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Abstract Previous studies established a major role for

apoptosis inducing factor (AIF) in neuronal cell death after

acute brain injury. For example, AIF translocation from

mitochondria to the nucleus determined delayed neuronal

death, whereas reduced AIF expression provided neuro-

protective effects in models of cerebral ischemia or brain

trauma. The question remains, however, why reduced AIF

levels are sufficient to mediate neuroprotection, since only

very little AIF translocation to the nucleus is required for

induction of cell death. Thus, the present study addresses

the question, whether AIF gene silencing affects intrinsic

death pathways upstream of nuclear translocation at the

level of the mitochondria. Using MTT assays and real-time

cell impedance measurements we confirmed the protective

effect of AIF siRNA against glutamate toxicity in immor-

talized mouse hippocampal HT-22 neurons. Further, AIF

siRNA prevented glutamate-induced mitochondrial frag-

mentation and loss of mitochondrial membrane potential.

The protection of mitochondrial integrity was associated

with preserved ATP levels, attenuated increases in lipid

peroxidation and reduced complex I expression levels.

Notably, low concentrations of the complex I inhibitor

rotenone (20 nM), provided similar protective effects

against glutamate toxicity at the mitochondrial level.

These results expose a preconditioning effect as a

mechanism for neuroprotection mediated by AIF depletion.

In particular, they point out an association between mito-

chondrial complex I and AIF, which regulate each other’s

stability in mitochondria. Overall, these findings postulate

that AIF depletion mediates a preconditioning effect pro-

tecting neuronal cells from subsequent glutamate toxicity

through reduced levels of complex I protein.
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ANOVA Analysis of variance

AIF Apoptosis inducing factor

BODIPY 4,4-Difluoro-5-(4-phenyl-1,3-butadienyl)-

4-bora-3a,4a-diaza-sindacene-3-undecanoic

acid

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethylsulfoxide

DTT DL-Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

EGTA Ethylene glycol-bis(2-aminoethylether)-

N,N,N0,N0-tetraacetic acid

ES Embryonic stem

FACS Fluorescence-activated cell sorting

HEPES 4-(2-Hydroxyethyl)piperazine-

1-ethanesulfonic acid

Hq Harlequin

mPTP Mitochondrial permeability transition pore

MMP Mitochondrial membrane potential

MTT 3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide

PARP-1 Poly(ADP-ribose)polymerase 1

PBS Phosphate buffered solution

TMRE Tetramethylrhodamin ethyl ester
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Introduction

Apoptosis inducing factor (AIF) is a nuclear encoded

*62 kDa flavoprotein that is located in the inner mito-

chondrial membrane from where it is released and trans-

located to the nucleus during cell death. In fact, AIF was

the first mitochondrial protein shown to mediate caspase-

independent cell death [1, 2]. During intrinsic cell death

AIF is cleaved into a *57 kDa form that is released

from the mitochondria and translocates to the nucleus

where it induces chromatin condensation and large-scale

DNA fragmentation [1, 2]. It is now well established that

AIF-dependent cell death plays a key role in neuronal death

after acute brain damage in model systems of cerebral

ischemia [3–5], traumatic brain injury [6] or epileptic sei-

zures [7]. The cumulative evidence for a key role of AIF

translocation to the nucleus in paradigms of cell death led

to the conclusion that controlling AIF upstream of mito-

chondrial release may emerge as a promising therapeutic

strategy in neurological diseases, such as cerebral ischemia

or neurodegenerative disorders [8]. Direct inhibition of AIF

by small molecules is not available so far and previous

neuroprotective effects were achieved using siRNA-medi-

ated gene silencing or in genetic models of reduced AIF

expression, such as harlequin (Hq) mice, which express

only 20 % AIF compared to wildtype mice [5, 9].

Despite the cumulative evidence for neuroprotective

effects obtained by reduced AIF expression levels in vitro

and in vivo, the exact mechanism by which AIF depletion

sustains neuronal survival remains unknown. In particular,

it is controversial that AIF depletion mediates neuropro-

tection just because of reduced translocation of the protein

to the nucleus, since neurons of Hq mice or after AIF

siRNA treatment still express considerable amounts of

AIF, which would be sufficient for nuclear translocation

and induction of cell death after mitochondrial release. In

fact, very little amounts of cytosolic AIF are sufficient for

translocation to the nucleus, detrimental DNA fragmenta-

tion and induction of cell death. Moreover, the fast kinetics

of AIF release to the nucleus [10] disagrees with a direct

protective effect by just reduced AIF levels. Thus, other

effects may be responsible for the neuroprotective effect of

AIF deficiency for example, metabolic effects. Since AIF is

a flavoprotein containing binding sites for FAD and NADH

with putative NADH and NADPH oxidase activities [11],

loss of AIF may affect the redox balance in mitochondria.

