triphosphate-biotin nick end labeling (TUNEL)
reaction] to detect the DNA free 39-OH ends as described (Fujimura et
al., 1998). The sections were counterstained with methyl green.

DNA gel electrophoresis. Animals were killed 1, 3, and 5 d after 10 min
of global ischemia and reperfusion. Forty to 60 mg wet weight of tissue
were taken from the hippocampal CA1 subregion, and DNA bands were
visualized as described (Fujimura et al., 1999; Kawase et al., 1999).

Quantification and statistical analysis. TUNEL-positive cells were
counted, and the ratio of the TUNEL-positive cells to the total number
of cells in the CA1 pyramidal cell layer was calculated. The damaged area
of the CA1 subregion was calculated as previously described (Chan et al.,
1998). Cytosolic cytochrome c-positive large cells in the CA1 subregion
were quantified with a light microscope by locating a 50 3 5 mm grid at
high magnification (4003) approximately at the center of the CA1
subregion. The quantitative analyses were evaluated using factorial
ANOVA among each group. Significance among groups was assigned at
p , 0.05.

RESULTS
Histological analysis of hippocampal injury
Histological changes in the CA1 pyramidal cell layer first ap-
peared 2 d after ischemia. Some cells showed an ischemic change,
such as triangle-shaped shrunken nuclei or a condensed nucleus
with visible nucleoli. Three days after ischemia, the majority of
the CA1 pyramidal cells underwent ischemic change. These his-
tological findings were compatible with our previous reports
(Chan et al., 1998; Kawase et al., 1999).

Immunohistochemistry demonstrated cytosolic
cytochrome c expression
Fifty-eight rats were immunohistochemically examined. Diffuse
cytosolic immunoreactive large cells appeared in the CA1 pyra-

midal cell layer but not in other subregions of the hippocampus as
early as 2 hr after ischemia (Fig. 1B-F, arrows). They were
sometimes accompanied by one long, stem-like structure protrud-
ing from the cytosol (Fig. 1B,C, arrowheads), resembling an axon.
In the sham-operated rats, cytochrome c-immunoreactive cells
were virtually not seen in the hippocampus (Fig. 1A). Two days
or later after ischemia, a characteristic pattern of cytosolic cyto-
chrome c staining was barely observed, and the entire CA1
pyramidal cell layer, including the intercellular space, became
immunoreactive (Fig. 1G). In the stratum radiatum of the CA1
subregion, small numbers of cytochrome c-positive fine processes
appeared 1 d after ischemia (Fig. 1H). These processes were
sometimes combined and formed star-like shapes resembling
astrocytes, and then they disappeared 5 d after ischemia.

Fluorescent double labeling confirmed subpopulations
of cytochrome c-positive cells
The nucleus and cytoplasm of almost all large cells in the CA1
pyramidal cell layer were NeuN-positive, indicating that those
cells were neurons (Fig. 1 I). The cytochrome c-positive cells (Fig.
1J) were confirmed to be neurons by overlapping cytochrome c
and NeuN images of the same high-power field (Fig. 1K). Cyto-
chrome c-positive fine processes with and without cell bodies in
the stratum radiatum (Fig. 1L) were all GFAP-positive (Fig. 1M);
however, the number of cytochrome c-positive astrocytes ac-
counted for a minority of GFAP-positive astrocytes.

Western blot analysis demonstrating the release of
cytochrome c from mitochondria
Cytochrome c immunoreactivity was evident as a single band of
molecular mass of 15 kDa in the cytosolic fraction of the hip-
pocampal CA1 subregion 6 hr to 3 d after global ischemia.
However, it was barely detected in the normal CA1 subregion
(Fig. 2A). Contrarily, a consistent amount of b-actin immunore-
activity is seen in Figure 2A, bottom panel, suggesting that the
amount of the loaded protein was consistent. A significant
amount of mitochondrial cytochrome c was detected in the con-
trols and decreased after ischemia, corresponding to a marked
increase in the cytosolic fraction (Fig. 2B). Cytochrome oxidase
was strongly expressed in the mitochondrial fraction and did not
decrease after ischemia, but virtually no immunoreactivity was
seen in the cytosolic fraction in both the control and ischemic
CA1 subregions (Fig. 2B). Statistical analysis (n 5 4 each) con-
firmed the significant increase ( p , 0.05) of cytochrome c in the
cytosolic fraction 1 d after ischemia [optical density (OD) 5
0.479 6 0.168] compared with normal CA1 subregions (OD 5
0.167 6 0.051). The decrease of cytochrome c in the mitochon-
drial fraction 1 d after ischemia (OD 5 0.155 6 0.043) was also
significant ( p , 0.05) compared with normal CA1 subregions
(0.323 6 0.130).

