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Abstract
Background: Hypoxic-ischemic (H-I) injury to the neonatal brain has been shown to result in rapid cell death with
features of acute excitotoxicity/necrosis as well as prominent delayed cell death with features of apoptosis such as
marked caspase-3 activation. BAX, a pro-apoptotic molecule, has been shown to be required for apoptotic neuronal cell death during normal development but the contribution of endogenous BAX in cell death pathways
following H-I injury to the developing or adult brain has
not been studied.
Materials and Methods: Bax /, /, and / mice at
post-natal day 7 were subjected to unilateral carotid ligation followed by exposure to 45 minutes of 8% oxygen. At
different timepoints following H-I, brain tissue was studied by conventional histology, immunohistochemistry,
immunofluorescence, Western blotting, and enzymatic assay to determine the extent and type of cell injury as well
as the amount of caspase activation.

Results: We found that bax / mice had significantly
less (38%) hippocampal tissue loss than mice expressing
bax. Some of the remaining cell death in bax / mice,
however, still had features of apoptosis including evidence of nuclear shrinkage and caspase-3 activation.
Though bax / mice had significantly decreased caspase-3
activation as compared to bax expressing mice following
H-I, the density of cells with activated caspase-8 in the
CA3 region of the hippocampus did not differ between
bax / and bax / mice.
Conclusions: These findings demonstrate that endogenous BAX plays a role in regulating cell death in the
central nervous system (CNS) following neonatal H-I,
a model of cerebral palsy. In addition, while BAX appears
to modulate the caspase-3 activation following neonatal
H-I, caspase-8 which is linked to death receptor activation, may contribute to apoptotic-like neuronal death in a
BAX-independent manner.

Introduction

homodimers can dominate and cells are more susceptible to apoptosis (14).
Studies have shown that endogenous BAX is
important in programmed neuronal cell death. In
bax / mice, sympathetic, peripheral nervous system (PNS), motor, and cerebellar granule neurons
are all dramatically protected from apoptosis both
in vitro and in vivo (15–19). Although BAX plays an
important role under these circumstances and in
these cells, few studies have examined a role for
endogenous BAX in the cell death which occurs in
the normal or injured CNS. Recently, it was shown
that BAX regulates apoptosis following ionizing radiation to the CNS (20) and that pathological cell
death seen in cerebellar granule neurons but not in
Purkinje cells in Lurcher mice is BAX dependent
(19). Whether endogenous BAX plays a role following other types of injury to the developing or adult
CNS such as H-I has not been defined.
H-I encephalopathy in the prenatal and perinatal
period is a major cause of morbidity and mortality
and can result in cerebral palsy (21,22). Models of
H-I in neonatal animals have been shown to mimic

Apoptosis or programmed cell death is an important
component of nervous system development (1,2).
Cell death, which has features of apoptosis, is also
prominent in the developing brain following hypoxiaischemia (H-I) (3–10). Many checkpoints of regulation exist in this pathway (reviewed in (11,12)),
including the Bcl-2 family checkpoint. Interactions
between different BCL-2 family members have the
potential to regulate whether a cell lives or dies (reviewed in (13)). Anti-apoptotic family members,
such as BCL-2 and BCL-XL, can heterodimerize
through homologous domains with pro-apoptotic
members, such as BAX (13–15). If a balance does
not exist and protective members of the BCL-2
family are in excess, cells can be protected. However, when BAX or BAX homologues are in excess,
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many of the pathological and cognitive abnormalities
that are seen in children who have sustained a H-I
insult (21–23). The Levine model of H-I includes unilateral carotid artery ligation followed by exposure to
hypoxia (24,25). In this model, injury occurs in the
hemisphere ipsi- but not contralateral to the ligation,
and there are prominent features of both apoptosis
as well as necrosis (8–10,26–28). Apoptotic/caspasedependent injury appears to contribute to as much as
50% of the tissue loss following neonatal H-I (9,29).
In recent studies, we have utilized this model in
different transgenic and knockout mice to determine the role of specific genes in H-I induced brain
damage (30). We find that nNOS and clusterin exacerbates the injury (28,31) while overexpression of
BCL-XL is protective (29). We implemented this
model in bax / mice to study the role of BAX in
apoptotic-like death following neonatal H-I.

