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Abstract

Unilateral hypoxia-ischemia (HI) was induced in C57/BL6 male
mice on postnatal day (P) 5, 9, 21 and 60, corresponding
developmentally to premature, term, juvenile and adult human
brains, respectively. HI duration was adjusted to obtain a
similar extent of brain injury at all ages. Apoptotic mechanisms
(nuclear translocation of apoptosis-inducing factor, cyto-
chrome c release and caspase-3 activation) were several-fold
more pronounced in immature than in juvenile and adult
brains. Necrosis-related calpain activation was similar at all
ages. The CA1 subfield shifted from apoptosis-related neuronal
death at P5 and P9 to necrosis-related calpain activation at P21
and P60. Oxidative stress (nitrotyrosine formation) was also
similar at all ages. Autophagy, as judged by the autophago-
some-related marker LC-3 Il, was more pronounced in adult
brains. To our knowledge, this is the first report demonstrating
developmental regulation of AlF-mediated cell death as well as
involvement of autophagy in a model of brain injury.
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Introduction

The extent of hypoxic—ischemic (HI) injury depends on the
degree of maturation of the brain as well as on the severity and
duration of the insult."™ It is generally accepted that neurons
in the immature brain tolerate a longer period of oxygen
deprivation and/or ischemia than those in the adult brain.'®
However, there are conflicting reports, showing that the
immature brain is less resistant to HI brain damage than its
adult counterpart.* This is supported by other studies after HI
or excitotoxic injury.®° Furthermore, clinical data suggest that
outcome and mortality after acute brain injury are age
dependent, with more severe injuries in infants than in
adults.®1°

Cell death is usually classified as apoptotic or necrotic
based on biochemical and morphological criteria,’’"'2 even
though recent data suggest that mixed morphological
phenotypes are frequently observed after ischemic in-
sults.’>7'* Necrotic cell death is a pathological process
resulting from tissue damage and loss of energy. Apoptosis
is a genetically controlled cell death that was initially
recognized for its role in development. In some brain
regions, more than half of the neurons die by apoptosis
during brain development.'® Many apoptosis-related factors
have been demonstrated to be upregulated in the immature
brain, such as caspase-3, Apaf-1, Bcl-2 and Bax.'®"°
Activation of apoptotic mechanisms contributes to the
pathogenesis of brain damage in acute neuropathological
disorders, such as HI, particularly in the immature
brain.''41620-25 = Aytophagy is another type of cell
death mechanism with distinct morphological features where-
by lysosome-mediated engulfment of injured cells or
cellular fragments can occur.? It seems clear that, depending
on the developmental level of the brain at the time of
injury, different cell types and regions will be injured, at
different rates, and different mechanisms of injury will be
activated.'®2227:28 nderstanding the nature of cell death
after HI at different developmental stages is essential
to be able to choose effective therapeutic targets,?>*° and
since these vary during development, prevention and treat-
ment of brain injury need to be adjusted accordingly. To
better understand the mechanisms and developmental
variations of HI neuronal cell death, we developed a
mouse model where a similar extent of injury could be
achieved by adjusting the duration of the hypoxia time,



thereby enabling us to study the relative contribution of
different mechanisms at different ages. Specifically, we
investigated caspase-dependent and caspase-independent
apoptotic mechanisms as well as one marker of oxidative
stress (NOS-dependent, peroxynitrite-mediated nitrotyro-
sine formation), necrosis-related activation of calpains and
autophagy.

Results
HI brain injury

Similar tissue injury was seen in the cortex, striatum,
hippocampus and thalamus in the ipsilateral hemisphere at
all ages (Figure 1a). The nucleus habenularis (NH), however
displayed a marked developmental change in its susceptibility
to HI. The NH is very sensitive to Hl in the immature brain,*’
but this vulnerability decreased with age and the NH was
resistant to HI in P60 mice (Figure 1b).The neuropathological
score and tissue loss were virtually identical at P5, P9, P21
and P60 using the different durations of hypoxic exposure
indicated in Materials and Methods (Figure 1c).
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Apoptosis-inducing factor (AIF) translocation and
cytochrome c (Cyt c) release from mitochondria
after HI

The levels of AIF protein in mouse brain homogenates were
virtually unchanged during normal brain development from P5
to P60 (Figure 2a). In the mitochondrial fraction, there was
about 20% less AIF in the ipsilateral hemisphere compared
with the contralateral hemisphere in P5 mice 24 h post-Hl,
indicating that this amount had been released. This AIF
release was reduced to about 10% in juvenile and adult brains
(Figure 2b). In tissue sections, AIF immunoreactivity was non-
nuclear in normal neurons; however, in damaged brain areas,
as judged by the loss of MAP-2, AIF was translocated from
mitochondria to nuclei very early after HI, producing a distinct
nuclear staining (Figure 2c), in agreement with our earlier
findings in the neonatal rat brain after H1,%2 in the adult mouse

brain after focal ischemia®® and in progenitor cells of the
developing brain after irradiation.>* The number of AIF-
positive nuclei increased significantly at 3h post-HI and
reached a peak at 24 h after the insult in most regions of the
immature brain, more pronounced in P5 mice (Figure 3).
Significant,

but much fewer, AlF-positive nuclei were
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Brain injury after Hl in the developing brain. (a) Representative MAP-2 staining 72 h after HI at the dorsal hippocampus and striatum levels of P5, P9, P21 and

