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Abstract. Programmed cell death contributes to
neurological diseases and may involve mitochondrial
dysfunction with redistribution of apoptogenic pro-
teins. We examined neuronal death to elucidate
whether the intrinsic mitochondrial pathway and the
crosstalk between caspase-dependent/-independent
injury was differentially recruited by stressors impli-
cated in neurodegeneration. After exposure of cul-
tured cerebellar granule cells to various insults, the
progression of injury was correlated with mitochon-
drial involvement, including the redistribution of
intermembrane space (IMS) proteins, and patterns
of protease activation. Injury occurred across a

continuum from Bax- and caspase-dependent (tro-
phic-factor withdrawal) to Bax-independent, calpain-
dependent (excitotoxicity) injury. Trophic-factor
withdrawal produced classical recruitment of the
intrinsic pathway with activation of caspase-3 and
redistribution of cytochrome c, whereas excitotoxicity
induced early redistribution of AIF and HtrA2/Omi,
elevation of intracellular calcium and mitochondrial
depolarization. Patterns of engagement of neuronal
programmed cell death and the redistribution of
mitochondrial IMS proteins were canonical, reflecting
differential insult-dependencies.

Keywords. Cell death, neurons, excitotoxicity, mitochondrial membrane potential, Bax, proteases, cytochrome
c, AIF.

Introduction

Mammalian cells possess a multiplicity of “death”
pathways that can contribute to programmed cell
death (PCD), including apoptosis, and the essential
functions of many pro-apoptotic molecules render
cells “at risk” to the diverse challenges that threaten
cellular homeostasis. Apoptosis contributes to the

neuropathology associated with various neurodege-
nerative disorders (e.g. Alzheimer�s and Parkinson�s
disease, and amyotrophic lateral sclerosis) [1]. Fur-
ther, mitochondrial dysfunction plays a key role in
inducing apoptotic cell death in these conditions [2].
Apoptotic execution is generally accompanied by
caspase activation, which occurs either directly via the
“extrinsic” cell surface pathway or through the
“intrinsic” mitochondrial pathway. The intrinsic path-
way involves the redistribution of mitochondrial
cytochrome c (cyt c) to the cytosol, apoptosome* Corresponding author.
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formation, and activation of caspase-9 triggering
downstream events involving “executioner” caspases
[3]. Additionally, several other cell death inducers are
translocated from the mitochondrial intermembrane
space (IMS) to the cytosol, namely second mitochon-
drial activator of caspases/direct IAP binding protein
with low pI (Smac/DIABLO) and high temperature
requirement protein A2/Omi stress regulated endo-
protease (HtrA2/Omi). Both proteins promote cas-
pase-9 activation by neutralizing the caspase inhib-
itory properties of the inhibitor of apoptosis protein
(IAP) family. In contrast, apoptosis-inducing factor
(AIF), an NADH oxidoreductase, translocates to the
nucleus and triggers caspase-independent cell death,
and its role in neuronal injury is poorly understood.
AIF has dual functions which may involve cellular
resistance to oxidative stress through maintenance of
complex I (compromised in Parkinson�s disease; [4])
and mediation of chromatin condensation and DNA
fragmentation [5, 6].
An essential feature of IMS protein release is the
permeabilization of the outer mitochondrial mem-
brane (OMM), although mechanisms of protein
export remain unclear. One theory involves opening
of the mitochondrial permeability transition pore
(mPTP), resulting in swelling of the mitochondrial
matrix and rupture of the OMM (reviewed by [7]).
These changes coincide with a reduction of mitochon-
drial membrane potential (DYm), a phenomenon
observed in some models of apoptosis and excitotoxic
neuronal death [8, 9]. However, OMM rupture has
been predominantly observed in isolated mitochon-
dria, but its occurrence in mitochondria within intact
cells has rarely been demonstrated [10]. Currently,
mitochondrial IMS proteins are believed to escape via
membrane pores or channels formed by the pro-
apoptotic proteins Bax or Bak alone, or perhaps
involving lipid components of the OMM [6, 11] in a
DYm-independent manner [6, 10]. Nevertheless,
mPTP-mediated swelling of the IMM may facilitate
release of IMS proteins through the permeabilized
OMM (reviewed in ref. [10]).
Neurons clearly manifest these canonical death proc-
esses, but the range of stresses to which this specialized
cell type is exposed does not always invoke “classical”
apoptotic death. Thus, sequestration of mitochondrial
Ca2+ has been linked to excitotoxic neuronal injury
and models of ischemic brain injury, which are
believed to involve caspase-independent cell death
[12–15]. In addition, Ca2+ can induce mPTP opening
[16] and activate enzymes, such as calpains, which
share specificity for caspase substrates and interact
with apoptogenic proteins to induce a caspase-inde-
pendent mechanism of injury [5, 17]. In particular,
there is evidence that calpain activation precedes the

mobilization of AIF [17]. Early evidence for differ-
ential, system-dependent crosstalk between the cas-
pase cascade and alternative cell death pathways [14,
18, 19] needs to be considered in the context of recent
advances in our understanding of PCD, particularly its
relevance to neuronal injury (see reviews [12, 15, 20]).
This shift in awareness to a holistic concept of
interplay between multiple injury mechanisms ex-
plains the existence of cellular events quite different
to classical PCD (PCD Type 1 = apoptosis [21]). Such
an array of diverse “death” responses occurs across
the apoptotic-necrotic continuum with different bio-
chemical and morphological signatures reported both
in vitro and in vivo (dubbed “pathological apoptosis”),
and is consistent with plasticity of cell death activation
dependent upon cell type and injury paradigm [12, 15,
20].
How this spectrum of cell death involving interactive
crosstalk applies to neuronal PCD remains to be fully
elucidated. Our specific aims were to determine
whether injury mechanisms common to neurologic
conditions (oxidative stress, excitotoxicity and neuro-
trophic deprivation [15]) induced PCD with the
recruitment of the intrinsic mitochondrial pathway
and the redistribution of IMS proteins. We used
primary cultures of murine cerebellar granule cells
(CGCs), an established in vitro model [22], exposed to
various insults mimicking the above injury processes
(collectively termed “neurologic stressors”) to ana-
lyze the differential induction of PCD. Thus we
compared the actions of the excitotoxin kainic acid
(KA) and the oxidative stressor, hydrogen peroxide
(H2O2), to those of staurosporine (STS), a widely used
inducer of apoptotic neuronal cell death. Additionally,
this model conveniently allows the parallel compar-
ison of these different insults with trophic factor-
dependent apoptosis [23]. Herein, we report insult-
dependent engagement of death machinery with
differential, canonical redistribution of IMS proteins,
including AIF, providing new evidence for neuronal
PCD involving a continuum of cell death responses.