TUNEL staining and the time course of TUNEL-positive
cells, damaged CA1 area, and cytochrome c-positive
neurons
In control rats or 1 d after ischemia, there were almost no
TUNEL-positive cells in the CA1 subregion (Fig. 3A). A signif-
icant number of positive cells were observed 3 and 5 d after
ischemia (Fig. 3B). Some of them showed characteristic appear-
ances, such as shrunken, condensed nuclei and apoptotic bodies.
However, others showed lightly stained, large, and swollen nuclei.
We excluded the cells with the latter features from the TUNEL-
positive cells, because they might have contained necrotic cells.
The time course of the TUNEL-positive neurons is shown in
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Figure 3C, which correlated well with that of histological damage
(Fig. 3D). A significant number of cytosolic cytochrome c-positive
neurons appeared 2 hr after ischemia and reached a peak at 12 hr
(Fig. 3E). Only the cells with diffuse cytosolic staining were
considered to be cytochrome c-positive. However, quantification
was not performed at 2 d or later, because cytosolic cytochrome
c staining was not clearly distinguished from diffuse intercellular
immunoreactivity.

DNA laddering was detected by DNA
gel electrophoresis
To confirm the nucleosomal DNA fragmentation, which is char-
acteristic of apoptosis, we analyzed DNA from the hippocampal
CA1 subregion. DNA laddering was absent in both the control
tissue and tissue 1 d after ischemia. A significant amount of DNA
laddering was detected in the hippocampal CA1 subregion at 3 d
and was increased at 5 d (Fig. 4).

DISCUSSION
Cytosolic expression of cytochrome c in CA1 neurons
Immunohistochemistry showed that a significant number of cy-
tochrome c-positive cells with a characteristic cytosolic staining
pattern appeared in the hippocampal CA1 subregion as early as 2
hr after ischemia. We determined that these cells were neurons

for the following reasons. First, the size of the nuclei was obvi-
ously larger than that of other cell populations such as astrocytes
or oligodendrocytes. Second, some of the cells had cytochrome
c-positive, single stem-like structures, which resembled axons.
Third, these cells were always positive for NeuN staining, which
reacts with neuronal nuclei and their cell bodies throughout the
adult nervous system (Mullen et al., 1992). Two days after isch-
emia or later, cytosolic cytochrome c-immunoreactive CA1 neu-
rons were barely observed. This could be partly caused by shrink-
age of the cytosol of neurons undergoing apoptosis and by
difficulty in distinguishing cytosolic staining from diffuse inter-
cellular staining. Because cytochrome c is known as a water-
soluble protein, the diffuse intercellular immunoreactivity is pre-
sumably derived from dispersed cytochrome c from disrupted
neurons, which underwent either necrosis or apoptosis.

Subcellular distribution of cytochrome c demonstrated
by Western blotting
Our results provide evidence that cytochrome c is released from
mitochondria to the cytosol in CA1 cells after transient global
ischemia. The subcellular distribution of cytochrome c was con-
firmed by Western blot analysis. A significant amount of mito-
chondrial cytochrome c was detected in the normal hippocampal
CA1 subregion and was decreased 6 hr to 3 d after ischemia.

Figure 1. Representative photomicrographs of cytochrome c immunostaining. Results were confirmed by at least three independent studies for each
time point. A–H, Cytochrome c immunostaining with methyl green counterstaining of the rat hippocampus. No specific staining was seen in the CA1
subregion of sham-operated controls ( A). Characteristic diffuse cytosolic immunoreactivity (B, C, arrows) was observed in the CA1 pyramidal cell layer
6 hr ( B) and 12 hr ( C) after ischemia. The cells with cytochrome c-positive cytosol were often accompanied by axon-like long processes (B, C,
arrowheads). Cytosolic immunoreactivity was not seen in the CA3 subregion ( D), the dentate gyrus ( E), or the cortex ( F). Two days after ischemia, the
intercellular space became immunoreactive in the pyramidal cell layer (G). However, some stellate-shaped cells were cytochrome c-positive in the
stratum radiatum ( H ). I–M, Double fluorescent immunostaining with cytochrome c and NeuN 1 d after ischemia ( I–K) and with cytochrome c and GFAP
2 d after ischemia (L, M ) in the hippocampal CA1 subregion. Most of the cells in the pyramidal cell layer were NeuN-positive ( I ). The cytosolic
cytochrome c-immunoreactive cells (J, arrows) were also positive for NeuN. K, Overlapped image from the same field. Some of the GFAP-positive
astrocytes (L) in the stratum radiatum were also positive for cytochrome c (M, arrows). PCL, Pyramidal cell layer. Scale bar, 20 mm.
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Correspondingly, cytosolic cytochrome c showed a marked in-
crease at the same time points, whereas cytochrome oxidase
showed no obvious alteration in subcellular distribution after
ischemia. The increase in cytosolic cytochrome c could derive
from other sources, such as ischemia-induced upregulation or
impaired protein import. Cytochrome c is known to be synthe-
sized in the endoplasmic reticulum and ribosome; however, those
organelles were excluded by ultracentrifuge. We cannot exclude
the possibility that cytosolic cytochrome c is partly derived from
impaired protein import, and further investigation is necessary to
clarify this point. From the findings of immunohistochemistry
and Western blotting, we believe that increased cytosolic cyto-
chrome c is substantially derived from the mitochondria of CA1
neurons.

