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Traumatic brain injury (TBI) consists of two phases:
an immediate phase in which damage is caused as a
direct result of the mechanical impact; and a late
phase of altered biochemical events that results in
delayed tissue damage and is therefore amenable to
therapeutic treatment. Because the molecular mecha-
nisms of delayed post-traumatic neuronal cell death
are still poorly understood, we investigated whether
apoptosis-inducing factor (AIF), a pro-apoptotic mi-
tochondrial molecule and the key factor in the
caspase-independent, cell death signaling pathway,
plays a causal role in neuronal death following TBI.
Using an in vitro model of neuronal stretch injury, we
demonstrated that AIF translocated from mitochon-
dria to the nucleus of neurons displaying axonal dis-
ruption, chromatin condensation, and nuclear py-
knosis in a caspase-independent manner, whereas
astrocytes remained unaffected. Similar findings were
observed following experimental TBI in mice, where
AIF translocation to the nucleus coincided with delayed

neuronal cell death in both cortical and hippocampal
neurons. Down-regulation of AIF in vitro by siRNA sig-
nificantly reduced stretch-induced neuronal cell death
by 67%, a finding corroborated in vivo using AIF-defi-
cient harlequin mutant mice, where secondary contu-
sion expansion was significantly reduced by 44%.
Hence, our current findings demonstrate that
caspase-independent, AIF-mediated signaling path-
ways significantly contribute to post-traumatic neuro-
nal cell death and may therefore represent novel ther-
apeutic targets for the treatment of TBI. (Am J Pathol

2008, 173:1795–1805; DOI: 10.2353/ajpath.2008.080168)

Traumatic brain injury (TBI) is the most common cause of
death in children and young adults in industrialized coun-
tries.1 Among the various pathologies associated with TBI,
gray and white matter contusions are the most frequent
focal abnormalities associated with high mortality and un-
favorable functional outcome.2 The pathophysiology of ce-
rebral contusions is characterized by complex regional and
temporal changes of cerebral blood flow and metabo-
lism,3,4 disruption of the blood brain barrier resulting in brain
edema formation,5 and cell death signaling,6–8 finally lead-
ing to progressive neuronal cell death in pericontusional
tissue (ie, the traumatic penumbra).9 The macroscopic
manifestation of pericontusional cell death is a delayed
increase of contusion volume over time,10 a finding termed
“secondary contusion expansion,” and recently character-
ized experimentally in detail.11

The ultimate steps leading to delayed cell death in
pericontusional tissue are initiated by a combination of
multiple mechanisms, such as over-activation of gluta-
mate receptors,12 free radical-mediated membrane dam-
age,13 nuclear translocation of transcription factors,14

expression and up-regulation of inflammatory media-
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tors,15 and activation of apoptosis-like cell death signal-
ing pathways.8,16,17 Accumulating evidence suggests
that the activation of caspases18,19 by oligomerization of
cell membrane-bound death receptors,20,21 regulation of
bcl-2 family proteins,22 and the release of pro-apoptotic
proteins from mitochondria23,24 are the prominent signal-
ing pathways that cause DNA fragmentation and pericon-
tusional cell death. While caspase-dependent cell death
signaling via the release of cytochrome c from mitochon-
dria, followed by apoptosome formation and activation of
effector caspases 3, 6, and possibly 7, have been stud-
ied in detail,25,26 little is know about the contribution of the
recently described caspase-independent signaling path-
way27 for post-traumatic neuronal cell death. So far, ap-
optosis-inducing factor (AIF) has only been shown to
translocate to the nucleus following a combination of
traumatic brain injury and hypoxemia in rats.28 However,
since hypoxia alone also results in AIF-mediated cell
death,29 the role of AIF in traumatic neuronal cell death
remained unclear. The aim of the current study was there-
fore to investigate the role of the caspase-independent
pro-apoptotic mitochondrial protein AIF. To that end, we
used in vitro and in vivo models for traumatic cell death,
together with anti-AIF siRNA and functionally AIF-defi-
cient mice, to characterize the role of AIF in pericontu-
sional cell death.

Materials and Methods

Cell Culture

Primary cortical or hippocampal cell cultures were pre-
pared from E18 wild-type FVB/N mouse embryos as pre-
viously described.30 Briefly, dissociated cortices or hip-
pocampi were diluted in serum-containing media [Basal
Medium Eagles (Invitrogen, Carlsbad, CA) containing
10% horse serum (GIBCO), 10 �g/ml gentamicin (Sigma,
St. Louis, MO), 0.5% glucose (Sigma), 1 mmol/L sodium
pyruvate (Invitrogen), and 1% N2 supplements (Invitro-
gen)] to a concentration of 500,000 cells per ml; cells
were then plated in 1 ml aliquots onto collagen-coated
six-well FlexPlates (FlexCell, Hillsborough, NC) coated
overnight with poly-L-ornithine (500 �g/ml; Sigma). All
cultures were maintained in a humidified incubator (5%
CO2, 37°C). Neuronally enhanced cultures were obtained
by replacing half of the media 2 days after plating, and
then twice per week, with serum-free media containing
2% B27 supplements (Invitrogen). Glia formed a conflu-
ent monolayer that adhered to the membrane substrate,
while neurons grew in the upper layer of cultures that
adhered to the underlying glial layer.