Materials and Methods

Materials. Dialysed fetal calf serum and MEM were
obtained from Gibco BRL Life Technologies (Mel-
bourne, Australia). Poly-D-lysine, BSA, aphidicolin,
KA, H2O2, KCl, MTT, Triton-X 100, paraformalde-
hyde, PI, DTT, FCCP, furosemide, dimethyl sulfoxide
and z-VAD-fmk were purchased from Sigma-Aldrich
(Sydney, Australia). STS was purchased from Tocris
Cookson (Bristol, U.K.). Mouse monoclonal anti-b-
actin IgG and HRP-conjugated affinity purified
secondary antibodies were from Chemicon (Mel-
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bourne, Australia). Fluo-3AM, Pluronic F-127, the
secondary antibodies conjugated to Alexa 488, Alexa
568 and Alexa 647, mouse monoclonal anti-COX II
IgG, CMXRos and TMRM were purchased from
Molecular Probes (Eugene, OR, USA). Complete
protease inhibitor cocktail and lumi light Western
blotting substrate were from Roche Diagnostics (IN,
USA). Mouse monoclonal anti-cyt c IgG (clone
6H2.B4 and 7H8.2C12) and mouse monoclonal anti-
Bax IgG (clone 6A7) were purchased from BD
Pharmingen (San Diego, CA, USA). Rat monoclonal
anti-Smac/DIABLO IgG (clone 10G7) and rabbit
polyclonal anti-HtrA2/Omi IgG were from Alexis
Biochemicals (CA, USA). Goat polyclonal anti-AIF
IgG was purchased from Santa Cruz Biotechnology
(CA, USA). The rabbit polyclonal anti-Hsp60 anti-
body was a kind gift from Dr. Michael Ryan, La Trobe
University. ALLM, calpastatin peptide, DEVD-fmk
and LEHD-fmk were from Calbiochem (Sydney,
Australia). Mouse monoclonal anti-a-fodrin was
from Biomol (PA, USA).

Murine cerebellar granule cell cultures. All experi-
mentation received ethical approval and was under-
taken according to the guidelines of the NH&MRC
(Australia). The establishment and characterization of
primary cultures of CGCs from mouse cerebellum of
seven day old Swiss White mice has been described
previously [22]. CGCs were grown in Neurobasal
medium containing B27 components, 25 mM KCl, 500
mM L-glutamine, and 100 U/ml penicillin-streptomy-
cin (Gibco BRL Life Technologies, Melbourne, Aus-
tralia). Cells were exposed to 10% dialysed fetal calf
serum for the first 24 h and maintained in serum-free
conditions from day in vitro (div) 1. CGCs were grown
in NUNC� plates (Denmark), pre-coated with poly-
D-lysine (50 mg/ml), and maintained in a humidified
CO2/N2 incubator (5 % CO2, 8.5% O2, 37 8C).
Aphidicolin (1 mg/ml) was added to the medium
18–24 h after plating to inhibit growth of non-neuro-
nal cells [22]. These cultures have been previously
shown to consist of > 95 % neurons after immunocy-
tochemical staining [22]. All experiments were per-
formed at 7 div.

Induction of PCD and assessment of cell viability.
Cultures (96 well plates, 0.12 � 106 cells/well) were
exposed to varying concentrations of STS (1 – 1000
nM), KA (1 –1000 mM), H2O2 (1 – 1000 mM), and KCl
(0 – 25 mM) for 24 h. Different injury times (1 – 24 h)
were examined with STS (100 nM), KA (100 mM), H2

O2 (20 mM), and low K+ (5 mM) in MEM containing 25
mM KCl (excepting low KCl treated cells) and these
concentrations were used for all subsequent studies.
Cell viability was determined at 24 h by the reduction

of MTT, a measure of mitochondrial metabolic
function [24]. MTT was added to cells at a final
concentration of 0.5 mg/ml and incubated for 30 min
at 37 8C. The reduced formazan product was lysed
from the cells with dimethyl sulphoxide, and the
absorbance was measured at 570 nm. Cells treated
with 0.1% Triton-X-100 for 24 h were treated as
100 % cell death and the results were expressed as
percentage of the vehicle control (0 % cell death). In
some experiments, treatment of neurons with STS,
KA, H2O2 and low K+ was also performed in the
presence of a broad spectrum caspase inhibitor
(zVAD-fmk, 50 mM), a caspase-9 inhibitor (LEHD-
fmk, 50 mM), a caspase-3 inhibitor (DEVD-fmk, 50
mM) and a calpain inhibitor (calpastatin peptide, 5
mM).

Assessment of PCD. Phosphatidylserine externaliza-
tion, an early marker of apoptotic-like injury, was
monitored by treating neurons (48 well plates, 0.2 �
106 cells/well) with insults for 15 min prior to a 15 min
incubation at room temperature (RT) with Annexin
V-FITC (2.5 %; Molecular Probes, Eugene, OR,
USA). To discriminate between early and late apop-
totic cells, the membrane impermeable DNA binding
dye, PI (10 mg/ml), was also added to cultures [24].
Representative images of Annexin V-FITC and PI
labeled cells (488/510 nm and 535/617 nm, respective-
ly) were captured using the Olympus U-TB190
fluorescence microscope over a period of 24 h.
Positive staining of cells was expressed as a percentage
of the total number of cells counted per image.
Neurons pretreated for 1 h with zVAD-fmk (50 mM)
prior to insult exposure were also assessed by PI
labeling.

Intracellular calcium measurements. Change in intra-
cellular calcium ([Ca2+]i) levels were determined using
the fluo-3AM calcium-binding dye as previously
described [24]. Neurons in 48 well plates were washed
and loaded with 10 mM Fluo-3/AM, incubated for 1 h
(37 8C) and washed with 1 mM furosemide to prevent
efflux of the dye. Relative fluorescence of basal Ca2+

levels was immediately determined over 5 min using
the Fluoroskan Ascent fluorometer (485/535 nm).
Following measurements of basal levels cells were
exposed to STS, KA, H2O2 and low K+. Fluorescence
was immediately measured over a 5 min time interval
and results were standardized against basal values.
Background fluorescence levels present in cells treat-
ed with buffer alone were subtracted from all samples
at each time point and the change in [Ca2+]i was
represented as a percentage of the control.
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Assessment of caspase-3 and -8 enzyme activity.
Caspase-3 and -8 enzyme activity were measured
fluorometrically using a caspase Activity Assay kit
(Calbiochem, Australia), which measures the cleav-
age of DEVD and IETD substrates labeled with the
fluorogenic molecule 7-amino-4-trifluoromethyl cou-
marin. Neurons in 96 well plates were processed
according to the manufacturer�s specifications. Cas-
pase-3 and -8 activity were measured in relative
fluorescence units (RFU; 390/510 nm) immediately
after addition of the substrate conjugate (zero time
point) and following a 2 h incubation period. Inclusion
of assay buffer only controls and treated cells con-
taining caspase-3 and -8 inhibitors ensured specificity
of the assay. All results were standardized against
buffer control wells to eliminate endogenous fluores-
cence and data were represented as a percentage of
untreated controls.

