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Abstract

Transient hypoxia—ischemia (HI) leads to delayed neuronal death in both mature and immature
neurons but the underlying mechanisms are not fully understood. To understand whether the
pathogenesis of HI-induced neuronal death is different between mature and immature neurons, we
used a rat HI model at postnatal days 7 (P7), 15 (P15), 26 (P26) and 60 (P60) in order to
investigate ultrastructural changes and active caspase-3 distribution in Hl-injured neurons as a
function of developmental age. In P7 pups, despite more than 95% of HI-injured neurons highly
expressing active caspase-3, most of these active caspase-3-positive neurons revealed mixed
features of apoptosis and necrosis (a chimera type) under electron microscopy (EM). Classical
apoptosis was observed only in small populations of HI-injured P7 neurons. Furthermore, in rats
older than P7, most HI-injured neurons displayed features of necrotic cell death under EM and,
concomitantly, active caspase-3-positive neurons after HI declined dramatically. Classical
apoptosis after HI was rarely found in neurons older than P15. In P60 rats, virtually all HI-injured
neurons showed the shrinkage necrotic morphology under EM and were negative for active
caspase-3. These results strongly suggest that pathogenesis of HI-induced neuronal death is
shifting from apoptosis to necrosis during brain development.
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Apoptotic neuronal death takes place during brain development under genetic control.
Nuclear chromatin condensation or clumping characterized by electron microscopy (EM) is
a hallmark of apoptosis and is remarkably conserved among cell types (Kerr et al., 1972;
Wyllie, 1997). It is well documented that pathological conditions including brain hypoxia—
ischemia (HI) are able to initiate apoptotic machinery to facilitate cell death through
activation of caspase-3 (Blomgren et al., 2003; Olney, 2003). In comparison with apoptosis,
necrotic cell death occurs always under pathological conditions. Two types of neuronal
injury-induced necrotic morphologies characterized by EM have been described in the
literature: one is the conventional cellular lysis with cell swelling followed by rupture to
release cell contents; the second type of necrosis is characterized by dilation of subcellular
organelles followed by shrinkage of the entire cell. Neuronal cell lysis takes place in the
infarct core area after focal brain ischemia (Dodson et al., 1974), while the shrinkage type of
necrosis occurs in a delayed manner in vulnerable brain regions after transient brain
ischemia, in the penumbral regions after focal ischemia, as well as in regions of excitotoxic
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neuronal death (Siesj6, 1985; Deshpande et al., 1992; Fukuda et al., 1999; Colbourne et al.,
1999; Hu et al., 2000b; Olney, 2003). In some cases, mixed features of apoptosis and
necrosis can be seen in the same neurons after brain injury (Martin et al., 1998;Ishimaru et
al., 1999). The neurons dying during development also adopt one of at least three different
morphological types: “apoptotic,” “autophagic,” and “non-lysosomal vesiculate,” which
probably reflect the various mechanisms underlying both nuclear and cytoplasmic
destruction during cell death in developing neurons (Clarke, 1990).

Biochemical and morphological features of both neuronal apoptosis and necrosis have been
repeatedly observed in neonatal HI models (Mehmet et al., 1994; Portera-Cailliau et al.,
1997; Martin et al., 1998; Renolleau et al., 1998; Pulera et al., 1998; Ishimaru et al., 1999;
Hu et al., 2000a; Nakajima et al., 2000; Sheldon et al., 2001). However, classical apoptotic
morphology characterized by EM has never been found in adult neurons after hypoxia or
ischemia (Deshpande et al., 1992; Fukuda et al., 1999; Colbourne et al., 1999; Gill et al.,
2002). Because each of these types of cell death may involve different molecular and
biochemical events, understanding the nature of cell death after HI is important in order to
determine effective therapeutic targets. To understand the pathogenesis of HI-induced
neuronal death at different stages of brain development, we investigated caspase-3 activation
and morphological features of cell death after HI in rats at different developmental ages. We
found that caspase-3 was highly enriched in neonatal developing neurons, but decreased
dramatically with brain development. Despite striking induction of active caspase-3 in HI-
injured neonatal neurons, most of these neurons revealed necrotic features under the electron
microscope. Classical apoptosis was observed only in small populations of HI-injured
neonatal neurons. Furthermore, classical apoptosis after HI was rarely found in neurons
older than postnatal day 15.

