
103© Springer International Publishing AG, part of Springer Nature 2018 
D. G. Fujikawa (ed.), Acute Neuronal Injury, 
https://doi.org/10.1007/978-3-319-77495-4_6

Chapter 6
Involvement of Apoptosis-Inducing Factor 
(AIF) in Neuronal Cell Death Following 
Cerebral Ischemia

Nikolaus Plesnila and Carsten Culmsee

Abstract Delayed neuronal death is a hallmark of infarct development and sus-
tained functional impairment in rodent models of focal cerebral ischemia, an experi-
mental paradigm resembling ischemic stroke in humans. The exact molecular 
pathophysiology of this still enigmatic event is not only of academic interest but 
may hold the key for novel therapeutic strategies for human stroke. There is general 
understanding that acute lack of perfusion leads to rapid necrotic-oncotic cell death 
in the core of the ischemic infarct. In contrast, conditions associated with severely 
reduced, but not immediately lethal reductions of cerebral blood flow in the isch-
emic penumbra likely result in delayed and more programmed type of neuronal cell 
death. Based on results first obtained from non-neuronal cells, cysteine aspartate 
proteases (caspases) were described as key modulators of this process. More 
recently, however, it became clear that also caspase-independent mechanisms play 
a significant role for ischemia-induced delayed neuronal cell loss. In this chapter, 
we review the role of one of the first described caspase-independent cell death pro-
teins, apoptosis-inducing factor (AIF), for post-ischemic brain damage. Our conclu-
sion is that there is compelling evidence for a causal role of AIF in neuronal cell 
death following experimental stroke and other neurological disorders associated 
with cerebral ischemia. Hence, AIF and other, more recently described subtypes of 
caspase-independent cell death may provide promising targets for therapeutic inter-
ventions in cerebrovascular disease.
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6.1  Introduction

Every year stroke is responsible for the death of 5.5 million people and thus accounts 
for 10% of all deaths in industrialized countries worldwide. Despite such a high 
incidence and mortality, therapeutic options for stroke patients are still very limited 
(Lo et al. 2003). Currently, the only clinical treatment options for stroke patients are 
recanalization of large brain supplying arteries by local or systemic administration 
of recombinant tissue plasminogen activator (rtPA) and/or by mechanical removal 
of clots/emboli with stent retrievers (Hussain et  al. 2016). A major limitation of 
these early therapeutic approaches, however, is that both require brain CT and MRI 
imaging in order to exclude hemorrhagic stroke and to localize the occluded vessel. 
Accordingly, rtPA lysis and mechanical recanalization can only be initiated after 
affected patients are admitted to a specialized center. By the time diagnostic proce-
dures have been completed the therapeutic window for both procedures, i.e. 4.5 h 
after the onset of ischemia, has shortened significantly or even closed. As a result 
less than 10% of all stroke patients are subjected to recanalization therapy (Adams 
et al. 2007). The remaining 90% may only hope for spontaneous reperfusion, which 
in most cases, however, occurs too late to prevent penumbral cell death, the main 
mechanism underlying infarct outgrowth and the subsequent loss of neurological 
function (Molina et al. 2001). Hence, novel treatment strategies are warranted which 
are able to prolong neuronal survival in the ischemic penumbra, i.e., under compro-
mised cerebral blood flow conditions.

It is well accepted that even after reperfusion cell death signaling pathways trig-
gered by the initial ischemic event remain activated and result in additional neuronal 
cell death under completely normal blood flow conditions. This was first demonstrated 
in experimental approaches where very brief ischemic episodes were induced, i.e. 
30 min of middle cerebral artery occlusion in mice or rats (MCAo), which may resem-
ble transient ischemic attacks (TIA) in patients. Under this condition neuronal cell 
death may occur with a delay of up to 24 h following reperfusion (Du et al. 1996; 
Endres et al. 1998). Subsequently, post-reperfusion cell death was also demonstrated 
following more severe ischemic episodes which are associated with acute infarction 
and, hence, resemble acute stroke in humans. In the ischemic penumbra of mice sub-
jected to 60 min of transient MCAo neurons die with a delay of only 3–6 h (Fig. 6.1a), 
i.e., also post-reperfusion cell death seems to have a clinically relevant therapeutic 
window. Accordingly, an optimal therapeutic approach towards the treatment of stroke 
should include the protection of neuronal cells during the period of compromised 
blood flow but also the prevention of cell death after reperfusion.