In fact, previous studies have shown that AIF-depleted

cells like AIF-/- ES (embryonic stem) and Hq cells exert

defects in oxidative phosphorylation and mitochondrial

respiratory complex stability [12, 13]. These findings point

at the metabolic impact of AIF deficiencies, which may

play an important role for the integrity, structure and

function of the mitochondria, including the activity and

stability of the respiratory chain [14, 15]. Notably, inhibi-

tion of the mitochondrial respiratory chain can provide

preconditioning effects protecting cells from a following

lethal stress [16].

The aim of the current study was to investigate whether

AIF depletion mediates mitochondrial preconditioning in a

model system of glutamate toxicity in immortalized hip-

pocampal HT-22 neurons where glutamate induces lethal

oxidative stress, mitochondrial fragmentation and intrinsic

pathways of AIF-dependent cell death [17–19]. The effects

of AIF siRNA in the model system of glutamate-induced

oxytosis were compared to rotenone, a specific mitochon-

drial complex I inhibitor. Our results support the hypoth-

esis that AIF depletion mediates a preconditioning effect at

the level of mitochondria thereby mediating protection of

neuronal cells from subsequent glutamate toxicity.

Results

AIF gene silencing by siRNA attenuates glutamate

neurotoxicity

Downregulation of AIF was achieved using two different

sequences of AIF-targeting siRNA. (AIF siRNA 1 and AIF

siRNA 2). Both sequences specifically reduced AIF

expression as shown by RT-PCR and Western Blot analysis

(Fig. 1a). The AIF siRNAs significantly attenuated gluta-

mate-induced cell death. HT-22 neurons exposed to glu-

tamate for 11–15 h showed typical morphology of cell

death: the neuronal cells appear rounded, shrunken and

detached from the culture dish whereas AIF-silenced cells

preserved their normal spindle-shaped morphology and

were rescued from glutamate-induced apoptosis (Fig. 1b).

Cell viability was quantified using the MTT assay, which

confirmed the protective effect of the AIF siRNAs (Fig. 2a,

b). Further, real-time detection of cell death was performed

by impedance measurements over at least 15 h with the

xCELLigence system, which revealed delayed cell death in

AIF-depleted cells. Best protective effects were achieved

with transfection of AIF siRNA 2, which showed sustained

protection against cell death and proliferation over time

similar to cells transfected with scrambled (scr) siRNA. In

contrast, AIF siRNA 1 only provided transient protective

effects with a delay of cell death of 1–2 h compared to

controls exposed to glutamate (Fig. 2c, d).

AIF siRNA preserves mitochondrial integrity

In order to investigate if the protective effect of AIF defi-

ciency was attributed to a preconditioning effect at the level

of mitochondria, we next examined mitochondrial mor-

phology and function. Neurons exposed to glutamate
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toxicity show disturbed mitochondrial morphology dynam-

ics resulting in detrimental mitochondrial fragmentation

[18, 19]. The increased rate of mitochondrial fission in

damaged HT-22 cells as well as peri-nuclear accumulation of

the organelles was prevented by AIF siRNA 1 and 2 (Fig. 3a,

b). This suggested that the protective mechanism underlying

AIF deficiency occurred before the release of AIF from the

mitochondria into the cytosol.

To prove this conclusion we next analyzed the formation

of lipid peroxides, which are associated with irreversible

mitochondrial damage and reactive oxygen species (ROS)

formation. AIF silencing significantly reduced the pro-

duction of lipid peroxides compared to controls exposed to

glutamate (Fig. 4a). Again, AIF siRNA 2 mediated stron-

ger protective effects compared to AIF siRNA 1 especially

at later time points of glutamate treatment. For that reason

AIF siRNA 2 was used for further investigations.

To assess the functional integrity of mitochondria in

AIF-depleted cells we next examined ATP levels after

glutamate exposure. Since cell injury results in a rapid

decrease in cytoplasmic ATP levels we wanted to test if the

AIF-depleted cells showed alterations in ATP levels in the

absence or presence of toxic glutamate concentrations. In

both cases, ATP levels of transfected cells were similar to

the ATP levels in non-treated control cells (Fig. 4b). The

endpoint for the experiment was assessed for the gluta-

mate-treated cells starting with the onset of cell morphol-

ogy alteration and culminating with the cell detachment

and death [20, 21].