Neuronal apoptosis after transient global ischemia
The transient global ischemia model has been used to analyze
selective vulnerability in the hippocampal CA1 subregion. Some
apoptotic features have been shown by TUNEL staining (Mac-
Manus et al., 1993; Nitatori et al., 1995; Chan et al., 1998), and
internucleosomal DNA fragmentation has been detected by a
DNA laddering pattern (Heron et al., 1993; Kawase et al., 1999).
Because TUNEL staining simply indicates DNA damage, and its
specificity for apoptosis is still controversial, we used this staining
as an indication of DNA damage in cells and applied other
morphological criteria (Fig. 3) to exclude the possible presence of

necrotic cells. We have shown that ,1% of cells were TUNEL-
positive 1 d after ischemia. However, .40% became positive 3 d
after ischemia in the hippocampal CA1 subregion. In contrast,
histologically damaged cells accounted for nearly 90% at 3 d and
almost 100% 5 d after ischemia. These data indicate that delayed
neuronal death after transient global ischemia in the hippocampal
CA1 subregion is caused by both necrosis and apoptosis. In the
present study, a significant amount of DNA laddering was de-
tected at 3 and 5 d. However, we cannot exclude the possibility
that this DNA laddering is from other subpopulations, such as
astrocytes or oligodendrocytes, because they can undergo apo-
ptosis after brain injury. Further studies using double staining of
NeuN and TUNEL are necessary to address this issue.

Recently, Colbourne et al. (1999) reported on electron micro-
scopic observations against apoptosis, such as early organelle
swelling, disaggregation of polyribosomes, and cell and nuclear
membrane breaks in CA1 neurons after global ischemia in ger-
bils. However, the protective effects of caspase inhibitors on
delayed neuronal death (Goto et al., 1990; Chen et al., 1998)
strongly suggest that the biochemical caspase cascade plays a
major role in neuronal cell death after global ischemia. Further-
more, expression of caspase-9 and CPP32 in the hippocampal
CA1 subregion (Chen et al., 1998; Ni et al., 1998; Krajewski et al.,
1999) before DNA fragmentation may argue for the biochemical
evidence of apoptosis.

Cytochrome c involvement in apoptosis
Many studies have shown that cytochrome c plays a key role in
apoptosis. In a cell-free system, this protein activates CPP32, a

Figure 2. Western blot analysis of cytochrome c and cytochrome oxidase
in rat hippocampal CA1 subregion. Cytochrome c immunoreactivity is
evident as a single band of molecular mass (15 kDa) in the cytosolic
fraction 6 hr to 3 d after ischemia (A, lanes 2–5), but not in the control
CA1 tissue (A, lane 1). On the other hand, a consistent amount of b-actin
immunoreactivity is shown in A, bottom panel. Cytochrome c from the
mitochondrial fraction decreased 1 d after ischemia compared with the
control, corresponding to an increase in the cytosolic fraction (B, lef t
panels). Cytochrome oxidase was strongly expressed in the mitochondrial
fraction and did not decrease after ischemia, but virtually no immunore-
activity was seen in the cytosolic fraction in both the control and ischemic
CA1 subregions (B, right panels). The results shown are representative of
three independent studies. C, Normal control animals; COX, cytochrome
oxidase.