EXPERIMENTAL PROCEDURES

HIl animal model

Pregnant Wistar rats were purchased from Charles River Laboratories (Wilmington, MA,
USA) and housed in individual cages. The newborn rats were housed with their dams until
weaning at P21.

All procedures for the animal studies were approved by the Animal Care and Use
Committee of the University of Miami (Miami, FL). All the experimental protocols were
performed in compliance with the National Institutes of Health guidelines for the care and
use of animals. The number of animals used and their suffering were minimized. Brain HI
was produced by a combination of ligation of the left common carotid artery (CCA) and
systemic hypoxia (8% O,). Briefly, rats at P7, P15, P26 and P60 were anesthetized with
halothane (3.5% induction, 1% maintenance). A midline neck incision was made; thereafter,
the left CCA was exposed and ligated permanently. The incision was sutured and the rats
were returned to their dams or original cages. Following 1 h of recovery, the rats were
placed in a hypoxic chamber through which humidified 8% oxygen with the balance
nitrogen flowed for 60 min in groups of P7 and P15 pups, and for 30 min in groups of P26
and P60 rats. The concentration of oxygen flowing through the system was monitored with
an Ohmeda 5120 Oxygen Monitor (Madison, WI, USA) during the experiments. The
hypoxic duration in different groups of rats was chosen based on our previous experiments
(Hu et al., 2000a) and the literature, which showed that these periods produced a similar
severity of brain damage in different age groups (Blumenfeld et al., 1992; Towfighi et al.,
1997; Towfighi and Mauger, 1998). A hypoxic chamber of 500 ml was used for the P7 and
P15 pups, one of 1000 ml for P26, and one of 2000 ml for P60 rats. The hypoxic chambers
were partially submerged in a 37 °C water bath to maintain normothermia of the pups or rats
during the HI periods. After the periods of HlI, the rats were kept in the open chamber for
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about 30 min until they showed signs of recovery. The rats were then returned to their dams
or cages. The contralateral (non-ischemic) sides of the brains after HI were used as controls.
In some cases, rats subjected to carotid ligation without subsequent hypoxia were also used
as controls. There was no difference between either of these two controls or between the
control of carotid artery ligation and untreated rats in this study. This result is consistent
with previous studies showing that rats subjected to either carotid ligation without
subsequent hypoxia or hypoxia without the ligation do not exhibit brain damage relative to
untreated rats (Blumenfeld et al., 1992; Towfighi et al., 1997; Towfighi and Mauger, 1998).
The brains were collected at 6, 24 and 48 h after HI. The tissue samples for biochemical
analyses were obtained by freezing the brain /n situ with liquid nitrogen (Hu et al., 2000a).
The rats were perfused with ice-cold 4% phosphate-buffered paraformaldehyde for confocal
microscopy, and perfused with 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M
cacodylate buffer for EM. The brains were sectioned with a vibratome at a thickness of 50
pm for confocal microscopy or 120 um for EM.

Tissue sections from P7, P15, P26 and P60 rats subjected to HI were stained by the
conventional osmium-uranium-lead method for transmission EM as described previously
(Hu et al., 2000b). Briefly, coronal brain sections were cut at a thickness of 120 wm with a
vibratome through the level of the dorsal hippocampus and striatum, then postfixed for 1 h
with 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). Sections were postfixed for 2 h
in 1% osmium tetroxide in 0.1 M cacodylate buffer, rinsed in distilled water and stained
with 1% aqueous uranyl acetate overnight. The tissue sections were then dehydrated in an
ascending series of ethanol to 100% followed by dry acetone, and embedded in Durcopan
ACM. Thin sections (0.1 um) were cut and examined with an electron microscope.

Confocal microscopy and histology

Double-label fluorescence confocal microscopy was performed on 50 pm coronal brain
sections (Hu et al., 2000a). The brain sections were from sham-operated control rats and rats
subjected to HI followed by 6, 24 and 48 h of recovery for all age groups. A specific
antibody against active caspase-3 was obtained from Cell Signaling Technology (Beverly,
MA, USA). Brain sections were washed with phosphate-buffered saline (PBS) containing
0.1% Triton X-100 (TX100) for 30 min. Non-specific binding sites were blocked in 3%
BSA in PBS/0.1% TX100 for 30 min. The first primary antibodies were diluted 1:250 in
PBS/0.1% TX100 and 1% BSA. After incubation overnight at 4 °C, the sections were
washed in PBS containing 0.1% TX100, three times 10 min at room temperature. The
sections were then incubated for 1 h at room temperature with the fluorescent secondary
antibodies, fluorescein-labeled anti-rabbit and lissamine rhodamine-labeled anti-mouse
diluted 1:200, or propidium iodide (PI) (15 pg/ml) in PBS containing 1% BSA. Sections
were washed several times in PBS/0.1% TX100 and mounted on glass slides (Hu et al.,
2000a). The slides were analyzed on a BioRad 1024 laserscanning confocal microscope.