Immunocytochemistry

Immunohistochemistry was performed as previously de-
scribed.30,31 Briefly, cultures were fixed with 4% parafor-
maldehyde (all steps conducted at room temperature),
permeabilized with 0.2% Triton X-100, and then incubated
with primary antibodies [anti-AIF (1:200; Santa Cruz Bio-
technology, Santa Cruz, CA); anti-microtubule associated

protein 2 (MAP-2; 1:500; Sigma); anti-glial fibrillary acidic
protein (1:300; Dakopatts, Glostrup, Denmark)]; polyclonal
anti-cytochrome oxidase-antibody (CytOx: 1:200; Cell Sig-
naling, Danvers, MA) for 1 hour, followed by incubation
with secondary antibodies (Alexa 488 donkey-anti-goat,
Invitrogen, 1:300; Alexa-594-conjugated goat-anti-
mouse, 1:300, both Molecular Probes, Eugene, OR; Cy3
goat-anti-rabbit, 1:200, Jackson ImmunoResearch Labo-
ratories, West Grove, PA; Texas red-conjugated goat
anti-rabbit, 1:200, Vector Laboratories, Burlingame, CA)
for 1 hour. Cultures were dehydrated with ethanol and
mounted with 4,6-diamidino-2-phenylindole (DAPI) for
nuclear staining (Vector Laboratories, Burlingame, CA).
Images were captured using a confocal laser scanning
microscope (Carl Zeiss, Jena, Germany) with a �40 or
�60 oil immersion objective (351 to 364 nm excitation
and 385 to 470 nm band pass emission for detection of
DAPI; 488 excitation and 505 to 550 nm band pass
emission for green fluorescence; and 543 nm excitation
and 560 long pass emission for red fluorescence). All
images of one experiment were acquired using the same
laser intensities and photodetector gain for the respective
settings to allow comparisons of relative levels of immu-
noreactivity between the different treatment conditions.
At least six images of each group were taken by an
evaluator blinded to the experimental conditions.

In Vitro Cell Injury Model

Cultured cells were injured using a well-characterized
and established in vitro model for traumatic brain injury
(94A Cell Injury Controller; Bioengineering Facility, Vir-
ginia Commonwealth University, Richmond, VA) as pre-
viously described.30,32,33 In brief, the Silastic membrane
of the FlexPlate well was rapidly and transiently deformed
by a 50-ms pulse of compressed nitrogen, which de-
formed the Silastic membrane and adherent cells to vary-
ing degrees controlled by pulse pressure. The extent of
cell injury—produced by deforming the Silastic mem-
brane on which the cells are grown—was dependent on
the degree of deformation, or stretch. Previous work con-
ducted using rat cortical neurons and glia32,34,35 and
mouse hippocampal neurons30 have characterized three
levels of cell stretch (5.5 mm, 6.5 mm, and 7.5 mm
deformations), defined as mild, moderate, and severe
injury, which result in membrane deformation and biaxial
strain or stretch of 31%, 38%, and 54%, respectively. This
range of cell stretch has been shown to be relevant to
what would occur in humans after rotational acceleration/
deceleration injury.32 We have previously shown that se-
vere injury (7.5 mm deformation) to hippocampal cells
results in a high level of cell death and a large number of
neurons detaching from the Silastic membrane30; there-
fore, in the present report, cells were subjected to mild
(5.5 mm deformation) or moderate injury (6.5 mm defor-
mation) only. Uninjured control wells were contained in
the same FlexPlates as injured wells, and thus underwent
the same manipulations, except that they did not receive
rapid deformation of the Silastic membrane.
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Small Inhibitory RNA for AIF

Cultures were transfected with either AIF small inhibitory
(siRNA) [final concentrations: 20 nmol/L (cortical cul-
tures); 10 nmol/L (hippocampal cultures)] or mutant RNA
(final concentration: 20 nmol/L) using Lipofectamine 2000
(Invitrogen) mediated delivery as previously described.36

Briefly, an AIF cDNA template (750 bp) for T7-RNA poly-
merase in vitro transcription was generated from mouse
or rat mRNA by reverse transcription (RT)-PCR using the
following primers: forward, 5�-GCGTAATACGACTCAC-
TATAGGGAGATCCAGGCAACTTGTTCCAGC-3�; and re-
verse, 5�-GCGTAATACGACTCACTATAGGGAGACCT-
CTGCTCCAGCCCTATCG-3� (initial denaturation at 95°C
for 2 minutes; 28 to 30 cycles of 30 seconds 95°C, 1
minute 57°C, and 2 minutes 72°C; and final extension at
70°C for 10 minutes). The cDNA template was precipi-
tated and purified, and in vitro transcription was per-
formed by using the TurboScript-T7-Transcription kit
(Gene Therapy Systems). The resulting double-stranded
RNA template was then exposed to the recombinant Dicer
enzyme at 37°C for 16 hours overnight, and the siRNA
fragments were again purified on the RNA Purification Col-
umns 1 and 2 of the manufacturer (Gene Therapy Systems).
5�-AAGAGAAAAAGCGAAGAGCCA-3� was used as non-
functional mutant RNA. For transfection, the cell culture
medium was removed from the wells and replaced with
900 �l of transfection media [Basal Medium Eagles (In-
vitrogen) containing 10% horse serum (Invitrogen), 0.5%
glucose (Sigma), 1 mmol/L sodium pyruvate (Invitrogen),
and 1% N2 supplements (Invitrogen)]. Transfected con-
trol wells and transfected injured wells received AIF
siRNA and mutant RNA diluted in Opti-MEM (Invitrogen).
Control wells and injured control wells were treated
with 2 �l Lipofectamine 2000 and Opti-MEM only. All
cultures were incubated for 48 hours, after which the cells
were injured and were used 4 to 24 hours later for cell
viability, immunohistochemistry, RT-PCR, or Western blot
analysis (see below).