6.2  Mechanisms of Delayed Cell Death Following Focal 
Cerebral Ischemia

The morphological hallmarks of neuronal cell death following focal cerebral isch-
emia are cell shrinkage and nuclear condensation, features not present in classical 
necrotic cell death which is associated with cell lysis and nuclear decomposition. 
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Cell shrinkage and nuclear condensation following cerebral ischemia are found in 
brain areas affected by immediate and delayed cell death. Accordingly, the mecha-
nisms leading to ischemic cell death seem to be very similar irrespective if affected 
cells are located in the infarct core where blood flow is almost absent or in the isch-
emic penumbra where collateral blood flow may keep cells alive for several hours 
(Astrup et al. 1981). For many years it remained unclear how ischemia causes the 
morphological findings described above. Nuclear condensation is the morphologi-
cal sequel of DNA damage, which usually occurs in a highly regulated manner dur-
ing various forms of programmed cell death, such as apoptosis, necroptosis, or 
parthanatos (Andrabi et al. 2011; Galluzzi et al. 2014; Vanden Berghe et al. 2014). 
More than 20 years ago Linnik et al. and Charriaut-Merlangue et al. were the first to 
demonstrate that nuclear condensation following cerebral ischemia was the result of 
DNA damage and endonuclease activation (Charriaut-Marlangue et  al. 1996; 
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Fig. 6.1 Delayed neuronal cell death in the ischemic penumbra and correlation with nuclear 
AIF following transient focal cerebral ischemia in mice (a) Following 60 min of middle cerebral 
artery occlusion (MCAo) the majority of neurons (~70%) in the ischemic penumbra, i.e. the cere-
bral cortex, stay alive for at least 4 h. Despite sufficient blood flow 24 h after MCAo over 90% of 
neurons which were viable 2 h after ischemia display altered membrane and nuclear morphology 
indicating cell death. (b) Correlation of neurons displaying pathological morphology with cells 
showing nuclear AIF (Culmsee et  al. 2005). (c) In Harlequin mutant mice (HQ) which have a 
reduced expression of AIF protein due to a proviral insertion in the aif gene, the infarct volume, 
calculated on the basis of the histomorphometric data from the individual sections, showed a 43% 
reduction as compared to wild type littermates (n = 5, *p < 0.03) (Culmsee et al. 2005)
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Linnik et al. 1995). These findings triggered intense search for the upstream signal-
ing responsible for post-ischemic endonuclease activation which was finally 
believed to be the activation of caspase-3 (Namura et al. 1998). Namura and col-
leagues showed constitutive expression of inactive caspase-3 in neurons throughout 
the brain, most prominently in neuronal perikarya within piriform cortex and, most 
importantly, caspase-like enzyme activity in ischemic brain 30–60 min after reper-
fusion following 2 h MCAo. Active caspase-3 was detected in ischemic neurons at 
the time of reperfusion by immunohistochemistry. DNA laddering and TUNEL-
positive cells as indicators of DNA fragmentation were detected 6–24 h after reper-
fusion (Namura et  al. 1998). Further proof for the role of active caspase-3 for 
ischemic cell death was derived in the same year from experiments from the same 
laboratory using pan- caspase and caspase-3 specific peptide inhibitors. Post-
ischemic neuronal cell death was prevented and neuronal function was improved 
when caspase activation was inhibited up to 6 h following reperfusion from 30 min 
MCAo (Endres et al. 1998). The ultimate mechanistic link between caspase-3 acti-
vation and post-ischemic DNA fragmentation was established by Gao and co-work-
ers by showing that caspase- activated DNase (CAD), a molecule known to be 
cleaved and thereby activated by caspase-3, was responsible for post-ischemic 
DNA-fragmentation (Cao et al. 2001).

