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Abstract Primary neurons undergo insult-dependent
programmed cell death. We examined autophagy as a pro-
cess contributing to cell death in cortical neurons after
treatment with either hydrogen peroxide (H,O,) or stauro-
sporine. Although caspase-9 activation and cleavage of
procaspase-3 were significant following staurosporine
treatment, neither was observed following H,O, treatment,
indicating a non-apoptotic death. Autophagic activity
increased rapidly with H,O,, but slowly with staurosporine,
as quantified by processing of endogenous LC3. Autophagic
induction by both stressors increased the abundance of
fluorescent puncta formed by GFP-LC3, which could be
blocked by 3-methyladenine. Significantly, such inhibition
of autophagy blocked cell death induced by H,O, but not
staurosporine. Suppression of Atg7 inhibited cell death by
H,0,, but not staurosporine, whereas suppression of Beclin
1 prevented cell death by both treatments, suggesting it has
a complex role regulating both apoptosis and autophagy.
We conclude that autophagic mechanisms are activated in
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an insult-dependent manner and that H,O, induces auto-
phagic cell death.
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Abbreviations

3-MA 3-Methyladenine

DIC Differential interference contrast

Endo G Endonuclease G

GFP-LC3 Green fluorescent protein-tagged microtubule
associated protein light chain 3

H,0, Hydrogen peroxide

LC3 Microtubule associated protein light chain 3

nRNA Non-specific RNA

PCD Programmed cell death

PI Propidium iodide

RFU Relative fluorescence units
siAtg7 siRNA specific for ATG7
siBeclinl  siRNA specific for BECNI
STS Staurosporine
Introduction

In post-mitotic neurons, autophagy is thought to be a
critical process for the removal of damaged organelles and
misfolded or aggregated proteins that are central to the
pathophysiology of many neurodegenerative diseases.
Much attention has recently been given to studying the
potential inadequacy of autophagy in clearing dysfunc-
tional mitochondria and toxic protein aggregates, such as
a-synuclein (Parkinson’s disease), huntingtin (Huntington’s
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disease) and f-amyloid (Alzheimer’s disease) during neu-
rodegeneration [1-4]. Upregulation of autophagy has also
been shown to occur in neuronal mice models of traumatic
brain injury [5-7] and stroke [8-10].

Autophagy has also been identified as a programmed cell
death (PCD) pathway under certain conditions, known as
PCD-type II (where apoptosis is designated PCD-type I and
programmed necrosis is PCD-type III) [11, 12]. The auto-
phagic pathway most commonly associated with cell death
is macroautophagy (hereafter referred to as “autophagy”),
whereby organelles or molecules are sequestered within
autophagosomes that are double membrane vesicles, which
subsequently fuse with lysosomes leading to degradation of
their cargo [1]. In response to cellular injury or disease,
autophagy can be differentially recruited, either driving
cellular homeostasis or inducing cell death, with the actual
pattern of involvement likely dependent on energetics, load
of cellular debris and/or insult nature [1-4]. To determine
whether PCD-type II is invoked in these situations, it is
essential to differentiate between these two opposing
processes.

There have been several studies concerning neurons,
which have implicated autophagy as a potential cell death
mechanism, either by association (namely, observing
autophagic activity during cell death) [13, 14] or through
the use of autophagy inhibitors that arrest cell death
[15, 16]. In order to strictly diagnose PCD-type II, one
must first establish the occurrence of elevated autophagic
activity, followed by demonstration that the induction of
cell death explicitly depends on autophagic activity. The
latter of these two steps can be carried out, in principle,
with autophagic inhibitors such as 3-methyladenine
(3-MA). However, because other cellular pathways are also
the target of such autophagic inhibitors, it is more rigorous
to apply genetic silencing via knockdown of the expression
of key autophagy genes in order to confirm PCD-type II.