Cell counting was carried out to determine the time course of cell death and the numbers of
active caspase-3 positive/negative neurons among total dead cells in each brain region after
HI. Counting was conducted in the CA1 pyramidal neuronal layer, and in the upper blade of
the dentate gyrus (DG) granule cell layer on confocal microscopic images (see Fig. 1)
obtained from five microscopic fields (175 wmx175 wm) with a 60x (oil N.A.) objective on
the BioRad 1024 confocal microscope. The average number obtained from the five separate
fields in each brain region for each animal was used in the data analysis. The data were
obtained from four animals in each group (/7=4). The data were expressed as mean+S.D. in
absolute numbers of active caspase-3 positive/ negative neurons, or as a percentage of active
caspase-3 positive/ negative neurons per total of damaged neurons in a single 60x objective
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confocal microscopic field. Two-way analysis of variance was used to assess the effects of
age and recovery time on active caspase-3 induction and neuronal death.

Neuronal damage after HI was also evaluated on brain sections stained with a histological
method. Paraffin-embedded sections were cut at a thickness of 5 um, mounted on glass
slides, dried and stained with acid fuchsin and thionine. Most damaged neurons stained with
fuchsin were shrunken and acidophilic (Auer et al., 1984).

Caspase-3 activation after Hi

Brain sections were obtained from rats at different postnatal ages subjected to HI followed
by various periods of recovery. They were double-labeled with P1 and an antibody
specifically against active caspase-3, and they were examined by confocal microscopy.
Delayed neuronal death occurred in Hl-affected brain regions at about 24-48 h in all age
groups (Fig. 1), consistent with previous reports (Blumenfeld et al., 1992; Towfighi et al.,
1997; Towfighi and Mauger, 1998; Hu et al., 2000a). In Fig. 1, the red color represents PI
staining, and green indicates active caspase-3 (Cas3). Pl is a fluorescent dye that stains
nucleic acids and is often utilized to stain necrotic cells in culture because it is unable to pass
lipid membranes. However, in fixed brain sections, Pl is able to penetrate into both normal
and damaged cells to stain nucleic acids (Fig. 1). In comparison with the contralateral
hemisphere, the injured brain region exhibited diminished PI staining (Fig. 1A, arrows and
Fig. 1B, arrowheads), confined to the ipsilateral cortical and hippocampal regions (Fig. 1A
and 1B, arrows). PI staining can distinguish normal from damaged neurons by their nuclear
size and shape under confocal microscopy. Pl-stained neuronal nuclei were normaland
sphere-shaped in the contralateral regions, but were shrunken and contained small multi-
DNA masses in most Hl-injured P7 CA1 neurons and in a portion of Hl-injured DG neurons
(Fig. 1C, P7, large arrows). PI also revealed a population of round nuclear spherical
structures in the HI-injured P7 DG region that were clearly distinguishable from nuclei with
small multi-DNA masses (Fig. 1C, P7-DG, small arrows). These densely stained nuclear
spheres likely correspond to large DNA balls in apoptotic nuclei identified previously by
EM (see below). With increasing age, nuclei gradually became irregular-shaped in the HI-
injured CA1 and DG regions (Fig. 1C, red, arrowheads). Neurons exhibiting either multi-
DNA masses, or relative large nuclear balls, or irregular-shaped nuclei were dead according
to their cellular features observed by EM (see below).

