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Apoptosis-inducing factor is a major contributor to
neuronal loss induced by neonatal cerebral
hypoxia-ischemia

C Zhu'?, X Wang"?, Z Huang'?, L Qiu™? F Xu'? N Vahsen®, M Nilsson', PS Eriksson', H Hagberg'*, C Culmsee®, N Plesnila®,
G Kroemer® and K Blomgren'”’

Nine-day-old harlequin (Hq) mice carrying the hypomorphic apoptosis-inducing factor (AIF)" mutation expressed 60% less AIF,
18% less respiratory chain complex | and 30% less catalase than their wild-type (Wt) littermates. Compared with Wt, the infarct
volume after hypoxia-ischemia (HI) was reduced by 53 and 43% in male (YX"9) and female (X"X"%) mice, respectively (P< 0.001).
The Hq mutation did not inhibit HI-induced mitochondrial release of cytochrome c or activation of calpain and caspase-3. The
broad-spectrum caspase inhibitor quinoline-Val-Asp(OMe)-CH,-PH (Q-VD-OPh) decreased the activation of all detectable
caspases after Hl, both in Wt and Hq mice. Q-VD-OPh reduced the infarct volume equally in Hq and in Wt mice, and the
combination of Hq mutation and Q-VD-OPh treatment showed an additive neuroprotective effect. Oxidative stress leading to
nitrosylation and lipid peroxidation was more pronounced in ischemic brain areas from Hq than Wt mice. The antioxidant
edaravone decreased oxidative stress in damaged brains, more pronounced in the Hq mice, and further reduced brain injury in
Hq but not in Wt mice. Thus, two distinct strategies can enhance the neuroprotection conferred by the Hq mutation, antioxidants,
presumably compensating for a defect in AIF-dependent redox detoxification, and caspase inhibitors, presumably interrupting a

parallel pathway leading to cellular demise.

Cell Death and Differentiation (2007) 14, 775-784. doi:10.1038/sj.cdd.4402053; published online 13 October 2006

Cell death involving a cell-autonomous active contribution of
catabolic enzymes, apoptosis, plays a prominent role in the
evolution of hypoxic-ischemic (HI) injury in the neonatal brain,
and apoptosis is at least as important for the loss of neurons
as unregulated cell death, necrosis.' ™ Caspases are a class
of specific cysteine proteases that mediate apoptotic death in
a variety of cellular systems. Caspases are activated after HI,
in particular in the immature brain.>® The molecular pathway
leading to caspase activation is initiated by mitochondrial
outer membrane permeabilization (MOMP), presumably as a
result of the permeability transition*® and/or a process
regulated by proteins from the Bcl-2 family.®” MOMP results
in the release of cytochrome c¢ from the mitochondrial
intermembrane space to the cytosol, where cytochrome ¢
can interact with Apaf-1, triggering the formation of the
apoptosome, the caspase-9 and caspase-3 activation com-
plex. Prevention of caspase activation or inhibition of
caspases affords neuroprotective effects in the immature
brain.®® Recent data demonstrate that when caspase
activation is inhibited at or downstream of the apoptosome,
neurons can undergo a delayed, caspase-independent

death.'®'" One of the key components of the caspase-
independent cell death pathway is apoptosis-inducing factor
(AIF).12—14

AIF has a dual function in the control of stress-induced cell
death.'® AIF is a phylogenetically old mitochondrial NADH
oxidase whose local redox function is essential for optimal
oxidative phosphorylation and for an efficient anti-oxidant
defense. The absence of AIF can cause degeneration of
cerebellar granule neurons and retinal ganglion cells, as has
been shown for harlequin (Hg) mice. In the Hg mouse strain,
the expression of AIF is reduced to approximately 20% of the
wild type (W) level owing to a retroviral insertion into the first
intron of the AIF gene located on chromosome X (AIF9).16:17
Hqg mice develop ataxia owing to cerebellar atrophy as well as
blindness owing to retinal degeneration.'” In Hg mutant mice,
lipid hydroperoxides were increased in both brain and
cerebellum, indicative of increased oxidative stress, and this
increase was more pronounced in older mice."” Cultured
cerebellar granule neurons from Hq mice were more
susceptible to peroxide-induced death, and transduction with
Wt aif rescued this peroxide sensitivity.”” The molecular
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etiology of this enhanced susceptibility to oxidative stress
might involve a defect in oxidative phosphorylation'® and/or in
the redox activity of AIF."” Nonetheless, AIF has also been
implicated in neuronal apoptosis as a cell death effector. In
several models of apoptosis, AIF translocates to the nucleus,
where it induces chromatin condensation and DNA degrada-
tion.'®'922 The nuclear translocation of AIF can be inhibited
by blocking upstream signals of apoptosis (such as poly(ADP-
ribose) polymerase-1),'%22 inhibition of non-caspase cysteine
proteases that are involved in the detachment of AIF from the
inner mitochondrial membrane,?* suppression of MOMP?" or
overexpression of heat-shock protein 70, which can intercept
AIF in the cytosol.25:26