Inhibition of Caspase by zVAD

Cultures were transfected with AIF siRNA, or remained
untransfected, for 48 hours as described above. The
broad-spectrum caspase inhibitor, zVAD (Alexis Bio-
chemicals; San Diego, CA), was dissolved in dimethyl
sulfoxide before being diluted 1:1000 in transfection me-
dia (final concentration: 50 �m), and added to cells at 30
minutes pre-injury.

Western Blot Analysis

Western blot analysis was performed as described previ-
ously.36–38 Briefly, the blot was probed with an affinity-
purified goat polyclonal antibody raised against a peptide
mapping the C terminus of mouse AIF (1:500; sc-9416;
Santa Cruz) at 4°C overnight. Membranes were then ex-
posed to a rabbit anti-goat horseradish peroxidase-con-
jugated secondary antibody (1:5000; Vector Laboratories),
followed by enhanced chemiluminescence detection of an-

tibody binding (ECL; Amersham Biosciences, Arlington
Heights, IL). Equal protein loading was demonstrated by
stripping and re-probing the membrane with a monoclonal
anti-�-actin antibody (AC-15; 1:10,000; Santa Cruz) and a
secondary anti-mouse horseradish peroxidase-conju-
gated antibody (Vector Laboratories).

RT-PCR

Total RNA was extracted from cells (Nucleospin RNA II
kit, Macherey-Nagel, Düren, Germany), and RT-PCR
was performed as previously described.39 Primers for
AIF were: forward, 5�-GCGTAATACGACTCACTATAG-
GGAGATCCAGGCAACTTGTTCCAGC-3�, and reverse,
5�-GCGTAATACGACTCACTATAGGGAGACCTCTGCTC-
CAGCCCTATCG-3�. PCR for AIF was performed as follows:
initial denaturation at 95°C for 2 minutes; amplification by 28
to 30 cycles of 30 seconds 95°C, 1 minute 57°C, and 2
minutes 72°C; and final extension at 70°C for 10 minutes.
Primers for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were: forward, 5�-CGTCTTCACCACCATG-
GAGAAGGC-3�, and reverse, 5�-AAGGCCATGCCAGT-
GAGCTTCCC-3�, and PCR for GAPDH was performed as
follows: initial denaturation at 95°C for 2 minutes; ampli-
fication by 26 cycles of 30 seconds 95°C, 1 minute 57°C,
and 2 minutes 70°C, and a final extension at 70°C for 10
minutes. RT-PCR products were visualized under UV il-
lumination after electrophoresis on a 1.5% agarose gel
containing ethidium bromide.

Cell Viability

Cell injury was assessed in cultured cells using the two
dyes fluorescein diacetate (FDA; Sigma) and propidium
iodide (PI; Sigma) as previously described.30,33 Images
were captured using Texas Red and fluorescein isothio-
cyanate (FITC; green) filters on either a Leica DMRBE
fluorescence microscope equipped with a Hamamatsu
C4880 CCD camera, or on a Zeiss Axioscope equipped
with an AxioCam CCD camera. FDA and PI images were
taken separately, pseudocolored, and overlaid. Cells in
five contiguous �100 images were counted and aver-
aged per well. for All images were taken from the center
portion of the well, as this region was previously shown
to receive equal impact from the cell injury controller.32

All PI and FDA cell counting was performed blind. In
control cultures, PI staining was low, accounting for
less than 5% of total cell number, consistent with pre-
vious reports.30,33 Final results are expressed as per-
centage of control values. All experiments were com-
pleted using at least two separate culture preparations
at 10 to 13 DIV.

Traumatic Brain Injury in Vivo (Controlled
Cortical Impact)

Male C57BL/6 mice (body weight 25 to 28 g, Charles
River) or Harlequin mice and their wild-type littermates
(Jackson Laboratories) were subjected to controlled cor-
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tical impact (CCI) as previously described.11,14,40 Ani-
mals were anesthetized in a halothane chamber (4%).
Anesthesia was maintained with a face mask using 1.2%
halothane, 30% O2, and 69% N2O. Body temperature
during anesthesia was kept constant at 37.0°C by a
feedback controlled heating pad. After induction of an-
esthesia the skull was fixed in a stereotactic frame and a
large craniotomy was performed above the right parietal
cortex between the sagittal, the lambdoid, and the coro-
nal sutures and the insertion of the temporal muscle with
a high speed drill under continuous cooling with saline.
Special attention was paid to leave the dura mater intact.
Controlled cortical impact was performed perpendicular
to the surface of the brain. The diameter of the impactor tip
was 3 mm, the impact velocity 8 m/s, impact duration 150
ms, and the displacement of the brain was 1.0 mm. In sham
operated animals (control group) the craniotomy was
closed with the initially removed bone flap and conventional
tissue glue (Histoacryl, Braun-Melsungen, Melsungen, Ger-
many) without trauma application. The skin over the crani-
otomy was carefully closed and animals were transferred to
an incubator heated to 35°C until recovery of spontaneous
motor activity. Mice (n � 6 each group) were sacrificed at
15 minutes, and 2, 6, 12, and 24 hours after CCI by perfu-
sion-fixation under deep halothane anesthesia, and brains
were prepared for immunohistochemical analysis.

Brains of Harlequin mice and wild-type littermates (n � 6
to 11 per group) were removed 15 minutes or 24 hours after
CCI and flash frozen. Fourteen coronal sections (10 �m)
500 �m apart from each other were prepared and stained
with cresyl violet. Contusion volume was calculated by mul-
tiplying contusion areas with the distance between sections.

All procedures described are in concordance with lo-
cal laws and were approved by the animal protection
committee of the Government of Upper Bavaria (protocol
number 118/05).

