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Abstract
Apoptosis-inducing factor (AIF) is critical for poly(ADP-ribose) polymerase-1 (PARP-1)-
dependent cell death (parthanatos). The molecular mechanism of mitochondrial AIF release to the
nucleus remains obscure, although a possible role of calpain I has been suggested. Here we show
that calpain is not required for mitochondrial AIF release in parthanatos. Although calpain I
cleaved recombinant AIF in a cell free system, in intact cells under conditions where endogenous
calpain was activated by either NMDA or MNNG administration, AIF was not cleaved, and it was
released from mitochondria to the nucleus in its 62 kDa uncleaved form. Moreover, NMDA
administration under conditions that failed to activate calpain still robustly induced AIF nuclear
translocation. Inhibition of calpain with calpastatin or genetic knockout of the regulatory subunit
of calpain failed to prevent NMDA- or MNNG-induced AIF nuclear translocation and subsequent
cell death, respectively, which was markedly prevented by the PARP-1 inhibitor DPQ. Our study
clearly shows that calpain activation is not required for AIF release during parthanatos, suggesting
that other mechanisms rather than calpain are involved in mitochondrial AIF release in
parthanatos.
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Introduction
Apoptosis-inducing factor (AIF) is a mitochondrial protein critical for cell survival; but
similar to cytochrome c, AIF is also a cell death effector. On release from the mitochondria,
AIF moves to the nucleus and in a series of biochemical events, triggers DNA fragmentation
and nuclear condensation resulting in cell death. AIF-mediated cell death has been
implicated in a variety of pathologic insults including, glutamate excitotoxicity, stroke,
trauma, cerebral hypoxia/ischemia and MPTP toxicity (Zhang et al. 1994; Eliasson et al.
1997; Endres et al. 1997; Cosi and Marien 1999; Mandir et al. 1999; Mandir et al. 2000;
Plesnila et al. 2004; Wang et al. 2004; Culmsee et al. 2005). Several mechanisms for the
release of AIF from mitochondria under different cell death stimuli or experimental
conditions are described including caspases, calpains, capthepsins and poly(ADP-ribose)
polymerase-1 (PARP-1) activation. In PARP-1-dependent cell death, AIF is the commitment
point for cell death (Yu et al. 2002). This form of cell death has recently been designated
parthanatos to distinguish it from other forms of cell death such as apoptotic caspase-
dependent cell death and necrotic programmed cell death (Andrabi et al. 2006; Yu et al.
2006; Andrabi et al. 2008; David et al. 2009; Wang et al. 2009).

In parthanatos PARP-1 activation leads to the formation of poly(ADP-ribose) polymer
(PAR) that translocates from the nucleus to the mitochondria resulting in the release of AIF
and subsequent cell death (Andrabi et al. 2006; Yu et al. 2006). Neutralizing antibodies to
PAR or catabolism of PAR by over-expression of poly(ADP-ribose) glycohydrolase
prevents AIF translocation to the nucleus and cell death (Andrabi et al. 2006).
Pharmacologic inhibition or genetic deletion of PARP-1 also prevents AIF translocation to
the nucleus and cell death in a variety of experimental paradigms (Yu et al. 2002). Thus,
PARP-1 activation and PAR polymer formation are essential for AIF nuclear translocation
in parthanatos.

Parthanatos plays a prominent and primary role in a variety of cell injury paradigms
including glutamate excitotoxicity, stroke, trauma, cerebral hypoxia/ischemia and MPTP
intoxication model of Parkinson’s disease (Andrabi et al. 2008; Wang et al. 2009).
Moreover, parthanatos also plays a prominent role in cellular injury outside the nervous
system including ischemia/reperfusion injury, myocarditis, heart failure, circulatory shock,
diabetes and diabetic complications to atherosclerosis, arthritis, and colitis (Pacher and
Szabo 2008). Understanding the molecular mechanisms governing mitochondrial AIF
release under different cell death stimuli or experimental conditions are important for
developing new therapeutic approaches for a variety of neurologic disorders and a variety of
degenerative diseases. Recently, it was reported that calpain, a calcium-dependent
intracellular cysteine protease, may play an important role in postischemic neuronal cell
death via proteolysis of a wide variety of substrates (Bevers and Neumar 2008). Two major
isoforms of brain calpains are calpain I (μ-calpain) and calpain II (m-calpain). It was also
suggested that the cleavage of AIF by calpain I is required for AIF release from
mitochondria (Polster et al. 2005; Cao et al. 2007; Moubarak et al. 2007). However, it is
unknown whether calpain plays a role in AIF release during parthanatos. Here we
investigate and demonstrate that caplain activation is not required for the release of AIF
during parthanatos.