Activation of caspase-3 occurs during normal development and is a key biochemical event
for developmental apoptotic cell death. Active caspase-3 positive neurons can only be
occasionally found on brain sections from P7 sham-operated control and in the contralateral
hemisphere of HI-injured P7 pups, but was dramatically induced in almost all HI-injured
neurons of the neocortex, hippocampus and reticular thalamic nucleus of P7 pups (Fig. 1A,
P7, green). In comparison with P7 pups (Fig. 1B and 1C, P7, Cas3, green), active caspase-3
markedly declined in P15 rats (Fig. 1B and 1C, P15, Cas3, green). By P26, a small portion
of Hl-injured neurons with active caspase-3 was still present in the DG area, but virtually
absent in the CA1 region (Fig. 1B and 1C, P26, green). Hl-injured neurons with active
caspase-3 were virtually absent in all HI-damaged brain regions of P60 rats (Fig. 1A-1C).
Occasionally, a few positive cells with active caspase-3 (less than 1%) after HI could be
found in the inner layer of the ipsilateral DG (Table 1) and striatum near the third ventricle
in P60 rats (data not shown). According to their distribution, these caspase-3 positive cells in
adult rats after HI were probably progenitor cell-derived immature neurons (Bayer and
Altman, 1995).
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Ultrastractures of Hl-injured neurons at different developmental age

The morphology of Hl-injured neurons at different ages was further studied by EM (Figs. 2—
6). Figs. 2 and 3 illustrate neurons from the CA1 and DG regions of P7 pups at 24-48 h after
HI. Neurons from the contralateral hemisphere of P7 pups exhibited normal nuclear
morphology and contained a normal distribution of polyribosomes, rough endoplasmic
reticulum and mitochondria. In contrast, neurons from the ipsilateral CA1 (Fig. 2) and DG
(Fig. 3) were severely damaged after HI. Three types of HI-injured neurons in P7 pups were
observed by EM: (1) mixed features of apoptosis and necrosis (a chimera type; Fig. 2, 48 h,
large arrows); (2) classical apoptosis with typical apoptotic features (Fig. 3, 48 h, white
arrows); and (3), occasionally, cell lysis with normal nucleus and ruptured cell membrane
(Fig. 4). The chimeric type of cell death was seen in most HI-injured CA1 neurons (Fig. 2,
48 h, arrows) and in a portion of Hi-injured DG neurons (Fig. 3, black arrows). In this type
of cell death, the cytoplasm and nucleus were shrunken, subcellular organelles were highly
vacuolated although some mitochondria were still recognizable in the cytoplasm (Fig. 2,
small arrows), and chromatin was partially clumped into irregularly shaped multi-chromatin
masses (Fig. 2, large arrows). Formation of irregular-shaped multi-DNA masses in the
nuclei appeared at approximately 24 h (Fig. 2, middle panel) and was still present at 48 h
after HI (Fig. 2, right panel, arrows). The irregular multi-chromatin masses in HI-damaged
neurons could be easily distinguished from the larger single chromatin balls typical for
apoptotic neurons (Fig. 3, 48 h, middle panel, white arrows). Classical apoptotic features
originally described by Kerr et al.(1972) were clearly visible in a portion of P7 DG neurons
after HI (Fig. 3). These apoptotic features include clumping of chromatin into larger
chromatin ball(s) that were displaced to one pole of the cell (Fig. 3, middle panel, white
arrows), shrinkage of the entire cell, formation of filament bundles with membrane blebbing
(Fig. 3, middle panel, black arrowheads), and phagocytes attaching to the apoptotic neurons
(Fig. 3, middle panel, white arrowheads). These HI-injured DG neurons with apoptotic
features were virtually comparable with developing neurons undergoing apoptosis under
physiological conditions (Ishimaru et al., 1999). Some Hl-injured DG neurons contained
both irregular-shaped multi-chromatin masses as well as regular chromatin balls (Fig. 3,
right panel, arrows). Some HlI-injured DG neurons possesseda small chromatin ball with
irregular edge (Fig. 3, right panel, black arrowheads), which have been previously posited to
represent an early stage of formation of larger chromatin ball during apoptosis (Ishimaru et
al., 1999). Occasionally, conventional necrotic neurons (cell lysis) with normal nuclear size
but without cell membranes (ruptured) were observed in HI-injured brain regions (Fig. 4).
Morphology of CA1 nucleus after membrane rupture appeared to be more irregular and
more darkly stained under EM compared with control nucleus, likely due to changes in cell
environment after membrane rupture (Fig. 4).