In consequence, many research groups focused on the upstream mechanisms of 
caspase-3 activation. Due to very low expression and activation levels of potentially 
involved molecules it turned out to be technically very challenging to identify respec-
tive mechanisms. Caspase-8, a molecule able to cleave caspase-3 in non- neuronal 
cells, was found to be activated following experimental stroke; however, caspase-8 
was described to be activated in a population of neurons (lamina V) distinct from that 
where active caspase-3 was observed (lamina II/III) (Velier et al. 1999) and a direct 
link between caspase-8 and caspase-3 activation has not yet been demonstrated in 
models of cerebral ischemia. Further upstream factors in the cascade of caspase acti-
vation such as Fas/CD95 receptors and tumor necrosis factor- related apoptosis-
inducing ligand (TRAIL), were found to be upregulated following MCAo, and lpr 
mice, which express dysfunctional Fas receptors, were protected from focal ischemic 
brain damage (Martin-Villalba et al. 1999). Despite these interesting findings it still 
remained unclear how caspase-3 was activated following cerebral ischemia until in 
2001 it was demonstrated that the BH3-only Bcl-2 family Bid, which has a caspase-8 
specific cleavage site, was truncated after experimental stroke (Plesnila et al. 2001). 
Cleaved/truncated Bid (tBid) translocates from the cytoplasm to the outer mitochon-
drial membrane where together with Bax it induces the formation of an oligomeric 
membrane pore (Zha et al. 2000), thereby releasing cytochrome c from mitochondria 
(Wei et al. 2000). After focal cerebral ischemia mitochondria of Bid-deficient mice 
released far less cytochrome c and cortical infarction was significantly reduced com-
pared to wildtype littermates, thereby demonstrating the prominent role of mitochon-
dria in post-ischemic cell death. This was supported by recent experiments on 
Bax- deficient mice, which showed a similar level of neuroprotection as Bid- defi-
cient animals (D’Orsi et al. 2015). These data further imply that after focal cerebral 
ischemia caspase-3 may be activated through the mitochondrial pathway, i.e. by the 
mitochondrial release of cytochrome c (Fujimura et al. 2000) and apoptosome for-
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mation (Plesnila 2004; Plesnila et al. 2001; Yin et al. 2002). Not much later, however, 
this view was challenged by the fact that caspase-3 knock out mice, which became 
available at that time, showed much less neuroprotection than expected based on the 
anticipated prominent role of caspase-3 activation for ischemic neuronal cell death 
(Le et al. 2002). Together with the pronounced neuroprotective effect achieved by 
interactions with mitochondrial cell death signaling, (Cao et al. 2002; D’Orsi et al. 
2015; Kilic et al. 2002; Martinou et al. 1994; Plesnila et al. 2001; Wiessner et al. 
1999), i.e., mechanisms upstream of caspase-3 activation such as Bid and Bax activa-
tion, it became clear that alternative cell death pathways distinct from caspase-3 may 
be present downstream of mitochondria.

The hypothesis that caspase-independent neuronal cell death signaling exists 
downstream of mitochondria was also suggested by in vitro experiments showing 
that caspase inhibition provided only transient neuroprotection which was followed 
by a more delayed type of DNA-fragmentation-related cell death (see Rideout and 
Stefanis 2001 for review). It was Ruth Slack and her colleagues who identified a 
mitochondrial protein, apoptosis-inducing factor (AIF), to be one of the most potent 
molecular candidates for caspase-independent death in neurons (Cregan et al. 2002). 
AIF translocation from mitochondria to the nucleus was detected in damaged neu-
rons in vitro in models of neuronal cell death relevant to the pathology of ischemic 
brain damage, such as glutamate neurotoxicity, DNA damage or oxygen-glucose 
deprivation, whereas neutralizing AIF antibodies, pharmacological inhibition of 
AIF release or AIF siRNA prevented neuronal cell death in these in vitro approaches 
(Becattini et al. 2006; Cao et al. 2002; Cregan et al. 2002; Culmsee et al. 2005).