Materials and methods
Cell culture, adenovirus transduction and cytotoxicity

Capn4 PZ/PZ, Capn 4 P/P and Capn4 P/P;R MEF cells were cultured in Dulbecco’s
Modified Eagle’s Medium (Invitrogen) supplemented with 10% Fetal Bovine Serum
(HyClone), 100 µg/ml streptomycin, and 100 U/ml penicillin (Invitrogen) (Tan et al. 2006).
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Primary neuronal cultures from cortex were prepared as described previously (Dawson et al.
1993) and neurons were transduced by adenovirus carrying calpastatin-GFP or GFP (kindly
provided by Dr. Ruth S. Slack, University of Ottawa, Canada). PARP-1 dependent cell death
was induced by either 500 µM N-Methyl-N'-Nitro-N-Nitrosoguanidine (MNNG) (Sigma)
for 15 min or N-methyl D-aspartate (NMDA) (Sigma) as indicated. Viability was assessed
24 h after treatment by Hoechst 33342 (7 µM, for total nuclei) and propidium iodide (2 µM,
for dead cell nuclei) double staining.

AIF expression and purification
Mouse cDNAs encoding 67 kDa precursor AIF (1–612 aa), 62 kDa mature AIF (54–612)
and 57 kDa truncated AIF (104–612) were subcloned into pGex-6P-1 vector (GE Health
Care). The proteins were expressed and purified from E.coli using glutathione-sepharose
affinity purification. In some cases the GST-tag was removed by incubation with Precision
protease.

Preparation of whole cell lysate and subcellular fractionation
For whole cell lysate, cortical neurons and MEFs, which were treated with either NMDA or
MNNG as indicated, were lysed in modified RIPA buffer [50 mM Tris, pH 7.4, 1% Igepal,
0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, and a proteinase inhibitor
cocktail (Roche Molecular Biochemicals)]. After centrifugation at 15,000 g for 15 min at
4°C, the whole cell lysate was collected from the resulting supernatant (Wang et al. 2007).
For subcellular fractions, nuclear subcellular fractionation and post-nuclear subcellular
fractionation, which includes mitochondria and cytosol, were prepared as described
previously (Wang et al. 2004). The protein content of both whole cell lysate and subcellular
fractions were determined by the Bradford method using BSA as the standard (Bradford
1976).

Immunoblotting
The proteins were separated on denaturing polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose membrane. The membrane was blocked and incubated
overnight with primary antibodies: anti-AIF (JHU, (Yu et al. 2002)), anti-manganese
superoxide dismutase (MnSOD) (JHU, (Yu et al. 2002)), anti-calpastatin (Sigma), anti-
spectrin (Chemicon), anti-GFP (Rockland), anti-actin (Sigma), anti-core histone
(USBiological) and anti-m-calpain (Tan et al. 2006) at 4°C, followed by donkey anti-mouse,
goat anti-rabbit or chicken anti-sheep IgG conjugated to HRP for 1 h at room temperature.
After washing, the immune complexes were detected by the SuperSignal West Pico
Chemiluminescent Substrate (Pierce).

Immunofluorescence
Cells were fixed with 4% paraformaldehyde, permeabilized with 0.05% Triton X-100 and
blocked with 3% bovine serum albumin in PBS. AIF was visualized by immunofluorescence
using anti-AIF antibody and Cy3 donkey anti-rabbit IgG. The nucleus was stained with 4',6-
Diamidino-2-phenylindole (DAPI). Immunofluorescence analysis was carried out using a
LSM510 confocal laser scanning microscope (Carl Zeiss).

In vitro calpain cleavage assay
As described previously (Polster et al. 2005), GST-tagged precursor AIF (GST-AIF67) or
mature AIF (AIF62) (10 ng/µl) was incubated with 0–5 units/ml of calpain I (Calbiochem)
in 20 µl of reaction buffer containing 30 mM Tris-HCl, pH 7.5, 200 µM CaCl2, and 1.5 mM
dithiothreitol, in the presence or absence of EGTA as indicated, for 30 min at 30 °C. All
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reactions were terminated by boiling in SDS-PAGE sample buffer for 5 min. Proteins were
separated by 7% SDS-PAGE and assessed by immunoblotting.