To further test for functional integrity we investigated

the mitochondrial membrane potential (MMP) in controls

compared to AIF-silenced cells. Under standard culture

conditions, AIF-depleted cells showed significantly lower

MMP than in control cells as detected by TMRE and

DIOC6(3) staining and associated analysis (Fig. 5a, b).

Further, TMRE staining revealed that glutamate toxicity

was associated with pronounced mitochondrial membrane

depolarization as detected in non-treated cells and cells

treated with scr non-silencing siRNA whereas AIF-deple-

ted cells showed significantly higher MMP at the same

time point.

Silencing of AIF mediates decreases in mitochondrial

complex I expression

Experiments in different cell models implied that AIF

deficiency leads to reduced levels of mitochondrial com-

plex I. Thus, we determined the mitochondrial complex

protein expression by Western Blot in AIF-silenced HT-22

cells. AIF-depleted cells showed significantly reduced

levels of complex I 72 h after transfection (Fig. 6a, b).

Other complexes of the respiratory chain were not affected

by AIF siRNA in these cells. Interestingly, treatment with

the specific complex I inhibitor rotenone was also associ-

ated with slightly decreased expression levels of AIF. This

suggests that mitochondrial complex I and AIF may reg-

ulate each other’s stability in mitochondria.

Fig. 1 AIF knockdown by different AIFsiRNA sequences attenuates

glutamate toxicity. a AIF knockdown was verified by RT-PCR and

Western Blot analysis 72 h after transfection. AIF expression of AIF

siRNA transfected cells was compared to non-transfected control cells

and cells treated with scr siRNA. b AIF siRNA (20 nM) preserves the

phenotype from glutamate-induced (5 mM, 12 h) apoptosis compared

to non-transfected control cells and cells transfected with scr siRNA

(9 10)
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Low dose rotenone treatment preserves cells

from glutamate neurotoxicity

To further link the determined protective effects of AIF defi-

cient cells with the downregulation of mitochondrial complex

I we tested if inhibition of complex I by rotenone might also

result in a neuroprotective effect in our model system. Using

MTT assays and impedance measurements, we found neuro-

protection of the complex I inhibitor rotenone by using con-

centrations in the nanomolar range (Fig. 7a). This protective

effect was observed in a co-treatment with glutamate

and rotenone (Fig. 7a) as well as in a pre-treatment with

rotenone followed by a washout before the glutamate treat-

ment (Fig. 7b). Higher concentrations of rotenone ([50 nM)

induced about 45 % apoptosis in HT-22 cells during the same

time of treatment (data not shown). Similar to AIF-depleted

cells we found just a transient protection against glutamate-

induced cell death when measuring cell viability by imped-

ance measurements in cells pre-treated with rotenone

(Fig. 7b).

Notably, mitochondrial fragmentation as a sign of dis-

turbed mitochondrial morphology dynamics was also

attenuated when HT-22 neurons were treated with rotenone

(Fig. 8a, b). After glutamate treatment, rotenone receiving

cells showed higher amounts of long tubular mitochondria

of category I compared to control cells and lower amounts

of fragmented mitochondria of category III.

Further, to prove our hypothesis that slight complex I

inhibition preserves from glutamate toxicity by a precon-

ditioning effect we investigated levels of lipid peroxides

after rotenone treatment. Rotenone alone did not alter lipid

peroxide levels under standard culture conditions but it

preserved cells from an increase in lipid peroxides and thus

in ROS production after the glutamate challenge (Fig. 8c).

As in AIF-depleted cells we also investigated MMP of

rotenone-treated cells as a further test for functional

integrity. Cells with rotenone-mediated complex I inhibi-

tion showed significantly lower MMP than control cells.