Both in neonatal HI and in adult focal ischemia, AIF
translocates to nuclei during post-ischemic cell death,
correlating with signs of DNA damage in the affected
nuclei.'®2° A few studies have confirmed a relative resistance
of AlF-negative cells to apoptosis induction as compared to
AlF-positive cells, in particular apoptosis induction pathways.
Microinjection of AlIF-neutralizing antibodies can reduce the
neurotoxic effects of NMDA in primary murine cortical
cultures.?” Knock down of AIF with small interfering RNAs
(siRNAs) protects primary cultures of hippocampal neurons
and HT22 cells from glutamate toxicity'® and differentiated
PC12 cells against the neurotoxin 1-methyl-4-phenylpyridi-
nium.2® In vivo excitotoxic studies using kainic acid-induced
seizures revealed that Hg mice had significantly less
hippocampal damage than Wt littermates.'® In addition, the
brains of adult Hg mice are particularly resistant to focal
ischemia.'®

The aim of this study was to follow up our previous findings
on AIF translocation after neonatal cerebral HI'® and to
develop therapeutic strategies based on the reduction of AlF
expression. We demonstrate that the neuroprotective effects
of the Hq mutation can be greatly enhanced by simultaneous
scavenging of reactive oxygen species or by inhibition of
caspases.

Results

Impact of the Hq mutation on the immature brain under
physiological conditions. The total amount of AIF protein
was reduced by a factor of 2.5 in male (YX"9) and female
(XHaxH9) mice carrying the Hq mutation, as compared to
age-matched (P9) Wt control mice (Figure 1a and b). This

Figure 1 Expression of some apoptosis- and oxidative stress-related proteins in
P9 Wt and Hg mouse brains. (a) Western blots of cortex homogenates from Wt and
Hg mutant male and female mice, including female heterozygous (Het) mice (n= 6/
group). The levels of cytochrome ¢ (Cyt c), caspase-3 (Cas 3), poly(ADP-ribose)
polymerase (PARP), OxPhos complex | 39kDa subunit (p39), catalase (CAT),
superoxide dismutase-1 (SOD1), superoxide dismutase-2 (SOD2) and TRX2.
Onlyp39 and catalase were significantly different. Actin was used for control of equal
loading. (b) Densitometric quantification of AIF expression. (c) Densitometric
quantification of catalase expression. (d) Densitometric quantification of p39
expression. (e) Pooled samples of homogenates from Wt and Hq cortex (Cx),
striatum (St) and cerebellum (Cb) from neonatal, P9 and adult, 3-month-old (3 mo)
mice. Results are shown as means+S.E.M. of six independent determinations.
*P<0.05, **P<0.01, **P<0.001
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correlated with a reduction in the aif transcript by a factor of
~9, as determined by microarray analysis (Supplementary
Table 1). The brains of post-natal day 9 (P9)-P12 Hq mice
exhibited a normal ultrastructure, and Hq mice manifested
normal behavior at this age, in accordance with the fact that
the Hg-associated neurodegeneration manifests much later,
usually at >10 weeks of age."” Accordingly, the metabolic
blood parameters of Hgq mice were normal on P9
(Supplementary Table 2). The vascular anatomy of Hq
mice does not differ from Wt mice.® The brains from Hq mice
revealed relatively mild changes in the overall transcriptome,
with no dramatic changes in the overall abundance of redox-
active transcripts (Supplementary Table 1) apart from peroxi-
redoxin and catalase that were downregulated (Supplementary
Table 1). Accordingly, P9 Hq brains contained reduced
catalase protein (by ~30%, Figure 1a and c), yet normal
levels of anti-oxidant stress proteins such as superoxide
dismutases (Zn, Cu-superoxide dismutase (SOD1) and Mn-
superoxide dismutase (SOD2)) and thioredoxin 2 (TRX2)
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(Figure 1a). P9 Hg mice exhibited a mild reduction in the
abundance of the respiratory chain subunits, such as the p39
subunit of complex | (Figure 1a and d), which was less
pronounced than in adult mice (Figure 1e). Furthermore,
although the amount of AIF protein was reduced by a factor of
2.5 in the Hq brains of P9 mice, it was further reduced, by a
factor 4.0, in 3-month-old Hq compared with Wt mice, and the
levels were the same in the cortex, striatum and cerebellum
(Figure 1e).

Impact of the Hq mutation on the immature brain after Hi
Tissue loss and neuropathological scores were reduced in
male and female Hq mice. Brain injury was evaluated on
P12, after 72h of reperfusion after HI. At this time point, the
infarcts can be clearly delineated using microtubule-
associated protein-2 (MAP2) staining® (Figure 2a). The total
infarct volume in male Hq mutant mice (6.55+0.99 mm?,
n=237) was reduced by 52.6% (P=0.0011) as compared
with male Wt control mice (13.82+1.86mm? n=33)

Hq fﬁ"'\"—‘
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Groups No. Cortex Hippocampus  Striatum Thalamus Total
MWt n=33 2.04%0.22 3.64+£0.24 3.75+£0.31 2.60 £0.25 12.0+0.93
M-Hq n=37 1.29:0.20* 2.61£0.23** 3.37:0.27 1.90£0.24* 9.17£0.90*
FWt n=29 260+0.24 4,25 +0.25 4.44 £0.31 2.85+0.28 14.1 £1.04
FHet n=36 1.81x0.26* 351£0.26* 3.96x0.27 2.62+0.24 11.9+0.97
FHg n=31 156+0.21** 3.12+0.23** 3.19+0.24** 231+0.19  10.2+0.82**