Changes in cell morphology were compared among HI-injured CAL neurons at different
ages (Fig. 5). As described above, most HI-injured CA1 neurons in P7 pups possessed small
and irregular-shaped multi-chromatin masses in their nuclei (Fig. 5, P7, arrowheads), and
recognizable mitochondria in the cytoplasm (Fig. 5, P7, arrows). With increasing age, the
chromatin masses in CA1 neurons were reduced in size while the content of dispersed
chromatin was correspondingly increased (Fig. 5, P15 and P26). By P60, nuclear chromatin
in Hi-injured CA1 neurons was mostly dispersed, while the nuclei exhibited a polygonal
shape (Fig. 5, P60, arrows, also see Fig. 1C). These morphological features were mostly
comparable to the shrinkage type of necrosis described previously after transient cerebral
ischemia (Kirino and Sano, 1984; Deshpande et al., 1992; Colbourne et al., 1999; Ishimaru
etal., 1999).
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EM and confocal morphological features in Hl-injured neurons

Ultrastructural features of HI-injured P7 neurons observed by EM were consistent with the
nuclear morphology re-vealed by PI staining observed by confocal microscopy (Fig. 6). The
multi-chromatin masses described as necrotic nuclei under EM (Fig. 6, EM panel, CAL,
arrows) were similar in distribution and shape to those stained with PI (red) under confocal
microscopy (Fig. 6, P1 panel, CAL, arrows). These Pl-stained multi-DNA masses looked
larger under confocal microscopy than the chromatin masses under EM (Fig. 6, CAl, EM).
This discrepancy was likely because the tissue sections for confocal microscopy (50 pm)
were much thicker than the ultrathin sections for EM (0.1 um). The larger regular chromatin
ball typical for apoptosis under EM in P7 pups after HI (Fig. 6, EM panel, DG, arrows)
appeared to correspond to the densely stained nuclear ball under confocal microscopy (Fig.
6, P1 panel, DG, large arrows). Neurons with either the irregular multi-DNA masses or the
larger regular DNA balls were strongly positive for active caspase-3 (Fig. 6, PI+Cas, green),
indicating that caspase-3-mediated biochemical processes were highly active in both types
of Hl-injured neurons.

Time course of cell death after Hl in developing neurons

To study the time course of neuronal death after HI in developing rats, P15 rats were
subjected to HI followed by 6, 24 and 48 h of recovery (Fig. 7). Brain sections were double-
labeled with active caspase-3 and Pl, and examined by confocal microscopy. As illustrated
in Fig. 7, Hl-injured neurons, as judged by their shrunken and fragmented nuclei stained
with Pl under confocal microscopy (see Fig. 1C), appeared as early as 6 h, and significantly
increased in number further from 24 h—48 h after HI in the DG (Fig. 7, left panel). In
comparison, Hl-injured neurons were rarely found in CA1 until 24 h-48 h after HI (Fig. 7,
left panel). Both cell bodies and small dendritic trees of Hi-injured DG neurons were clearly
labeled with activecaspase-3 at 6 h after HI (Fig. 7, right panel), whereas mainly cell bodies
and dendritic trunks were stained with active caspase-3 at 48 h after HI (see Fig. 6),
suggesting that small dendritic trees might already be degenerated at 48 h in these neurons
after HI.

Quantitative study of active caspase-3 positive and negative neurons

To study quantitatively the changes in active caspase-3 positive and negative neurons after
HI as a function of developing age, we counted the total number of dead neurons, as well as
the total number of active caspase-3 positive and negative neurons in the ipsilateral CA1 and
DG regions at the level of Bregma -4.0 mm (see Fig. 1A and Table 1). We also counted the
number of normal neurons in the CA1 and DG regions of the contralateral hemisphere
(Table 1). The total number of neurons in the contralateral hippocampus significantly
declined with increasing age, consistent with normal brain development (Bayer and Altman,
1995). After HI, the number of active caspase-3 positive neurons declined. In the CAl
region, the average number of active caspase-3 positive neurons per field was reduced from
109.69+6.92% in P7 pups, to 32.77+9.40% in P15 pups, to 0.88+0.90% in P26 rats, and to
0.27+0.47% in P60 rats, respectively (Table 1). In the DG area, a similar decline in the
number of active caspase-3 positive neurons was observed with increasing age (Table 1).
However, in P26 rats after HI, the number of active caspase-3 positive neurons was
significantly higher in the DG area (14.13+8.20%) relative to that in the CAL region
(0.88+0.90%), coincident with the fact that DG neurons are continuously developing
through adulthood (Bayer and Altman, 1995).