These findings confirmed the conclusion that AIF-silenced

cells follow a similar preconditioning effect as rotenone-

treated cells, i.e. through reduced activity of mitochondrial

Fig. 2 AIF depletion preserves cell viability. a MTT assay confirms

protective effect of AIF depletion by AIF siRNA 1 (20 nM) following

glutamate exposure (5 mM, 11 h) (n = 7; ***p \ 0.001, compared to

glutamate treated control and scr siRNA). b MTT assay 72 h after

transfection shows protective effect of AIF siRNA 2 (20 nM) towards

glutamate exposure (3 mM, 12 h) (**p \ 0.01; n = 6, compared to

glutamate treated control and scr siRNA). Statistics were obtained

using ANOVA, Scheffé test. c, d xCELLigence real-time measure-

ment: HT-22 cells were treated with glutamate (glut) 3 mM 72 h after

transfection. AIF siRNA 1 (20 nM) shows short transient protective

effect against glutamate-induced cell death compared to cells

transfected with scr siRNA (c) (n = 5). AIF siRNA 2 (20 nM)

shows stronger protection over time (d) (n = 8)

c

1030 Apoptosis (2012) 17:1027–1038

123



complex I. Furthermore, glutamate-induced ultimate

mitochondrial depolarization as a late endpoint of the

mitochondrial damage in this model system of oxytosis

was prevented in rotenone-treated cells (Fig. 5b, c).

Since it is known that strong inhibition of complex I

alters cytoplasmic ATP levels [9] we investigated ATP

levels in HT-22 cells receiving low doses of rotenone. In a

concentration of 20 nM rotenone did not affect basal levels

of ATP. However glutamate-induced loss of ATP levels

was prevented by rotenone in the same concentration,

which further confirmed its neuroprotective effect

(Fig. 8d).

Discussion

The present study provides evidence for a preconditioning

effect by AIF gene silencing, which protects mitochondrial

function and integrity in a paradigm of lethal oxidative

stress in a neural cell line. Depletion of AIF preserved

mitochondrial morphology, MMP and ATP levels after

induction of oxidative stress in HT-22 cells, and this mi-

toprotective effect also significantly attenuated the sec-

ondary increase in lipid peroxidation, which was associated

with mitochondrial damage and cell death in this model

system [22]. Preconditioning by AIF depletion was asso-

ciated with reduced complex I expression levels. Low

doses of the complex I inhibitor rotenone achieved pro-

tective effects against glutamate-induced cell death in our

model system similar to the effects observed after AIF

silencing. These results suggest that AIF silencing provides

protection against oxidative cell death at the level of

mitochondria and not at the level of apoptotic DNA dam-

age in the nucleus.

AIF is a key player in mediating apoptotic nuclear

changes once it is released from mitochondria [1, 2]. Over

time different modulators of mitochondrial AIF release

were identified such as calpain I, which can induce

cleavage and release of AIF from isolated mitochondria

cFig. 3 AIF siRNA preserves mitochondrial morphology. a Fluores-

cence photomicrographs show that AIF siRNA (20 nM) prevents the

fission of mitochondria in glutamate-exposed (3 mM, 14 h) HT-22

cells compared to non-transfected control cells and cells transfected

with scr siRNA. Cells were stained with Mitotracker red 30 min

before glutamate treatment. Scale bar 20 lm. b Quantification of

mitochondrial morphology: Category I (Cat I): fused, Category II

(Cat II): intermediate, Category III (Cat III): fragmented mitochon-

dria; at least 500 cells were counted per condition blind to treatment

conditions. Values are given from six independent experiments

(###p \ 0.001 compared to category I glutamate treated control and

scr siRNA; ***p \ 0.001 compared to category III glutamate treated

control and scrambled (scr) siRNA). Statistics were obtained using

ANOVA, Scheffé test

Apoptosis (2012) 17:1027–1038 1031

123



[23]. Further, we demonstrated that the proapoptotic pro-

tein Bid mediated mitochondrial release of AIF in neural

cells [10, 19, 20]. In addition, poly(ADP-ribose)polymer-

ase 1 (PARP-1) activity was linked to detrimental AIF

release and genetic deletion or pharmacological inhibition

of PARP-1 prevented AIF translocation and protected

neurons from cell death in vitro and in vivo [24–26]. While

these regulators of mitochondrial damage and AIF release

were validated as potential therapeutic targets in models of

neuronal degeneration and death, direct inhibition of AIF

by pharmacological compounds is not available so far. The

only evidence for protection against neuronal death by AIF

inhibition derives from experimental settings using AIF

siRNA and Hq mice [3–7, 27]. These mice have a proviral

insertion in the AIF gene, causing about 80 % reduction in

AIF expression [28].