Figure 2 Brain injury after Hl in Wt and Hq mutant mice. (a) Representative MAP2 stainings 72 h post-HI. Brain sections obtained at the dorsal hippocampus level (upper
panels) and striatum level (bottom panels) for both Wt (left panels) and Hq mutant mice (right panels) are shown. Brain injury was evident in the cortex, striatum, hippocampus
and thalamus, more pronounced in the Wt than Hq mutant mice. (b) Infarct volumes, as determined by MAP2 stainings. The total infarct volume was reduced by 52.6% in male
Hg mutant mice (n=237) as compared with male Wt mice (n=33). In the females, the infarct volume was reduced by 41.0% in Hgq mutants (n=31) and 22.7% in
heterozygotes (n = 36) as compared with Wt females (n = 29). (¢) Neuropathological scores in distinct brain regions. Data presented represent the mean+ S.E.M. *P< 0.05,

*P<0.01
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(Figure 2b). The infarct volume was also reduced by 41.0%
(P=0.008) in female Hq mutants (9.5+1.3mm?3, n=231)
and 22.7% (P=0.112, NS) in heterozygous females
(12.1+1.9mm?® n=36), as compared with the Wt control
mice (16.08+1.80mm® n=29). The infarct volume
reduction was not significantly different between males and
females, and the heterozygous females displayed an
intermediate reduction, indicating a clear dose-response
relation between relative AIF deficiency and infarct volume
reduction (Figure 2b). Neuropathological scores were
reduced in the cortex and hippocampus of both male and
female Hq mice compared with their controls (Figure 2c). The
striatum was significantly protected only in female Hq mice,
and the thalamus only in males, but the overall score
reduction was the same for males and females (Figure 2c).
Neither calpain nor caspase-3 activation was altered after HI
in Hg mice. Immunoblots of cortex homogenates revealed
fodrin degradation in the ipsilateral hemisphere 24 h after HI.
The abundance of fodrin fragments generated by calpain
activation (145 and 150kDa) and caspase-3 activation
(120kDa) was the same for Hq and Wt mice (Figure 3a),
suggesting that the AIF deficiency did not affect calpain or
caspase activation after HI. Accordingly, homogenates from
the damaged hemisphere contained similar activities capable
of cleaving the caspase-3 substrate Ac-DEVD-aminomethyl-
coumarin (AMC) both 3 and 24h after HI (Figure 3b).
Furthermore, release of cytochrome ¢ from the mitochondrial
fraction after HI was not different in Wt and Hg mice
(not shown).

Caspase inhibition was equally protective in Wt and Hq
mice. Five different caspase activities assayed 24 h post-HlI
were all significantly decreased after treatment with the
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Figure 3 Hl-induced caspase activation in Hg and Wt mice. (a) Representative
fodrin immunoblots of cortex homogenates from naive P9 non-ischemic controls
(Cont) and homogenates obtained 24 h post-HI from the ipsilateral (IL) and
contralateral (CL) hemispheres (n=6/group). Quantification of the caspase-
dependent 120 kDa degradation product and the calpain-dependent 145/150 kDa
degradation products revealed no significant differences between Wt and Hq mice
(not shown). (b) Caspase-3-like activity (DEVD cleavage) measured in cortical
homogenates from naive P9 non-ischemic controls (Cont) and 3 or 24 h post-HI
(n=6/group) in Wt and Hq mice. Data are means+ S.E.M.
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broad-spectrum caspase inhibitor quinoline-Val-Asp(OMe)-
CH»,-PH (Q-VD-OPh), verifying the efficacy of the inhibitor in
this paradigm. Male Hg mutant pups treated with the caspase
inhibitor (n=7) displayed significantly lower activities of
caspase-1 (26.5%, P=0.0157), caspase-2 (58.8%, P=
0.0121), caspase-3 (57%, P=0.0054), caspase-8 (35.8%,
P=0.0159) and caspase-9 (48.3%, P=0.0111), as compared
with vehicle-only treated animals (n=8) (Figure 4a). Q-VD-
OPh administration also inhibited caspase-induced cleavage
of fodrin (the 120 kDa fragment), but not oxidative stress, as
judged by the nitrosylation of albumin (Figure 4b).
Administration of Q-VD-OPh significantly reduced the brain
infarct volume, both in Wt and in Hg mice, by a similar
percentage (48 and 47%, respectively) (Figure 4c). Neuro-
pathological scores also decreased significantly after Q-Vd-
OPh administration, both in Wt and Hq pups (Figure 4d).
Hq mice benefited more than Wt mice from free radical
scavenging. Treatment with the free radical scavenger
edaravone, as described in Materials and Methods, did
neither affect any of the five different caspase activities
assayed 24 h post-HI (Figure 5a) nor did it change the levels
of the caspase-induced 120 kDa fodrin fragment (Figure 5b).
The average brain infarct volume was marginally reduced
(24.8%) after edaravone treatment (n=17) compared with
vehicle treatment (n=16) in Wt mice (P=0.2). In Hq mice,
the infarct volume was reduced by 52.8% after edaravone
treatment (n=16) as compared with vehicle treatment
(n=17) (P<0.001) (Figure 5c). Neuropathological scores
were significantly reduced in all brain regions in the Hq
mutants after edaravone treatment, but in the Wt littermates
a significant reduction was only seen in the striatum
(Figure 5d).