P60 mice after 65, 60, 50 and 40 min hypoxia, respectively. The injury encompassed large areas of the cortex, hippocampus, striatum and thalamus. (b) The sensitivity of
the NH to HI was very different in the immature (P5) brain and adult (P60) brains. This area is very vulnerable in P5 brains but there was no obvious injury in the adult
brains as indicated by MAP-2 staining 24 h post-HI. The dotted areas are shown in a larger magnification in the lower panels. (¢) The brain injury was similar between
different age groups as evaluated by the pathological score (left graph) and tissue loss (right graph) (n= 6 for each age group)
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Figure 2 Developmental regulation of AIF. (a) Immunoblots of normal brain
homogenate samples from postnatal day (P) 5, 9, 21, 60 (n=5 for each age),
demonstrating that there was no significant change in the AIF protein levels
during normal development. The actin staining on the same membrane verified
equal loading. (b) AIF was released from the mitochondrial fraction in the
ipsilateral (IL) compared with the contralateral (CL) hemispheres at 24 h post-HlI.
The loss of AIF was more pronounced in the immature brains (*P<0.05
compared with P21 and P60). The actin staining on the same membrane verified
equal loading. (c) Typical AIF immunostaining of control and injured (HI) tissue.
Injured cells displaying nuclear AIF staining are indicated by arrows.
Bar =20 um

observed in the mature mouse brain regions (except for the
denate gyrus (DG)), especially in P60 mice. In the NH, the
number of AlF-positive nuclei decreased dramatically with
development reflecting the resistance to HI at P21 and P60
(Figure 3).

Another mitochondrial, proapoptotic protein, Cyt ¢, dis-
played an approximately two-fold increase during normal
brain development (Figure 4a). It was released from mito-
chondria in the ipsilateral hemisphere after HI, more pro-
nounced in the immature brain than in the adult brain
(Figure 4b). In tissue sections, neuronal Cyt c¢ staining was
found to be more intense and distinct in the cytosol of
damaged brain areas (Figure 4c), presumably indicating
release of Cyt ¢ from mitochondria, as demonstrated ear-
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lier.%23% Counting of cells with strong cytoplasmic Cyt ¢
staining, revealed a pattern similar to that of AlF-positive
nuclei, with higher numbers in the immature brains, but the
total number of strongly Cyt ¢ staining cells was smaller than
that of AlF-positive nuclei (Figure 5).

Caspase-3 activation after HI

Caspase-3, the most abundant effector caspase in the
immature brain, decreased dramatically with brain maturation
(Figure 6a), displaying an inverse correlation with Cyt ¢, as
demonstrated earlier in the rat brain.'®3? The 32 kDa proform
was cleaved and produced the calpain-dependent 29 kDa and
the caspase-dependent active 17 kDa fragments after HI in
the ipsilateral hemisphere in the immature brains. The
cleavage products were difficult to detect in the juvenile and
adult brains (Figure 6b). Using an antibody against the 17 kDa
active form of caspase-3 on tissue sections, conspicuous
staining was obtained in numerous neurons in MAP-2-
negative areas in the immature brains (Figure 6c), and this
staining has earlier been shown to colocalize with other
markers of cellular injury.'®2'%2 DEVDase assays showed
that the caspase-3-like activity increased 31-fold in P5 and 25-
fold in P9 mice 24 h post-HI, compared with the normal control
brains (Figure 6b), consistent with when the peak of caspase-
3 activation occurs in the neonatal rat brain after HI.'®23
Caspase-3 activity increased about 40% in P21 and P60 mice,
compared with the normal control brains (Figure 6d). Active
caspase-3 staining in tissue sections increased at 3h and
reached a peak at 24 h post-HI in most regions in the immature
and juvenile brains (P5, P9 and P21) (Figure 7). In the adult
brains (P60), the caspase-3-positive cells appeared gradually
and reached a peak at 72 h in all injured areas (Figure 7). The
total number of active caspase-3-positive cells was lower in
the juvenile and adult brains than in the immature brains,
except for the CA3 (P21 and P60) and DG (P21) subfields of
the hippocampus (Figure 7).

Calpain activation after HI

Calpain 1 did not change appreciably in the normal brains
during development (Figure 8a), but after HI almost half of the
calpain 1 was lost in the immature brains (Figure 8b), most
likely as a result of activation and subsequent degradation.®®
In the juvenile and adult brains, however, the loss was
significantly lower, only about 5% in P60 mice (Figure 8b).
Calpain 2 was not significantly regulated during development,
except for a somewhat higher level in P5 mice (Figure 8c).
About 20-30% of the calpain 2 protein was lost after HI, but
there was no significant difference between ages (Figure 8d).
Activation of calpains results in specific fodrin cleavage
products, alpha-fodrin breakdown product (FBDP), of 145
and 150kDa, relatively resistant to further degradation.
FBDPs have been used extensively as markers of calpain
activation, including after neonatal HI.'3135-37 |n this study,
FBDPs were prominent after HI at all ages (Figure 8e), unlike
the caspase-dependent 120kDa cleavage product, which
was apparent only in P5 and P9 mice (Figure 8e). In tissue
sections, an antibody specific for the n-terminal 145kDa
FBDP, produced strong staining in injured neurons early after
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Figure 3 Counts of AlF-positive cells in the ipsilateral hemisphere after HI. AIF-positive cells (as shown in Figure 2c) displayed conspicuous cytosolic and/or nuclear
immunostaining. Cells were counted in the cortex, striatum, the NH of the thalamus and the CA1, CA3 as well as DG of the hippocampus. Data are presented as
mean +s.d (n= 6 animals per time point). The patterns of AIF immunostaining appeared to follow the time course for development of injury in the selected brain regions
for P5 and P9, but not for P21 and P60. The number of AlF-positive cells in the cerebral cortex peaked at 24 h post-HI for both P5 and P9 mice, but there was no dramatic
increase in AIF-positive cells in the injured areas of P21 and P60 mice. The lack of AlF-positive cells in the NH of P21 and P60 mice reflects the lack of injury in this region