Calpain activity assay
Calpain activity was determined by the cleavage of a specific fluorescent calpain I substrate
H-E(EDANS)PLF-AERK(DABCYL)-OH (Calbiochem) as described previously (Cuerrier
et al. 2005; Cao et al. 2007). In brief, 30 µg whole cell lysates were incubated with 10 µM
calpain substrate in the reaction buffer containing 20 mM HEPES, pH 7.6, 1 mM EDTA, 50
mM NaCl, 0.1% 2-mercaptoethanol, 5 mM CaCl2 at 37 °C for 30 min. Native calpain I from
human erythrocytes (Calbiochem) with 0–5 units/ml was applied to generate the standard
curve. Calpain activity was measured by detecting the increase in fluorescence using
excitation/emission wavelength of 335/500 nm.

Experimental Stroke
Male C57BL/6 mice were anesthetized with isoflurane and subjected to sham surgery or 90
min of middle cerebral artery occlusion by the intraluminal filament technique (Cao et al.
2007). At 24 hours of reperfusion, the brain was harvested and nuclear and mitochondrial
subcellular fractions from the middle cerebral artery region were probed for AIF by
immunoblotting as described (Cao et al. 2007). These procedures were approved by the
Johns Hopkins University Animal Care and Use Committee.

Statistical analysis
Statistical evaluation was carried out by Student’s t-test between two groups and by one-way
analysis of variance (ANOVA) with GraphPrism software within multiple groups. Data
were given as means ± SEM and p < 0.05 was considered significant.

RESULTS
AIF is cleaved by calpain I in vitro

To confirm that AIF can be cleaved by calpain I, recombinant GST-tagged precursor AIF
(GST-AIF67) was incubated with increasing concentrations of calpain I (0.3–5 U/ml) for 30
minutes. 1.25 U/ml of calpain I partially cleaves GST-AIF67 to a smaller 57 kDa cleavage
product. 5 U/ml of calpain I completely cleaves GST-AIF67. Chelation of calcium by EGTA
(5 mM), which inhibits calpain, prevents the cleavage of GST-AIF67 by calpain I (Fig. 1A).
Since it was suggested that AIF is processed in cells to a mature 62 kDa (AIF62) form
consisting of amino acids 54–612, the ability of calpain to cleave AIF62 was next assessed
(Fig. 1B). 0.6 U/ml of calpain I partially cleaves recombinant AIF62 into AIF57. Increasing
concentrations of calpain I results in increased cleavage of recombinant AIF62. 5 U/ml
completely cleaves AIF62 into AIF57 (Fig. 1B). These data clearly demonstrate that calpain
I is able to cleave AIF in vitro, which is identical to the observation reported previously
(Polster et al. 2005).

Characterization of calpain activation following NMDA administration in primary cortical
cultures

Glutamate kills neurons through excitotoxic mechanisms (Szatkowski and Attwell 1994;
Zhang et al. 1994; Mandir et al. 2000; Sattler and Tymianski 2001). The majority of
glutamate toxicity is mediated through activation of NMDA receptors (Szatkowski and
Attwell 1994; Sattler and Tymianski 2001; Wang et al. 2004). The length and strength of
stimulation determine the cell death cascades that are activated (Meli et al. 2004). Exposure
to NMDA for 5 min at 500 µM induces cell death 24 h later that is primarily mediated by
parthanatos (Yu et al. 2002; Andrabi et al. 2006). Whereas, cell death induced by prolonged
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administration of NMDA at lower concentrations occurs through activation of multiple cell
death cascades including calpain activation. Accordingly, in this study calpain activation
was monitored after exposure to 500 µM NMDA for 5 min and exposure to 250 µM NMDA
for 2 h using a fluorogenic calpain substrate activity assay (Fig 2A). 250 µM NMDA for 2 h
results in nearly a two-fold increase in calpain activity, whereas 500 µM NMDA for 5 min
fails to induce significant calpain activity 2 h after the initial treatment (Fig. 2A). Calpain
activation was also monitored by the cleavage of its endogenous substrate spectrin
(Moubarak et al. 2007; Wang et al. 2008). 500 µM NMDA for 5 min fails to elicit spectrin
cleavage (assayed 2 h later), whereas 250 µM NMDA led to marked spectrin cleavage, with
the maximal effect at 2 h (Fig. 2B). The faster migrating of the two indicated spectrin
fragments corresponds to a calpain-specific 145 kDa fragment (Wang et al. 2008). Only the
145 kDa species increases in the lower NMDA concentration; but about the same amount of
each fragment (150/145) is seen in the control and higher NMDA concentration condition,
which is consistent with the results of fluorogenic calpain activity assay (Fig. 2D).
Adenoviral mediated over-expression of calpastatin (Ad.calpastatin) (Fig. 2C), a naturally
expressed calpain-specific peptide inhibitor, attenuates 250 µM NMDA-induced calpain
activity compared to non-transduced and control Ad.GFP transduced cultures (Fig. 2D).
Therefore, the administration of NMDA at 500 µM for 5 min initiates a calpain-independent
pathway, whereas the prolonged administration of NMDA at 250 µM for 2 h leads to calpain
activation.