After HI, there was a dramatic (P<0.001, not shown)
increase in nitrotyrosine-positive cells in the ischemic brain
areas (> 10 cells/visual field in the cortex). This increase was
particularly pronounced in Hg mice, where the increase was
nearly twice as high as in Wt mice 3h post-HI (P<0.05)
(Figure 6a and b), and this increase was significantly
(P<0.001) blunted by edaravone treatment in Hq but not in
W1 mice (Figure 6a and b). Very similar results were obtained
when nitrosylation was determined by immunoblotting. The
brains of Hq mice exhibited more pronounced albumin
nitrosylation in the infarcted area compared with Wt brains,
and this was abolished by treatment with edaravone
(Figure 6c¢). To obtain further information on the impact of
the Hg mutation on oxidative stress, we also evaluated lipid
peroxidation by immunostaining with an antibody specific for
4-hydroxy-2-nonenal (4-HNE). Very few cells from non-
ischemic tissue of Hq or Wt mice were immunopositive (data
not shown). However, after HI, 4-HNE-positive cells were
abundant within the damaged area, and edaravone signifi-
cantly reduced the frequency of 4-HNE-positive cells in Hg
brains but not in Wt brains (Figure 6d and e).

Discussion

We demonstrate here for the first time that relative AIF
deficiency is neuroprotective in a model of HI in the developing
brain. The degree of protection is impressive, more than 50%,
and the protection is more pronounced in the developing brain



70
60
50
40
30
20
10

pmol AMC or AFC/min. mg protein

AIF causes neuronal loss after cerebral ischemia
C Zhu et al

*%

O Vehicle
H Q-VD-OPh

E

YVAD VDVAD DEVD IETD LEHD

b Veh Q-VD-OPh
L CL L CL
Fodrin s s s s < 240 kDa
= A 150kDa
- ¥ 145kDa
S < 120kDa
CAT wmmw s ww W < 61kDa
Actin WS W W W < 42kDa
C 20
O Vehicle
o * B Q-VD-OPh
£ 16
3
S2| |
8
o -
£ 8] *
(=
£ 4
m
0 1
Wit Hq
Groups  No. Cortex Hippocampus Striatum  Thalamus Total

Wt-Veh n=13 231+033 344019 3.08:0.22 1.77+0.22 10.60 £0.78
Wt-Q-VD n=14 1.07:0.35* 2.86+0.32 1.84:0.40" 0.93:0.27" 6.70+1.26"

Hg-Veh n=13 113£025 3.02+0.39 2.65+0.39 1.42+0.28 8.23+1.22

Hg-Q-VD n=11 043:0.18" 1.64:03" 1.07+0.33**059£0.24" 3.73+0.93**

779

Figure 4 Effects of caspase inhibition on caspase activation and brain injury. (a) Caspase activities induced by HI and their inhibition by Q-VD-OPh. Fluorogenic peptide
substrates were incubated with cortical tissue samples from male Hq brains 24 h post-HI. The peptides used were: YVAD, VDVAD, DEVD, IETD and LEHD, which are bona
fide substrates of caspases-1, -2, -3, -8 and -9, respectively. Samples from mice treated with either vehicle (n = 8) or the broad-spectrum caspase inhibitor Q-VD-OPh (n=7)
were assayed for their ability to cleave the substrates, and all activities were significantly decreased in the Q-VD-OPh-treated animals. (b) Representative fodrin, catalase
(CAT) and nitrotyrosine (Nitro) immunoblots of cortex homogenates from male P9 Hq mice treated with Q-VD-OPh or vehicle, obtained 24 h post-HI from the ipsilateral (IL) and
contralateral (CL) hemispheres (n = 6/group). Actin was used for control of equal loading. (c) Infarct volumes observed in Wt and Hq mice treated with vehicle or Q-VD-OPh,
72h after HI. Results are means+S.E.M. (d) Neuropathological scores in various brain regions, as determined 3 days post-Hl. The data presented represent the

means+ S.E.M. *P<0.05, **P<0.01
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Figure 5 Effects of edaravone on brain injury. (a) Caspase activities induced by HI and the effects of edaravone. Fluorogenic peptide substrates were incubated with
cortical tissue samples from male Hq brains 24 h post-HI. The peptides used were: YVAD, VDVAD, DEVD, IETD and LEHD, which are bona fide substrates of caspases-1, -2, -
3, -8 and -9, respectively. Samples from mice treated with either vehicle (n= 8) or edaravone (n=>5) were assayed for their ability to cleave the substrates, but none of the
activities were significantly decreased in the edaravone-treated animals. (b) Representative fodrin and catalase (CAT) immunoblots of cortex homogenates from male P9 Hq
mice treated with edaravone or vehicle, obtained 24 h post-HI from the ipsilateral (IL) and contralateral (CL) hemispheres (n= 6/group). Actin was used for control of equal
loading. (c) Effects of edaravone treatment on brain infarct. Data are means + S.E.M. (d) Neuropathological scores in various brain regions, as determined 3 days post-HI. The
data presented represent the means +S.E.M. *P<0.05, **P<0.01, ***P<0.001