Subcellular fractionation and Western immunoblot-
ting. Cultures (6 well plates, 1.5 � 106 cells/well) were
treated with insults for 0– 24 h and cytosolic and
mitochondrial fractions were obtained using a digito-
nin-based subcellular fractionation technique. Full
details of fractionation and Western immunoblotting
have been given elsewhere [24]. The antibody for
HtrA2/Omi was found unsuitable for this technique.

Confocal imaging for mitochondrial protein redistrib-
ution. CGCs were seeded on glass coverslips pre-
coated with poly-D-lysine (50 mg/ml) in 24 well plates
(0.3 � 106 cells/well). Following exposure to insults
cells were double immunostained as previously de-
scribed [25]. Briefly, cells were fixed with 3.5 %
paraformaldehyde, permeabilized, and incubated for
1 h at 22 8C with 1% BSA (blocking solution). To
simultaneously detect Smac/DIABLO and cyt c in
cells, cultures were initially left for 1 – 2 days at 4 8C in
blocking solution containing rat monoclonal anti-
Smac/DIABLO antibody (1:100). Cells were incubat-
ed with a secondary antibody conjugated to Alexa 488
(1:200) overnight at 4 8C. After removal of the
secondary antibody, cells were blocked with blocking
solution and incubated with mouse monoclonal anti-
cyt c antibody (clone 6H2.B4; 1:100) for 1 – 2 days.
Cells were subsequently incubated with a secondary
antibody conjugated to Alexa 568 (1:200) overnight at
4 8C. Concurrently, cells from the same culture were
double immunolabeled with rabbit polyclonal anti-
HtrA2/Omi (1:100) and goat polyclonal anti-AIF
(1:100), followed by incubation with the secondary
antibodies conjugated with Alexa 568 and 488,
respectively. Immunostaining controls employed sys-
tematic removal of each primary and secondary
antibody incubation step to ensure no cross-reactivity

of antibodies [25]. Similar experiments were also
conducted after cells were pretreated for 1 h with
zVAD-fmk. Images were captured with the Leica
TCS-NT inverted confocal microscope using a 100 �
oil immersion objective lens (Leica, Adelaide, Aus-
tralia). Double immunolabeling was also used to
monitor Bax mobilization, where cells were fixed and
permeabilized with 0.3 % TX-100, and double immu-
nolabeled with mouse monoclonal anti-Bax (1:100)
and rabbit anti-Hsp60 (1:500) [24]. Under these
conditions, all cellular Bax is detected, as TX-100
allows exposure of the antigen recognized by the
monoclonal 6A7, irrespective of conformational
changes on Bax activation.

Confocal analysis of mitochondrial polarization. Mi-
tochondrial polarization was monitored using TMRM
and CMXRos as described previously [24]. Briefly,
CGCs grown on glass coverslips were loaded with
CMXRos (50 nM) in phenol red-free MEM for
15 min. Cells were washed twice with MEM and
exposed to insults over 24 h. Cultures were also
treated with FCCP (10 mM), which acted as a positive
control since it fully decreases fluorescence intensity
[24] through its action as a mitochondrial uncoupler.
Following apoptotic induction, cells were immediately
washed with phosphate buffered saline (PBS) and
fixed with 3.5 % paraformaldehyde. Cells were
mounted onto glass microscope slides and images
were captured with the Leica TCS-NT inverted
confocal microscope using a 100 � oil immersion
objective lens. Untreated control samples for each
time point were initially imaged and the same settings
were used to acquire images for cells treated with STS,
KA, H2O2, low K+ and FCCP at the corresponding
time points. With TMRM (150 nM), neurons were
loaded for 15 min and washed as described above
prior to the addition of insults containing 50 nM
TMRM. A positive control sample (10 mM FCCP) was
also employed. Live cell images were captured with a
Zeiss L5M 5 PASCAL inverted confocal microscope
using a 40� oil immersion lens (Carl Zeiss Pty Ltd,
Sydney Australia).

Visualization of caspase-3 and calpain substrate
cleavage products of a-fodrin. Cultures grown in 6
well plates were exposed to STS (100 and 200 nM) and
KA (100 mM) for 0 –24 h. Following induction of PCD,
cells were washed and incubated for 15 min with 1 ml/
well of RIPA buffer (50 mM Tris-HCl pH 7.4, 1 % NP-
40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF, 1 �
protease inhibitor tablet). Cells were rocked on ice for
30 min and centrifuged at 14 000 � g for 15 min at 4 8C.
Standard immunoblotting procedure was performed
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using 8 % sodium dodecyl sulfate-polyacrylamide
gels. Membranes were probed with mouse monoclo-
nal anti-a-fodrin (1:500) overnight at 4 8C and visual-
ization of bands was performed using the ECL-
Chemiluminescence system [24].

Data analysis. Data are given as a mean� SEM. MTT
assays were performed across five independent ex-
periments measured in quadruplicate wells. For the
detection of PS externalization and membrane integ-
rity, experiments were performed across three inde-
pendent cultures measured in duplicate wells. Repre-
sentative images (four per well) were acquired for
each insult over 24 h and no less than 1000 cells in total
were scored per well for each time point. For the
detection of mitochondrial protein redistribution by
confocal microscopy, representative images (30 per
well) were acquired for all insults studied over 0– 24 h
and individual data sets (n=4) were accumulated per
time point for each protein from 250– 500 cells in total.
Quantitative measurements were also obtained from
confocal images of neurons loaded with TMRM and
CMXRos. Representative images (10 per well) were
acquired for all insults studied over 24 h. The mean
fluorescence intensity was measured across popula-
tions of neurons in control and treated groups using
AnalySIS (Soft Imaging System; Olympus Soft Imag-
ing, Melbourne, Australia) or Image J (http://rsb.in-
fo.nih.gov.ij). The mean (background) values ob-
tained for the FCCP-treated group were first sub-
tracted from those obtained for each of the vehicle-
treated controls, and groups treated with insults. The
adjusted values were then expressed as a percentage
of corrected vehicle-treated control, which was des-
ignated to have 100% fluorescence. Graphs were
generated using a computer-assisted curve fitting
program (GraphPad Prism�) and statistical signifi-
cance (P<0.05) of all data was examined by one- and
two-way ANOVA, followed by Dunnett�s post hoc
test for intra-group comparison and Bonferroni�s post
hoc test to compare individual treatments.