NMDA-induced AIF release does not require calpain activation
To test whether calpain is involved in mitochondrial AIF release in parthanatos, primary
cortical neurons were treated with NMDA (500 µM, 5 min) under conditions where calpain
is not activated and AIF translocation was monitored 2 h later by immunoblotting analysis
of postnuclear (mitochondria and cytosol) and nuclear fractions. NMDA administration
under these conditions robustly induces AIF nuclear translocation in cortical neurons, which
is 2.6-fold higher than that in non-treated cells (Fig. 3A). Calpastatin, the calpain inhibitor,
did not prevent NMDA-induced mitochondrial AIF release (Fig. 3A). It has been suggested
that AIF needs to be cleaved to the 57 kDa form to be released from the mitochondria (Susin
et al. 1999;Polster et al. 2005;Cao et al. 2007;Moubarak et al. 2007). Accordingly, in
monitoring AIF release we included recombinant AIF62 and AIF57 as molecular markers to
identify the form of AIF released (Fig. 3A). We observed that only AIF62 is released.

To study whether calpain cleaves AIF and mediates its release from mitochondria and
translocation to the nucleus under conditions where calpain is activated by NMDA treatment
(250 µM NMDA for 2 h), AIF nuclear translocation was monitored. As Fig. 3B shows,
NMDA treatment substantially induces AIF translocation to the nucleus in cortical neurons.
Surprisingly AIF translocation to the nuclear fraction by 250 µM NMDA for 2 h, is also not
prevented by calpastatin (Fig. 3B), which clearly reduced NMDA-induced calpain activity
under these conditions (Fig. 2D). In Ad.calpastatin-transduced cortical neurons, NMDA
administration causes about 2.6-fold increase of AIF nuclear translocation which is
comparable to that observed in non-transduced cells (Fig. 2D). The integrity of the nuclear
fraction was monitored by immunoblotting analysis of the mitochondrial marker MnSOD,
and the integrity of the postnuclear fraction was monitored by immunoblotting analysis of
the nuclear marker histone (Fig. 3A, 3B).

To confirm that administration of 500 µM NMDA for 5 min results in parthanatos, cell
death was monitored in the absence and presence of the PARP inhibitor, 3,4-dihydro-5-[4-
(1-piperidinyl)butoxyl]-1(2H)-iso-quinolinone (DPQ). Exposure to 500 µM NMDA for 5
min induces approximately 50% cell death (Fig. 4A, 4B). This effect is markedly inhibited
by 30 µM DPQ (Fig. 4A, 4B). Transduction of primary cortical neurons with Ad.calpastatin
fails to protect neurons from NMDA (500 µM, 5 min) toxicity. Similar results are seen in
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non-transduced cortical neurons or those transduced with Ad.GFP; and in these, as well as
Ad.calpastatin transduced cells, DPQ protects against NMDA toxicity (Fig. 4A, 4B). On the
other hand, 250 µM NMDA for 2 h results in about 80% cell death, which is blocked
partially by DPQ (Fig. 4C, 4D). However, transduction of neurons by Ad.calpastatin has no
clear protective effect (P > 0.05) (Fig. 4C, 4D). These results taken together indicate that
calpain activation is not required for NMDA-induced AIF translocation. Moreover, calpain
activation does not play a role in NMDA-induced parthanatos.