at these ages

HI (Figure 8f). FBDP-positive cells accumulated and reached
a peak in injured and borderline regions ipsilaterally as early
as 3h post-Hl in the cortex, striatum and NH of P5 mice
(Figure 9). FBDP-positive cells appeared in a somewhat
delayed fashion in P60 mice in those regions (Figure 9). In the
hippocampus, especially in the CA1, unlike the cortex, very
few FBDP-positive cells could be detected in P5 and P9
animals, but more positive cells were observed in P21 and
P60 animals (Figure 9).

Nitrotyrosine formation after Hi

Both nNOS and iINOS showed a similar developmental
pattern, displaying approximately three-fold higher protein
levels at P5 than P60 (Figure 10a and b). In tissue sections,
NOS-dependent, peroxynitrite-mediated nitrotyrosine immu-
noreactivity was mainly located in the nuclei of injured cells
(Figure 10c). The number of nitrotyrosine-positive cells
increased immediately after HI and reached a peak
around 8-24h in most of the brain regions (Figure 11), as
described earlier in the neonatal rat brain.®® The number of

nitrotyrosine-positive cells did not vary appreciably between
the different ages (Figure 11). The lack of staining in the NH
reflected its resistance to Hl, as in the case of all the other
stainings. The only injured area that displayed a develop-
mental difference was the DG, having fewer positive cells in
the juvenile and adult brains (Figure 11).

Autophagy after HI

Immunoblots of homogenates using an antibody against
microtubule-associated protein 1 light chain 3 (LC3) showed
that LC3-1 (16kDa) was abundant in the brain. LC3-l is
cytosolic, whereas LC3-Il (14 kDa) is membrane-bound, and
the amount of LC3-Il is correlated with the extent of
autophagosome formation.?® Both LC3-I and LC3-1l could
be detected in normal control brains, more pronounced in the
immature brains, and both forms were significantly lower in
normal adult brains (Figure 12a). After HI, LC3-ll increased in
the ipsilateral hemisphere, and this process appeared to peak
24-72h after HI (data not shown). The relative increase of
LC3-II in the ipsilateral hemisphere was more pronounced in
the adult than the immature brain, approximately three-fold
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Figure 4 Cyt c release from mitochondria after HI. (a) The top panel shows
representative immunoblots of homogenate samples stained with an antibody
against Cyt ¢. The middle panel shows equal loading by actin staining. The lower
panel shows the results from densitometric quatifications, demonstrating that Cyt
¢ increased significantly during development (**P<0.01 and ¥P<0.01
compared with P5 and P9). (b) Cyt ¢ was released from the mitochondrial
fraction after HI in the ipsilateral (IL) compared with the contralateral (CL)
hemisphere at 24 h post-HI, more pronounced in the immature brains (*P<0.05
compared with P60). The actin staining on the same membrane verified equal
loading. (c) Typical immunostaining of Cyt ¢ in control and postischemic (HI)
tissue. An injured, Cyt c-positive cell is indicated by an arrow in the right panel.
Bar=20 um

higher compared with normal controls, somewhat less
compared with the contralateral hemispheres (Figure 12b).

Discussion

The influence of age on HI brain injury

The developing brain has been reported to be more resistant
to certain insults than its adult counterparts.’ The reason for
increased susceptibility to injurious stimuli in older brains is
often attributed to increased metabolic requirements once
connectivity is complete.®® Other experimental studies ques-
tion these conclusions.*#94° McDonald et al.® injected NMDA
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into the striatum of 7-day- and 3-month-old rats, producing 21
times larger damage in the younger animals than in the
adults,® which reflects the higher density of NMDA receptors
in the developing brain. Similarly, Ikonomidou et al.® demon-
strated that the vulnerability to HI peaked at P6, and
diminished thereafter. Yager et al., using male rats exposed
to identical HI insults, demonstrated that brain damage was
most severe in 1- and 3-week-old animals, followed by those
that were 6 months old. The 6- and 9-week-old animals had
significantly less injury than the other age groups.4 Our results
are consistent with the apprehension that immature brains are
considerably less susceptible to HI injury than mature ones.
The two independent methods used to evaluate brain injury in
this study have been shown to correlate well with each
other.*'™*3 Our results showed that longer hypoxia times were
required to obtain a similar degree of brain injury in the
immature brains than in the older ones. Furthermore, in the
immature brain, extensive atrophy was observed, that is, in
addition to the acute loss of dead tissue, there was secondary
loss of tissue because the acutely lost tissue could not support
the further growth of the surrounding brain tissue. Using the
different durations of hypoxia, both the extent and distribution
of brain injury was very similar, with a couple of exceptions.
The NH was virtually resistant to HI injury in P60 mice,
whereas in the immature brain, this area is one of the first to
display signs of tissue damage, such as loss of MAP-2. The
CAT1 has earlier been reported to be relatively resistant to Hl in
the immature brain, and the selective vulnerability of this
subfield developed between P13 and P21 in rats.® In the
present study, the CA1 was injured at all ages; however, the
mechanisms involved appeared to change dramatically
between P5 and P21, shifting from mainly AIF translocation,
Cyt c release and caspase-3 activation at P5, to mainly
calpain activation at P21 and P60. It is clear that the
vulnerability of the brain is strongly influenced by age,
although the mechanisms behind these developmental
changes are only partly understood.2-%-22:44