Materials and Methods
Animals and Surgical Procedures
Bax / male mice and bax / female mice on a
C57BL/6 background were produced as described
(32). Domains BH1 and BH2 were deleted rendering
the protein non-functional by a BAX targeting vector,
which substituted PGK-Neo for exons 2 through 5.
The disrupted BAX allele was transferred through
the germ line. All mice were housed under a 12:12 hr
light:dark cycle, with food and water available during the duration of the study. The neonatal H-I brain
injury followed the Levine procedure (21,24,25,
30,33,34). At postnatal day 7 (P7), pups were anesthetized with 2.5% halothane (balance room air),
and the left common carotid artery was surgically exposed and permanently ligated. The incision was sutured and the pups were returned to the mother for
a 2 hour recovery and feeding period. Pups were
placed in individual containers (37C water bath to
maintain normothermia) through which humidified
8% oxygen (balance nitrogen) flowed for 45 minutes.
Following H-I, the pups were returned to their
cages and remained with their mother. Tail DNA was
prepared and utilized for PCR. The normal allele
generated a 304 basepair product amplified using
an exon 5 forward primer (0.64 M: 5’-TGATCAGAACCATCATG-3’) and an intron 5 reverse primer
(0.64 M: 5’-GTTGACCAGAGTGGCGTAGG-3’).
The mutant allele generated a 507 basepair product
which was amplified with a neo/pgk primer (0.16 M:
5’-CCGCTTCCATTGCTCAGCGG-3’) and the same
intron 5 reverse primer, which together generate a
507 basepair product. The cycling parameters for the
reaction were 1 min at 94C, 55C, and 72C each for
a total of 30–35 cycles (16).
Tissue Preparation
For histological analyses, either 24 hours or 1 week
following H-I, animals were anesthetized with
150 mg/kg of pentobarbital intraperitoneally and then
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perfused through the left ventricle with phosphate
buffer saline (PBS) (pH 7.4). Brains were removed
and fixed overnight at 4C in 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). Brains were
then cyroprotected overnight at 4C in a solution of
30% sucrose in 0.1 M phosphate buffer (pH 7.4).
Brains were frozen in dry ice and 50 m coronal sections were cut on a freezing sliding microtome and
then stored in 0.1M Tris-buffered saline (TBS,
pH 7.5, 4C). For cresyl violet staining, every sixth
section was mounted on a slide beginning with the
corpus callosum and ended at the posterior end of
the hippocampus. Tissue was stained with cresyl
violet at pH 3.6 for 5 min. The slides where then
rinsed and dehydrated in ethanol and coverslipped.
Damage resulting from H-I was determined by calculating the amount of surviving tissue in coronal
sections. For each brain, four sections containing
the hippocampus were assessed corresponding to
figures 44, 49, 51, and 55 in a mouse brain atlas (35)
and seven sections of the cortex were assessed corresponding to figures 24, 31, 37, 44, 49, 51, and 55. The
area of each brain region was then calculated and
the percent area loss in the lesioned versus the unlesioned hemisphere was determined. The scorer was
blinded to genotype of the animals. For analysis
comparing % tissue loss in bax / vs. bax /
mice, data are presented as mean / SEM and were
analyzed with a t-test with a significance cut off at
P  0.05. For DEVD cleavage assay 24 hours after
H-I, animals were perfused with PBS (pH 7.4) and
brains were removed. Tissue from the cortex and
hippocampus were dissected and frozen in dry ice.
Stereological Analysis
To further assess the volume of the hippocampus
and number of CA1 and CA3 neurons in bax /
and bax / mice, we utilized unbiased stereological methods. For assessment of hippocampal volume
as well as CA1 and CA3 neuron number, ten animals (bax / N  5; bax / N  5) at P14, 7 days
following H-I at P7, were assessed. The brains were
sectioned in the coronal plane and every sixth section from the beginning to the end of the hippocampus (rostral to caudal) was mounted on a slide. The
sections were stained with the fluorescent dye 4’,
6 diamidino-2-phenylindole (DAPI) stain (1:1000).
The hippocampal region of every brain section was
identified and traced, and the section thickness was
determined with a 100X lens (N.A. 1.40). From that
information, the volume of the hippocampus was
determined with the Cavalieri Estimator technique
using Stereo Investigator software (MicroBrightField, Inc., Colchester, VT). To determine the number of CA1 and CA3 neurons in the hippocampus,
the Optical Fractionator technique was utilized. The
CA1 and CA3 areas of the hippocampus were traced
on the same brain sections utilizing a 4x lens with
the image projected onto a computer screen. At a
higher power (100x lens, 1.4 N.A.), neuronal nuclei
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in the CA1 and CA3 region were marked if they fell
within a 30 m x 30 m (x,y) counting frame within
a 15 m z-depth. A 10 m guard zone was utilized.
Sampling distances were set so that 100–400 neuronal nuclei and 100–300 sites per CA1 and CA3 region were sampled. The number of neurons in each
hippocampal region was then calculated from the
information obtained utilizing the Stereo Investigator software.
DEVD Cleavage Assay
DEVD-AMC cleavage assay was performed as described (9,36,37). Frozen tissue samples were homogenized in lysis buffer (10 mM HEPES, pH 7.4,
5 mM MgCl2, 1 mM DTT, 1% Triton X-100, 2 mm
EDTA, 2 mM EGTA, 1 mM PMSF, and protease
inhibitor cocktail) and centrifuged at 12,000 g for
10 min at 4C. Ten l of the lysate was incubated in
a 96-well plate with 90 L of assay buffer (10 mM
Hepes, pH 7.4, 42 mM KCl, 5 mM MgCl2, 1 mM DTT,
10% sucrose) containing 30 M Ac-DEVD-AMC
(Calbiochem, San Diego, CA). The emitted fluorescence was measured every 5 minutes for 30 minutes
at room temperature at an excitation wavelength of
360 nm and an emission wavelength of 460 nm using
a microplate fluorescence reader (Bio-tek Instruments, Winooski, VT). DEVD activity was obtained
from the slope of fluorescence against time. Ac-AMC
(Calbiochem, San Diego, CA) was used to obtain a
standard curve and the enzyme activity was calculated as the pmol AMC/mg/protein/min. Data are
presented as mean / SEM. Data were analyzed
with ANOVA followed by Newman-Keuls multiple
comparisons test with significance cut off at P  0.05.
Immunohistochemistry, Immunofluorescence,
and Western Blotting
Fifty-micrometer free floating sections through the
forebrain were processed for peroxidase immunohistochemistry using the rabbit polyclonal antibody
CM1 to activated caspase-3 (1:20,000; gift of Idun,
Inc., La Jolla, CA) (36,38), the rabbit polyclonal antibody SK440 to activated caspase-8 (1:3000, gift of
K. Kikly, Smith Kline Beacham Pharmaceuticals,
King of Prussia, PA (39)), or the anti-cytochrome
c antibody (1:500; PharMingen, Inc., San Diego, CA)
with the Vectastain ABC Elite kit (Vector Laboratories, Inc., Burlingame, CA) as previously described
(36). For quantitation of the density of activated
casapse-8-immunoreactive (IR) cells in the CA3 region of Bax / and Bax / mice, 4 hippocampal
sections corresponding to figures 44, 49, 51, and 55
in a mouse brain atlas (35) were assessed. Four fields
measuring 0.023 mm2 in the CA3 region were assessed in each section. Caspase-8-IR cells were assessed by an observer blinded to genotype and
were counted as positive if there was staining of a
clearly distinguishable cell body in which the staining intensity was greater than the level of any of the
cells observed in the contralateral CA3 region as