DISCUSSION

In the present study, we investigated the pathogenesis of HI-induced neuronal death in rats
at different postnatal ages. After a period of HI, most neurons in the ischemic region
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underwent delayed neuronal death at all ages. However, the results from the present study
suggest that the mechanisms underlying delayed neuronal death alter as a function of brain
development. In P7 pups, despite more than 95% of HI-injured neurons highly expressing
active caspase-3, most of these active caspase-3 positive neurons revealed mixed features of
apoptosis and necrosis (a chimera type) under EM. Classical apoptosis was observed only in
small populations of Hl-injured P7 neurons. Furthermore, in rats older than P7, most HI-
injured neurons displayed features of necrotic cell death under EM and, concomitantly,
active caspase-3 positive neurons after HI declined dramatically. In P60 rats, virtually all
HI-injured neurons showed the shrinkage necrotic morphology under EM and were negative
for active caspase-3. These results strongly suggest that pathogenesis of HI-induced
neuronal death is shifting from apoptosis to necrosis during brain development.

Ultrastructural analysis revealed that only small populations of HI-injured neurons exhibited
classic features of apoptosis, although HI-injured neurons at earlier developmental ages are
highly positive for active caspase-3. For example, most CA1 neurons after HI were positive
for active caspase-3 at age 7 days, but they did not exhibit classic features of apoptosis under
EM, rather they more closely resembled the shrinkage type of necrosis described in many
previous EM studies (Kirino and Sano, 1984; Smith et al., 1988; Yamamoto et al., 1990;
Deshpande et al., 1992; Ishimaru et al., 1999; Fukuda et al., 1999; Colbourne et al., 1999;
Hu et al., 2000b). In the DG region, only a portion of neurons, mostly in the inner layer of
DG, displayed classic features of apoptosis, whereas the rest of the DG neurons exhibited
either mixed features of apoptosis and necrosis, or the shrinkage type of necrosis at age P7
after HI (see Figs. 2-3). These results suggest that both apoptotic and necrotic mechanisms
of cell death remain significant in developing neurons after HI.

Both neuronal apoptosis and necrosis have repeatedly been observed in neonatal HI models
(Mehmet et al., 1994; Portera-Cailliau et al., 1997; Martin et al., 1998; Pulera et al., 1998;
Renolleau et al., 1998; Ishimaru et al., 1999; Nakajima et al., 2000; Sheldon et al., 2001),
whereas apoptosis has inconsistently been reported in adult neurons after hypoxia or
ischemia (Deshpande et al., 1992; Fukuda et al., 1999; Colbourne et al., 1999). One source
of confusion may be the methodology used for cell classification. Apoptosis and necrosis
have distinct morphology, and EM is necessary to distinguish between them (Kerr et al.,
1972; Ishimaru et al., 1999). EM was originally utilized to characterize cell apoptosis and
still remains the indisputable tool for identifying apoptotic cells (Ishimaru et al., 1999;
Sheldon et al., 2001; Watanabe et al., 2002). Other methods for apoptosis are relatively non-
specific. Analyses of DNA fragmentation have been very widely used, but it has been
repeatedly reported that this type of analysis is incapable of distinguishing apoptosis from
necrosis (Enright et al., 1994; van Lookeren Campagne et al., 1995; Grasl-Kraupp et al.,
1995; Charriaut-Marlangue and Ben-Ari, 1995; de Torres et al., 1997; Ishimaru et al., 1999;
Zhu et al., 2000). Ishimaru et al. (1999) pointed out that ultrastructural analysis provided an
unambiguous means of distinguishing between excitotoxic and apoptotic neurodegeneration
after brain injury, whereas DNA fragmentation analysis (TUNEL staining or gel
electrophoresis) was of no value because these tests were positive for both apoptosis and
necrosis. Biochemical makers of apoptosis have also been widely used to study biochemical
cascades of apoptosis after injury, but, as demonstrated in the present study, most HI-injured
developing neurons with morphological features of necrosis are still highly positive for
active caspase-3, a biochemical marker of apoptosis. Other biochemical markers, such as
translocation of cytochrome ¢ from mitochondria to cytoplasm or activation of proapoptotic
proteins such as Bax, may indicate or cause mitochondrial damage after brain ischemia.
Therefore, they may not be reliable biochemical markers exclusively for apoptosis.