Immunohistochemistry

Animals were perfusion-fixed with 4% paraformaldehyde.
Brains were carefully removed and postfixed in 4% para-
formaldehyde no longer than 24 hours. After dehydration,
the tissue was embedded in paraffin and 5-�m coronal
sections from six levels at equal distances (800 �m) from
the rhinencephalon to the cerebellum were prepared on
conventional glass slides coated with amino-propyl-tri-
ethoxy-silane (Merck, Darmstadt, Germany).

Apoptosis-Inducing Factor and NeuN

Immunohistochemistry was performed as described
previously.36,37,41 Briefly, non-specific antibody binding
was blocked for 30 minutes with 4% horse serum in PBS
and endogenous peroxidase activity was blocked with
3% H2O2 in PBS for 5 minutes. Antibodies directed
against AIF (2 �g/ml, sc-9416, Santa Cruz) or NeuN
(1:200, 5 �g/ml; clone: MAB377, Chemicon, Temecula,
CA) were applied to coronal brain sections in Tris-buff-
ered saline containing 1% bovine serum albumen and
0.1% Triton X-100, incubated for 60 minutes at room

temperature. For signal amplification a biotinylated horse
anti-goat antibody (6 �g/ml in PBS) was applied for 60
minutes. Visualization was performed using a Vectastain
ABC Elite kit with 0.5 mg/ml 3,3�-diaminobenzidine en-
hanced with 15 mg/ml ammonium nickel sulfate, 2 mg/ml
�-D-glucose, 0.4 mg/ml ammonium chloride, and 0.01
mg/ml �-glucose oxidase (Vector Laboratories). Negative
controls, where the primary antibody was omitted, were
completely blank. Preabsorbtion of the anti-AIF antibody
with the peptide provided by the manufacturer abolished
staining.

Double Labeling of Apoptosis-Inducing Factor
and NeuN

AIF staining was performed as above. After incubation
with the AIF antibody and washing, the sections were incu-
bated with Alexa Fluor 594 conjugated horse anti-goat IgG
(2 �g/ml) diluted in PBS for 60 minutes at room temperature.
After washing, NeuN staining was performed by incubating
with NeuN antibody (1:200, 5 �g/ml, clone MAB 377,
Chemicon, Temecula, CA) for 60 minutes at room temper-
ature. After washing, the sections were incubated with Al-
exa Fluor 488 conjugated horse anti-mouse antibody (2
�g/ml, Vector Laboratories) diluted in PBS for 60 minutes.
Finally, sections were incubated with the nuclear stain
Hoechst 33342 (Molecular Probes, Eugene, OR), 1 �g/ml in
PBS for 10 minutes at room temperature with gentle agita-
tion, washed and mounted using Vectashield mounting me-
dium (Vector Laboratories, Burlingame, CA).

Hoechst 33342

After washing, the sections were incubated with 1 �g/ml
Hoechst 33342 in PBS (Molecular Probes, Eugene, OR) for
10 minutes at room temperature with gentle agitation.
Thereafter sections were washed, and mounted using
Vectashield mounting medium (Vector Laboratories).

Quantification of Nuclear AIF Translocation
in Vivo

Cell counting was performed in areas of cortex affected by
trauma by an observer naïve to treatment. From each indi-
vidual brain (n � 5), three sections (100 �m apart) from the
region of maximal contusion extension were evaluated.
Three visual fields (one visual field � 0.196 mm2) were
randomly chosen from the traumatic penumbra, and cells
were counted within each section. The counts are reported
as the average number of cells per section.

Statistical Analysis

In Vitro Experiments

Data were analyzed using the statistical program GB
Stat (Dynamic Microsystems, Silver Spring, MD) and
computed as mean � SEM values. Statistical signifi-
cance was established by one-way analysis of variance
(analysis of variance) followed by Fisher’s protected least
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significant difference test. Data are considered signifi-
cant at P � 0.05.

In Vivo Experiments

All data are given as mean � SD For statistical com-
parisons between groups, the Kruskal-Willis one-way
analysis of variance on ranks test was used followed by
Dunnett�s all pairwise multiple comparison procedure as
post hoc test. Calculations were performed using a stan-
dard statistical software package (SigmaStat 2.0, Jandel
Scientific, Erkrath, Germany). Data are considered signif-
icant at P � 0.05.

Results

Nuclear Translocation of AIF after Mild and
Moderate Stretch Injury in Primary Cultured
Mouse Neurons

Primary mouse hippocampal neurons show strong AIF
immunoreactivity in the cytoplasm as demonstrated by
AIF and MAP-2 double immunostaining (Figure 1A, upper
panel). Further colabeling of AIF and cytochrome oxidase
(CytOx), a well known mitochondrial marker protein, dem-
onstrated almost exclusive mitochondrial localization of
AIF (Figure 1A, lower panel). Four hours after exposure to
mild (5.5 mm) or moderate (6.5 mm) stretch injury, the
cells were fixed and immunostaining was performed to
analyze nuclear AIF translocation in the different injury
groups. Strong AIF immunoreactivity colocalized well
with MAP-2 staining in double labeling experiments, and
AIF staining was always more pronounced in neurons
than in the underlying astrocytes (Figure 1B, control).
Strikingly, AIF staining in nuclei was detectable in neu-
rons within 4 hours after both mild and moderate stretch
injury, and nuclear AIF was observed in the same cells
showing dendrite fragmentation, a feature typical for trau-
matic injury in this model (Figure 1B, 5.5 and 6.5 mm).
Similar results were obtained in cortical neurons that also
displayed early AIF translocation within a few hours after
stretch injury, and double labeling studies in both culture
systems revealed that damaged neurons with nuclear
translocation of AIF also showed a pronounced reduction
of MAP-2 staining (data not shown). It is important to note
that astrocytes did not show visible signs of cell damage
after stretch injury, and that there was no AIF transloca-
tion to the nuclei detectable after moderate or mild
stretch injury in these glial cells (Figure 1C).