The influence of age on cell death mechanisms

Activation of caspase-3 appears to be a critical event in the
execution of neuronal apoptosis in the brain during develop-
ment and after acute injury.’?2325 |n this study, we
examined caspase-3 during normal development and after
HI. We demonstrated that caspase-3 decreased dramatically
during normal development of the mouse brain as judged by
the basal activity and by immunoblotting, consistent with our
previous reports from the rat brain.'®2332 This developmental
downregulation of caspase-3, as well as downregulation of
other elements involved in caspase-3 activation, such as
Apaf-1 and bax, occurs in parallel with the decline of
physiological programmed cell death and may serve as a
supplementary mechanism protecting the mature brain from
apoptosis.'”'84% Accordingly, caspase-3 activity increased
dramatically after HI in the immature brain but increased only
slightly in the mature brain. Immunostaining of active
caspase-3 showed very few positive cells in most regions of
the adult brain, indicating that caspase-3-mediated neuronal
death does not play a major role in the mature brain after HI, in
accordance with earlier findings."2” In support of our findings,
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Figure 5 Counts of Cyt c-positive cells in the ipsilateral hemisphere after HI. Cyt c-positive cells were counted in six different regions as in Figure 3. The total number of
positive cells was higher after HI in the younger animals (P5, P9) in most of the regions, displaying a pattern similar to that of the AIF counts in Figure 3

Pohl et al.*® found a marked decrease with age in the extent of
distant, apoptosis-related cell death after traumatic brain
injury.

Cyt cis an essential component of the respiratory chain, an
ATP-generating system in the inner mitochondrial membrane.
We found that the relative content of Cyt ¢ increased during
brain development, in agreement with earlier findings.3%4
This fits with the increased energy requirement in the mature
brain needed to maintain the elaborate network of axons and
dendrites. Release of Cyt c¢ from mitochondria as a
consequence of HI has been detected by immunoblotting
and immunohistochemistry.324” In some of the affected cells,
the staining was associated with DNA fragmentation suggest-
ing apoptosis.>**® Other studies showed that loss of
mitochondrial Cyt ¢ was correlated with an increased
production of reactive oxygen species by mitochondria, which
may contribute to cellular damage.*®®° In this study, there
were fewer cells displaying increased cytoplasmic Cyt ¢
staining in most regions of the mature brains than in the
immature brains, indicating that Cyt c-related, caspase-3-
dependent apoptotic cell death in the mature brain is not as
prevalent as in the immature brain.

Caspases have been recognized as important mediators of
apoptotic cell death after HI brain injury.2* However, caspase

inhibition has typically resulted in limited neuronal protec-
tion.®>%" This indicates that additional or caspase-indepen-
dent pathways of neuronal cell death exist. AIF was identified
as a major player in caspase-independent cell death.®?
Genetic targeting of AIF abolished the first wave of apoptosis
that is indispensable for early embryonic morphogenesis.53
The expression of AIF in the normal rat brain was reported to
decrease slightly with development. However, the protein
expression in the cerebellum was markedly increased,
distinctively different from the mRNA expression.>* In the
normal rat brain, not including the cerebellum, we found no
changes of total AIF protein during the normal brain
development.®? In this study, similar results were found using
the mouse brain. So, the constant levels of AIF and increasing
levels of mitochondrial markers demonstrated a relative
downregulation of AIF with age.®? Mitochondrial release and
nuclear translocation of AIF correlating with neuronal apopto-
tic cell death have been demonstrated in different brain injury
models.3233%4%8 |n this study, the total number of AlF-
positive nuclei decreased in all brain regions and at all the time
points with increasing age after HI, indicating that AIF plays a
more important role in the early development of neuronal
apoptosis. Blocking AIF function with neutralizing antibodies
provided significant protection against neuronal cell death.®®
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Downregulation of AIF by RNA interference could inhibit UVA-
induced cell death® and oxygen/glucose deprivation-induced
death of primary cultured neurons (authors’ unpublished
observations). AIF also has a potent oxidoreductase func-
tion®! and the Harlequin mouse, expressing 80% lower levels
of AIF, displayed increased amounts of hydroperoxides in the
brain, cerebellum and heart.?? In summary, accumulating
evidence suggests that AlIF plays an important role both in
normal development and under pathological conditions.
Calpains represent a class of cytosolic cysteine proteases
activated by elevated intracellular calcium concentrations.
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Under pathological conditions, calpains have been implicated
in excitotoxic neuronal injury and Hl brain injury.'6-31:35-37.63.64
Calpains are activated early in situations of energy depletion
and increased calcium influx, triggering other downstream
events leading to neurodegeneration. Calpains are generally
considered to be activated during excitotoxic and other
necrosis-related conditions.®® Fodrin is a well-known calpain
substrate and detection of specific FBDP has been widely
used to detect calpain activity,'6-36:37:6366.67 | this study,
FBDP-positive cells increased and reached a peak 3 h post-HI
in the cortex, striatum and nucleus habenularis in the
immature brain, probably indicating early, necrosis-related
cell death. However, in the mature brain, the activation of
calpains occurred later, as judged by the later-appearing
FBDP, and remained on a high level even at 72 h postinsult, a
time point by which there were almost no FBDP-positive cells
left in any region of the immature brain. This may indicate
sustained calpain activation resulting in lysosomal rupture,
causing neuronal necrosis.®®