determined by thresholding utilizing image analysis with an Optiphot digital camera (Nikon, Inc.,
Melville, NY). For double-labeling immunofluorescence experiments for activated caspase-3, a neuronal
nuclear marker, and cytochrome c, brain sections
were incubated with the following antibodies:
CM1 (1:5,000) along with mouse anti-neuronal nuclei antibody (1:100) (NeuN; Chemicon, Inc., Temecula, CA) or anti-cytochrome c (1:500). Fluorescein
isothiocyanate- and indocarbocyanine-labeled secondary antibodies were utilized for fluorescent
detection as described (36). For fluorescent double labeling for activated caspase-3 (CM1) and activated
caspase-8 (SK440), sections were first blocked with
1% BSA and 0.2% dry milk in Tris-buffered saline
(TBS) for one hour and then incubated overnight
with SK440 (1:5000 dilution). After washing, sections were incubated with fluorescein-conjugated
anti-rabbit antibody using TSA-direct tyramide signal amplification kit (NEN Life Science Products,
Boston, MA). Sections were then blocked with 3%
goat serum in TBS for one hour, incubated overnight
with CM1 (1:5,000 dilution), washed, and then incubated with goat anti-rabbit IgG coupled to Alexa 568
(Molecular Probes, Eugene, OR) for one hour. Controls included omission of each primary antibody.
Slides were coverslipped with Vectashield mounting
media (Vector Laboratories, Burlingame, CA) and examined with a Nikon FXL fluorescence microscope
(Nikon, Inc., Melville, NY) as well as a Bio-Rad Confocal microscope for analysis (Bio-Rad, Inc., Hercules,
CA). Western blotting with hippocampal lysates was
performed as described (28,36,37). Antibody to FAS
was obtained from Upstate Biotechnology (Lake
Placid, NY) and antibody to pro-caspase-8 was obtained from Pharmingen, Inc. (San Diego, CA).
Quantitation of band density on X-ray film following
Western blotting was performed as described (40).