Results

Diverse insults induce PCD, but KA-mediated injury
triggers a rapid and early rise in intracellular calcium.
Drug concentrations for inducing neuronal injury
were determined by exposing CGCs to varying con-
centrations of STS, KA, H2O2 and low K+ for 24 h
(note that low K+ simulates trophic factor withdrawal
[23]). Insult exposure resulted in a concentration-
dependent reduction to mitochondrial activity based
on a decreased ability to metabolize MTT (data not
shown). EC50 values: STS 36 � 1 nM, KA 74 � 1 mM,

H2O2 22 � 1 mM, and low K+ 13 � 2 mM. Concen-
trations inducing approximately 50 % cell death were
used for subsequent experiments. CGCs exposed to
STS (100 nM), KA (100 mM), H2O2 (20 mM) and low
K+ (5 mM) all displayed time-dependent reductions in
mitochondrial function (Fig. 1A). Light microscopic
analyses of insult- but not vehicle-treated cultures
revealed characteristics of apoptotic-like injury (neu-
ritic blebbing, pyknosis and cell body shrinkage) with
the complete absence of early necrotic-like swelling
(data not shown; cf. refs [22, 26]).
Activation of injury pathways is often associated with
an increase in cytosolic Ca2+ concentration [16].
Although STS and H2O2 produced negligible changes
to intracellular Ca2+ levels ([Ca2+]i) relative to the
vehicle-treated cultures, KA treatment caused a rapid
and maintained rise in [Ca2+]i (Fig. 1B), typical of
excitotoxicity [27], which continued up to 2 h (data
not shown). When CGCs were transferred to low K+-
containing medium, [Ca2+]i levels were immediately
reduced by 40% relative to control. No subsequent
changes in [Ca2+]i were observed with all stressors,
including STS, when monitored over 24 h (data not
shown).
Phosphatidylserine (PS) externalization represents an
early upstream marker of apoptotic-like injury [24]
and its labeling with Annexin V-FITC was evaluated
after exposure to the various insults. Annexin V-
FITC-positive cells were evident 1 h following STS,
KA and low K+ treatment and numbers increased in a
time-dependent manner (P<0.05) relative to zero
time controls (Fig. 1C). Significant labeling with H2O2

resulted at 2 h and by 4 h the pattern for KA was
notably different to other stressors. We have previ-
ously reported DNA fragmentation under these
conditions with KA [22]. Despite insult-dependent
differences in labeling patterns, these data suggest
ordered progression through cell injury.
Negligible PI labeling, following 1 – 2 h exposures to
insults, was consistent with the early absence of
necrosis [28]. Numbers of PI-positive cells found
were low upon exposure to STS, H2O2 and low K+ and
were consistent with later alterations to membrane
integrity. KA produced earlier incorporation of PI (32
� 2 %) at 4 h, indicating that some cells exhibited
compromised membrane integrity (Fig. 1D). Howev-
er, given the pattern of Annexin labeling and the
maintained integrity of neuritic networks noted dur-
ing KA exposure, PI labeling likely reflects secondary
necrosis [29] or less likely aponecrosis [20]. These
variations in timing of PI labeling suggested mecha-
nistic differences in cell death that were dependent on
the insult, although progression was always slow and
ordered.
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KA induces mitochondrial depolarization without
early Bax translocation. Use of CMXRos represents
a convenient method to monitor mitochondrial
depolarization (loss of DYm) since it is not irrever-
sibly retained in neuronal mitochondria [24]. More-
over, use of CMXRos yielded essentially identical
data to those obtained with the potentiometric dye
TMRM. In untreated control cultures of CGCs in this
work, CMXRos fluorescence was maintained over
24 h, and was rapidly reduced following treatment
with FCCP (data not shown). CMXRos fluorescence
in neurons treated with STS and H2O2 maintained
similar levels to control cultures (data not shown),
even though neurons displayed molecular and mor-
phological alterations consistent with PCD. In con-
trast, KA-mediated injury induced an early and time-

dependent decrease in CMXRos fluorescence, which
was maintained over 8 h, while neurons treated with
low K+ displayed an increase in fluorescence inten-
sity (data not shown). Given that alterations in DYm

were only observed following KA and low K+

treatment using CMXRos, live cell imaging of
neurons loaded with TMRM [24] were conducted
to provide further insights into DYm during these two
injuries. Data with TMRM confirmed CMXRos
results with KA inducing early and time-dependent
reductions in fluorescence, while an overall increase
in TMRM fluorescence intensity was observed after
low K+ exposure when compared to control cultures
(Fig. 2A).
Insult-induced mobilization of Bax was confirmed by
its co-localization with the mitochondrial matrix

Figure 1. KA induces an early rise in [Ca2+]i levels followed by a more rapid progression through to PCD when compared to other insults.
(A) Cell viability was measured in CGCs treated with STS (100 nM; checked bars), KA (100 mM; horizontal bars), H2O2 (20 mM; white
bars) and low K+ (5 mM; diagonal bars) over 24 h using the MTTassay. Cell injury was found to be time-dependent. Values are the mean�
SEM of 5 independent experiments measured in quadruplicate and are expressed as a percentage of the control. (B) Intracellular Ca2+

levels were measured in CGCs treated with STS (checked bars), KA (horizontal bars), H2O2 (white bars) and low K+ (diagonal bars) over
5 min using a quantitative fluorescence based assay. Data represent the mean � SEM of five independent experiments measured in
quadruplicate and are expressed as the percentage change in [Ca2+]i relative to control. (C) Proportion of Annexin V-FITC-positive cells
following STS (checked bars), KA (horizontal bars), H2O2 (white bars) and low K+ (diagonal bars) was monitored over 24 h by
fluorescence microscopy, and the proportion of cells staining positive were expressed as a percentage of the total number of cells counted
per image (n = 300–500 cells). (D) Proportion of PI-positive cells during STS (checked bars), KA (horizontal bars), H2O2 (white bars) and
low K+ (diagonal bars) exposure over 24 h. Cells were labeled with PI following insult exposure and the proportion of cells staining positive
for PI were expressed as a percentage of the total number of cells counted per image (n = 300–500 cells). Data represent the mean� SEM
of three independent experiments. Asterisks indicate statistical significance between control (black bars) and treated groups (P<0.05).
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protein hsp60 in double immunolabeled neurons [24].
In control CGCs, Bax immunofluorescence was
homogenously distributed throughout cell bodies
and nuclei, whereas hsp60 was localized exclusively
in mitochondria (Fig. 2B). Thus, little or no co-local-
ization of Bax and hsp60 immunofluorescence was
detected in control CGCs. Quantitative analysis
showed significant redistribution of Bax localization
after a 1 h exposure to STS, H2O2, and low K+, with
approximately 60 %, 35 %, and 40 % of cells, respec-
tively, exhibiting a punctate pattern of staining
compared to untreated controls. In contrast, KA
induced negligible Bax translocation at both 1 and
8 h when mitochondria were likely to be depolarized,
although at 24 h 35 –45 % of neurons stained positive
for mitochondrial Bax recruitment (Fig. 2B). Overall,
these results indicate that redistribution of Bax to the
OMM is an early event in STS-, H2O2- and low K+-

mediated injury, and that the extent of recruitment is
insult-dependent.