However, the detrimental nuclear changes and DNA

fragmentation occur within a few minutes after AIF release

from the mitochondria [29] and very little AIF protein that

Fig. 4 AIF siRNA preserves mitochondrial integrity. a Lipid perox-

ides were measured by Bodipy FACS analysis at different time points

following glutamate treatment (5 mM). Values are given from three

independent experiments; **p \ 0.01 ***p \ 0.001 compared to

glutamate treated controls and scr siRNA (7 h); ###p \ 0.001

compared to glutamate treated controls and scr siRNA (9 h).

b Forty-eight hours after transfection cells were seeded into 96-well

plates. Following 24 h cells were treated with glutamate (3 mM) for

11 h. ATP levels from AIF siRNA transfected cells (20 nM) were

preserved from loss in ATP levels (n = 6; **p \ 0.01 compared to

glutamate treated control cells and scr siRNA). Statistics were

obtained using ANOVA, Scheffé test

Fig. 5 Preservation and depolarization of MMP. a MMP measured

by TMRE is protected from glutamate excitotoxicity (3 mM, 15 h). In

AIF-depleted cells MMP is significantly depolarized. Values are

given from six independent experiments; ###p \ 0.001; ##p \ 0.01

compared to untreated control cells and scr siRNA; ***p \ 0.001

compared to glutamate treated control cells and scr siRNA.

b Seventy-two hours after transfection MMP was measured by

DIOC6(3) assay. AIF-depleted mitochondria and rotenone receiving

cells (20 nM, 18 h) are depolarized (n = 3; ***p \ 0.001; ##p \ 0.01

compared to control). c MMP measured by TMRE is significantly

(#p \ 0.05) decreased by rotenone (20 nM, 15 h) compared to control

cells. After glutamate treatment (3 mM, 15 h) membrane potential is

preserved by rotenone (20 nM) (***p \ 0.001) compared to gluta-

mate treated control cells. Values are given from four independent

experiments. All statistics were obtained using ANOVA, Scheffé test
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is still present after AIF siRNA treatment or in Hq mice are

able to induce programmed cell death [22, 29]. For

example, we showed that AIF siRNA prevented cell death

in neuronal cells exposed to oxygen-glucose deprivation

(OGD) or glutamate [10] and Cheung et al. [14] demon-

strated sustained neuronal survival after DNA damage and

excitotoxic induced cell death in Hq/Apaf1-/- double

mutant mice. Further, AIF deficiency protected brain tissue

of Hq mice against hypoxia/ischemia [5, 27], focal cerebral

ischemia [3, 4] or ionizing radiation in vivo [30]. The fact

that the model systems that show neuroprotection mediated

by AIF depletion retain low AIF expression levels, postu-

lates a metabolic effect to be responsible for the benefit of

AIF deficiency. It is known that the major biochemical

defects mediated by AIF depletion are changes in the

respiratory chain complex I [13, 14]. This phenotype was

shown to develop progressively in Hq mice [31].

Here, we found that the protective effect of AIF silencing

was associated with reduced complex I expression levels in

the HT-22 cells, which is consistent with previous reports in

Hq mice and other cell models for AIF depletion [13, 31].

Further, direct inhibition of complex I by the inhibitor rote-

none in nM range also decelerates mitochondrial damage

after oxidative stress in HT-22 neurons and shows similar

effects as obtained with AIF silencing. Although AIF itself is

not a part of complex I, a role of AIF in the biogenesis and/or

maintenance of this polyprotein complex is already postu-

lated [13]. Our findings of slightly decreased AIF expression

levels after rotenone-treatment confirm this and suggest a

mutual stabilization of AIF and complex I thereby regulating

neuronal survival towards oxidative stress. The fact that high

doses of the complex I inhibitor rotenone lead to lethal stress

is in accordance with a common link of AIF and mitochon-

drial complex I since mice, completely depleted in AIF, are

Fig. 6 Preconditioning effect mediated by mitochondrial complex I

downregulation. a Western Blots show that AIF depletion leads to a

downregulation of complex I (NDUFA 8) 72 h after transfection.

Furthermore, rotenone treatment (20 nM, 18 h) leads to a slight

decrease of AIF expression. b Quantification of Western Blot

analysis. AIF and NDUFA 8 specific bands were normalized to

TIM 23. Values are given as percentage of control from four

independent experiments. ***p \ 0.001, *p \ 0.05 compared to scr
siRNA; ##p \ 0.01, ###p \ 0.001 compared to control (Scheffé test)

Fig. 7 Low dose rotenone leads to transient neuroprotective effects

by preconditioning. a MTT assays show that rotenone (10 and 20 nM)

is able to protect HT-22 cells from glutamate-induced (3 and 5 mM,

13 h) cell death (n = 8; ***p \ 0.001 compared to glutamate treated

control (3 mM); ##p \ 0.01 compared to glutamate treated control

(5 mM); ANOVA, Scheffé test). b HT-22 cells were plated on an

E-plate 96 and cellular impedance was continuously monitored by the

xCELLigence system. Cells were pre-treated with rotenone 20 mM

for 9 h. After washout of rotenone pre-treated cells show a transient

protective effect against glutamate-induced cell death (3 mM)