MNNG-induced AIF release is calpain independent
MNNG damages DNA resulting in DNA strand nicks and breaks, activation of PARP-1 and
parthanatos (Yu et al. 2002). To further determine if calpain activation is required for AIF
release following MNNG treatment, AIF release was monitored in Capn4 knockout mouse
embryonic fibroblasts (MEF). Capn4 encodes the regulatory subunit of calpain I and II (μ-
calpain and m-calpain, respectively) and the absence of Capn4 leads to complete loss of
calpain I and II activity (Arthur et al. 2000; Tan et al. 2006). Capn4 PZ/PZ MEFs are
homozygous for the intact floxed allele, and display wild type levels of calpain I and II
activity. Capn4 P/P MEFs are homozygous for the Cre-excised allele and are devoid of
calpain I and II activity because they lack the small subunit. Capn4 P/P;R MEFs are Capn4
P/P cells rescued for calpain I and II activity with lentivirus expressing a 24 kDa N-
terminally truncated Capn4 encoded protein (Tan et al. 2006). The Capn4 PZ/PZ MEFs
express the m-80 and 28 kDa subunits, whereas no 28 kDa subunit and very little m-80 are
observed in Capn4 P/P MEFs. Capn4 P/P;R MEFs express the m-80 and the active N-
terminally truncated 24 kDa Capn4 protein (Fig. 5A). The Capn4 MEFs were treated with
MNNG (500 µM, 15 min) under conditions that induce cell death primarily through
parthanatos. Two hours later calpain activity was monitored in Capn4 PZ/PZ, Capn4 P/P and
Capn4 P/P;R MEFs. As shown in Fig. 5B, calpain activity in Capn4 PZ/PZ MEF is
significantly increased by MNNG treatment (Fig. 5B). However, MNNG fails to induce
calpain activity in Capn4 P/P MEFs (Fig. 5B). The calpain activity is clearly rescued in
Capn4 P/P;R MEFs.

Next AIF translocation was monitored by immunoblotting analysis of postnuclear and
nuclear subcellular fractions of the Capn4 MEFs 2 h after 500 µM MNNG treatment for 15
min. MNNG administration clearly induces AIF nuclear translocation in Capn4 knockout
(Capn4 P/P) MEFs (Fig. 5C upper panel). Quantitative data show that approximately 15–20
% of the total AIF translocates to nucleus (Fig. 5C lower panel). A similar amount of AIF
nuclear translocation is also observed in Capn4 PZ/PZ and Capn4 P/P;R MEFs after MNNG
treatment (Fig. 5C). However, the levels of AIF in the postnuclear fractions are not
obviously decreased after MNNG treatment, which may due to the abundant amount of AIF
in the postnuclear fractions. Recombinant AIF62 and AIF57 were included as molecular
markers to identify the form of AIF released. The integrities of nuclear and postnuclear
fractions were monitored by the mitochondrial marker MnSOD and nuclear markers
PARP-1(data not shown) and histone, respectively. The levels of PARP-1 do not change in
response to parthanatos (data not shown). Only AIF62 is detected in both nuclear and
postnuclear fractions (Fig. 5C). Moreover, confocal image analysis shows that MNNG
efficiently induces AIF translocation in Capn4 knockout MEF (Capn4 P/P) as well as in
Capn4 PZ/PZ and Capn4 P/P;R MEFs (Fig. 5D). To confirm that MNNG (500 µM, 15 min)
induces primarily parthanatos, cell death was monitored in the Capn4 MEFs in the presence
and absence of DPQ (30 µM). Under these conditions MNNG cell death occurs primarily by
parthanatos because the cell death is nearly completely attenuated by DPQ in all three
genotypes of Capn4 MEFs (Fig. 6). Over-expression of calpastatin also fails to block
MNNG-induced cell death in HeLa cells (data not shown). These results taken together
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indicate that MNNG-induced AIF translocation and cell death does not require calpain
activation.