Although some of the conflicting results regarding the nature of cell death after HI may be
due to methodological issues, some may also result from animal developmental stage or the
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time points after injury at which ischemic cell death is investigated. Based on EM studies of
the type of cell death in P7 pups after HI, Martin et al. (1998) proposed that cell death
proceeds along a continuum from apoptosis (early injury) to necrosis (late injury). Ishimaru
et al. (1999) found that transient Hl-induced neuronal death in neonates was mostly identical
to glutamate-induced neurodegeneration in the hypothalamus, but was fundamentally
different from classical apoptosis. Sheldon et al. (2001) suggested that the cell death was
neither apoptotic nor necrotic, but rather a novel type of cell death. In adult mouse brains
after transient HI, neither classical apoptosis nor the cell rupture type of necrosis was
observed (Fukuda et al., 1999). Indeed, numerous studies demonstrate that neurons
undergoing delayed neuronal death after injury rarely exhibit cell swelling followed by
rupture, i.e. conventional necrosis, but rather they exhibit a shrinkage type of necrosis,
similar to the necrosis described after transient cerebral ischemia (Kirino and Sano, 1984;
Smith et al., 1988; Deshpande et al., 1992; van Lookeren-Campagne and Gill, 1996; Petito
etal., 1997; Colbourne et al., 1999). The present study demonstrates that most HI-injured
developing neurons in P7 pups displayed mixed features of apoptosis and necrosis under EM
but they were highly positive for active caspase-3, a key player in apoptotic biochemical
cascades. Therefore, delayed neuronal death in most developing neurons after Hl is a
mixture of apoptosis and necrosis. This coexistence of apoptosis and necrosis shifts toward
necrosis during brain development, and neurons in adult brain probably will die mostly by
necrosis after injury due to the lack of expression of apoptotic genes. However, this study by
no means excludes the possibility that brain cells other than postmitotic neurons, such as
endothelial cells and glial cells, particularly the newly proliferated ones, may die by
apoptosis after ischemia.

This study provides additional evidence that the pathogenesis of cell death due to HI
changes during brain development. This novel information is consistent with the concept
that the mechanism of cell death after brain ischemia is quite different between developing
and adult brains (Clarke, 1990; Johnston et al., 1995; Johnston et al., 2002). While it may
seem only an academic exercise to debate whether delayed neuronal death after injury is
apoptotic, it is worthwhile to understand the molecular events underlying Hl-induced cell
death in neurons at different developmental ages, and to investigate whether an antiapoptotic
strategy should be considered for treatment of brain injury at different ages. Although the
true classic features of apoptosis under EM were only found in small populations of
immature neurons in P7 pups after HI, biochemical events of apoptosis such as activation of
caspase-3 are actively taking place in most developingneurons after HI (Puka-Sundvall et
al., 2000; Nakajima et al., 2000; Han et al., 2000; Wang et al., 2001; Northington et al.,
2001; Zhu et al., 2003). It is, therefore, likely that immature neurons are liable to apoptosis
after injury (Ikonomidou et al., 1989; Johnston, 1995), and thus both necrosis and apoptosis
remain effective therapeutic targets for developing neurons after brain injury (Han et al.,
2000; Cheng et al., 1998; Nakajima et al., 2000; Northington et al., 2001; Blomgren et al.,
2001). However, both apoptotic morphology and biochemical machinery fade out during
brain development. Therefore, traditional approaches targeting to necrotic cell death
mechanisms such as energy failure, acidosis, calcium influx, oxidative stress and protein
aggregation in adult brain remain valid.
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Fig. 1.

(A) Montages of confocal images from brain sections double-stained with anti-active
caspase-3 (green) and PI (red). P7 pups and P60 rats were subjected to HI followed by 48 h
of recovery. Nucleic acids in the brain sections were stained with Pl in red, while active
caspase-3 was stained in green. Hl-injured regions were recognizable by the weaker Pl
staining (arrows), and they were highly positive for active caspase-3 (green) in P7 pups, but
negative in P60 rats. (B) High magnification of the hippocampal regions. The sections from
P7, P15, P26 and P60 rats were subjected to HI followed by 48 h of recovery. The Pl
staining was dim in the HI-injured areas (P7-Pl, red panel, arrows in B). Active caspase-3
immunolabeling was the strongest in the ipsilateral hippocampal regions of P7 pups (P7 Cas,
the green panel, arrows), but declined markedly at P15 and P26, and was virtually absent in
P60 rats. (C) Higher magnification of the confocal images from the hippocampal CA1 and
DG regions. Most Hl-injured P7 CAL and DG neurons were positive for active caspase-3
(green). The Pl-stained multi-DNA masses were mostly seen in the CAl and in a portion of
DG neurons of P7 pups after HI (red, large arrows). The large DNA balls were seen in
another portion of Hl-injured DG neurons of P7 pups (P7, DG, small arrows). Both active
caspase-3 positive neurons and sizes of multi-DNA masses after HI decreased progressively
in P15 and P26 rats. In most HI-injured neurons of P60 rats, active caspase-3 was virtually
negative and the chromatin masses became smaller or dispersed (arrowheads).
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Fig. 2.