Results
Endogenous BAX Plays a Role in Tissue
Loss Following H-I
We were interested in the role of BAX in the cell
death that occurs in an in vivo model of neonatal
brain injury due to H-I. To address this question, we
bred bax / male mice to bax / female mice and
on post-natal day (P) 7, littermates which were either bax / or bax / were given an H-I insult.
P7 mice underwent unilateral (left) carotid artery
ligation and were then exposed to 8% oxygen for
45 minutes. In this model, cell injury is only observed in the hemisphere ipsi- but not contralateral
to the ligation. Animals were sacrificed one week
following H-I at P14 and the amount of brain injury
was determined. Area measurements of the hippocampus from sections stained with cresyl violet
showed that bax / animals had significantly less
(36% less) tissue loss than bax / animals (Fig. 1
and 2A). There was 25.8 / 5.7% tissue loss
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Fig. 1. The absence of BAX protects against tissue damage
in the neonatal brain following H-I. An example of brain
sections from mice sacrificed at P14, 7 days following H-I at P7,
reveals decreased tissue damage in the injured (left) hippocampus
of bax / mice (A) compared with bax / mice (B). For
orientation, the lateral cortex was cut on the right side.

observed in bax / mice (N  22), while there was
40.0 / 3.8% tissue loss observed in bax / animals (N  31) (P  0.036). It should be noted that we
have previously observed virtually identical amounts
of hippocampal injury following H-I in P7 C57BL/6
mice which were bax / as compared to results
found here with bax / mice (ie. 40–45% tissue
loss) (28,30). Of note, H-I in this model is relatively
selective for the hippocampus when utilizing the
C57BL/6 strain of mice in that following H-I, there is
only 10–20% loss of cortical tissue in the injured
hemisphere in this model. When comparing cortical
tissue loss in bax / versus bax / mice, no significant difference was observed (Fig. 2B). Percent tissue
loss in bax / animals was 14.5 / 4.8% and in
bax / animals was 16.0 / 4.0%. Overall, these
results demonstrate that the absence of BAX results in
significant but not complete protection against hippocampal tissue loss following neonatal H-I.
Hippocampal Volume Loss Correlates with CA1
Neuronal Loss in Bax / and Bax / Mice
Following Neonatal H-I
In this neonatal H-I model, all regions of the hippocampus are damaged and there is not selective
vulnerability of only one cellular layer. Coincident
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with the global neuronal loss in the hippocampus,
we previously analyzed CA1 neuronal loss in this
model and found that hippocampal volume loss correlates well with CA1 neuronal loss following H-I
injury in the P7 rat (34). While it was not practical
to count CA1 neurons in the 53 mice analyzed following neonatal H-I, utilizing stereological methods, we determined whether hippocampal volume
and percent tissue loss correlates with CA1 cell
number and percent CA1 cell loss respectively in a
group of bax / and bax / following H-I.
Bax / (N  5) and bax / (N  5) mice were randomly selected and hippocampal volume CA1 cell
number were assessed with stereological methods at
P14, seven days following unilateral carotid ligation
and exposure to 8% oxygen for 45 minutes. We found
that in both bax / and bax / mice, there was a
strong correlation (r2  0.75, p  0.017) between hippocampal volume and CA1 cell number (Fig. 3A). Similarly there was a strong correlation (r2  0.52, p 
0.019) between percent hippocampal volume loss
and percent CA1 neuron loss (Fig. 3B). There was
less CA1 cell loss and hippocampal volume loss in
the bax / versus the bax / analyzed in this fashion. In assessing only 5 animals per cohort for stereological analysis, there was not a significant difference
in CA1 cell number between these groups (Fig. 3C).
Taken together, however, with the data in Figure 1
and Figure 2, these results suggest that in addition to
having less hippocampal injury, bax / mice have
less CA1 neuronal loss following neonatal H-I.
Caspase-3 Activation is Attenuated But Not
Absent in Bax / Mice
Following H-I in neonatal mice and rats, in addition
to necrosis (26), a large amount of neuronal cell death
has been shown to have biochemical features of apoptosis (8,9,27,29,41–43). To determine if cells died in
the presence and absence of BAX via an apoptotic
pathway with caspase activation following H-I, we
performed a DEVD-AMC cleavage assay as well as
immunostaining with an antibody which is specific