after HI than in the adult brain after focal ischemia,’® despite
our finding that AIF was more strongly downregulated in the
adult brain, four-fold compared with 2.5-fold in the developing
brain. This downregulation is in the same range as those
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reported earlier for adult Hq mice,'” but the developmental
difference in AIF deficiency in Hg mice has not shown before.
Altogether, these findings underscore the contribution of AlF
to neuronal demise induced by HI.



Amelioration of the neuroprotective effect of the Hq
mutation by caspase inhibition. Our findings indicate that
AIF and caspases act in parallel pathways leading to
neuronal demise in the developing brain after HI. In
molecular terms, AIF has been shown to induce caspase
activation, either by contributing to the mitochondrial release
of cytochrome ¢'2 or by sequestering HSP70, an inhibitor of
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apoptosome formation.?® The levels of caspase-3-like
activity were the same in Wt and Hq mice after HI, despite
the fact that the infarcts were twice as large in the Wt mice.
Caspase-3 is the most abundant effector caspase in the
developing brain and it has been shown that there is a direct
correlation between caspase-3 activation and the degree of
injury after HI.""3829 |n light of this, it is surprising that Hq
mice, displaying half the injury, still have the same levels of
caspase-3 activation. It is unlikely that this can be explained
by a delay in activation, because the caspase-3 activity was
virtually identical in Wt and Hqg mice both 3 and 24 h after HI.
Also, the combined protective effect of the Hq mutation and
caspase inhibition was no less than approximately 75%
(Figure 4c). These results suggest that AIF and caspases act
in parallel, non-overlapping pathways to mediate the HI-
induced neuropathology, further indicating that the Hq
mutation and caspase inhibition exert additive
neuroprotective effects in neonatal HI.

Amelioraton of the neuroprotective effect of the Hq
mutation by free radical scavenging. The AIF deficiency
conferred by the Hqg mutation reduces the anti-oxidant
defense of neurons, thereby enhancing their susceptibility
to oxidative stress.' This likely compromises the
neuroprotective effect of the Hq mutation, because
uncontrolled oxidative processes are thought to contribute
to the acute neuronal loss induced by ischemia, particularly
in the developing brain.*® We therefore explored the
possibility that reduction of oxidative stress through free
radical scavenging might palliate the unwarranted side
effects of AIF depletion, thereby increasing the therapeutic
benefit conferred by the Hq mutation. Edaravone is a free
radical scavenger that improves the outcome after cerebral
ischemia in humans and is used for treatment after acute
stroke.®' Edaravone reportedly inhibits lipid peroxidation and
scavenges nitric oxide and peroxynitrite.®* We demonstrate
that the combined effect of the Hq mutation and edaravone
allowed a reduction in the overall brain infarct volume by
approximately 75% compared with vehicle-treated Wt mice
(Figure 5c). Altogether, these results suggest that edaravone
ameliorates the neuroprotective effect of the Hgq mutation,
presumably by restoring the anti-oxidant defense
compromised by the Hg mutation.

AIF is a suitable target for neuroprotective strategies. In
this study, we addressed the question whether AIF might be
a suitable therapeutic target for the treatment of cerebral