Nitric oxide (NO) is produced by three isoforms of nitric
oxide synthase (NOS). Inducible and neuronal NOS (iNOS
and nNOS, respectively) activities have been demonstrated to
increase in models of Hl in the immature brain.®®~"! Excessive
NO produced after HI combines rapidly with superoxide to
form the powerful oxidizing agent peroxynitrite (ONOO™). The
ONOO™ adduct is freely diffusible in its protonated form,
oxidizes thiol groups, damages mitochondrial respiration and
induces protein nitrosylation. Nitrosylation of tyrosine resi-
dues in proteins yields the compound 3-nitrotyrosine, and
immunohistochemical detection of nitrotyrosine can be used
as an indicator of peroxynitrite formation after HI.3® Pharma-
cological inhibition nNOS and iINOS reduced nitrotyrosine
formation®® and was demonstrated to be neuroprotective.”?
Oxidative stress, including production of NO and peroxynitrite,
is considered to induce mainly necrotic cell death but may also
be involved in apoptosis.”® The developing brain may be

«

Figure 6 Caspase-3 activation after HI. (a) The 32 kDa proform of caspase-3
decreased during development. There was no significant difference between P21
and P60. (**P<0.001 compared with P9, P21 and P60; 4/P<0.001 compared
with P21 and P60.) The actin staining on the same membrane verified equal
loading. (b) After HI, the proform was cleaved and produced 29 and 17 kDa
fragments in the ipsilateral (IL), but not in the uninjured contralateral (CL),
hemisphere in the P5 and P9 mice. Densitometric quantification showing the
relative loss of the 32 kDa proform demonstrated a greater decrease in the P5
and P9 brains (**P<0.01 compared with P21 and P60). The actin staining on the
same membrane verified equal loading. (¢) Typical immunostaining of active
caspase-3 ¢ in control and postischemic (HI) tissue. An injured, active caspase-3-
positive cell is indicated by an arrow in the right panel. Bar =20 um. (d) Crude
cytosolic fractions from naive P5, P9, P21 and P60 (n=5 for each age) control
animals (Control), and from animals subjected to HI, were assayed for their ability
to cleave a fluorogenic peptide substrate (DEVD), reflecting the caspase-3-like
activity. All animals subjected to HI were killed 24 h post-HI. The data represent
the average from five male animals in each group +S.D. The activity decreased
significantly during development in the normal, control brains (small panel)
(*P<0.0001 compared with P9, P21, P60; 9P<0.001 compared with P21,
P60). After HI, the activity increased significantly at 24 h post-HI in all the groups
in the ipsilateral (Ipsi) compared with normal controls, much more pronounced for
P5 (31-fold increase) and P9 mice (25-fold increase). The increase was not
nearly as pronounced in P21 and P60 mice (§§P<0.0001 and §P<0.05
compared with the normal controls in the same age group; *P<0.0001,
compared with P9, P21, P60; P<0.001, compared with P21, P60)
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Figure 7 Counts of active caspase-3-positive cells in the ipsilateral hemisphere after HI. Active caspase-3-positive cells were counted in six different regions as in
Figures 3 and 5. In most regions, the number of caspase-3-positive cells increased from 3 h and reached a peak at 24 h in the cortex of P5, P9 and P21 animals, but at

72 h for P60 mice

particularly vulnerable to oxidative damage because of its high
concentrations of unsaturated fatty acids, high rate of oxygen
consumption, low concentrations of antioxidants, and in-
creased availability of ‘free’ redox-active iron.” In this study,
however, the extent of nitrotyrosine formation after HI was
similar at all ages, despite downregulation of both nNOS and
iNOS protein during development. Notably, the levels of INOS
were constitutively high in the immature brain even in naive
control animals.

Autophagy is a process responsible for the bulk degradation
of intracellular material in double or multiple-membrane
autophagic vesicles, and their delivery to and subsequent
degradation by the cell’'s own lysosomal system. Just like the
genetically controlled, physiological programmed cell death,
autophagy was demonstrated to be more pronounced during
embryonic development and tissue remodeling.”® One study
suggests that autophagy is a caspase-independent, geneti-
cally controlled cell death.”® Visualization of autophagic
vesicles by electron microscopy is still the golden standard
to demonstrate that autophagy is taking place. The electro-
phoretic mobility change of LC3 from the nonautophagic,
cytosolic form (LC3-1; 16 kDa) to the autophagic, membrane-

recruited form (LC3-1l; 14kDa) provides the first molecular
marker-based method for detection of autophagic activ-
ity.2577=7® The notion that autophagy is involved in tissue
remodeling is in agreement with our finding that the basal
levels of LC3-1l in normal control animals was 2.5 times higher
in the immature than in the adult brains. After HI, increased
LC3-Il levels were detected as early as 8h, much more
pronounced after 24 and 72 h. This indicates that autophagy is
involved in delayed cell death. Notably, a recent EM study
demonstrated numerous vacuoles in degenerating neurons
after neonatal HI.2° Even though the basal levels of LC3-II
were higher in the immature brains, the increase after HI was
more pronounced in the adult brains. After HI, LC3-1I levels
increased about 2.5 times more in P60 animals than in P5
mice, comparing the ipsi- and contralateral hemispheres. The
increase was even higher (more than three times) when
comparing with the control brains instead of the contralateral
hemispheres. Our results show for the first time that
autophagy is involved in cell death after cerebral ischemia,
and that the activation, as judged by the recruitment of LC3-II,
was three times more pronounced in the adult brains
compared with the immature brains.
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Cell Death and Differentiation