Fig. 2. Bax / mice had less hippocampal tissue loss than bax /
mice after H-I. (A) P14 bax / animals (N  22), 7 days after H-I at P7,
had 38% less (P  0.036)* tissue loss
in the hippocampus than that observed
in bax / (N  31) animals. (B) A
significant difference was not seen in
the amount of tissue loss in the cortex
in bax / vs. bax / mice.
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Fig. 4. BAX contributes to but is not required for caspase-3
activation following neonatal H-I. Bax expressing and bax /
mice showed DEVD-AMC cleavage activity (caspase-3-like activation) in the hippocampus and cortex ipsilateral to the ligation
24 hours following hypoxia. In this experiment, bax / mice
were bred together and H-I was performed at P7. DEVD-AMC
cleavage activity was assayed with tissue lysates from the hippocampus and cortex contralateral (R) and ipsilateral (L) to the
carotid ligation 24 hours following H-I. Data are presented as
mean / SEM. DEVD-AMC cleavage activity was not statistically different when comparing bax / and bax / mice so
data from these 2 groups were pooled. A significant difference
was seen when comparing DEVD-AMC cleavage activity in the
left hippocampus (ipsilateral to carotid ligation) of the bax / and
/ mice (N  36) vs. the bax / mice (N  11) * P  0.05.

Fig. 3. Hippocampal volume correlates with CA1 cell
number in the damaged and undamaged hemisphere following neonatal H-I in mice. (A) Following unilateral (left)
carotid ligation and exposure to hypoxia at P7, the number of
CA1 neurons and the hippocampal volume in the right and left
hippocampus of bax / (N  5) and bax / (N  5) mice
were determined. The number of CA1 neurons correlated well
with the hippocampal volume for bax / and bax / mice
(r2  0.75, p  0.017). (B) The percent loss in CA1 neurons
correlated well with the percent loss of hippocampal volume
(r2  0.52, p  0.019). (C) There were more CA1 neurons in
the injured hippocampus of randomly selected bax / vs.
bax / mice (N  5 per group). The difference was not
significant due to the small number of animals in each group
assessed in this fashion.

for the activated form of caspase-3, CM1 (36,38). For
this experiment, Bax / mice were bred together
and P7 littermates were administered H-I. We examined the brain 24 hours later since our previous experiments have shown a peak of caspase-3-like activation 18–24 hours following H-I (9,28,44). Mice

were sacrificed and brains were prepared for immunostaining or tissue lysates were prepared for
DEVD-AMC cleavage assay. The DEVD-AMC cleavage assay revealed that caspase-3-like activation was
significantly attenuated but still present in bax / as
compared to bax expressing animals (Fig. 4). Mean
DEVD-AMC cleaving activity in the left hippocampus
of Bax / mice (N  11) was 11.6 / 4.3
pmol/mg/min while the mean activity in bax / and
/ mice (N  36) was 26.0 / 4.5 pmol/mg/min
(P  0.04). In the left cortex, there was 6.4 / 2.8
pmol/mg/min of DEVD-AMC cleaving activity in bax
/ mice, while the mean activation in bax / and
/ mice was 17.3 / 4.5 pmol/mg/min (P  0.05).
The fact that there was less DEVD-AMC cleavage activity in the cortex of bax / vs. bax / mice suggests that this assay may be a more sensitive indicator
of the effects of BAX than tissue loss.
To further explore the anatomy of caspase-3 activation, we examined CM1-immunoreactivity (IR) in
tissue sections. Bax / mice had abundant CM1-IR
predominantly in the hippocampus with smaller
amounts in the cortex ipsilateral to carotid ligation
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Fig. 5. Activated caspase-3 is present in bax / and /
neurons following neonatal H-I. Activated caspase-3-IR is
observed in the injured (left) hemisphere 24 hours following
unilateral (left) carotid artery ligation and exposure to hypoxia
for 45 minutes at P7. Activated caspase-3-IR was examined in
hippocampal sections at low power (A, B, E, F) and high power
(C, D, G, H) in bax / (A–D) and bax / (E–H) mice. In-situ
caspase-3 activation is especially evident in neuronal nuclei the
hippocampus (arrow), but was also seen in the cortex ipsilateral to the ligation. Qualitatively, there were fewer cells with
caspase-3 activation observed in bax / mice (F and H) as
compared to bax / mice (B and D), confirming results with
DEVD-AMC cleavage assay. Scale bar in F for A, B, E, and F,
50 m. Scale bar in H for C, D, G, and H, 20 m.