Figure 6 Formation of nitrotyrosine and 4-HNE in the cortex after HI. (a)
Representative nitrotyrosine stainings in control and post-HI cortical tissue from Wt
mice. A positive cell is indicated by an arrow in the right panel. (b) Nitrotyrosine-
positive cells were counted in the cortex 3 and 24 h post-Hl in male Wt and Hg mice
after vehicle or edaravone treatment (n = 6/group). (¢) Representative immunoblots
of nitrosylated albumin (50 kDa) in cortical homogenates 24 h post-HI from male Wt
(n="5/group) and Hq mutant mice (n=7/group) after treatment with vehicle or
edaravone. Quantification of the optical densitometry is shown in the lower panel.
(d) Representative 4-HNE stainings in control and post-HI cortical tissue from Wt
mice. The arrow indicates a positive cell. (e) Cells positive for 4-HNE were counted
in the cortex in Wt and Hq mice after treatment with vehicle or edaravone 3 and 24 h
after HI. Results are means+S.E.M. *P<0.05, **P<0.01, **P<0.001. Scale
bar=10 um
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ischemia. As mentioned in the Introduction, AIF has a dual
function, first as a redox-active mitochondrial enzyme
that assures an optimal oxidative phosphorylation and
detoxification of ROS and, second, as a proapoptotic death
effector that stimulates plasma membrane phosphatidyl-
serine exposure and participates in chromatin condensation
and apoptotic chromatinolysis. An ideal strategy would
consist of inhibition of the proapoptotic activity of AIF
without interfering with its implication in bioenergetic and
redox metabolism. Unfortunately, no small inhibitory
components that would selectively target the proapoptotic
function of AIF are available thus far and current therapeutic
strategies must rely on antisense constructs or siRNAs
designed to downmodulate AIF expression'® or by over-
expressing AIF antagonists such as HSP70, which does
provide a significant neuroprotective effect.2®> Here, we took
advantage of the Hq mutation, which leads to a major
reduction in AIF protein expression, to explore the
contribution of AIF to neonatal brain damage inflicted by HI.
The Hg mutation profoundly and significantly reduced the
post-HI infarct volume, supporting a major role for AIF in
the development of brain injury after ischemia. When the
Hqg mutation was combined with an anti-oxidant agent, the
free radical scavenger edaravone, the infarct volume was
strongly reduced by approximately 75%, whereas edaravone
alone, in normal, AlF-expressing mice, had only a minor
impact (~20% reduction in infarct volume, nonsignificant).
These results correlated with the capacity of edaravone to
suppress signs of oxidative damage in the infracted brain
areas and these effects were particularly evident in Hg mice,
suggesting that edaravone indeed compensated for the
increased susceptibility to oxidative damage of neurons
resulting from the hypomorphic AIF mutation. This may
provide the theoretical framework to explain why the
combination of AIF deficiency and edaravone exhibited a
clearly hyperadditive therapeutic effect on neonatal brain
damage after HI in Hg mice.

We also investigated the possibility to combine a lack of
AlIF, a quintessential caspase-independent death effector,
with caspase inhibition using a broad-spectrum caspase
inhibitor, Q-VD-OPh. Administration of Q-VD-OPh reduced
the infarct volume in AlF-sufficient Wt mice and in AlF-
deficient Hq mice, in both cases by approximately 50%. These
data indicate that interruption of the caspase cascade and
inhibition of AIF have an additive therapeutic effect leading to
approximately 75% reduction of the infarct volume. The fact
that these effects are simply additive suggests that the
caspase activation pathway and the AIF pathway do not
intersect, as has been found in some systems.'® Accordingly,
there was no difference in the level of caspase activation in Wt
and Hqg mice, again indicating that the level of AIF expression
had no impact on the level of caspase activation. Thus, these
data support a combination therapy in which both the
caspase-dependent and the caspase-independent effector
arms of the apoptotic machinery should be targeted simulta-
neously for an optimal clinical outcome.

In conclusion, our results delineate two distinct strategies
for improving the therapeutic benefits of AIF inhibition. On the
one hand, we suggest a method for antagonizing the
counterproductive side effect of AIF depletion linked to an
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increased oxidative damage of the brain, namely the
systematic application of the free radical scavenger edar-
avone. On the other hand, we demonstrate that the combina-
tion of AIF depletion and caspase inhibition has additive
neuroprotective effects in vivo, in a model of neonatal brain
ischemia.

Materials and Methods

Hypoxia-ischemia. Hq mice and their Wt or heterozygous littermates (The
Jackson Laboratory, Bar Harbor, ME, USA) were subjected to transient, unilateral
HI on P9, 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
<5min. 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
45 min. The temperature was kept at 36°C in the incubator and in the water used to
humidify the gas mixture. After hypoxic exposure, the pups were returned to their
biological dams until killed. All animal experimental protocols were approved by the
Goteborg committee of the Swedish Animal Welfare Agency (94-2003 and 184-
2003).

Genotyping and sex identification by PCR. Genomic DNA was isolated
from tail samples. The tail was digested with 400 ! lysis buffer (50 mM Tris-HCI, pH
8.0, 100mM EDTA, 100mM NaCl, 1% SDS) containing 1 mg/ml proteinase K
(Roche). Following incubation at 60°C overnight, 200 ul 5 M potassium acetate was
added to the lysate which was thoroughly mixed and centrifuged at 10 000 x g for
20 min. The supernatant was transferred into a clean tube and 800 ul 100% ethanol
was added and mixed. After incubation at —20°C for 30 min, the DNA was pelleted
by centrifugation at 10 000 x g for 25 min at 4°C. The pellet was washed once with
500 11 75% ethanol. The pellet was dried and subsequently dissolved in 50 ul sterile
water and the DNA concentration was determined.

The reaction mixture for genotyping contained 1 ul of genomic DNA, 0.2mM
dNTP, 2.5ul 10 x PCR buffer (250 mM Tris-HCI, pH 8.3, 375 mM KCI, 15mM
MgCl2, Sigma), 1 U of Taq DNA polymerase (Sigma), either 0.5 M of Hg common
and Hq Wt primers or 0.5 uM of Hq common and 0.5 uM Hq mutant primer. The
PCR cycles were 94°C for 45 s, 60°C for 45 and 72°C for 1 min over 35 cycles. The
following primers were used: Hq common: 5’-CTA TGC CCT TCT CCATGT AGT T-
3, Hg Wt: 5’-AGT GTC CAG TCA AAG TAC CGG G-3' and Hq mutant: 5’-CCA
GAA ACT GTC TCA AGG TTC C-3'. PCR products were separated on a 1.5%
agarose gel containing 0.5 pg/ml ethidium bromide. A 100-base pair (bp) ladder was
used to verify the size of the PCR products. The gels were exposed in a LAS 3000
cooled CCD camera (Fuijifilm, Tokyo, Japan). Hg mutant mice were identified by the
presence of a single 500 bp DNA band. Wt mice were identified by a single 520 bp
product. Heterozygous females showed both 520 and 500 bp bands.