AIF Knock Down after siRNA Treatment
Significantly Attenuates Neuronal Death after
Stretch Injury

In cultured mouse neurons, incubation with AIF-siRNA
significantly reduced levels of AIF mRNA and protein
within 48 hours compared to controls either treated with
vehicle (LF 2000) or non-functional siRNA (mutRNA) as

analyzed by PCR, Western blot, or immunocytochemistry
(Figure 2, A and B). Cell survival and cell damage were
determined at 24 hours after mild or moderate stretch
injury by FDA staining and PI uptake, respectively. Mild
stretch injury only modestly affected cell survival (13 �
10% reduction of FDA-positive cells; Figure 2C, left open
bar), and increased the percentage of PI-positively

Figure 1. AIF translocation after stretch injury in cultured neurons. A: Im-
munocytochemistry and fluorescence confocal laser scanning microscopy
revealed pronounced mitochondrial AIF immunoreactivity (green) in cul-
tured embryonic mouse hippocampal neurons labeled with MAP-2 antibod-
ies (red, upper panel) or cytochrome oxidase (CytOx, red, lower panel). The
nuclei were labeled with DAPI (blue). B: Four hours after mild (5.5 mm) or
moderate (6.5 mm) injury, AIF immunoreactivity was clearly detectable in the
nuclei of injured neurons as compared to the cytosolic/mitochondrial distri-
bution of AIF in control cultures. The merged pictures show clear overlap-
ping of AIF staining (green) and nuclear DAPI-staining (blue) in injured
neurons. Strikingly, neurons with AIF translocation after more severe damage
(6.5 mm) also expose clear signs of dendritic fragmentation typical for stretch
injury in vitro. The underlying astrocyte layer shows less AIF immunoreac-
tivity than the overlying neurons. C: AIF immunoreactivity (green) in glial
fibrillary acidic protein-positive astrocytes (red) was less pronounced than in
neurons, and neither mild (5.5 mm) nor moderate (6.5 mm) stretch injury was
able to induce nuclear AIF translocation. AIF remained outside the nuclei
(blue) in glial cells. Scale bar � 20 �m.
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stained neurons to 180 � 20% of uninjured controls (P �
0.01; data not shown). RNAi-mediated AIF knockdown
preserved neuronal survival (FDA-positive cells; Figure
2C, left gray bar) at control levels and the increase in
PI-positive cells was less pronounced than in the controls
(data not shown). By contrast, neurons exposed to mod-
erate stretch showed significant damage, and cell sur-
vival (FDA-positive cells) was significantly reduced to
60 � 5% of controls (Figure 2C, right open bar), and the
percentage of PI-positive cells increased to 271 � 40%
(P � 0.01). Cells treated with AIF siRNA and then
subjected to moderate stretch showed a clear and
significant neuroprotective effect, promoting cell sur-
vival almost to levels of uninjured controls as shown by
FDA staining (Figure 2C, right gray bar). Moreover, the
percentage of PI-positive cells was significantly re-
duced by 56% from 271 to 175% injured cells in AIF
siRNA-treated cells. These results indicate that most of
the cell death that occurred after moderate stretch was
mediated by AIF.

AIF-Mediated Neuronal Cell Death Is
Independent of Caspase Activation

Inhibition of caspases by the pan-caspase inhibitor zVAD
did not show any neuroprotective effect following neuronal
stretch injury, while down-regulation of AIF preserved neu-
ronal viability almost completely (Figure 2D). Caspase inhi-
bition together with down-regulation of AIF by siRNA did not
have any additive effect. These findings confirm our results
presented in Figure 2C and support the hypothesis that
AIF-mediated cell death is caspase-independent and re-
sponsible for a large proportion of stretch-induced neuronal
damage.

Nuclear Translocation of AIF after Experimental
Traumatic Brain Injury in Vivo

In normal, non-injured cerebral cortex and hippocampus
AIF is localized in the cytoplasm (Figures 3A and 4A,

Figure 2. Down-regulation of AIF by siRNA pre-
vents stretch-induced injury in cultured neurons.
Cultured embryonic mouse neurons were exposed
to AIF-siRNA, non-functional siRNA (mutRNA), or
vehicle controls (LF 2000) for 48 hours, before
extraction of mRNA and protein and/or stretch
injury. A: RT-PCR (top) and Western blot analysis
(bottom) revealed significant siRNA-mediated
knock down of AIF mRNA and protein, respec-
tively. GAPDH RT-PCR and �-tubulin were used as
controls to demonstrate specificity of the siRNA
effect and equal loading of the gels. B: Immuno-
cytochemistry of AIF together with nuclear staining
with DAPI revealed strong AIF staining in the cy-
toplasm and in the nucleus of not injured (control)
and injured (6.5 mm) neurons, respectively. Cells
treated with AIF-siRNA did not show any AIF stain-
ing; neither in the cytoplasm of not injured cells
(control) nor in the nucleus of injured cells (6.5
mm). Of note, injured neurons pretreated with
AIF-siRNA show normal nuclear morphology.
Scale bar: 20 mm C: Cell survival was determined
at 24 hours after mild or moderate stretch injury by
fluorescein diacetate (FDA) staining. Mild stretch
only slightly reduced cell survival in the controls
(open bars), whereas AIF-siRNA-treated cells (gray
bars) did not show any reduction of FDA-stained
cells. By contrast, moderate stretch significantly
reduced the percentage of FDA-positive cells, and
this damage was blocked by pretreatment with
AIF-siRNA. (*P � 0.001 as compared to moderately
stretched controls; n � 5 to 8 per group). D: Cell
survival determined by FDA staining following
moderate stretch injury (6.5 mm) in untreated con-
trol cells (open bar), cells pretreated with the pan-
caspase inhibitor zVAD, AIF-siRNA, or both.
Caspase inhibition did not show any neuroprotec-
tive effect, while down-regulation of AIF pre-
vented stretch-induced neuronal cell death almost
completely. zVAD and AIF-siRNA co-treatment did
not show any additive effect (*P � 0.001 vs. con-
trol; n � 6 to 12 per group).
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control) and cannot be found in the nucleus, as demon-
strated by double-staining for AIF and a nuclear marker,
Hoechst 33342 (Figure 5, AIF�Hoe). As previously
shown, the cytoplasmic localization of AIF co-localized
with cytochrome oxidase IV staining, a mitochondrial
marker, thereby demonstrating that AIF is localized in
mitochondria not only in vitro but also in the intact brain in