(n = 6)
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also no longer viable [11, 32]. Complex I is part of a complex

I/III/IV supercomplex (the so-called respirasome) [33], and

consists of 46 protein subunits from which seven are encoded

by the mitochondrial genome. The remaining subunits are

encoded in the nucleus, translated in the cytosol and

imported into the mitochondria [34]. Biochemical analyses

suggest that the complex I depletion in AIF-deficient cells

derive from reduced expression of several of these nuclear

encoded subunits [13]. On the mRNA level there are con-

troversial studies reporting that neither AIF depletion nor

deletion has major effects on the expression levels of respi-

ratory chain subunits [13]. However, another study reports a

partial reduction on mRNA levels of respiratory chain sub-

units [35]. Thus, AIF may regulate complex I levels by post-

transcriptional mechanisms. Furthermore, there are contrary

systematic proteomic studies, some of these suggesting that

AIF is an integral part of the respiratory chain complexes [13,

36]. Further investigations are needed to determine how AIF

is involved in the stability or the assembly of complex I and

why this stabilization is mutual, i.e. affects also AIF stability.

Our findings that mitochondria are fully preserved in

both models of protection, i.e. AIF depletion and low dose

rotenone, demonstrate that neuroprotection mediated by

AIF deficiency is not just attributed to reduced amounts of

AIF available for translocation into the nucleus but it

postulates a preconditioning effect upstream of AIF release

from the mitochondria. The reduced complex I expression

levels and the slightly decreased MMP in AIF-depleted

cells under standard culture conditions further support this

hypothesis and indicate changes of the respiratory chain as

an underlying mechanism.

It is already known that inhibition of the respiratory

chain can induce tolerance to e.g. focal cerebral ischemia

[16]. Since AIF plays a major role in intrinsic pathways of

caspase-independent neuronal death in model systems of

Fig. 8 Low doses of rotenone prevent mitochondrial integrity and

function. a Fluorescence photomicrographs show that rotenone

(20 nM) prevents the fission of mitochondria in glutamate-exposed

(3 mM, 14 h) HT-22 cells. Cells were stained with Mitotracker red

30 min before glutamate and rotenone treatment. Bar scale 20 lm.

b Quantification of mitochondrial morphology: Category I (Cat I):
fused, Category II (Cat II): intermediate, Category III (Cat III):
fragmented mitochondria; at least 500 cells were counted per

condition blinded to treatment conditions. Values are given from

four independent experiments (##p \ 0.01 compared to category I

glutamate treated control; *p \ 0.05 compared to category III

glutamate treated control). c Lipid peroxides were measured by

Bodipy FACS analysis 13 h following glutamate (glut) treatment (2

and 3 mM). Values are given from three independent experiments;

***p \ 0.001 compared to glutamate treated control cells (2 mM);
###p \ 0.001 compared to glutamate treated control cells (3 mM).

d Rotenone receiving cells (20 nM) were preserved from loss in ATP

levels 14 h after glutamate treatment (3 mM). N = 8; ***p \ 0.001

compared to control cells. All statistics were obtained using ANOVA,

Scheffé test

c

1034 Apoptosis (2012) 17:1027–1038

123



cerebral ischemia [3–5, 27] a preconditioning effect med-

iated by complex I inhibition is perfectly feasible. How-

ever, persistent downregulation of AIF in Hq mice results

in progressing ataxia, blindness, growth retardation and

weight loss in the animals [28]. Pathogenetic AIF mutation

in humans causes muscular atrophy, neurological and

psychomotor abnormalities and progressive mitochondrial

encephalomyopathy [37]. Since there are no tools available

that can selectively target the proapoptotic function of AIF

or that can downregulate AIF for a short time, AIF is not a

recommended direct target for the therapy of cerebral

ischemia or traumatic brain injury, to date. Rather, mech-

anisms of AIF release upstream of mitochondrial damage

are suggested as potential targets for therapeutic strategies.

Preconditioning effects are often described to promote a

small decrease in the efficiency of NADH oxidation by the

respiratory chain, which increases mitochondrial ROS

release followed by activation of mitoKATP channels

[38–42]. However, we could not detect increased lipid

peroxide levels in AIF siRNA transfected cells suggesting

that increased ROS production in AIF-depleted cells was

not the major mechanism of the preconditioning effect.