The sex identification was performed as described previously.34 The mouse SRY
gene primers were used for PCR (forward primer: 5'-ATC TTA GAG AGA CAG GAG
AGC AG-3, reverse primer: 5’-TGA CTA ATC ACC ACC TGG TAG CT-3). Males
were identified by the presence of a single 335 bp band.

Blood analysis. P9 animals of Wt (n=28) and Hq mutant mice (n=6) were
decapitated and mixed arterial and venous blood was collected in a capillary tube
from the neck vessels. Blood pH, Pcoo, glucose (Glu), lactate (Lac) and bicarbonate
(HCO,) were analyzed immediately in a blood analyzer (ABL 725, Radio meter A/S,
Copenhagen, Denmark).

Caspase inhibition. The broad-spectrum caspase inhibitor Q-VD-OPH
(Enzyme Systems Products, Livermore, CA, USA) was dissolved in 100% DMSO
and diluted with saline. It was injected twice intraperitoneally at a dose of 10 mg/kg
(10 ul/g body weight), immediately after artery occlusion and immediately after
hypoxia. Control pups received an equivalent volume of saline containing 10%
DMSO.

Oxidative stress inhibition. The free radical scavenger edaravone (3-
methyl-1-phenyl-2-pyrazolin-5-one, MCI-186 from BIOMOL, Plymouth Meeting, PA,
USA) was dissolved in 100% DMSO and diluted with saline. It was injected twice



intraperitoneally at a dose of 10mg/kg (10 wl/g body weight), immediately after
artery occlusion and immediately after hypoxia. Control groups received an
equivalent volume of saline containing 10% DMSO.

Tissue preparation. Pups were deeply anaesthetized with 50 mg/ml
phenobarbital at 3, 24 or 72h after HI. Control animals were killed on P9. The
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 and serial cut into 5um frontal sections.
Deparaffinized sections were used for nitrotyrosine, 4-HNE and MAP2
immunostaining as described below.

Gene expression analysis. Brains from P9 Wt (n=5) and Hq (n=>5) male
pups were frozen in liquid nitrogen. Total forebrain RNA was isolated and Affymetrix
array expression was performed at the Swegene facility in Lund, Sweden, using
MOE430 2.0 chips. Log-transformed, normalized data were analyzed using the
GeneSifter software (VizX Labs, Seattle, WA, USA) with Benjamini Hochberg
correction.

Sample preparation for immunoblotting. Animals were killed by
decapitation 3 or 24 h after HI. Control animals were killed on P9. The brains
were rapidly dissected out on a bed of ice. The parietal cortex (including the
hippocampus) was dissected out from each hemisphere and ice-cold isolation buffer
was added (15 mM Tris-HCI, pH 7.6, 320 mM sucrose, 1 mM DTT, 1 mM MgCl,,
3mM EDTA-K, 0.5% protease inhibitor cocktail (P8340; Sigma) and 2.5 uM
cyclosporin A. Homogenization was performed gently by hand (to preserve
mitochondrial integrity) in a 2 ml glass/glass homogenizer (Merck Euro lab, Dorset,
England) using, sequentially, two different pestles with a total clearance of 0.12 and
0.05mm, respectively (10 strokes each). The homogenates were centrifuged at
800 x g for 10min at 4°C. The pellets were washed in homogenizing buffer and
recentrifuged at 800 x g for 15min at 4°C, producing a crude nuclear pellet (P1).
The supernatant from the first centrifugation was further centrifuged at 9200 x g for
15min at 4°C, producing a mitochondrial and synaptosomal fraction in the pellet
(P2) and a crude cytosolic fraction in the supernatant (S2). All fractions were stored
at —80°C.

Immunohistochemistry. Antigen recovery was performed by heating the
sections in 10mM boiling sodium citrate buffer (pH 6.0) for 10 min. Nonspecific
binding was blocked for 30 min with 4% horse or goat serum (depending on the
species used to raise the secondary antibody) in phosphate-buffered saline. Anti-
nitrotyrosine (1:100, 10 ug/ml, A-21285, Molecular probes, Eugene, OR, USA),
anti-4-HNE (1:500, HNE11-S, Alpha Diagnostic International, San Antonio, USA)
and anti-MAP2 (1:1000, clone HM-2, Sigma) were incubated for 60 min at room
temperature, followed by the appropriate, biotinylated goat anti-rabbit (1: 150, for
nitrotyrosine and 4-HNE, Vector, Burlingame, CA) or biotinylated horse anti-mouse
(1:200, for MAP2, Vector, Burlingame, CA, USA) secondary antibody for 60 min at
room temperature. Endogenous peroxidase activity was blocked with 3% H,0, for
5min. Visualization was performed using Vectastain ABC Elite with 0.5 mg/ml 3,3'-
diaminobenzidine enhanced with 15 mg/ml ammonium nickel sulfate, 2 mg/ml f3-D-
Glu, 0.4 mg/ml ammonium chloride and 0.01 mg/ml 5-Glu oxidase (all from Sigma).