Oxidative stress is considered one of the principal
instigators of cell death during many neuropathological
conditions, including chronic diseases such as Alzheimer’s
disease and Parkinson’s disease, as well as in more acute
settings, such as during cerebral ischemic reperfusion
following stroke [17-20]. In the stroke-affected brain, cell
death has been considered to be necrotic at the center of the
infarction and apoptotic in the penumbra surrounding the
site of injury [21]. Apoptosis has previously been defined
as a programmed or regulated type of cell death, charac-
terized by the activation of caspases, while necrosis has
been thought of as a caspase-independent, unregulated
process. However, contemporary evidence supports the
thesis that neuronal PCD is not exclusively apoptotic;
rather it is a multifaceted phenomenon that encompasses
autophagy and programmed necrosis, with extensive cross-
talk between the three death pathways [22-24]. Within a
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given population of neurons, it is thought that multiple
PCD pathways can be invoked concurrently in response to
a single injury or insult [25]. Thus, following stroke, cas-
pase-independent cell death may not necessarily be
unregulated necrosis, and there is for example recent
evidence for the involvement of autophagy [8-10].

We previously established that, under oxidative stress
induced by acute hydrogen peroxide (H,0O,) insult, PCD-
type III is invoked in primary murine cortical neurons
from C57 Black 6J mice in the absence of caspase
activity [26]. In this study, we set out to ascertain whether
or not PCD-type II is also invoked under the same
oxidative stress conditions. Staurosporine (STS), a widely
used inducer of apoptosis [27], was used to aid the
differentiation between PCD-type I and PCD-type II, as
well as to help elucidate the role of autophagy in the
cellular response to other stressors. Our data revealed a
differential involvement of autophagy in neuronal injury,
wherein cellular insults (both H,O, and STS) increased
autophagic activity, although only cells treated with H,O,
underwent PCD-type II.

Materials and methods
Cell culture

Primary cultures of murine neocortical neurons were
established from embryonic day 15 C57/Black 6 J mice, as
previously described [28, 29]. Cell densities were as fol-
lows: cell viability and confocal analyses (0.5 x 10° cells/
well) and Western immunoblotting (2.5 X 10° cells/well).
Under these conditions the cultures were essentially purely
neuronal and contained <5% astrocytes [28, 29]. All
experimentation received institutional ethical approval and
was undertaken according to the Guidelines of the
NH&MRC (Australia).

Plasmid construction and transfection

pEGFP-LC3 was kindly provided by Dr. T. Yoshimori
(National Institute of Genetics, Japan) [30]. Primary
cortical neurons were transfected at 5 days in vitro [26].
Cells in a 24-well plate were transfected with 2 pg/well of
DNA and 6 pl/well of Lipofectamine 2000 (1:3 ratio) in
minimum essential medium with antioxidant-free B-27.
Upon addition of the DNA/Lipofectamine 2000 mixture,
cells were incubated for 4 h at 37°C to allow transfection to
occur. Subsequently, the medium was replaced with
Neurobasal medium™ containing complete B-27 (all the
above media and transfection reagents were from Invitro-
gen, Melbourne, VIC, Australia). Under these conditions,
typically 5% of neuronal cells were transfected with
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GFP-LC3. Cells were then left to recover for 24 h before
H,O, and STS treatments were performed.

Short interfering RNA (siRNA) transfections

Atg7 siRNA (Product Name: Mm_Apg71_2_HP Validated
siRNA), Beclin 1 siRNA (product name, Mm_Becnl_3_
HP Validated siRNA) and negative control siRNA were
purchased from Qiagen (Germantown, MD). Transfection
of mouse primary cortical neurons with siRNA was carried
out using HiPerFect transfection reagent (Qiagen, Don-
caster, VIC, Australia) according to the protocols provided
by the manufacturer. Under these conditions, typically
50-70% of neuronal cells were transfected by control
siRNA. Transfections were carried out as previously
described [26].