(Fig. 5). While bax / mice generally had less CM1IR than bax / mice which was consistent with the
DEVD-AMC cleavage assay, the absence of BAX did
not completely block activation of caspase-3 as visualized by CM1-IR (Fig. 5). In fact, caspase-3 activation
as well as cell shrinkage as seen in cresyl violet
stained sections appeared qualitatively similar in both
bax / and bax / mice (Fig. 6). As we have
previously shown in neonatal rats (36), most of the
CM1-positive cells were neurons as determined by
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Fig. 6. Evidence of cell shrinkage 24 hours following H-I is
present in both Bax / and Bax / mice. Cell shrinkage
occurred in the left hemisphere 24 hours following H-I ipsilateral to the carotid ligation. Hippocampal sections were stained
with cresyl violet and examined at low power (A, B, E, F) and
high power (C, D, G, H) in bax / (A–D) and bax / mice
(E–H). In the CA1 region (C, D, G, H), shrunken nuclei with
condensed chromatin (arrow) were present in both bax /
(D) and bax / (H) mice but were generally less prominent
in bax / mice. Scale bar in F for A, B, E, and F, 50 m. Scale
bar in H for C, D, G, and H, 20 m.

co-localization with the neuronal marker Neu-N (data
not shown). Thus, while H-I induced brain injury was
attenuated in bax / mice, some apoptotic events
including caspase-3 activation were still observed in
the neonatal CNS, even in the absence of BAX.
Caspase-8 Activation is not Blocked
by the Absence of BAX
In sympathetic neurons deprived of NGF, BAX
translocation to mitochrondria and subsequent
cytochrome c release is required for caspase-3 activation and cell death (45,46). Since there was some
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BAX independent caspase-3 activation following
neonatal H-I, we asked whether another pathway
could contribute to caspase-3 activation in the presence and absence of BAX. One mechanism which
mammals utilize to direct individual cells to self destruct is via death receptors. Death receptor activation
can be directly coupled to activation of caspase-8
which can then activate downstream effector caspases such as caspase-3, committing cells to apoptosis (47–49). We utilized a recently characterized antibody which is specific for the activated form of
caspase-8 (39) and examined bax / and bax /
brains 24 hours after H-I at P7. As with staining for
activated caspase-3, a large number of hippocampal

neurons had activated caspase-8-IR in the damaged
hemisphere with little to no staining in the undamaged hemisphere. While activated caspase-3 was
present in CA1, CA3 and the dentate gyrus, staining
for activated caspase-8 was predominantly in the
CA3 region. Double label immunofluoresence to
identify cells with activated caspase-3, activated
caspase-8, or both markers was performed twenty
four hours following H-I in bax / and bax /
mice at P7. Within the CA3 region, it appeared
that most cells which were positive for activated
caspase-8 were also positive for activated caspase-3
(Fig. 7A–F). On the other hand, there were some
cells, particularly in bax / mice, which were

Fig. 7. Caspase-8 activation following neonatal H-I is present in both bax / and bax /
mice. P7 mice were subjected to H-I and 24
hours later, sections were labeled with antibodies
to activated caspase-3 and activated caspase-8 and
assessed by double label immunofluorescence and
confocal microscopy. There was little staining of
cells in the unlesioned right hippocampus in
either bax / (A) or bax / mice (B). In
contrast, in the lesioned (left) hippocampus (CA3
shown here), there were cells which labeled with
antibodies to activated caspase-3 (red), activated
caspase-8 (green), or were labeled with both antibodies (yellow) (C–F). Most cells that were labeled by antibodies to activated caspase-8 were
also stained by antibodies to activated caspase-3
(arrows, C–F). There were also cells, particularly
in the bax / mice, which only labeled with
antibodies to activated caspase-3 (arrowheads,
C, E). Scale bar in D equals 50 m for A–D. Scale
bar in F equals 10 m for E, F. In G, the density
of activated caspase-8-IR cells (per 0.023 mm2) in
the CA3 region of the lesioned hippocampus was
compared in bax / (n  5) vs. bax / (n  5)
mice. The same mice analyzed for CA1 neurons in
Fig. 3 were utilized in this experiment. There was
no significant difference between the groups. The
total number of remaining CA3 neurons as well
as the % CA3 cell loss (right–left/right X 100) in
both groups was also determined in the uninjured
(right) and injured (left) hippocampus of these
animals. Number of CA3 neurons (mean /
SEM): bax /, right: 98,240 / 11,640; bax
/, right: 100,800 / 11,900; bax /, left:
42,430 / 11,040; bax /, left: 42,530 /
15,160). % CA3 cell loss (mean / SEM): bax
/ 56.1 / 12.9; bax / 58.4 / 9.7.
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positive for activated caspase-3 but contained no detectable activated caspase-8 (Fig. 7C–F). We quantified the density of activated caspase-8-IR cells in the
CA3 region of the same bax / and bax / mice
that we quantified CA1 neuronal number in Fig. 3,
24 hours following H-I at P7. Interestingly, there
was no significant difference in the number of activated caspase-8 immunopositive cells between the
groups (Fig. 7E). Further, we determined the total
number of CA3 neurons in the same group of
bax / and bax / mice. There was an almost
identical amount of neuronal loss in the injured CA3
region when comparing the groups (legend, Fig. 7).
Taken together, this suggests that while BAX regulates some events leading to caspase-3 activation following neonatal H-I that activation of caspase-8 in a
subset of cells may lead to caspase-3 activation and
cell death in a BAX-independent manner.
While there are several death receptors which
could play a role in activation of caspase-8, we qualitatively examined levels of the death receptor FAS
as well as pro-caspase-8 in bax / and / mice
since it was previously shown that FAS levels increase after neonatal H-I in rats (43,50). Twenty-four
hours following neonatal H-I, there was a several
fold increase in FAS levels as detected by Western
blotting of hippocampal tissue lysates (Fig. 8).
Further, there was a decrease in the level of procaspase-8 consistent with caspase-8 cleavage and activation. The antibody specific for activated caspase-8
(SK440) utilized for immunofluorescence was not
useful in this assay as it is not sensitive at detecting
activated caspase-8 by Western blotting. There was
no quantitative difference between the increased levels of FAS or the decreased levels of pro-caspase-8
between the bax / and / mice following H-I
(Fig. 8). These results further suggest that death receptor induced caspase-8 activation may contribute
to caspase-3 activation independent of BAX.