Immunoblotting. The protein concentrations were determined according to
Whitaker and Granum,® adapted for microplates. Samples of 65 ;| were mixed with
25 ulNuPAGE LDS 4 x sample buffer and 10 u reducing agent and heated (70°C)
for 10 min. Individual samples were run on 4-12% NuPAGE Bis-Tris gels (Novex,
San Diego, CA, USA) and transferred to reinforced nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). After blocking with 30 mM Tris-HCI (pH
7.5), 100 mM NaCl and 0.1% Tween 20 (TBS-T) containing 5% fat-free milk powder
for 1h at room temperature, the membranes were incubated with primary
antibodies: anti-AlF (sc-9416, 1:1000, 0.2 ng/ml, goat polyclonal antibody, Santa
Cruz, CA, USA), anti-caspase-3 (H-277, 1: 1000, rabbit polyclonal antibody, Santa
Cruz, CA, USA), anti-cytochrome ¢ (1:500, clone 7H8.2C12, Pharmingen, San
Diego, CA, USA), anti-actin (1:200, rabbit polyclonal antibody, A2066, Sigma,
Stockholm, Sweden), anti-superoxide dismutase | (Cu,Zn-SOD/SOD1, 1:2000,
0.5 ug/ml, rabbit polyclonal antibody, Lab Frontier, Seoul, Korea), anti-superoxide
dismutase Il (Mn-SOD/SOD2, 1:1000, 0.5 ng/ml, clone 2A1, Lab Frontier, Seoul,
Korea), anti-fodrin (1:500, 0.2 g/ml, clone AA8, BIOMOL, Plymouth Meeting, PA,
USA), anti-nitrotyrosine (1 zg/ml, HM12, BIOMOL, Plymouth Meeting, PA, USA),
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anti-catalase (1:250, 1 ng/ml, clone 11A1, Lab Frontier, Seoul, Korea), anti-TRX2
(1:1000, 1 ug/ml, rabbit polyclonal antibody, Lab Frontier, Seoul, Korea), anti-
OxPhos Complex | 39kDa subunit (1:1000, 0.5pg/ml, p39, clone 20C11,
Molecular probes, Eugene, OR, USA), anti-PARP (1:1000, clone C-2-10, ZYMED
Laboratories, South San Francisco, CA, USA), at room temperature for 60 min. 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 West Dura substrate (Pierce, Rockford, IL, USA) and a LAS
3000 cooled CCD camera (Fuijifilm, Tokyo, Japan).

Caspase activity assays. The protein concentrations were determined as
above. Samples of homogenate (25 ul) were mixed with 75 il of extraction buffer as
described earlier.® Cleavage of Ac-YVAD-AMC (for caspase-1, from Alexis Corp.,
San Diego, CA, USA), Ac-DEVD-AMC (for caspase-3, 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. Cleavage of Ac-VDVAD-AFC (for caspase-2), Ac-IETD-AFC (for caspase-
8) and Ac-LEHD (for caspase-9) (all AFC substrates were from Enzyme System
Products, Livemore, CA, USA) was measured as for the AMC conjugates, but with
an excitation wavelength of 400 nm and an emission wavelength of 505 nm, and
expressed as pmol AFC released per mg protein and minute.

Injury evaluation

Neuropathological scoring. Brain injury at 72h post-HI in different regions
was evaluated using a semiquantitative neuropathological scoring system as
described earlier. Briefly, sections were stained for MAP2 and scored by an
observer blinded to the treatment of the animals. The cortical injury was graded from
0to 4, 0 being no observable injury and 4 confluent infarction encompassing most of
the cerebral cortex. The damage in hippocampus, striatum and thalamus was
assessed both with respect to hypotrophy (shrinkage) (0-3) and observable cell
injury/infarction (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 infarct volumes were measured at 72h post-Hl by
sectioning the entire brains into 5 um sections and staining every 100th section for
MAP2. The loss of MAP2 staining in the cortex, striatum, thalamus and
hypothalamus was measured using Micro Image (Olympus, Japan) and the
volumes calculated according to the Cavalieri Principle using the following formula:
V=73 Ax P x T, where V=total volume, > A s the sum of the areas measured,
Pis the inverse of the sampling fraction and T is the section thickness.

Cell counting. Cell counting was performed in the cortex of ipsilateral
hemispheres and P9 controls. Positive cells were counted at x 400 magnification
(one visual field = 0.196 mm?). Three visual fields in the infarct border zone were
counted and expressed as average number per visual field.

Statistics. All data were expressed as mean + S.E.M. Student’s t-test was used
when comparing injury scores, tissue loss or the numbers of immunopositive cells
between two different groups. ANOVA with Fisher's post hoc test was used when
comparing more than two groups. Significance level was assigned at P<0.05.
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