vivo.29,36,37 As already suggested by our in vitro data, the
most prominent AIF staining was found in neurons (Figure
5, AIF�NeuN). Indeed, all cells showing strong AIF stain-
ing were also positive for the neuronal marker NeuN,
indicating that astrocytes in vivo may express even less
AIF than as suggested by our findings in vitro.

Figure 3. Nuclear translocation of AIF in the cerebral cortex following
experimental TBI. A: Low (left) and high power (right) photomicrographs
from control (upper panels) and traumatized brains. AIF (dark staining;
arrow) is detected in the cytoplasm of control neurons (Control). At 15
minutes after trauma, the intensity of AIF staining (arrows) increases in the
cytoplasm, as well as around the nucleus. At 2 hours after TBI, nuclear
morphology is not conspicuously altered. At 24 hours after CCI, most cells
showing nuclear AIF staining (arrow) appear shrunken with serrated nuclei,
indicating irreversible nuclear damage. B: Quantification of neurons
(mean � SD) showing nuclear AIF staining (AIF positive) at different time
points after TBI. At 15 minutes after trauma, the number of AIF-positive cells
is significantly increased as compared to the non-injured brain (*P � 0.01;
n � 5 per time point). The number of AIF-positive cells continues to increase,
reaching maximum values at 12 to 24 hours after TBI.

Figure 4. Nuclear translocation of AIF in the hippocampus following trau-
matic brain injury in vivo. A: Low- (left panels) and high-power (right
panels) photomicrographs from uninjured control (upper left panel) and
injured hippocampi. As in the cortex, AIF (dark staining) is detected only in
the cytoplasm of control neurons (Control). At 15 minutes after trauma, the
intensity of AIF staining increases in the cytoplasm of hippocampal neurons
located toward the trauma site (arrow), while neurons further away from the
injured cortex (upper left corner) do not show signs of AIF translocation
(dotted arrow). At later time points, most neurons show nuclear AIF stain-
ing together with shrunken and serrated nuclei. B: Quantification of hip-
pocampal cells (mean � SD) showing nuclear AIF staining (AIF positive) at
different time points after TBI. Cell death in the hippocampus does not
increase significantly until 6 hours after TBI (*P � 0.01; n � 5 per time point).
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After injury, AIF staining intensity increased almost
immediately in the cytoplasm (Figures 3A and 4A, 15
minutes). A possible explanation for this rapid increase in
AIF staining may be the better accessibility of the AIF
protein to the applied antibody after release of AIF from
mitochondria. At this time point, when most cortical and
hippocampal neurons did not show any sign of nuclear
damage, AIF staining was confined to the cytoplasm.

The first clearly nuclear AIF staining was observed in
neurons surrounding the cortical contusion at 2 hours
after trauma (Figure 3A, 2 hours). In contrast to pericon-
tusional neurons, hippocampal neurons showed only cy-
toplasmic AIF staining at this time point (Figure 4A, 2
hours). Six hours after brain injury, the time when pro-
gressive pericontusional cell death has been shown to
occur,11 both cortical and hippocampal neurons showed
nuclear localization of AIF, indicating translocation of AIF
from mitochondria to the nucleus (Figures 3A and 4A, 6
hours). Nuclear translocation of AIF was mainly observed
in cells showing advanced nuclear condensation and
pyknosis, as demonstrated by double labeling of these
cells with AIF and Hoechst 33342 (Figure 5, AIF�Hoe, 6
hours). Of note, all cells showing nuclear AIF staining
were also positive for the neuronal marker NeuN, sug-
gesting that AIF-mediated cell death occurs mainly in
neurons (Figure 5, AIF�NeuN). At 24 hours after trauma,

most neurons in the traumatic penumbra showed ad-
vanced nuclear condensation and stained positive for
nuclear AIF (Figure 5, 24 hours) indicating that AIF is
involved in pericontusional neuronal cell death during the
whole process of secondary contusion expansion.11

These observations were substantiated by quantifying
the number of cells displaying nuclear AIF staining in the
pericontusional cerebral cortex and hippocampus (Fig-
ures 3B and 4B). In the cerebral cortex, the number of
cells with nuclear AIF staining increased at 15 minutes
postinjury (P � 0.01 vs. control), whereas hippocampal
neurons displayed significant nuclear AIF staining only at
6 hours after cortical impact. In both brain regions, the
maximal number of AIF-positive cells was observed at 12
hours after trauma, a time course that fits well with the
kinetics of delayed neuronal cell death following con-
trolled cortical impact in mice.11