AIF is a 67 kDa flavoprotein with significant homology to bacterial and plant 
oxidoreductases located in the mitochondrial intramembranous space (Susin et al. 
1999). Upon release from mitochondria, AIF migrates to the nucleus where it 
induces large-scale (~50  kbp) DNA fragmentation and cell death in a caspase- 
independent manner (Daugas et al. 2000; Penninger and Kroemer 2003). Recent 
findings in models of glutamate neurotoxicity in cultured neurons in vitro and cere-
bral hypoxia/ischemia in vivo suggested that AIF translocation from mitochondria 
to the nucleus requires Cyclophilin A (CypA), which seems to coordinate DNA 
binding and chromatinolysis through complex formation with histone H2AX (Artus 
et al., 2010; Baritaud et al., 2010; Doti et al., 2014; Zhu et al., 2007). Finally, the 
Dawson laboratory identified macrophage migration inhibitory factor (MIF) as the 
key nuclease mediating AIF-dependent DNA degradation in paradigms of parthana-
tos induced by oxidative stress and DNA-damage (Wang et al., 2016). Eliminating 
MIF’s nuclease activity exerted sustained protective effects in a model of focal cere-
bral ischemia, both at the level of histology and behavior.

In the brain, AIF was shown to be expressed in all so far investigated cell types, 
i.e. neurons and glial cells (Cao et al. 2003; Zhu et al. 2003). The expression in 
normal neuronal cells was confined to the mitochondria as shown by co- 
immunostaining with the mitochondrial marker cytochrome oxidase (Plesnila et al. 
2004). Interestingly, unlike the expression pattern of many other apoptotic proteins 
the expression of AIF increases gradually with brain maturation and peaks in adult-
hood, indicating that in contrast to, e.g. caspase-3, AIF may exert its main function 
in adult neurons (Cao et al. 2003).

6 Involvement of Apoptosis-Inducing Factor (AIF) in Neuronal Cell Death Following…



108

The first pathological condition where AIF was shown to play an important role 
for neuronal damage was cerebral hypoxia-ischemia, a model for asphyxia in new-
born children. Hypoxia-ischemia in 7-day-old rats induced by ligation of the left 
carotid artery for 55 min together with the reduction of ambient oxygen to 7.7% in 
a hypoxia chamber resulted in AIF release from mitochondria and translocation to 
the nucleus in neurons displaying DNA fragmentation- and pyknosis (Zhu et  al. 
2003). Since AIF translocation was not influenced by inhibition of caspases using 
the pan-caspase inhibitor BAF these experiments stressed the caspase-independent 
manner of AIF-induced cell death. Similar findings were also observed following 
cardiac arrest- induced brain damage in rats, i.e., following transient global isch-
emia. Following 15 min of four-vessel occlusion (4-VO) AIF was found to translo-
cate from mitochondria to the nucleus in hippocampal CA1 neurons. The temporal 
profile of AIF translocation coincided with the induction of large-scale DNA frag-
mentation (50 kbp; 24–72 h after 4-VO), a well-characterized hallmark of delayed 
neuronal cell death (Cao et al. 2003). In line with findings in the rodent models of 
transient hypoxia-ischemia in immature animals, treatment with a caspase-3 inhibi-
tor had no effect on nuclear AIF accumulation and did not provide any long-lasting 
neuroprotective effects after global ischemia in adult rats (Cao et al. 2003).