Immunocytochemistry reveals differential redistribu-
tion of IMS mitochondrial proteins. Two complemen-
tary strategies were employed as described previously
to examine the redistribution of IMS proteins [24].
Western immunoblotting of cytosolic and mitochon-
drial fractions from CGCs served to confirm the
identities of the IMS proteins redistributed by treat-
ments. However, as in our previous work [24], West-
ern blotting was not found to be a satisfactory
approach for analysis of the precise timing of redis-
tribution of individual proteins. Moreover, redistrib-
ution was not evidently accompanied by gross deple-
tion of these proteins from the mitochondrial fraction
(data not shown). Therefore, analyses of the kinetics
and temporal pattern of protein redistribution were

Figure 2. KA and low K+ treatments alter mitochondrial membrane potential whereas STS and H2O2 are without effect. (A) Following
exposure to KA (100 mM; horizontal bars) and low K+ (5 mM; diagonal bars), cells were loaded with TMRM. Live cell confocal images of
neurons loaded with TMRM were captured in untreated control cultures and cells treated with KA and low K+. Scale bar = 10 mm. TMRM
fluorescence is expressed as percentage of control (designated as 100% fluorescence). All values have been corrected for residual TMRM
fluorescence after FCCP treatment. Data represent the mean� SEM of three independent experiments. Asterisks indicate significant loss
of TMRM fluorescence at the indicated time points relative to control (P<0.05). (B) STS, H2O2 and low K+, but not KA, induced early
recruitment of Bax to the OMM. Confocal images of control neurons and those treated with STS (100 nM; checked bars), KA (100 mM;
horizontal bars), H2O2 (20 mM; white bars) and low K+ (5 mM; diagonal bars) for 1 h after double immunostaining for hsp60 (a
mitochondrial marker) and Bax. Asterisks indicate cells displaying mitochondrial localization of Bax, determined by co-localization of
hsp60 (indigo) and Bax (green) immunofluorescence (generating a distinctive light blue colour, as opposed to the indigo colour of hsp60
alone). Note that under the conditions of immunostaining, all cellular Bax is bound by the antibody, not just activated Bax; see Materials
and Methods herein and ref. [24]. Scale bar = 10 mm. Quantitative measurements of the proportion of cells scored positive for Bax and
hsp60 redistribution. Data represent the mean � SEM of 3 independent experiments (n = 500 cells per time point). Insult-dependent
effects were observed (P<0.05); asterisks indicate statistical significance between treated and control groups (P<0.05).
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undertaken using double immunolabeling and con-
focal microscopy [25]. In control cultures immunor-
eactivity for all proteins was distributed in the
cytoplasm in a punctate pattern excluding the nucleus
coincident with mitochondrial distribution in many
cells (Fig. 3A). After exposure to the various insults,
protein distribution became completely diffuse and
cells were grouped according to their staining patterns
[25].
Exposure of cells to insults induced time-dependent
increases in mitochondrial protein redistribution with
significant cyt c and Smac/DIABLO redistribution
occurring as early as 2 h when compared to control
CGCs. All treatments resulted in the relatively con-
temporaneous redistribution of both cyt c and Smac/
DIABLO, consistent with both proteins sharing
similar redistribution kinetics. STS treatment induced
significant cyt c and Smac/DIABLO redistribution at
2 h (38 and 43 %, respectively), with a maximum
response at 6 h (51 % and 55 %, respectively). In
contrast, HtrA2/Omi and AIF redistribution were
more delayed, only reaching levels equivalent to that
for cyt c and Smac/DIABLO at 6 and 12 h, respec-
tively (Fig. 3B).
In contrast, KA-induced injury triggered a very
different profile of protein redistribution. AIF was
redistributed as early as 2 h, with approximately 60 %
of cells redistributing the protein compared to the
control (Fig. 3B). The redistribution of HtrA2/Omi
was also significantly higher than that of either cyt c or
Smac/DIABLO, with approximately 30 – 35% more
cells redistributing HtrA2/Omi and AIF, and these
levels were maintained over 24 h. Overall, the time-
courses of HtrA2/Omi and AIF redistribution were
the same, indicating similar kinetics of redistribution
(Fig. 3B). The early redistribution of HtrA2/Omi and
AIF compared to cyt c and Smac/DIABLO indicates
differential mechanistic patterns of protein redistrib-
ution.
In neurons treated with H2O2 significant redistribu-
tion of cyt c and Smac/DIABLO was observed at 2 h
compared to control, whereas HtrA2/Omi and AIF
were more delayed, but more advanced than found for
STS and low K+. Maximal redistribution of HtrA2/
Omi and AIF was observed at 8 h, with approximately
60 – 65 % of cells staining diffusely for these proteins.
At 6– 8 h of H2O2 redistribution of HtrA2/Omi and
AIF predominated over the redistribution of cyt c
(P<0.05) and Smac/DIABLO (Fig. 3B).
Neurons exposed to low K+ responded with significant
redistribution of cyt c and Smac/DIABLO at 2 h, and
maximal redistribution at 24 h. In contrast, the redis-
tribution profiles for HtrA2/Omi and AIF were
delayed (P<0.05, 8 h) relative to cyt c and Smac/
DIABLO (both P<0.05). In particular, AIF redis-

tribution was delayed throughout the 24 h timecourse
when compared with cyt c, and only reached com-
parable levels to Smac/DIABLO at 12 h (Fig. 3B).
Redistribution of cyt c following H2O2 and low K+

exposure was delayed compared to STS or KA
(P<0.05), but essentially identical at later time points
(12 – 24 h) except when compared to KA. The insult-
dependent nature of protein redistribution was par-
ticularly evident during HtrA2/Omi and AIF redis-
tribution. KA exposure resulted in early redistribu-
tion of both HtrA2/Omi and AIF relative to other
insults between 2– 4 h for HtrA2/Omi and 2 – 6 h for
AIF, a pattern observed to a lesser extent with H2O2.
Low K+-exposure resulted in the delayed redistrib-
ution of HtrA2/Omi and AIFover 2 –8 h, compared to
other insults (P<0.05), and AIF redistribution was
further delayed across 8 – 24 h when compared to STS
and KA (P<0.05). Overall, these observations are
consistent with evidence for the differential “tether-
ing” and redistribution of IMS proteins in a stressor-
dependent manner [10].