In summary, the sensitivity of neurons, and various brain
regions, to injury varies with the animal’s age and level of brain
development. By adjusting the duration of HI in different age
groups, we could produce a similar extent of overall brain
damage. The most obvious developmental difference in the
response to HI was that apoptotic mechanisms, both
caspase-dependent and caspase-independent, were acti-
vated to a much greater extent in the immature brains
compared with the juvenile and adult brains. Despite the
constant levels of AIF during brain development, mitochon-
drial release and nuclear translocation of AIF was much more
pronounced in the immature than the juvenile and adult
brains. To our knowledge, this is the first report of develop-
mental differences in AIF activation in a model of brain injury.
AIF, Cyt c and caspase-3 are more important in the immature
brain than in older animals. Calpains and NO are both
important in necrotic, and to some degree, apoptotic cell
death, but displayed no obvious developmental differences.
Autophagy, as judged by the recruitment of LC3-Il, after HI
was more pronounced in the adult than in the immature brain.
Taken together, our findings offer additional support for the
fact that prevention and treatment of brain injury need to be
adjusted to the developmental level.

Materials and Methods

Induction of HI

Unilateral HI was induced in C57/BL6 male mice on postnatal day 5 (P5),
P9, P21 and P60 essentially according to the Rice-Vannucci model.”"
Mice were anesthetized with halothane (3.0% for induction and 1.0-1.5%
for maintenance) in a mixture of nitrous oxide and oxygen (1:1), and the
duration of anesthesia was <5 min. The left common carotid artery was
cut between double ligatures of prolene sutures (6-0). After surgery, the
wounds were infiltrated with a local anesthetic, and the pups were allowed
to recover for 1-1.5 h. The litters were placed in a chamber perfused with a
humidified gas mixture (10% oxygen in nitrogen) for 65 min (P5), 60 min
(P9), 50 min (P21) or 40 min (P60). The temperature in the incubator, and
the temperature of the water used to humidify the gas mixture, was kept at
36°C. After hypoxic exposure, the pups were returned to their biological

<

Figure 8 Calpain activation after HI. (a) Immunoblots of homogenates from
control mice showed that the protein levels of calpain 1 (large subunit, 80 kDa)
changed very little during development. (b) The 80kDa large subunit was lost
after Hl in the ipsilateral (IL) hemispheres, compared with the contralateral (CL)
hemisphere, but the reduction was more pronounced in P5 and P9 mice than that
in P21 and P60 mice (*P<0.05 compared with P5, P9 and P21; §P<0.05
compared with P5 and P9). (c) Immunoblots of calpain 2 (80 kDa large subunit) in
normal homogenates demonstrated a somewhat higher level in P5 brains
(**P<0.05 compared with P21 and P60). (d) After HI, the 80 kDa band was
partly depleted in the ipsilateral (IL) hemispheres, and the reduction was about
the same at all ages. (e) Immunoblots of homogenate samples stained with an
antibody against fodrin showed that the levels of intact, 240 kDa fodrin increased
during development, as demonstrated in the contralateral (CL) hemispheres. A
150 kDa calpain-specific fodrin breakdown product (FBDP) was detected only in
the ipsilateral hemispheres at 24 h post-Hl. The 120kDa caspase-3-specific
breakdown product was detected only in the immature brains. The actin staining
on the same membrane verified equal loading for the Western blots (a—e). (f)
Representative stainings of control and postischemic (HI) tissue using an FBDP-
specific antibody. An immunopositive cell is indicated by an arrow in the right
panel. Bar =20 um
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Figure 9  Counts of FBDP-positive cells in the ipsilateral hemisphere after HI. FBDP-positive cells were counted in six different regions as in Figures 3, 5 and 7. In the
cortex, the number of FBDP-positive cells had increased to a high level by 3 h post-HI and decreased by 72 h after the insult in the young animals (P5, P9). For the P21
and P60 animals, however, the number of positive cells increased later, peaking by 24 h and still being elevated at 72 h post-HI. A similar pattern was seen in the striatum.
Again, the lack of immunopositive cells in the NH in the P21 and P60 mice reflected the resistance to injury. The appearance of FBDP-positive cells in all the subfields of
the hippocampus after Hl was similar to that in the cortex, but there were more positive cells in P21 and P60 animals than in the younger P9 animals. This difference was

particularly obvious in the CA1

dams and were allowed to recover for 3, 8, 24 or 72h. The injury was
evaluated at 72h post-HI through neuropathological scoring and
measurement of tissue volume loss. Control pups, subjected to neither
ligation nor hypoxia, were killed at postnatal day 5, 9, 21 or 60. All animal
experimentation was approved by the Ethical Committee of Géteborg (94-
2003).