This is in line with previous studies showing that ROS

production under basal conditions or stimulated by com-

plex I inhibitors were not different in mitochondria from

Hq mouse brain compared to wild type mitochondria [12].

These results suggest that AIF does not directly modulate

ROS production in mitochondria. Thus, other mechanisms

linked to reduced complex I activity seem to be responsible

for the preconditioning effect of AIF depletion, such as, for

example, the observed slight mitochondrial membrane

depolarization.

Collectively, our results favor the hypothesis that AIF

depletion is linked to a decrease in complex I expression

levels and respiratory chain activity. These preconditioning

effects lead to a stabilization of mitochondria and thus to

delayed cell death after the glutamate challenge and related

induction of oxidative stress. Therefore, our data demon-

strate an essential association between AIF and the mito-

chondrial respiratory chain in modulating each other’s

stability thereby determining neuronal survival in para-

digms of detrimental oxidative stress.

Materials and methods

Cells

HT-22 cells were cultured in Dulbecco’s modified Eagle

medium (DMEM, Invitrogen, Karlsruhe, Germany) sup-

plemented with 10 % heat-inactivated fetal calf serum,

100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM

glutamine (all Sigma-Aldrich, Munich, Germany). For

inducing apoptosis, glutamate (2–5 mM) was added to the

medium for 11–15 h.

SiRNA transfections were performed in 24-well plates.

For each well 1.2 ll Lipofectamine RNAiMax (Invitrogen)

was mixed with siRNA and filled up to 100 ll with Opti-

mem I (Invitrogen). Afterwards, an antibiotic free cell

suspension (33,333 cells/well) was added. After 48 h cells

were treated in the 24-well plate or seeded into another

culturing format depending on the type of experiment.

Following siRNA sequences synthesized by Eurofins

MWG Operon (Ebersberg, Germany) were used: AAGAG

AAACAGAGAAGAGCCA (AIF siRNA 1), AUGUCAC

AAAGACACUGCA (AIF siRNA 2) and AAGAGAAA

AAGCGAAGAGCCA (negative control). Gene silencing

was verified by RT-PCR and Western Blotting.

Rotenone (Sigma-Aldrich) was applied in combination

with glutamate or as pretreatment (9 h) followed by a

washout and subsequent glutamate treatment. The final

concentration of rotenone was 20 nM. DMSO (Sigma-

Aldrich) was used as a standard solvent with a maximum

concentration of 2 9 10-3 % in all experiments.

Viability assays

Quantification of cell viability was performed in 96-well

plates by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide) reduction at 0.25 mg/ml for 1 h.

Absorbance was determined after dissolving the MTT dye

in DMSO at 570 versus 630 nm (FluoStar, BMG Labtech,

Offenburg, Germany). In addition, real-time detection of

cellular viability was performed by cellular impedance

measurements using the xCELLigence system (Roche,

Penzberg, Germany) as previously described [21].

Lipid peroxidation

For detection of cellular lipid peroxidation, cells were

loaded with 2 mM BODIPY 581/591 C11 (Invitrogen) in

standard medium at indicated time points. Cells were col-

lected, washed and resuspended in PBS. The flow cytom-

etry was performed using 488 nm UV line argon laser for

excitation and BODIPY emission was recorded at 530 and

585 nm. Data were collected from at least 10,000 cells.

Measurements are representative of at least three inde-

pendent experiments.

Mitochondrial transmembrane potential measurements

Changes of the MMP (DWm) were detected by DIOC6(3)

fluorescence-based assay and TMRE assay. Isolated

25–50 lg mitochondria were incubated with 20 nM

DIOC6(3) dye. As a positive control for a complete loss of

DWm, CCCP (50 lM) protonophore was applied on intact
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mitochondria. DWm was analyzed by a FLUOstar Optima

fluorescence plate reader. Measurements were performed

in triplicate and are representative of at least three inde-

pendent experiments.

For detection of DWm in whole cells, the MitoPTTM

TMRE kit (Immunochemistry Technologies, Hamburg,

Germany) was used. The cells were incubated for 20 min at

37 �C with TMRE (tetramethylrhodamin ethyl ester) after

glutamate treatment. Cells were collected, washed with

PBS and resuspended in assay buffer. Flow cytometry was

performed using emission at 680 nm. Data were collected

from at least 10,000 cells from at least four independent

experiments.