Uncleaved AIF62 translocates to nucleus in vivo after middle cerebral artery occlusion
Injury from focal cerebral ischemia partly depends on activation of NMDA receptors. To
evaluate which form of AIF translocates to the nucleus and whether calpain is involved in
AIF cleavage and release in mice after transient focal ischemia, immunoblots were run on
nuclear and mitochondrial fractions obtained 24 hours after middle cerebral artery occlusion.
Using an antibody that recognized the 57, 62, and 67 kDa recombinant AIF, the
mitochondria fraction of brain tissue of mice that had undergone sham surgery or stroke
showed a band that was close to 62 kDa form of AIF (Fig. 7). As expected, AIF in the
nuclear fraction was greater in tissue from the post-ischemic brain. However, only a single
band was visible and that band showed the same migration as the mitochondrial 62 kDa
band. Thus, nuclear accumulation of truncated 57 kDa AIF was not evident after transient
focal cerebral ischemia, indicating that calpain is not required for AIF release in vivo.

DISCUSSION
The major finding of this study is that calpain activation is not required for mitochondrial
AIF release during parthanatos. Although calpain could cleave recombinant AIF in a cell
free system, in intact cells under conditions where endogenous calpain was activated by
either NMDA or MNNG administration, AIF was not cleaved. NMDA- and MNNG-induced
translocation of AIF was not prevented by the calpain inhibitor calpastatin. In Capn4
knockout MEFs, which lacked calpain activity, AIF was still released following MNNG
administration. Inhibition of calpain with calpastatin or genetic knockout of the regulatory
subunit of calpain, which eliminates both calpain I and II activity (Tan et al. 2006), failed to
prevent NMDA- or MNNG-induced cell death, respectively. Furthermore, the AIF that was
released and translocated to the nucleus was the uncleaved 62 kDa form consistent with lack
of involvement of calpain in the release of AIF.

A large body of evidence indicates that PARP-1 activation plays a pivotal role in multiple
injury paradigms via PAR polymer generation and mitochondrial AIF release (Yu et al.
2002; Andrabi et al. 2006; Yu et al. 2006; Wang et al. 2009). Understanding the mechanism
underlying PAR-mediated AIF release could help to develop therapeutic approaches for the
treatment of a variety of neurologic disorders. Although an essential role of calpain has been
suggested in other forms of cell death, here we exclude the involvement of calpain in
parthanatos.

Prior reports suggested that release of AIF from mitochondria requires cleavage by calpains
or capthepsins (Otera et al. 2005). In calcium-induced permeability transition, calpain-
sensitive release of AIF from isolated liver mitochondria was observed (Polster et al. 2005).
Similar to prior reports (Polster et al. 2005), we were able to observe cleavage of
recombinant AIF by calpain I in a cell free system, however we did not observe calpain-
dependent release of AIF from mitochondria in intact cells. The difference in observations
may be due to the use of isolated mitochondrial preparations versus whole cell preparations.
Our results differ from those of Cao et al. in which the authors suggested that calpain I
activity is required for AIF translocation following ischemic neuronal injury (Cao et al.
2007). That study found that following ischemic injury, AIF was cleaved from the 62 kDa to
the 57 kDa form and translocated from the mitochondria to the nucleus in a calpain-
dependent manner (Cao et al. 2007). Thus under specific experimental conditions calpain
apparently can play a role in AIF release through AIF cleavage. However, in the present
study, we do not observe a 57 kDa AIF product in the nucleus after transient focal cerebral
ischemia, rather only the 62 kDa AIF is seen in the mitochondria of brain tissue. This may
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be due in part to different mechanisms in delayed hippocampal neuronal death after brief
global ischemia from those involved in prolonged focal ischemia. Taken together these data
indicated that truncation of AIF to the 57 kDa form does not appear to be required in all
types of ischemic injury.

Our results indicate that calpain activation is not necessary for AIF release and cleavage of
AIF in parthanatos. Taken together these different observations indicate that there are
different mechanisms for AIF release that are dependent on the specific conditions and
signaling pathways involved. An intriguing question is why under ischemic conditions
calpain activation results in AIF cleavage and translocation, while under conditions of
parthanatos, calpain activation does not result in AIF cleavage, nor does it regulate AIF
translocation.

Sequential activation of PARP-1, calpains and Bax is thought to play a role in MNNG-
induced necrotic programmed cell death (Moubarak et al. 2007). Necrotic programmed cell
death differs from parthanatos in that parthanatos does not require the absence of glucose,
suggesting there are different signaling events in these two forms of cell death. The
difference is likely due to a reliance on the glycolytic pathway in necrotic programmed cell
death. Ischemic forms of neuronal injury are also thought to resort to utilization of the
glycolytic pathway (Cao et al. 2007), thus necrotic programmed cell death and ischemic
injury may utilize similar pathways to release AIF, which differ from those that do not shift
to the glycolytic pathway. Why glycolysis may contribute to calpain-dependent cleavage
and release of AIF is not known.