To investigate whether nuclear translocation of AIF
plays a causal role in pericontusional cell death, we
compared the contusion volumes of wild-type mice and
Harlequin (Hq) mutant mice. Hq mice have a proviral
insertion in the AIF gene resulting in deficient AIF expres-
sion; in other words, Hq mutant mice express only 20% of
the AIF expressed by their wild-type littermates.36,42 After
confirming AIF-deficiency in Hq mice (Figure 6A), we
subjected these animals and their wild-type littermates to
controlled cortical impact injury. To assess the primary
damage, we quantified the contusion volume in both
wild-type and homozygous Hq mice at 15 minutes postin-

Figure 5. Trauma-induced nuclear translocation of AIF in the cerebral cortex
is confined to neurons and associated with DNA damage and nuclear py-
knosis. Immunohistochemistry of AIF (red), the neuronal marker NeuN
(green), and the nuclear DNA-binding dye Hoe (blue). Under control con-
ditions (Control), AIF was detected exclusively in the cytoplasm of neurons
(AIF�Hoe). At 2, 6, and 24 hours after TBI, the overlay of AIF and Hoe (pink)
indicate that AIF has translocated to the nucleus. At 6, and more clearly at 24
hours after trauma, the translocation of AIF is associated with nuclear py-
knosis and cellular shrinkage.

Figure 6. AIF-deficient mice have significantly less brain damage as com-
pared to AIF-expressing control animals. A: Mice homozygously carrying the
Hq AIF gene mutation express approximately 80% less AIF as compared to
their wild-type littermates as determined by Western blot analysis. B: The
contusion volume at 15 minutes after TBI in wild-type (�/�) mice represents
the primary damage, and is determined only by the mechanical impact. The
difference between the primary damage and the damage assessed after 24
hours represents the secondary damage. AIF-deficient (Hq/Hq) mice have a
44% reduced secondary brain damage (*P � 0.002 vs. WT; n � 6 to 11 per
group).
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jury. To quantify which components resulted from sec-
ondary injury mechanisms, we also assessed contusion
volumes at 24 hours after cortical impact injury.11 Sub-
tracting the primary contusion volume (13.6 � 1.6 mm3)
from the final contusion volume 24 hours after TBI (24.4 �
1.5 mm3), we calculated the tissue volume that was dam-
aged by secondary mechanisms to be 10.8 mm3 in wild-
type mice, indicating that the primary contusion ex-
panded by 79% (Figure 6B, white bars). In comparison,
Hq mice showed a secondary contusion increase by only
45% (Figure 6B, gray bars), ie, a decrease of secondary
brain damage by 44% (P � 0.002).

Discussion

The results of the current study show that AIF, a pro-apop-
totic protein located inside the mitochondrial intermem-
brane space, is released from mitochondria, migrates to the
nucleus, and is associated with nuclear condensation and
caspase-independent neuronal cell death following stretch
injury in vitro or traumatic brain injury in vivo. Specific down-
regulation of AIF by siRNA in primary cultured neurons, or
by a proviral insertion into the AIF gene in mice, resulted in
a significant protection of injured neurons in vitro, and to a
significant reduction of secondary contusion expansion in
vivo, respectively. Therefore, the current findings suggest
that AIF is a novel and significant mediator of post-traumatic
neuronal cell death and that caspase-independent signal-
ing pathways may play an important role in secondary brain
injury following TBI.

Expression of AIF in Cultured Cells and Brain
Tissue

AIF shows a robust expression in primary cultured murine
hippocampal neurons as demonstrated by co-immunola-
beling of AIF and the neuronal marker MAP-2. This find-
ing is corroborated by previous reports demonstrating
expression of AIF in rat hippocampal cell lines and in
primary cultured rat hippocampal and cortical neu-
rons.36,37,43 These in vitro findings are supported by our
in vivo results, as well as by previous reports showing
predominantly neuronal localization of AIF in the
brain.28,29,36,37,41,43 In the normal brain, AIF is located in
the cytoplasm and co-localizes with the mitochondrial
marker cytochrome oxidase,29,37 thereby demonstrating
that in neurons AIF is also located in mitochondria as was
previously shown for non-neuronal cells.44

Although previous reports suggested predominantly
neuronal expression of AIF in vivo (see above), we found
also robust expression of AIF in cultured astrocytes as
demonstrated by co-localization of AIF and glial fibrillary
acidic protein, an astrocytic marker (Figure 1C). How-
ever, AIF staining in astrocytes could only be detected
when using very high sensitivity settings for confocal
microscopy, indicating that astrocytes express AIF at a
much lower level as compared to neurons, a finding
which may explain why AIF staining in astrocytes has
been overlooked previously in vivo.

Translocation of AIF from Mitochondria to the
Nucleus after Traumatic Injury

AIF translocated from mitochondria to the nucleus at 24
hours following stretch injury to cultured neurons. This
process was accompanied by nuclear condensation and
axonal disruption, especially after moderate stretch (6.5
mm). The same degree of injury also resulted in loss of
cell membrane integrity, as demonstrated by PI staining,
and in significant loss of cell viability as quantified by FDA
cleavage. Interestingly, astrocytes did not show any re-
lease of AIF from mitochondria or loss of viability after
membrane stretch (data not shown), indicating that nu-
clear AIF translocation is indeed related to cell death and
not an epiphenomenon of mechanical stress.