Caspase activation and inhibition. Caspase-3 activity,
measured using the DEVDase procedure, was readily
detected in neurons treated with most insults. Expo-
sure of cells to STS and low K+ produced time-
dependent increases in caspase-3 activity (P<0.05).
Significant elevations were observed at 4 h and levels
continued to increase over 24 h when compared to
control. In contrast, H2O2 induced minimal caspase-3
activation overall, although a significant elevation was
observed at 24 h. Little evidence for prominent
activation of caspase-3 was found for cells exposed
to the excitotoxin KA (Fig. 4A). By comparison STS
and low K+ activated caspase-8 to a minor extent.
Cells exposed to KA and H2O2 exhibited negligible
caspase-8 activation (data not shown).
Caspase involvement was further investigated by
monitoring downstream events using PI. Neurons
pretreated with the broad spectrum caspase inhibitor
zVAD-fmk were compared to cultures treated with
insults alone (without zVAD-fmk). zVAD-fmk pre-
treatment reduced the number of PI-positive cells
following STS, H2O2 and low K+ exposure when
compared to cultures treated without zVAD-fmk
(Fig. 4B). STS-induced cell death was attenuated at
8 and 24 h, while zVAD-fmk delayed H2O2- and low
K+-mediated injury at 24 h. Consistent with preceding
data zVAD-fmk provided minimal protection against
cell death induced by KA.
The role of caspases following injury exposure was
further explored by monitoring effects on the redis-
tribution of IMS proteins [24]. CGCs were pretreated
with zVAD-fmk, a caspase-9 inhibitor (LEHD-fmk)
or a caspase-3 inhibitor (DEVD-fmk) prior to insult
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exposure. zVAD-fmk exerted prominent actions on
insult-induced redistribution of IMS proteins, espe-
cially Smac/DIABLO and to a lesser extent HtrA2/
Omi (Fig. 4C). The effects of zVAD-fmk on STS
treated cells resulted in minor, late effects on cyt c and
Smac/DIABLO redistribution, and an appreciable
reduction in HtrA2/Omi redistribution. These data
suggest a possible caspase-dependent component of
HtrA2/Omi redistribution. In contrast, AIF redistrib-
ution in zVAD-fmk pretreated cells was unchanged
overall compared to insult alone controls, indicative of

a caspase-independent mechanism herein. By com-
parison, with KA zVAD-fmk predominantly elevated
the redistribution of Smac/DIABLO compared to cyt
c, which was inhibited across midrange times. Overall,
KA-induced redistribution of HtrA2/Omi increased
when compared to cultures treated without zVAD-
fmk, where as zVAD-fmk failed to affect the overall
redistribution profile of AIF (Fig. 4C). Pretreatment
of H2O2-treated cells with zVAD-fmk resulted in a
small, but significant early increase in the number of
cells redistributing cyt c when compared to insult only

Figure 3. Mitochondrial redis-
tribution of IMS proteins as-
sessed by confocal microscopy
after double immunocytochemis-
try. (A) Neurons were double
immunolabeled with either cyt c
and Smac/DIABLO or HtrA2/
Omi and AIF following exposure
to STS, H2O2, KA and low K+ and
fixation at various times. Un-
treated control cells displayed a
punctate staining pattern, where-
as treated cells that had redistrib-
uted protein from mitochondria
displayed a diffuse staining pat-
tern across the cell. Representa-
tive data are shown for CGCs
exposed to various apoptotic
stimuli at 2 h. Blue asterisks in-
dicate mitochondrial localization
of protein (no redistribution) and
white asterisks indicate cytosolic
distribution (redistribution).
Scale bar = 10 mm. (B) STS,
KA, H2O2 and low K+ induce
differential patterns of mitochon-
drial protein redistribution. Neu-
rons were treated with STS, KA,
H2O2 and low K+. Data represent
the overall proportion of cells
scored for redistribution of cyt c
(checked bars), Smac/DIABLO
(horizontal bars), HtrA2/Omi
(white bars), and AIF (diagonal
bars) and are a mean � SEM of
four data sets. Data for each
treatment group represent the
mean proportion of cells scored
for a particular redistribution
profile out of the total number
of cells counted (n = 250–500
cells). Each insult induced time-
dependent protein redistribution
(P<0.05).
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controls. In contrast, at these times there was a greater
increase in the number of cells releasing Smac/
DIABLO. Overall, HtrA2/Omi and AIF redistribu-
tion were attenuated between 6 – 24 h (P<0.05).
However, in contrast to HtrA2/Omi, the number of
cells redistributing AIF was biphasic displaying an
early increase and late decrease (Fig. 4C). For low K+

injury, caspase inhibition induced changes that gen-
erally paralleled those seen with STS with relatively
minor effects on cyt c and, a greater increase in Smac/
DIABLO redistribution and a late decrease in HtrA2/
Omi (Fig. 4C). Negligible changes to cyt c redistrib-
ution were observed, confirming that under these
experimental conditions release of cyt c is upstream of
caspase activation. In contrast, Smac/DIABLO redis-
tribution was observed to increase over all time points,
with a maximum increase at 6 h. Further insights into
protease involvement were sought by examining the
redistribution of cyt c and AIF, proteins typically
associated with caspase-dependent and caspase-inde-
pendent PCD [4], respectively, following caspase-9
and caspase-3 inhibition. Specific caspase inhibition
exerted little or no effect on the redistribution of IMS
proteins (data not shown).

Calpain activation and inhibition. Neuronal injury
caused by excitotoxicity induces calpain activation
[17, 24, 30] and, given the apparent lack of caspase
activation following KA-mediated excitotoxicity, we
explored the activation of this Ca2+-dependent pro-
tease. Immunoblot analyses were used to monitor the
cleavage of a-fodrin, a substrate for calpain and
caspase-3 during neuronal injury [31]. The cleavage of
endogenous a-fodrin (240 kDa) to a 145/150 kDa
breakdown product is indicative of calpain activity,
whereas identification of a 120 kDa fragment reflects
caspase-3 activation [31]. Minimal calpain breakdown
products were detected for STS (100 nM) at early time
points, whereas a higher concentration (200 nM) was
needed to produce both calpain and caspase frag-
ments maximally at 24 h (Fig. 5A). In contrast KA
exposure failed to generate the caspase cleavage
product, although the 145/150 kDa calpain fragment
was visible at all time points.
Additionally, calpain involvement was examined
using the calpain inhibitor, calpastatin peptide, pre-
viously shown to be neuroprotective in primary
hippocampal and cortical neurons [30]. Calpastatin
peptide failed to protect in STS treated CGCs
(Fig. 5B), but markedly enhanced mitochondrial
function following KA exposure (P<0.05). KA
produced a time-dependent decrease in cellular
viability and calpastatin peptide attenuated the effects
of KA neurotoxicity over 1 – 4 h (Fig. 5B). Interest-
ingly, calpastatin peptide significantly delayed H2O2-

mediated injury at later time points (29 % at 24 h;
P<0.05) and had negligible effects on low K+-induced
neurotoxicity (data not shown). These finding suggest
a major role for calpains in KA-induced injury and its
involvement in H2O2-mediated injury.
Given the preceding data, the actions of the calpain
inhibitor calpastatin peptide were explored on the
redistribution of the IMS proteins cyt c and AIF. Cyt c
redistribution following KA- and H2O2-mediated
injury was attenuated in the presence of calpastatin
peptide at 8 h (Fig. 6). However, calpain inhibition
also exerted an overall treatment effect (P<0.05) on
AIF redistribution induced by both KA and H2O2.
Calpastatin peptide attenuated the early redistribu-
tion of AIF following KA exposure (60 % decrease at
2 h; Fig. 6), consistent with calpain-mediated AIF
redistribution in excitotoxicity [17]. Calpastatin pep-
tide also attenuated the redistribution of AIF follow-
ing H2O2 exposure (40 % decrease at 8 h; Fig. 6). This
effect was consistent with mitochondrial activity data
indicating a neuroprotective effect following calpain
inhibition, although once again the net effect was a
delay of AIF redistribution. Interestingly, no effect on
cyt c or AIF redistribution was observed following
STS or low K+ treatment in the presence of calpastatin
peptide.