At almost the same time we demonstrated the translocation of AIF from mito-
chondria to the nucleus following transient focal cerebral ischemia, an experimental 
model of ischemic stroke followed by reperfusion (Plesnila et al. 2004). Nuclear 
AIF was detected in single neuronal cells very early, i.e. within 1 h after 45 min of 
middle cerebral artery occlusion (MCAo) and peaked 24  h thereafter. The time 
course of AIF translocation paralleled mitochondrial cytochrome c release and 
apoptosis-like DNA damage as identified by hair-pin probe (HPP) staining, indicat-
ing ischemia-induced mitochondrial permeabilization and AIF-induced DNA frag-
mentation (Plesnila et al. 2004). Further, we showed that in the same experimental 
paradigm of ischemic stroke that AIF nuclear translocation was mainly found in 
neurons (Culmsee et al. 2005) and that the number of cells displaying pathological 
morphology following cerebral ischemia correlated very well (r2 = 0.99) with the 
number of neurons showing nuclear AIF (Fig. 6.1b).

That nuclear translocation of AIF was indeed responsible for post-ischemic cell 
death and not only a byproduct of the morphological changes associated with neuro-
nal cell death was first shown in 2005. Small inhibitory RNA (siRNA)-mediated 
downregulation of AIF expression (−80%) in HT22 hippocampal neurons and in pri-
mary cultured neurons resulted in a significant reduction of glutamate and oxygen- 
glucose deprivation-induced neuronal cell death, respectively (Figs.  6.2 and 6.3). 
Reduction of cell death was associated with a lack of nuclear AIF translocation, 
thereby demonstrating that AIF plays a causal role in excitotoxic and 
 hypoxic- hypoglycaemic cell death in vitro (Culmsee et al. 2005). In the same study 
we demonstrated that AIF is also relevant for post-ischemic cell death in  vivo. 
Harlequin mutant mice carry a pro-viral insertion in the AIF-gene thereby expressing 
only 10–20% of normal AIF protein levels (Klein et al. 2002). These mutant mice 
show significantly reduced post-ischemic brain damage as compared to their wild-
type littermates, which express AIF at normal levels (Culmsee et al. 2005) (Fig. 6.1c).
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Further analysis in vitro revealed that reduced AIF expression exerts precondi-
tioning effects at the level of mitochondria, thereby preserving mitochondrial integ-
rity and function in conditions of glutamate toxicity (Fig. 6.3) (Oexler et al. 2012). 
Whether such preconditioning effects at the level of mitochondria caused by reduced 
AIF expression levels account for protective effects against ischemic brain damage 
in vivo requires further investigation.