Drug exposure

Guided by our previous work [29, 31], neuronal cultures
were exposed to either 50 umol/l H,O; [30% (w/v), Merck,
Melbourne, VIC, Australia] or 200 nmol/l STS (Sigma-
Aldrich, Castle Hill, NSW, Australia) in Minimum Essential
medium with antioxidant-free B-27 (Invitrogen, Melbourne,
VIC, Australia). In some experiments, treatment of neurons
with STS or H,0, was also performed in the presence of a
broad spectrum caspase inhibitor z-Val-Ala-Asp(OCH3)-
CH2F (zVAD-fmk) (Bachem, Bubendorf, Switzerland) at
100 pmol/l. Cells were pre-treated with zVAD-fmk in
Minimum Essential medium with antioxidant-free B-27,
30 min prior to treatment with STS or H,O,, with zZVAD-
fmk remaining in the medium during such subsequent
treatments. Some neurons were also pre-treated with the
autophagy inhibitor 3-methyladenine (3-MA) (Sigma-
Aldrich, Castle Hill, NSW, Australia) at 10 mmol/l for
30 min prior to treatment with 50 pmol/l H,O, (30% (w/v),
Merck, Melbourne, VIC, Australia) or STS (200 nmol/l,
Sigma-Aldrich, Castle Hill, NSW, Australia).

Cell viability

Cells from cultures were directly stained with 5 pg/ml of
propidium iodide (PI) (Invitrogen Molecular Probes, Mel-
bourne, VIC, Australia) in 1x phosphate buffered saline,
pH 7.4 (PBS). Following incubation for 5 min at 37°C,
cells stained with PI were washed three times with 1x PBS
before being fixed with 3% paraformaldehyde in 1x PBS
at 22°C, and then mounted on glass slides [29, 32].

Nuclear morphology

Staining of nuclei with 4’,6-diamidino-2-phenylindole
(DAPI) (Invitrogen Molecular Probes, Melbourne, VIC,

Australia) was carried out as described [29], and the mor-
phology determined by confocal microscopy (see below).

Immunocytochemistry

Immunocytochemistry was performed as described [32]. In
this work, following fixation and permeabilization, samples
were then incubated for 3 h at 22°C with rabbit polyclonal
anti-cleaved caspase-9 (1:100, Calbiochem, Kilsyth,
VIC, Australia). Following incubation with the primary
antibody, samples were processed as described [32]. The
secondary antibody used was Alexa568-labeled goat
anti-rabbit IgG (1:200, Invitrogen Molecular Probes,
Melbourne, VIC, Australia).

Confocal microscopy

Samples were imaged by fluorescence laser scanning
confocal microscopy using an Olympus FluoView 500,
IX81 inverted confocal microscope (Olympus, Melbourne,
VIC, Australia), fitted with a UPlan Apo 60x/1.20w water
immersion lens. Images were captured using Fluroview
software (Olympus, Melbourne, VIC, Australia). In mul-
tiple fluorescence channel imaging, photomultiplier
sensitivities, gain levels and offsets were adjusted to ensure
that there was little or no bleed-through of fluorescence
signal from one channel to the other. A Kalman filter was
used to reduce background noise levels. The selected field
was scanned five times using a “Frame Kalman” scan. All
fields were scanned sequentially in order to reduce the
incidence of ‘bleed through’ between each of the channels
used. Three hundred cells were scored for each population
scored, and three independent experiments were under-
taken for each condition tested. Image Tool Software
version 3.00 (developed by the Department of Dental
Diagnostic Science at The University of Texas Health
Science Center, San Antonio, TX) was used to assist the
manual scoring of cellular morphologies.