Sample preparation for immunoblotting and
activity assay

Animals were killed by decapitation 24 h after HI (n=5 for each age).
Control animals were killed on postnatal day 6, 10, 22 or 61 (n=5 for each
age). The brains were rapidly dissected out on a bed of ice. Parietal cortex
was dissected out by first removing the frontal and occipital poles (approx.
2-3mm) of the brain, and second, after positioning the brain with the
occipital pole face down on the dissection tray, removing the
diencephalon, the medial cortex and the ventrolateral (piriform) cortex,
leaving an approximately 50 mg piece of parietal cortex. This piece was
dissected out from each hemisphere and 9 volumes of ice-cold
homogenization buffer was added (15mM Tris-HCI, pH 7.6, 320 mM

sucrose, 1 mM dithiothretitol, 1 mM MgCl,, 0.5% protease inhibitor cocktail
(P8340, Sigma) and 3mM EDTA-K). Homogenization was performed
gently by hand in a 2-ml glass/glass homogenizer. Half of the homogenate
was sonicated and used for Western blotting. The other half of the
homogenate was centrifuged at 800 x g for 10min at 4°C. The
supernatant was then centrifuged at 9200 x g for 15min at 4°C,
producing a crude cytosolic fraction in the supernatant (S2), subsequently
used for the caspase-3 activity assay. The pellet (P2), enriched
in mitochondria, was washed, recentrifuged and used for Western
blotting.

Immunohistochemistry

Mice were deeply anesthetized with 50 mg/ml phenobarbital and their
brains were perfusion-fixed with 5% formaldehyde in 0.1 M phosphate
buffer through the ascending aorta for 5min. The brains were rapidly
removed and immersion-fixed at 4°C for 24 h. The brains were dehydrated
with xylene and graded ethanol, paraffin-embedded, serial-cut into
5um sections and mounted on glass slides. Antigen retrieval was
performed by boiling deparaffinized sections in 10mM sodium citrate

Cell Death and Differentiation
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Figure 10 Developmental regulatlon of NOS. (a and b) Representative
immunoblots of brain homogenate samples stained with an antibody against
neuronal nitric oxide synthase (nNOS; 155kDa) or inducible NOS (iNOS;
130kDa), demonstrating a continuous decrease during development. Densito-
metric quantification revealed that the P5 brains had three times higher levels of
nNOS and iNOS than adult ones (*P<0.01 and 9P <0.05 compared with P5
and P9). The actin staining on the same membrane verified equal loading. (c)
Representative stainings of control and postischemic (HI) tissue using an
antibody against NOS-dependent, peroxynitrite-mediated nitrotyrosine. Two
immunopositive cells are indicated by arrows in the right panel. Bar =20 um

buffer (pH 6.0) for 10 min. Nonspecific binding was blocked for 30 min
with 4% horse serum (for MAP-2, Cyt ¢ and AIF) or goat serum (for
active caspase-3, fodrin breakdown product (FBDP) and nitrotyrosine)
in phosphate-buffered saline (PBS). Anti-MAP-2 (clone HM-2, Sigma),
diluted 1:2000 (4 ug/ml) in PBS, anti-Cyt ¢ (clone 7H8.2C12,
Pharmingen, San Diego, CA, USA), diluted 1:500 (2 ug/ml) in PBS,
anti-AlF (sc-9416, from Santa Cruz Biotechnology, Santa Cruz, CA,
USA), diluted 1:100 (2 ug/ml), antiactive caspase-3 (67342A, Pharmin-
gen, San Diego, CA, USA), diluted 1:50 (10 ug/ml) in PBS, anti-
FBDP®(1:50) and anti-nitrotyrosine (A-21285, Molecular probes,
Eugene, OR, USA), diluted 1:100 (10 ug/ml) in PBS were incubated for
60 min at room temperature, followed by another 60 min with a biotinylated
horse anti-mouse 1gG (2 ng/ml) or horse anti-goat 19G (2 ug/ml) or goat
anti-rabbit 1gG (2 ug/ml) diluted in PBS. Endogenous peroxidase activity
was blocked with 3% H,0, in PBS for 5 min. Visualization was performed
using Vectastain ABC Elite with 0.5 mg/ml 3,3'-diaminobenzidine (DAB)
enhanced with 15mg/ml ammonium nickel sulfate, 2mg/ml beta-D-
glucose, 0.4mg/ml ammonium chloride and 0.01 mg/ml beta-glucose
oxidase (Sigma).

Cell Death and Differentiation

Immunoblotting

The protein concentration was determined according to Whitaker and
Granum® adapted for microplates, using a Spectramax Plus plate reader
(Molecular Devices, Sunnyvale, CA, USA). The samples were mixed with
an equal volume of concentrated (3 x ) SDS-PAGE buffer and heated
(96°C) for 5 min. Homogenates (50 ug protein) were run on 4-20% Tris-
Glycine gels (Novex) and transferred to reinforced nitrocellulose
(Schleicher & Schuell) membranes. The membranes were blocked in
30mM Tris-HCI (pH 7.5), 100mM NaCl and 0.1% Tween 20 (TBS-T)
containing 5% fat-free milk powder for 60 min at room temperature. After
washing in TBS-T, the membranes were incubated with anti-AlF (sc-9416,
1:1000, 0.2 ug/ml, goat polyclonal antibody, Santa Cruz, CA, USA), anti-
caspase-3 (H-277, 1:1000, Santa Cruz, CA, USA), anti- Cyt ¢ (1: 500,
clone 7H8.2C12, Pharmingen, San Diego, CA, USA), anti-calpain 1 (also
called w-calpain) (1:1000, 1 pg/ml, rabbit polyclonal antibody, RP1-
calpain-1, Triple Point Biologics, Forest Grove, OR, USA), anti-calpain 2
(also called m-calpain) (1:1000, 1 ug/ml, rabbit polyclonal antibody, RP1-
calpain-2, Triple Point Biologics, Forest Grove, OR,USA), anti-alpha-fodrin
(FG6090,1:500, Affiniti Research Product Ltd, Mamhead, UK), anti-
nNOS (clone 16, 1:1000, 0.25 ug/ml, BD Biosciences, San Jose, CA,
USA), anti-iINOS (sc-650, 1:1000, 0.2 ug/ml, rabbit polyclonal antibody,
Santa Cruz, CA, USA) anti-LC3 (1:800)° and anti-actin (A2068, 1 : 200,
Sigma, Stockholm, Sweden) at 4°C overnight. After washing, the
membranes were incubated with a peroxidase-labeled secondary
antibody for 30 min at room temperature (goat anti-rabbit, 1: 2000, horse
anti-goat, 1:2000, or horse anti-mouse 1: 4000). Immunoreactive species
were visualized using the Super Signal Western Dura substrate (Pierce,
Rockford, IL, USA) and a LAS 1000 cooled CCD camera (Fujifilm, Tokyo,
Japan). Immunoreative bands were quantified using the Image Gauge
software (Fujifilm, Tokyo, Japan).