Discussion
The discovery of the BCL-2 family members has led
to a better understanding of their role in apoptotic
pathways. The role of individual BCL-2 family members in the nervous system in vivo and in specific
disease states has not been completely clarified.
While BAX is one of the better studied pro-apoptotic
BCL-2 family members, its role in apoptotic-like
cell death in the brain is just beginning to be defined. Previous studies have demonstrated that antiapoptotic BCL-2 family members are expressed in
the brain and that their expression levels can regulate cell death following ischemic injury (29,51–54).
In addition, the expression of the pro-apoptotic
BCL-2 family member bax is increased following ischemic brain injury (43,55–57). A recent study in an
adult H-I model utilized an inhibitor of a BAX interacting protein and this resulted in neuroprotection (58). To our knowledge, however, this study is
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Fig. 8. FAS increases and pro-caspase-8 decreases following
neonatal H-I. (A) Twenty four hours following H-I at P7, hippocampal lysates from bax /, and / mice (30 g protein
per lane) from the undamaged-right (R) and damaged-left (L)
hemisphere were assessed by SDS-PAGE followed by Western
blotting with antibodies to FAS, pro-caspase-8 and -actin. There
was a clear increase in FAS (45 kDa) and a decrease in
pro-caspase-8 (57 kDa) in all types of mice assessed. (B) The
density of the band corresponding to full length caspase-8 was
determined in the right and left hippocampi of groups of bax /
and bax / mice corresponding to the lanes shown above in A.
There was no statistical difference in the amount of caspase-8
24 hours following H-I when comparing the injured (L)
hippocampi between bax / to bax / mice (N  4 per group).

the first to examine the contribution of endogenous
BAX to injury in an in vivo model of neonatal or adult
H-I. We found that the absence of BAX attenuates
cell death and caspase-3 activation in vivo following
an H-I insult to the neonatal brain. Despite the decrease in the amount of injury, some injury was still
observed and the absence of BAX did not completely
prevent caspase activation or cytochrome c release.
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The absence of BAX also had no clear effect on the
density of cells with caspase-8 activation as assessed in the CA3 region of the hippocampus. Thus,
while the absence of BAX can completely prevent
neuronal cell death under certain conditions in the
nervous system (eg. post-mitotic programmed cell
death in the PNS) in which mitochondrial changes
leads to apoptosome activation, its role in the apoptotic-like cell death following H-I in the developing brain appears to be more complex (see model,
Fig. 9).
In this murine model of neonatal H-I, the absence of BAX resulted in neuroprotection in the hippocampus. The degree of neuroprotection observed
in this study was similar to that seen in our previous
studies of neonatal H-I in which we used other antiapoptotic strategies. For example, there was 39%
less hippocampal and 61% less cortical damage following H-I in neonatal transgenic mice overexpressing Bcl-XL as compared to age-matched littermate
controls (29). In addition, following neonatal H-I in
P7 rats, the administration of the pan-caspase inhibitor BAF resulted in approximately 50% less
injury to the hippocampus and cortex (9). Other
studies also suggest that caspases including caspase-9
and -3 are not only important in programmed cell
death (59,60) but also in ischemia-mediated death
following brain injury (61,62). Together, these studies indicate that apoptotic-like pathways are not only
involved in a significant percent of brain injury following neonatal H-I but also suggest that a variety of