Western immunoblotting

Following treatment with HO, and STS, cells were har-
vested by gentle scraping and centrifugation (800g,
5 min), and treated with RIPA extraction buffer (10 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS; protease inhibitor cocktail)
(Sigma-Aldrich, Castle Hill, NSW, Australia) for 5 min at
4°C. The supernatant obtained by centrifugation (15,000g,
15 min) at 4°C was retained for western immunoblot
analyses. The protein concentration of supernatants was
determined using a BCA Protein Assay Kit (Pierce,
Rockford, IL). The proteins were denatured in Laemmli
sample buffer (Bio-Rad, Hercules, CA) at 95°C for 5 min,
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and separation was carried out on a 12% NuPAGE Bis-
Tris pre-cast gel (Invitrogen, Melbourne, VIC, Australia)
where the protein ladder (10 pl) and sample (20 pl,
15-20 pg total protein) were separated at 200 V for
30 min. Routine procedures were used for transfer,
washing, blocking and probing of blots. Membranes were
incubated overnight at 4°C with either primary rabbit
polyclonal anti-caspase-3 antibody (1:1,000) or anti-cas-
pase-7 antibody (1:500) (both from Cell Signaling,
Danvers, MA); rabbit polyclonal anti-LC3 antibody
(1:1,000, Novus Biologicals, Littleton, CO); rabbit poly-
clonal anti-Atg7 or Beclin 1 antibodies (1:1,000, Pro-Sci
Inc, Poway, CA); or mouse monoclonal anti-ff-actin anti-
body (1:400, Neomarkers, Fremont, CA). The appropriate
secondary species-specific (anti-rabbit or anti-mouse)
Alexa488-labeled goat anti-IgG antibody (1:1,000; Invit-
rogen-Molecular Probes, Melbourne, VIC, Australia) was
incubated for 2 h at room temperature. Precision Plus
Protein™ (Bio Rad, Gladsville, NSW, Australia) and
SeeBlue® Plus2 (Invitrogen, Melbourne, VIC, Australia)
molecular weight standards were used to reference
molecular weights in Western immunoblots. Densitometry
was performed as described previously [26].

Caspase-9 fluorescence activity assays

Caspase-9 activity was measured directly by examining the
cleavage of an AFC-LEHD substrate (Calbiochem, Kilsyth,
VIC, Australia) by active caspase-9 in cell lysates. Neurons
were cultured in 24-well plates (0.5 x 10° cells/well) and
processed according to the manufacturer’s instructions. In
brief, after exposure to the desired insult, cells were lysed
in situ and the lysates collected into 96-well microtiter
plates for the fluorescence assay of caspase-9 activity,
based on fluorescence shift of AFC-LEHD substrate after
cleavage of the peptide moiety. Fluorescence was expres-
sed in relative fluorescence units (RFU) (excitation
390 nm/emission 510 nm), following measurements in a
Fluorostar Optima plate reader (BMG Labtech, Morning-
ton, VIC, Australia).

Statistical analysis

Comparative data sets were analyzed using one- and two-
way ANOVA, followed by Bonferroni’s post hoc test. One-
way ANOVA was used for intra-group analysis, while
two-way ANOVA was carried out to compare populations
subjected to different treatments. Data from Western
immunoblotting were analyzed by non-parametric
ANOVA with Dunn’s post hoc test (GraphPad Prism, San
Diego, CA). The results are expressed as the mean £
SEM. Unless otherwise indicated, data are from three
independent experiments with replicate determinations
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(n = 3-5). The differences were considered significant at
p < 0.05.

Results

Effector caspases-3 and caspase-7 are not cleaved
following treatment with H,O,

Cleavage of caspase-3 and caspase-7 was studied by
performing Western immunoblots on lysates collected
from neurons treated with moderate doses of either H,O,
(50 pmol/l) or STS (200 nmol/l). At higher doses, cells
became necrotic in the case of H,O, and progressed
through PCD too rapidly for effective analysis (data not
shown). We have previously demonstrated [26] the barely
detectable activation of caspase-3 and caspase-7 in
neurons after H,O, insult, as determined by activity
measurements using the fluorescent substrate FITC-
DEVD-fmk (for caspase-3 as a direct assay and for cas-
pase-7 as a specific fluoregenic/immunoassay). Further,
after STS insult caspase-3 was significantly activated, but
not caspase-7 [26]. However, it remained unclear whether
the very low caspase activity observed after H,O, treat-
ment was due to a substantial failure of caspase cleavage,
as such. Western immunoblots probed with anti-caspase-3
antibody showed an increase of cleaved caspase-3 over
24 h after STS treatment (Fig. la). By contrast, H,O,
treatment resulted in very little detectable cleaved caspase-
3 after 24 h (Fig. 1a).

Western immunoblots probed with anti-caspase-7
antibody showed procaspase-7 was not cleaved after treat-
ment with either STS or H,O, (Fig. 1b). As we showed
previously [26], caspase-7 is not activated after STS treat-
ment of these neurons. To better understand these activities
for downstream caspases, a study of caspase-9 activation,
which occurs upstream of caspase-3 and caspase-7 activa-
tion, was made.