Mitochondrial morphology

For analysis of the mitochondrial morphology cells were

stained with MitoTracker (Invitrogen) and nuclei were

counterstained with DAPI (40,6-diamidino-2-phenylindole

dihydrochloride) before the glutamate treatment. At indi-

cated time points cells were fixed with 4 % paraformal-

dehyde (PFA). At least 500 cells per condition were

counted blind to treatment conditions in at least four

independent experiments. Images were acquired using a

fluorescence microscope (Leica, Wetzlar, Germany).

Pictures were taken using confocal microscopy at 633 nm

with a LP650 filter (Zeiss, Oberkochen, Germany).

ATP measurement

Transfected HT-22 neurons were seeded in white 96-well

plates (Greiner Bio one, Frickenhausen, Germany) for

luminescence measurements. ATP levels were detected at

indicated time points by detection of luminescence using

the ViaLight MDA Plus-Kit (Lonza, Verviers, Belgium).

The cells were treated with nucleotide releasing reagent

and ATP monitoring reagent was injected into each well.

Luminescence was detected immediately (FluoStar, BMG

Labtech, Offenburg, Germany). The values are given as

relative values in % to control.

Protein analysis

For obtaining total cell protein extracts HT-22 cells were

seeded in 24-well plates (Greiner Bio one). Cells were

washed with PBS and lysed with buffer containing Man-

nitol 0.25 M, Tris 0.05 M, EDTA 1 M, EGTA 1 M, DTT

1 mM, Triton-X 1 % (all Sigma-Aldrich), supplemented

with Complete Mini Protease Inhibitor Cocktail (Roche).

To remove insoluble membrane fragments, extracts were

centrifuged at 13,0009g for 15 min at 4 �C.

For mitochondrial enriched extracts cells were lysed in a

buffer containing 250 mM sucrose (Merck, Darmstadt,

Germany), 20 mM HEPES (Sigma-Aldrich), 3 mM EDTA

supplemented with Complete Mini Protease Inhibitor

Cocktail (pH 7.5). Cells were disrupted using a glass

douncer followed by 15 passes with a 20G needle. After

centrifugation at 9009g for 10 min supernatant was col-

lected and the pellet was disrupted a second time. The

supernatant was centrifuged at 16,8009g for 10 min and

the resulting pellet was re-suspended in fresh buffer.

Western Blot analysis was performed as previously

described [3]. Briefly, the blot was probed with an anti-AIF

goat polyclonal antibody (Santa Cruz, Biotechnology,

Santa Cruz, CA, USA), anti-TIM 23 (BD Biosciences,

Heidelberg, Germany), anti-actin (MB Biomedicals,

Illkirch Cedex, France) or Mitoprofile antibody (Abcam,

Cambridge, UK) at 4 �C overnight. Membranes were then

exposed to the appropriate HRP-conjugated secondary

antibody (Vector Laboratories, Burlingame, CA, USA),

followed by a chemiluminescence detection of antibody

binding. Chemidoc software (Bio-Rad, Munich, Germany)

was used for detection of Western Blot signals.

RT-PCR

Total RNA was extracted from cells (Nucleospin RNA II kit,

Macherey–Nagel, Düren, Germany) 72 h after transfection.

Primers for AIF were: forward, 50-GCGTAATACGACTC

ACTATAGGGAGATCCAGGC AACTTGTTCCAGC-30,
and reverse, 50-GCGTAATACGACTCACTATAGGGA

GACCTCTGCTCCAGCCC TATCG-30. Primers for gly-

ceraldehyde-3-phosphate dehydrogenase (GAPDH) were:

forward, 50-AGGCCGGTGCTGAGTAT-30, and reverse,

50-TGCCTGCTTCACCACCTTCT-30 (all Eurofins MWG

Operon). RT-PCR for AIF and GAPDH was performed with

SuperScript III One-Step RT-PCR kit with Platinum Taq

(Invitrogen) as follows: initial denaturation at 95 �C for

2 min; amplification by 28–30 cycles of 30 s 95 �C, 1 min

57 �C, and 2 min 70 �C; and final extension at 70 �C for

10 min. RT-PCR products were visualized under UV illu-

mination after electrophoresis on a 1.5 % agarose gel.

Statistical analysis

All data are given as mean ± standard deviation (S.D.).

For statistical comparisons between treatment groups

analysis of variance (ANOVA) was performed followed by

Scheffé’s post hoc test. Calculations were performed with

the Winstat standard statistical software package.
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