Fig. 9. Model of caspase-dependent cell death which occurs following neonatal hypoxia-ischemia (H-I). BAX likely
plays a role in modulating caspase-3 activation via translocation
to the mitochondria, release of cytochrome c, apoptosome formation, and activation of caspase-9 and -3. Caspase-8 activation
may contribute to apoptotic-like death following neonatal H-I, as
occurs in vitro and other paradigms, via BAX-dependent and independent pathways. How caspase-8 becomes activated in the
neonatal brain has not yet been clarified. It is likely to occur via
activation of a death receptor such as FAS or a member of a
member of the TNF receptor family.

anti-apoptotic strategies and molecules could be targeted for potential drug development.
While our study demonstrates that endogenous
BAX is involved in apoptotic-like death following
neonatal H-I, some death with caspase-3 activation
still occurred in the absence of BAX. The amount of
protection was similar in this study to that seen following ionizing radiation to the P5 mouse cerebellum where bax / mice had an approximately 50%
reduction of apoptosis compared with wild-type
mice (20). Further, apoptotic cell death in cerebellar
granule cells of Lurcher mice was blocked in
bax / mice (19). The presence of activated capase3 that we observed in the present study in the absence of BAX suggests that one possibility is that
other BAX-like molecules may also be contributing
to the cytochrome c dependent death occurring
following neonatal H-I. There are several proapoptotic Bcl-2 family members including Bax, Bcl-XS,
Nbk/Bik, Bim, Bad, Bid, Harikari, and Bak. Some of
these genes have been shown to be expressed in the
brain (55–57,63,64), though their expression and
role in the developing brain remains to be characterized. Studies by Han et al. (65) and Zhai et al. (66)
show that Bid is expressed in the brain and may be a
cytochrome c efflux-inducing factor. It is interesting
to note that caspase-8 is activated in some neurons in
an adult stroke model (39) and can cleave BID which
can lead to mitochondrial damage, cytochrome c release, and cell death (67–71). This prompted us to
look for caspase-8 activation in the neonatal model.
Caspase-8 was originally identified via proteinprotein interactions and was found to contain two
death effector domain-like modules allowing it to
interact with FADD (47,48,72–74). FADD is an
adaptor protein which directly couples cell surface
signaling via death receptors belonging to the TNF
receptor gene superfamily to activation of caspase-8,
(for reviews see (75,76)). Upon activation, caspase-8
can lead to activation of many other downstream
caspases such as caspase-9 and -3 (47–49). It has
been proposed that the amount of caspase-8 activation may determine whether a mitochondrialdependent pathway is required for amplification of
the caspase cascade (69). While BAX-regulated mitochondrial events influence a significant amount of
cell death following neonatal H-I, our data in mice
as well as other data from rats (43,58) suggest that
caspase-8 may regulate BAX-independent apoptoticlike death and caspase-3 activation associated with
cytochrome c release following H-I (Fig. 9). This
could occur via direct caspase-9 and -3 cleavage by
caspase-8. Alternatively, caspase-8 has been shown
to amplify cytochrome c release via cleavage of BID
and its translocation to the mitochondria (67–70).
There, caspase-8-activated BID can trigger homooligomerization of both BAX and BAK resulting in
cytochrome c release and apoptosis (77,78). While
the absence of BAX may lessen the effect of caspase-8
following neonatal H-I, it is possible that the presence

M.E. Gibson, et al.: BAX Contributes to Neonatal H-I Brain Injury

of BAK or another BH3-domain only homologue still
allows for caspase-8 mediated mitochondrial dysfunction. In light of these results, it is interesting to
note that Fas, a death receptor linked to caspase-8 activation, is present in the developing brain and is
upregulated following H-I (50). In addition, some
apoptosis-inducing agents, such as staurosporine,
can result in caspase-8 activation in cultures of cortical neurons (79). It will be interesting in future
experiments to further define the role of death receptor ligands/receptors and caspase-8 in neonatal H-I
as well as the role of BID in caspase-8 actions in vivo.
This study shows that the absence of BAX is protective against apoptotic-like death following neonatal H-I. Our previous studies have shown that molecules such as brain-derived neurotrophic factor
(BDNF) can completely block the apoptotic as well as
most of the non-apoptotic components of cell death
following neonatal H-I (34,36,37). In addition,
BDNF can protect against H-I-induced learning abnormalities (23). Important issues that remains regarding anti-apoptotic strategies in general is determining exactly which pathways are involved, the
maximum protection that can be achieved, a detailed
timecourse of when in relation to injury therapeutic
agents can be administered, and whether different
agents can be used in combination to achieve even
greater neuroprotection. These issues will be important to understand in the setting of both neonatal
H-I as well as following other injuries to the developing brain.
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