Caspase activity assays

The protein concentrations were determined as above. Samples of crude
cytosolic fractions (S2) (25 ul) were mixed with 75 ul of extraction buffer as
described earlier.%® Cleavage of Ac-DEVD-AMC (Peptide Institute, Osaka,
Japan) was measured with an excitation wavelength of 380 nm and an
emission wavelength of 460 nm, and expressed as pmol AMC released
per mg protein and minute.

Injury evaluation

Neuropathological scoring

Brain injury in different regions was evaluated using a semiquantitative
neuropathological scoring system as described earlier.2* Briefly, sections
were stained with thionin/acid fuchsin and scored by an observer blinded
to the animals. The cortical injury was graded from 0 to 4, 0 being no
observable injury and 4 confluent infarction encompassing most of the
cerebral cortex. The damage in the hippocampus, striatum and thalamus
was assessed both with respect to hypotrophy (shrinkage) (0-3) and
observable cell injury/infraction (0-3) resulting in a neuropathological
score for each brain region (0-6). The total score (0-22) was the sum of
the scores for all four regions.

Tissue volume

The volumes of tissue loss were measured 3 days post-HI by sectioning
the entire brains into 5 um sections and staining every 100th section for
MAP-2. The areas in the cortex, striatum, thalamus and hypothalamus
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Counts of nitrotyrosine-positive cells in the ipsilateral hemisphere after HI. Nitrotyrosine-positive cells were counted in six different regions as in Figures 3, 5,

7 and 9. Nitrotyrosine-positive cells increased early during reperfusion and reached a peak around 8 h after HI. In P5 brains, the numbers decreased thereafter, but in P9-
60 mice the numbers remained on a high level at least until 72 h post-HI. As in the case of the other injury markers, the NH did not display any nitrotyrosine-positive cells
in the P21 and P60 mice, reflecting the resistance to injury at these ages. Overall, the total number of nitrotyrosine-positive cells was not so much different between the
different ages except in the DG where the P5 and P9 brains displayed a higher number of immunopositive cells

displaying MAP-2 staining were measured in both hemispheres
using Micro Image (Olympus, Japan) and the volumes calculated
according to the Cavalieri Principle using the following formula:
V=>"APT, where V=total volume, > A is the sum of the areas
measured, P = the inverse of the sampling fraction and T is the section
thickness.®® The ratio of tissue loss = (contralateral volume—ipsilateral
volume)/contralateral volume.

Cell counting

Cell counting was performed in the cortex, hippocampus, striatum and
thalamus (NH) in the similar level for different ages (according to
Bregma: —1.64 mm of P60, Franklin and Paxinos). The hippocampus was
divided into the CA1, CA3 and DG subfields. Positive cells were counted at
x 400 magnification (one visual field = 0.196 mm?). In the cortex, three
visual fields within an area displaying loss of MAP-2 (if any) were counted
and expressed as average number per visual field. Parallel sections were
used for all different staining. The counting results were corrected for
possible differences in cellular density at different ages by expressing the

results as number of immunopositive cells per total number of cells in the
visual field or area counted.

Statistics

The Mann-Whitney U-test with Bonferroni correction, preceded by a
Kruskal-Wallis test when comparing more than two groups, was used
when comparing injury scores and tissue loss. ANOVA with Fisher's post
hoc test was used when comparing quantification of Western blots and
activity assay. Significance level was assigned at P<0.05.
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Figure 12  Immunoblot analysis of LC3-I and the autophagy marker LC3-Il. (a)
Representative immunoblots of normal brain homogenates demonstrating the
presence of the two forms of LC3, LC3-I (16 kDa) and LC3-Il (14 kDa) at all ages.
The lower panel shows the results of densitometric quantification (n=5 per
group; average 4 S.D.), demonstrating that both LC3- and LC3-Il decreased
approximately 50% in control brains from P5 to P60 (YP<0.05, *P<0.05,
**P<0.01, compared with P5). (b) The upper panel shows representative
immunoblots of brain homogenates from control mice (Co), from ipsilateral
hemispheres (IL) and contralateral hemispheres(CL), demonstrating an
increased appearance of the LC3-ll band in the ipsilateral hemispheres 24 h
post-HI. The relative increase of LC3-Il was calculated based on the optical
density (OD) of the different bands in individual animals according to the formula:
(OD of the ipsilateral — OD of the contralateral)/OD of the contralateral. LC3-II
was almost three times higher in the adult (P60) brains compared with immature
(P5) brains (***P<0.0001 compared with P5, P9 and P21). The actin staining on
the same membrane verified equal loading for the Western blots

CZ, 30470598), the Bureau of Science and Technology of Henan
Province, the Department of Education of Henan Province.
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