Electron micrographs of P7 CA1 neurons from the contralateral and ipsilateral hemispheres
at 24 and 48 h after HI. Ultrastructure of the contralateral neurons was normal. HI-injured
CAL neurons started to form irregular-shaped multi-chromatin masses at 24 h (middle panel,
arrowhead) and were further shrunken at 48 h after HI (large arrow); subcellular organelles
were vacuolated; but some mitochondria were still recognizable (small arrows).

Neuroscience. Author manuscript; available in PMC 2012 December 10.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X31-){Jewtsremg

Page 14

Contralateral Ipsilateral 48h after HI Ipsilateral 48h after HI '™

Fig. 3.

Electron micrographs of P7 DG neurons from the contralateral and ipsilateral hemispheres at
48 h after HI. Ultrastructure of the contralateral neurons was normal, while the ipsilateral
neurons were severely damaged after HI. Two types of nuclei were observed in Hl-injured
DG granule cells: small and irregular-shaped multi-chromatin masses (middle panel, black
arrows), and large and regular-shaped chromatin balls (middle panel, white arrows). The
membrane became filament bundles (middle panel, black arrowheads) and phagocytes
attached to the apoptotic neurons (middle panel, white arrowheads). Both the irregular-
shaped multi-chromatin masses and the regular-shaped chromatin balls were found in the
same DG nuclei (right panel, arrows). A small chromatin ball with irregular edge was seen
in an Hl-injured DG neuron (right panel, arrowheads).
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Fig. 4.

Electron micrographs of P7 CA1 neurons from the contralateral and ipsilateral hemispheres
at 48 h after HI. The contralateral neuron was normal, while the ipsilateral neuron was
necrotic with nucleus but without intact cell membrane. The contents of the cytoplasm were
released.
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Fig. 5.

Electron micrographs of CA1 neurons at different ages. The EM sections were from the
ipsilateral CA1 pyramidal layer of P7, P15 P26 and P60 rats subjected to HI followed by 48
h of recovery. In P7 pups, the nucleus exhibited irregular-shaped multi-chromatin masses
(arrowheads), and several mitochondria were still intact (arrows). In P15 and P26 rats, the
multi-chromatin masses tended to decrease in size. In P60 rats, the nuclear chromatin was
mostly dispersed and the nucleus was polygonal shaped (arrows).
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Fig. 6.

Comparison of EM features with features under confocal microscopy in Hl-injured CA1 and
DG neurons of P7 pups. The multi-chromatin masses seen in CA1 and DG nuclei under EM
(EM panel, small arrows) were highly stained with PI under confocal microscopy (PI panel,
small arrows). The large DNA balls under EM in the Hl-injured DG area (EM panel, large
arrows) were also highly stained with PI (P1 panel, large arrows). Both Hl-injured CA1 and
DG neurons with either the multi-DNA masses or the large DNA balls were highly positive
for active caspase-3 (PI1+Cas panel, arrows).
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Fig. 7.

Time course of neuronal death after HI. Brain sections were from P15 rats subjected to HI
followed by 6, 24 and 48 h of recovery. They were double-labeled with active caspase-3
(green) and PI (red) and examined by confocal microscopy. Average numbers of dead cells
were counted in a field of 175 umx175 pum (60x objective field) on the brain sections at 6,
24 and 48 h after HI. The data are expressed as mean+S.D. from four rats in each group. *
Indicates significant differences between sham-operative control and 6, 24 or 48 h in the
CA1 and DG regions (£<0.01, Fisher’s PLSD test). T Denotes significant difference between
6 h and 24 h after HI in CAL1 region, and between 24 h and 48 h after HI in DG area
(P<0.01, Fisher’s PLSD test). The right panel shows confocal images of Hl-injured P15 DG
region at 6 h after HI. The active caspase-3 (green) was distributed not only in cell bodies
but also in the dendritic trees.
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