Discussion

PCD is now considered as an array of diverse
responses [20] and thus the injury profile of neurons
should reflect such a complexity of death paradigms
downstream of the range of stresses that this unique
cell type is subjected to in the pathologic milieu.
Herein we analysed neuronal cell death resulting from
stressors (trophic factor deprivation, oxidative stress
and excitotoxicity) known to contribute to various
neurodegenerative conditions [15] and examined how
the recruitment of mitochondrial death signaling
determined the signature of PCD. Regardless of the
neurologic stressor employed, we found neuronal
death exhibited slow-onset kinetics with differential
progression through PCD (e.g. patterns of Annexin V
and PI labeling) and with canonical redistribution of
IMS proteins. Other new findings emergent from our
investigations included evidence for the insult-de-
pendent recruitment across a continuum of potentially
destructive events of caspase-dependent and/or -
independent signaling consistent with full or incom-
plete execution of the internal mitochondrial pathway.
Our K+-minimization trophic factor deprivation, like
STS-induced PCD, was essentially Bax- and caspase-
dependent with early redistribution of cyt c (i.e.
classical recruitment of the “intrinsic” pathway).
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Figure 4. KA, unlike other insults, involves a caspase-independent mechanism of cell injury. (A) Elevation in caspase-3 activity following
STS (checked bars), KA (horizontal bars), H2O2 (white bars) and low K+ (diagonal bars) treatment over 24 h. Values are a mean� SEM of
three independent experiments measured in triplicate. (B) Neurons were treated with STS (checked bars), KA (horizontal bars), H2O2

(white bars) and low K+ (diagonal bars) over 24 h in the absence and presence of zVAD-fmk (50 mM; grey bars) and labeled with PI. The
proportion of cells staining positive for PI was expressed as a percentage of the total number of cells counted per image (n = 300–500 cells).
Data represent the mean � SEM of three independent experiments. Asterisks indicate significant differences relative to the appropriate
control group (P<0.05). (C) Effect of zVAD-fmk on the timing of redistribution of IMS proteins. CGCs were treated with STS, KA, H2O2

and low K+ and scored for protein redistribution of cyt c (checked bars), Smac/DIABLO (horizontal bars), HtrA2/Omi (white bars) and
AIF (diagonal bars). The effect of zVAD-fmk on IMS redistribution is expressed as a percentage of insult only controls (dashed line). Data
are mean� SEM from four data sets, 250–500 cells/time point. Asterisks indicate significant differences from insult only controls (P<0.05).
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Oxidative stress typified by H2O2 exhibited an inter-
mediate profile of Bax-dependent PCD involving
both caspases and calpain indicative of interplay
between cell death mechanisms. KA-mediated exci-
totoxicity was very skewed, the cell death being
largely Bax-independent and calpain/AIF-dependent,
but exhibited features of apoptosis, including mem-
brane blebbing, DNA fragmentation and ordered
redistribution of IMS proteins. Together these data
indicate how the interactive dynamics between cas-
pase-dependent/-independent PCD in neurons re-
sponds differentially to various influences (e.g. inhib-
ition of one pathway, intensity of insult) in the
adaptive milieu of death pathways (Fig. 7).

Evidence of mitochondrial involvement during STS-,
KA-, H2O2- and low K+-mediated injury. While there
is strong evidence for mitochondrial participation
during oxidative stress, trophic factor withdrawal and
excitotoxicity based on the redistribution of IMS
proteins, such as cyt c [32, 33], few studies have
monitored the release of multiple proteins, especially
in neuronal PCD. Here, an extensive analysis on the
relative timing of IMS protein redistribution was

undertaken, providing evidence on the kinetics and
hierarchical nature of protein redistribution following
OMM permeabilization. Mitochondrial protein redis-
tribution was a general feature of PCD, where all
insults induced redistribution of mitochondrial cyt c,
Smac/DIABLO, HtrA2/Omi and AIF over a time-
frame of 2 – 24 h. Moreover, differential recruitment
of mitochondrial proteins and other cellular compo-
nents involved in PCD was observed, indicating
stimulus-dependent mechanisms of neuronal cell
death (Fig. 7).
Low K+ exposure, like STS resulted in apoptotic-like
injury typical of caspase-dependent cell death, with
the early redistribution of cyt c and Smac/DIABLO
(2 h). These results indicate that under conditions of
simulating trophic withdrawal or of kinase inhibition,
cyt c is required for the apoptosome-mediated activa-
tion of caspase-3, while Smac/DIABLO may be
released to promote cell death by inhibition of IAPs
[34, 35]. The delayed redistribution of HtrA2/Omi
and AIF suggested that these two proteins do not play
a causative role in low K+- and STS-induced PCD, but
may further commit the cell to die and ensure
completion of cell deletion. Although H2O2 triggered

Figure 5. KA injury induces calpain activation and injury can be attenuated with calpain inhibitors. (A) Whole cell extracts of untreated
neurons and cells treated with KA or STS were subjected to immunoblot analysis to visualize a-fodrin caspase and calpain breakdown
products (1–24 h). STS induced both calpain and caspase cleavage products (145/150 kDa and 120 kDa, respectively), whereas KA-
mediated injury induced early and prominent calpain cleavage fragments (145/150 kDa). Data are representative of three independent
experiments. (B) Mitochondrial function determined by the MTT assay was monitored in the presence (grey bars) and absence of
calpastatin peptide (5 mM) during treatment of neurons with STS (checked bars) or KA (horizontal bars) over a course of 24 h. Data
represent the mean� SEM of five independent experiments measured in quadruplicate and are expressed as percentage of control (100%
viability). Asterisks indicate significant differences relative to the appropriate control group (P<0.05).
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the late activation of caspase-3, indicating some
measure of caspase participation in cell death, the
increase in number of HtrA2/Omi- and AIF- redis-
tributing cells between 6 –8 h suggests that H2O2-
induced cell death involves an appreciable caspase-
independent component. Although the concurrent
activation of caspase-dependent and caspase-inde-
pendent mechanisms has been observed in other
forms of neuronal injury [24, 36, 37], there is a general
paucity of information in this area. Of those cells
which showed protein redistribution in the period 2 –
6 h after KA treatment, the majority of cells treated
with KA redistributed HtrA2/Omi and AIF prior to

cyt c and Smac/DIABLO over 2 – 6 h, indicative of a
largely caspase-independent mode of cell death.
These results are in agreement with other studies
that have shown the redistribution of AIF prior to cyt c
[14, 38] and the prominent role AIF plays in excito-
toxic injury [39] downstream of free radical genera-
tion [6, 9]. In addition, studies suggest that AIF can act
on mitochondria to induce the release of cyt c and
additional AIF, leading to a feed-forward amplifica-
tion cascade [40]. Therefore, it is possible that cyt c
redistribution after KA exposure is a consequence of
AIF redistribution. Moreover, the depletion of mito-
chondrial AIF may exacerbate oxidative injury due to