Figure 3. Representative photomicrographs of TUNEL staining coun-
terstained with methyl green (A, B), and quantitative analyses of
TUNEL-positive cells (C), the damaged area (D), and cytochrome
c-positive cells in the rat hippocampal CA1 subregion ( E). TUNEL
staining 1 d after ischemia showed virtually no positive cells (A); how-
ever, most of the cells became positive 3 d after ischemia (B). Some cells
had shrunken, darkly stained nuclei and apoptotic bodies (arrowheads).
Others had lightly stained, large, and swollen nuclei (arrow). The cells
with the latter features were not counted as TUNEL-positive cells.
Quantitative analyses showed a marked increase in TUNEL-positive cells
(C) and the damaged CA1 area (D) 3 d after ischemia. The number of
cytochrome c-positive cells significantly increased at 2 hr and peaked 12
hr after ischemia ( E). C, Untreated control animals. All values shown are
mean 6 SD (n 5 4). *p , 0.01; **p , 0.05 from control level.
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cysteine protease of the interleukin-1b-converting enzyme family,
which triggers apoptosis (Liu et al., 1996). Microinjection of
cytochrome c also induces cell-specific apoptosis (Li et al.,
1997a). Furthermore, in a cell-free system and in intact cells, the
expression of Bcl-2 or Bcl-XL blocks translocation of cytochrome
c from mitochondria to the cytosol and thereby inhibits CPP32
activation and apoptosis (Kluck et al., 1997; Yang et al., 1997).
More recently, Uchino et al. (1998) reported that cyclosporin A
ameliorates the histological damage in the hippocampal CA1
subregion after global ischemia. Because this drug prevents the
mitochondrial permeability transition and subsequent DNA frag-
mentation of the hippocampus after hypoglycemia (Ferrand-
Drake et al., 1999), it would be of great interest to evaluate the
cytochrome c expression after administration of cyclosporin A in
the global ischemia model.

Once cytochrome c is released from mitochondria in the early
stages of apoptosis, it interacts with the CED-4 homolog Apaf-1,
and dATP, leading to the activation of caspase-9 (Li et al., 1997b;
Zou et al., 1997; Kuida et al., 1998; Yoshida et al., 1998).
Caspase-9, which is presumably an initiator of the cytochrome
c-dependent caspase cascade, then activates CPP32, followed by
caspase-2, -6, -8, and -10 activation downstream (Slee et al., 1999).
After global ischemia in rats, CPP32 mRNA and protein were
predominantly increased in degenerating CA1 pyramidal neurons
as early as 8 hr after transient global ischemia (Chen et al., 1998).
And we demonstrated cytosolic cytochrome c expression exclu-
sively in CA1 neurons as early as 2 hr after ischemia, preceding
CPP32 activation. With regard to the order in which apoptosis-
inducing factors are activated in the rat hippocampal CA1 sub-
region, these data are compatible with the latest concept of the

cytochrome c-dependent caspase cascade. Furthermore, exclusive
spatial distribution of cytochrome c, CPP32, and CPP32 mRNA
in CA1 neurons also supports this concept and may help explain
the selective vulnerability.

Cytochrome c expression in astrocytes
In the stratum radiatum of the CA1 subregion, cytochrome
c-positive fine processes of astrocytes appeared 1–3 d after isch-
emia. However, we did not observe TUNEL-positive cells in the
stratum radiatum, where a majority of GFAP-positive astrocytes
existed, until 5 d after ischemia. Apoptosis of astrocytes is known
to occur in the developing brain and also in the pathological adult
brain, including the ischemic brain (Matsuyama et al., 1994).
Interestingly, recent in vitro studies have shown that both embry-
onic and mature astrocytes express a significant level of CD95
(Fas/APO-1) receptors on their surface (Becher et al., 1998; Saas
et al., 1999); however, only mature astrocytes are likely to un-
dergo CD95-mediated apoptosis (Saas et al., 1999), not cyto-
chrome c-mediated apoptosis. Delayed expression of cytochrome
c in astrocytes may be caused by CD95-mediated activation of the
caspase cascade, because the activation of this cascade also pro-
motes cytochrome c release (Kuwana et al., 1998). However,
CD95 expression, ligation, and subsequent apoptosis have to be
characterized to address this issue. Because too little is known
about apoptosis of astrocytes after global ischemia, we are not
able to exclude the possibility that they undergo apoptosis later.
TUNEL staining and DNA gel electrophoresis at later time
points are necessary to clarify this point.

Conclusion
Our studies have demonstrated that cytochrome c was released
from the mitochondria to the cytosol in CA1 neurons and pre-
ceded the induction of DNA-fragmented cells after transient
global ischemia in rats. These results imply that cytochrome c
release might play a role in delayed CA1 neuronal death.
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