AIF, contains a hydrophobic segment at the N-terminus, which is thought to be primarily
located in the mitochondrial intermembrane space as an insoluble form (Otera et al. 2005).
Although, to date, no specific amino acid sequence has been identified to be uniquely
recognized by calpain, calpain is thought to remove the hydrophobic domain of AIF, which
anchors AIF in the mitochondrial inner membrane, thereby processing it into a 57 kDa
soluble form. In the present study, only uncleaved 62 kDa AIF was observed to be released
from the mitochondria independent of calpain activation. This suggests that a second pool of
AIF may present in a different submitochondrial compartment and different mechanisms
might be involved in mitochondrial AIF release due to its localization.

In summary we show that AIF release in parthanatos is distinct from previously defined
cleavage and release of AIF by calpain in ischemic injury and programmed necrotic cell
death. In parthanatos, AIF release does not require cleavage or calpain activation.
Parthanatos involves PAR as a cell death signal (Andrabi et al. 2006) and AIF release
requires PAR. How PAR induces AIF release is not yet known. Recent attention on the role
of PAR as a signaling molecule suggests that PAR can posttranslationally modify proteins
conferring changes in protein activity. The data presented in this study indicate that calpain
is not a likely target for PAR-dependent release of AIF in parthanatos. Elucidating the
mechanism by which PAR induces AIF release awaits further study and holds promise for
identifying novel mechanisms of AIF release that could be therapeutic targets.

Abbreviations

AIF apoptosis-inducing factor

DAPI 4',6-Diamidino-2-phenylindole

DPQ 3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-iso-quinolinone

MEF mouse embryonic fibroblasts
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MNNG N-Methyl-N'-Nitro-N-Nitrosoguanidine