Figure 6. Inhibition of calpains
affects redistribution of mito-
chondrial proteins. The redistrib-
ution of cyt c and AIF were
individually monitored in cells
treated with STS, KA, H2O2 and
low K+. Treatments were carried
out in the absence (black bars)
and presence of calpastatin pep-
tide (5 mM; diagonal bars). Data
represent the overall proportion
of cells scored for redistribution
of cyt c and AIFand are a mean�
SEM of four data sets, 250–500
cells/time point. Horizontal lines
indicate statistically significant
differences between presence
and absence of calpastatin within
an individual insult-treated set of
timepoints. Asterisks indicate
significant differences relative to
the appropriate control group at
individual timepoints (P<0.05).
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minimization of is protective role in this organelle. It is
noteworthy that of all the stressors applied here KA
treatment led to the most rapid decline of mitochon-
drial function, perhaps reflective of the earliest
redistribution of AIF from mitochondria (Fig. 3B).
In the presence of zVAD-fmk, neuronal death con-
tinued, suggesting that caspase-independent pathways
can compensate for caspase-dependent events when
the caspase cascade is blocked. Such findings are
consistent with evidence for the redundancy of cell
death pathways when cells are stressed to the point of
death [20, 41, 42]. As previously shown [24, 43], cyt c
redistribution could not be attenuated in the presence
of zVAD-fmk and was therefore observed to be
caspase-independent, particularly during STS-, H2O2-
and low K+-induced cell death. Under our conditions
Smac/DIABLO redistribution is relatively caspase-
independent, in agreement with previous studies [25,
44]. In fact, zVAD-fmk increased the redistribution of
Smac/DIABLO for all insults (Fig. 4C), indicating a
possible feed-forward loop. The late activation of
caspase-3 and the prominent role of AIF during H2O2-

induced cell death suggests that H2O2 triggers the
activation of both caspase-dependent and caspase-
independent pathways. Initially, cell death induced by
H2O2 was cyt c- and Smac/DIABLO-mediated, how-
ever after 4 h a more caspase-independent process
was activated with the substantial redistribution of
HtrA2/Omi and AIF. Our extensive data on the
different profiles of IMS protein redistribution, and
their modulation by protease inhibition, exemplify the
contemporary understanding of OMM permeabiliza-
tion wherein release of IMS proteins is context-
dependent [10]. Overall these results provide new
support for the differential canonical redistribution of
IMS proteins which are diversely recruited in a
stressor-dependent manner to mitochondrial-depend-
ent PCD (Fig. 7).

Possible triggers of mitochondrial protein release. Bax
has been shown to be recruited to the OMM following
an apoptotic stimulus and to promote mitochondrial
protein redistribution [6, 7]. Treatment with STS, H2O2

and low K+ resulted in recruitment of Bax to the OMM

Figure 7. Timelines for the key PCD events in neurons treated with STS, KA, H2O2 and low K+. Grey italics indicate the effect of caspase
inhibition.
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prior to IMS protein release. The subsequent timing of
mitochondrial IMS protein release relative to the
translocation of Bax to the OMM, suggests that Bax
mediates protein redistribution under these conditions.
KA exposure induced late recruitment of Bax to the
OMM, in agreement with other studies [45, 46]. Thus,
Bax does not play a crucial role during KA-induced
excitotoxic injury, and hence injury progress may solely
involve components of the mPTP, perhaps associated
with AIF release [6] or other pore forming mitochon-
drial proteins such as Bak [47]. However, previous
studies have shown that Ca2+ is an early mediator of
neuronal injury and may trigger downstream events,
such as mitochondrial depolarization [27, 48]. Interest-
ingly, KA exposure resulted in a rapid rise of [Ca2+]i

followed by DYm depolarization. Therefore, after KA
exposure, the increase in [Ca2+]i may trigger mPTP
opening, DYm loss and subsequent release of mito-
chondrial IMS proteins.

Calpain- and AIF-mediated cell death after excito-
toxic injury. Caspase inhibition was insufficient to
completely protect neurons from cell death and only
attenuated cell death in response to STS, H2O2 and
low K+, indicating the activation of other cell death
components [41]. This idea was confirmed after
calpain inhibition studies, which effected considerable
neuroprotection after KA and H2O2 injury. However,
like pan-caspase inhibition by zVAD-fmk, calpain
inhibition only delayed the cell death process, indicat-
ing the complexity of apoptotic pathways and cellular
commitment to die [41, 42].
Calpain activation contributes to neuronal loss in-
volving apoptotic injury in various pathological con-
ditions [49], KA-mediated excitotoxicity [50] and
stroke injury [15]. Calpains also interact with AIF and
enhance its release from mitochondria by cleaving Bid
into its active truncated form [17]. Indeed, calpain
inhibition attenuated AIF release following KA- and
H2O2-mediated injury. Although caspases have been
shown to be involved in some forms of excitotoxicity
via glutamate receptor activation [51], they do not
seem to be involved herein in cell death induced by
KA, since caspase inhibition is not neuroprotective
and calpain activation predominates in mature neu-
rons [50]. Our analyses of KA-treated cells suggests
that the rapid rise in [Ca2+]i activates calpains directly,
or disrupts physiological processes that regulate
calpains [49]. Activation of calpains inhibits caspase
activation via their direct cleavage [52], and this action
may explain why KA-induced cell death is caspase-
independent.
Our detailed analyses of neuronal PCD using “neuro-
logic stressors” allowed us to define the engagement
of death machinery. Regardless of the stressor em-

ployed, we found redistribution of mitochondrial IMS
proteins in an insult-dependent manner, with differ-
ential interplay between caspase-dependent and cas-
pase-independent signaling (Fig. 7). These data pro-
vide novel insights relevant to a growing body of
evidence for diverse signatures for PCD during
neuronal injury [8, 37, 53]. Moreover our findings
support the idea of redundant pathways of cellular
demise during neuronal PCD [42, 54] and the concepts
of the evolutionary development of multiple PCD
pathways.
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