In vitro, nuclear AIF translocation was dependent on poly(ADP-ribose) poly-
merase 1 (PARP1) activation, as shown by using the specific PARP1 inhibitor PJ-34 
(Culmsee et al. 2005). Accordingly, these results suggest that PARP1 activation is 
located upstream of AIF release from mitochondria and that AIF is the major factor 
mediating PARP1-induced cell death, findings also supported by other laboratories 
using different strategies to inhibit PARP, i.e. by cilostazol or gallotannin (Lee et al. 
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Fig. 6.2 AIF-siRNA knockdown attenuates glutamate-induced neuronal cell death in pri-
mary cultured neurons (a) Confocal laser scanning microscope images of AIF immunoreactivity 
(green) were obtained after 8 h of oxygene glucose deprivation (OGD). Co-staining with DAPI 
(dark blue) allowed the identification of nuclear translocation of AIF (AIF/DAPI, light blue) in 
damaged cells. (b) Number of damaged neurons and neurons displaying nuclear AIF 4 and 8 h 
after reoxygenation after 4  h of oxygen—glucose deprivation. AIF translocates to the nucleus 
before signs of morphological neuronal damage [as determined by nuclear morphology after 
DAPI/Hoechst staining or propidium iodide/calcein staining] become evident (n = 4; ###p < 0.001 
vs. control). (c) Primary cultured neurons were pre-treated with vehicle (lipofectamine), non- 
functional mutant RNA (mut-siRNA), or AIF-siRNA for 48 h before exposure to OGD for 4 h. Cell 
death was quantified by counting of cells with pyknotic nuclei 24 h after re-oxygenation in medium 
containing glucose. In AIF siRNA- treated neurons the number of cells displaying pyknotic nuclei 
was reduced by ~50% (n = 4; *p < 0.01 vs. control) (Culmsee et al. 2005)
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Fig. 6.3 AIF-siRNA preserves mitochondrial integrity and function, and cell viability. (a) 
Fluorescence photomicrographs show that AIF siRNA (20 nM) prevents the fission of mitochon-
dria (stained with Mitotracker red) in glutamate-exposed (3 mM, 14 h) HT-22 cells compared to 
non-transfected control cells and cells transfected with scr siRNA. Scale bar 20 μm; insets show 
magnifications for better detection of mitochondrial morphology. (b) ATP levels from AIF siRNA 
transfected cells (20 nM) were protected from ATP depletion as determined 24 h after glutamate 
exposure (n = 6; **p\0.01 compared to glutamate treated control cells and scr siRNA; ANOVA, 
Scheffe’ test). (c) AIF siRNA (20 nM) prevents glutamate-induced (5 mM, 12 h) cell death in 
neuronal HT22 cells compared to non-transfected control cells and cells transfected with scr 
siRNA. (d) xCELLigence real-time measurement: HT22 cells were treated with glutamate (glut) 
72 h after transfection. AIF siRNA (20 nM) shows sustained protection over time (n = 8) (Oexler 
et al. 2012)
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2007; Wei et al. 2007). More recently, Iduna was identified as an NMDA-receptor- 
induced survival protein which binds poly(ADP-ribose) polymers, thereby prevent-
ing AIF translocation to the nucleus in paradigms involving parthanatos in NMDA 
excitotoxicity in vitro and ischemic neuronal death in vivo (Andrabi et al. 2011). 
Further, activation of neuronal nitric oxide synthase (nNOS) and formation of ROS, 
particularly lipidperoxides, were linked to AIF-mediated neuronal cell death fol-
lowing experimental stroke (Li et al. 2007; Tobaben et al. 2011; Yigitkanli et al. 
2017). Gene deletion of nNOS, application of a metalloporphyrin-based superoxide 
dismutase or inhibition of 12/15 lipidperoxidase (LOX) mimic reduced post- 
ischemic cell death, together with a reduction of the number of neurons displaying 
nuclear AIF, thereby suggesting that ROS and peroxynitrite formation may cause 
direct or indirect mitochondrial damage and subsequent AIF release, nuclear trans-
location, and large-scale DNA fragmentation (Lee et al. 2005; Li et al. 2007).

Results from our and other laboratories on the direct upstream mechanisms 
responsible for the release of AIF from mitochondria suggest that pro-apoptotic 
proteins of the bcl-2 family such as Bid interacting with regulators of mitochondrial 
fission such as Drp1 play an important role for this process. SiRNA-mediated 
knockdown and small molecule inhibitors of Bid or Drp1 fully preserved mitochon-
drial integrity and function, and prevented cell death, together with translocation of 
AIF from mitochondria to the nucleus in primary cultured neurons following 
oxygen- glucose deprivation and completely preserved cell and nuclear morphology 
following glutamate toxicity in HT22 hippocampal cells (Culmsee et  al. 2005; 
Landshamer et  al. 2008; Grohm et  al. 2010, 2012). Further, the small molecular 
inhibitors of Drp1, MDIVI-A and MDIVI-B reduced infarct size in a model of focal 
cerebral ischemia in mice (Grohm et al. 2012), similar to previously reported effects 
of genetic Bid deletion (Plesnila et al. 2001; Yin et al. 2002)

In conclusion, the current literature suggests that AIF-mediated caspase- independent 
signaling pathways are of major importance for delayed neuronal cell death following 
experimental stroke. Caspase activation occurs during this process, however, inhibition 
of caspases seems to only delay and not to prevent neuronal death following focal 
cerebral ischemia. These findings suggest that inhibition of mitochondrial AIF release 
and subsequent AIF-dependent mechanisms of DNA damage may serve as novel tar-
gets for drug development aimed to mitigate cell death following stroke.
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