MnSOD manganese superoxide dismutase

NMDA N-methyl D-aspartate

PAR poly(ADP-ribose) polymer

PARP-1 poly(ADP-ribose) polymerase-1

SDS-PAGE denaturing polyacrylamide gel electrophoresis
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Fig. 1. Calpain cleaves recombinant AIF in vitro
A, GST-AIF67 (10 ng/µl) was incubated with 0–5 U/ml calpain I as indicated, in the
absence or presence of 5 mM EGTA. B, Purified mature AIF62 was incubated with 0–5 U/
ml calpain I as indicated, in the absence or presence of 5 mM EGTA. Purified AIF57 was
used as a molecular marker. Protein was detected using the antibody against AIF.
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Fig. 2. NMDA treatment induces calpain activation in cortical neurons
A, Fluorogenic analysis of calpain activity was performed in the whole cell lysate from cells
treated with Controlled Salt Solution (CSS) or NMDA under the indicated conditions. The
calpain activity in control cells treated with CSS only is regarded as 100%. B, Spectrin
immunoblotting analysis (left) was performed on whole cell lysate from cells treated with
500 µM or 250 µM NMDA for the indicated times. Arrows indicate full-length spectrin (240
kDa) and calpain-dependent cleavage products (150 and 145 kDa). The calpain activity is
quantified and presented as the percentage of cleavage products in total spectrin (right). n =
8. C, The expression of calpastatin and/or GFP in cortical neurons was assessed by
immunoblotting (left) and fluorescence microscopy (right). For immunoblotting, whole cell
lysate was prepared from cells transduced with Ad.calpastatin or Ad.GFP for 48 h. D,
Calpastatin inhibited calpain activity induced by NMDA (250 µM for 2 h). Data shown in
A, B and D represent the mean ± SEM of at least three independent experiments. ***p <
0.001, *p < 0.05 as compared with cells treated with CSS, ### p < 0.001 as compared with
cells treated with NMDA.
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Fig. 3. Calpastatin fails to prevent NMDA-induced AIF nuclear translocation in cortical neurons
Wild-type cortical neurons and neurons transduced by Ad.calpastatin or Ad.GFP were
treated with 500 µM NMDA for 5 min or 250 µM NMDA for 2 h. Two hours after the
treatment, post-nuclear (PN) and nuclear subcellular (N) fractions were isolated. The
integrities of nuclear and postnuclear fractions were monitored by MnSOD and histone
immunoreactivity, respectively. A, Representative immunoblots of AIF show nuclear
translocation induced by 500 µM NMDA for 5 min. B, Representative immunoblots of AIF
nuclear translocation caused by 250 µM NMDA for 2 h. The quantitative values indicated in
A & B represent the relative intensity of AIF nuclear translocation normalized to histone.
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The intensity of AIF in non-transduced cells without NMDA treatment is regarded as 1.
Recombinant AIFs, 62 kDa and 57 kDa, serve as molecular markers.
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Fig. 4. Overexpression of calpastatin fails to protect cortical neurons from NMDA-induced cell
death
Wild-type cortical neurons (WT) and neurons transduced by Ad.calpastatin or Ad.GFP,
were pretreated with or without 30 µM DPQ for 30 min, then exposed to 500 µM NMDA
for 5 min (A & B) or 250 µM NMDA for 2 h (C & D). Cell viability was assessed 24 h after
treatment by Hoechst 33342 (7 µM, for total nuclei) and propidium iodide (2 µM, for dead
cell nuclei) double staining. Representative images of NMDA-induced cell death are shown
in A & C, and quantification of NMDA-induced cell death is shown in B & D. Data shown
in B and D represent the mean ± SEM of at least three independent experiments. ***p <
0.001 as compared with cells treated with Controlled Salt Solution (CSS); #p < 0.05, ### p <
0.001 as compared with cells treated with NMDA.
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Fig. 5. MNNG-induced AIF nuclear translocation in Capn4 knockout MEFs
A, Immunoblotting analysis of m-calpain 80 kDa catalytic and 28 or 24 kDa regulatory
subunits in Capn4 PZ/PZ (homozygous for the floxed allele), Capn4 P/P (homozygous for
Cre-excised allele) and Capn4 P/P;R (Capn4 P/P rescued with lentivirus expressing the
small active 24 kDa N-terminally truncated regulatory subunit) MEFs. B, Calpain activity in
Capn4 PZ/PZ, Capn4 P/P and Capn4 P/P;R MEFs was determined 2 h after 15 min 500 µM
MNNG treatment. ***p < 0.01. C, Representative immunoblots of MNNG (500 µM, 15
min)-caused AIF nuclear translocation in Capn4 PZ/PZ, Capn4 P/P and Capn4 P/P;R MEFs
(upper panel). PN, post-nuclear fraction; N, nuclear fraction. MnSOD was used as a marker
of the mitochondrial, postnuclear fraction. Histion and PARP-1 were used as markers of the
nuclear fractions. Quantification of AIF nuclear translocation is shown (lower panel). ***p <
0.001. D, Confocal immunofluorescence images of AIF nuclear translocation in Capn4 PZ/
PZ, Capn4 P/P and Capn4 P/P;R MEFs induced by MNNG treatment (500 µM, 15 min).
Pink indicates the colocalization of Cy3-stained AIF and DAPI-stained nuclei. Scale bar =
10 µm.
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Fig. 6. MNNG caused cell death in Capn4 knockout MEFs
A, Capn4 PZ/PZ, Capn4 P/P and Capn4 P/P;R MEFs were treated with DMSO, MNNG
(500 µM, 15 min) or DPQ (30 µM) + MNNG (500 µM, 15 min). Cell viability was assessed
24 h after treatment by Hoechst 33342 (7 µM, for total nuclei) and propidium iodide (2 µM,
for dead cell nuclei) double staining. B, Quantification of MNNG-induced cell death. C,
Representative transmission images of Capn4 MEFs 24 h after DMSO or MNNG treatment.
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Fig. 7. 62 kDa AIF translocates following experimental stroke
Immunoblots of nuclear and mitochondrial fractions of brain tissue from mice subjected to
sham surgery or 90 minutes of middle cerebral artery occlusion and 24 hours of reperfusion.
AIF increased in the nuclear fraction after stroke, but the AIF antibody, which recognized
recombinant 57, 62, and 67 kDa AIF, recognized only a single AIF close to 62 kDa in the
nucleus and mitochondria after sham surgery or stroke. Manganese superoxide dismutase
(MnSOD) and histone antibodies were used to assess the integrity of the nuclear and
mitochondrial fractions.
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