Previous reports have demonstrated that oxygen-glu-
cose deprivation, toxic concentrations of glutamate, and
exposure to free radicals also result in nuclear AIF trans-
location in neurons.28,36,37,43,45 These data indicate that
the release of AIF from mitochondria is not confined to
mechanical cell damage, but also occurs independently
of the initial mechanism of injury. This assumption is
further supported by in vivo data showing that AIF trans-
locates to the nucleus during post-traumatic cell death,
as demonstrated in the current and in a previous study,28

but also during neuronal cell death in experimental mod-
els of stroke, circulatory arrest-induced brain damage,
and epilepsy.36,37,43,46 Therefore, we propose that the
release of AIF from mitochondria, followed by transloca-
tion to the nucleus, may be a common feature of different
cell death pathways, and may represent a downstream
and general mechanism of neuronal cell death. This as-
sumption is most strongly supported by recent findings
from our laboratory showing a very close temporal rela-
tionship between nuclear AIF translocation and cell death
by real-time fluorescence video microscopy. Neurons be-
come apoptotic several hours after a brief exposure to
glutamate; AIF, however, is released from mitochondria
and translocates to the nucleus only minutes before the
nucleus becomes pyknotic and the cell disintegrates.47

Prevention of Nuclear AIF Translocation after
Traumatic Injury

To investigate whether nuclear translocation of AIF was
indeed responsible for post-traumatic cell death, we re-
duced the expression of AIF in cultured neurons by ad-
dition of anti-AIF siRNA. This approach did not affect
cellular protein expression in general, but specifically
down-regulated AIF mRNA and protein by 70% to 80%,
as shown previously.36 siRNA-mediated down-regulation
of AIF prevented cell death after moderate stretch (6.5
mm), and significantly reduced membrane damage to
the level of mild injury, thereby demonstrating that AIF is
a substantial player in cell death processes.

We further corroborated our in vitro data using mice
with a proviral insertion in the AIF gene, resulting in a
general reduction of AIF expression by over 80%.36,42

When these mice and their wild-type littermates were
subjected to experimental TBI, animals with reduced AIF
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expression showed significantly reduced secondary
brain damage as demonstrated by a 50% reduction of
delayed contusion expansion. This degree of neuronal
protection agrees well with our previous results using the
same AIF-deficient mouse strain in other paradigms of
acute brain injury, such as cerebral ischemia, epilepsy,
and perinatal hypoxia-ischemia.36,41,46

Mechanisms of AIF Release from Mitochondria

The precise mechanisms by which AIF is released from
mitochondria in neurons are still under debate. Poly-ADP-
ribose polymerase 1 was postulated to be an important
upstream trigger of mitochondrial AIF release. This was
elegantly demonstrated by the lack of mitochondrial AIF
release following exposure of poly-ADP-ribose polymer-
ase 1-deficient neurons to N-methyl-D-aspartate,48 and
by reduced AIF translocation and cell death following
cerebral ischemia in mice treated with a specific Poly-
ADP-ribose polymerase inhibitor.36 Presumably, other
downstream mechanisms of mitochondrial AIF release
include the formation or prevention of mitochondrial
membrane pores by members of the pro- or anti-apop-
totic bcl-2 protein family. For instance, AIF translocation
to the nucleus and neuronal cell death were previously
shown to be reduced on pharmacological inhibition or
siRNA-mediated down-regulation of the pro-apoptotic
molecule Bid,36,47 delivery of the anti-apoptotic molecule
bcl-xl to the intracellular space, or overexpression of
bcl-2.43,45 Another mechanism of AIF release from mito-
chondria may be oxidative stress-induced permeabiliza-
tion of the outer mitochondrial membrane as suggested
for MPP� (1-methyl-4-phenylpyridinium) toxicity in cul-
tured dopaminergic neurons.49 However, the potential
role of intracellular or mitochondrial reactive oxygen spe-
cies remains to be determined following stretch injury.

Mechanisms of AIF-Induced Cell Death

The mechanisms of mitochondrial AIF release are of
equal interest to the mechanisms by which AIF ultimately
causes neuronal cell death. One of the most striking
features of AIF-induced cell death is the necessity of AIF
to interact with the nucleus. The addition of AIF to isolated
nuclei induces pyknosis and large-scale (50 kDa) DNA
fragmentation after 30 seconds.44 Pyknosis is a hallmark
of neuronal cell death in vivo, and AIF was found in
pyknotic nuclei of neurons together with large scale DNA
fragmentation following global cerebral ischemia, focal
cerebral ischemia, and TBI29,37,43 suggesting that AIF
may be responsible for this process. Interestingly, AIF
itself does not have any DNase activity, suggesting that
AIF needs to associate with other factors to induce the
changes described above. AIF does not depend on
caspase activation and subsequent caspase-activated
DNase (CAD/DFF45) activity to translocate to the nucleus
and induce cell death,44,50 a feature later also confirmed
in neurons.51,52 Recently, it was suggested that AIF in-
duces DNA degradation only when it binds and translo-
cates to the nucleus together with cyclophilin A (CypA), a

cytoplasmic protein know to be otherwise involved in
immunomodulation.53 These findings were extended to
neurons in an in vivo model of perinatal hypoxia-ischemia,
by demonstrating that CypA colocalizes with AIF in the
nucleus of dying neurons, and by showing that CypA
knock-out mice show significant neuroprotection associ-
ated with a lack of nuclear pyknosis and translocation of
AIF to the nucleus.54 The role that CypA may play in
post-traumatic cell death remains to be elucidated.

Taken together, our results demonstrate that AIF me-
diates caspase-independent cell death following trau-
matic brain injury. Hence, inhibition of AIF-mediated cell
death signaling may emerge as novel and efficacious
therapeutic options for brain injured patients.
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