Initiator caspase-9 is not activated following treatment
with H202

The activation of initiator caspase-9 was analyzed under
cellular oxidative insult. Immunocytochemical staining for
active caspase-9 (in this case cleaved pro-caspase-9)
(Fig. 2a) showed levels of active caspase-9 to rise slightly
over time during STS treatment, although changes in
cleaved pro-caspase 9 were not significant over this 24-h
period (Fig. 2b). However, it should be noted that it is not
necessary for pro-caspase-9 to be cleaved to become active
[33], which may also explain the relatively low levels of
cleaved pro-caspase-9 seen in the STS-treated neurons.
Caspase-9 activity measurements using AFC-LEHD
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Fig. 1 Caspase-3 and caspase-7 cleavage during treatment of
primary cortical neurons with STS or H,O,. a Western immunoblot
of caspase-3 in cell lysates; f-actin is shown as loading control. Lanes
indicate untreated control (Untr), and cells treated with either STS or
H,0, for different times (4, 12, 24 h). Positions on gel of pro-caspase-
3 (35 kDa) and cleaved caspase-3 (17 kDa) are shown at right
(determined with reference to protein markers of different molecular
weights, not shown here). b Western immunoblot of caspase-7 in cell
lysates, with f-actin as loading control. Lanes are indicated as for

caspase-3 immunoblot shown above. Positions of pro-caspase-7
(35 kDa) and cleaved (20 kDa) are shown at right

[=Actin

substrate indicate that activation of this enzyme occurs in
STS-treated neurons, but not in those treated with H,O,
(Fig. 2c). Significantly, this assay also showed that
caspase-9 activation induced by STS is strongly inhibited
by the pan-caspase inhibitor z-VAD-fmk, confirming that
these cultured cortical neurons are indeed capable of
activating caspase-9.

These cortical neurons fail to activate caspase-9 fol-
lowing H,O, treatment, which may explain the lack of
subsequent activation of downstream caspase-3 and
caspase-7. The lack of caspase activity after H,O, insult
confirms that the type of cell death that occurs in these cells
under acute oxidative stress is caspase-independent.

Autophagic activity is elevated in neurons treated
with either STS or H,0,

Microtubule-associated light chain 3 (LC3) is recruited
during the early expansion of isolation membranes and
persists until the completed autophagosomes fuse with the
lysosome [34, 35]. Here autophagy was monitored by uti-
lizing LC3 fused to green fluorescent protein (GFP-LC3) to
visualize autophagic activity by confocal microscopy, in
concert with Western immunoblotting to monitor conver-
sion of LC3-I to LC3-II (resulting from a conformational

modification during vesicle formation) to quantify fluxes in
autophagic activity [34, 35]. The autophagy pathway was
inhibited both pharmacologically through the use of 3-MA
and through knockdown of the autophagy proteins Atg7
and Beclin 1.

Autophagic activity was initially monitored by quanti-
fying the conversion of LC3-I to LC3-II, which occurs
during autophagic vesicle formation. Changes in LC3-II
levels over time were determined by quantifying LC3-II
relative to f-actin using densitometry. LC3-II levels
increased rapidly following H,O, treatment (Fig. 3a),
almost doubling after 4 h and increasing rapidly in a time-
dependent manner, being threefold by 24 h, relative to the
control (Fig. 3c). Similarly, LC3-II levels doubled at 4 h
relative to the control, and continued to increase up to 12 h
with STS (Fig. 3b, d). These results indicated that auto-
phagic activity increased differentially in response to both
cellular insults, being activated by both H,O, and STS.

Single cell analysis of neurons transfected with GFP-
LC3 was also undertaken to determine the proportion of the
neuronal population that shows an increase in autophagic
activity. Neurons were determined to have an increase in
autophagic activity when there was an increase in GFP-LC3
recruited to autophagic vesicles as represented by fluores-
cent green puncta within the cells. In untreated neurons the
fluorescence of GFP-LC3 was seen to be diffuse throughout
the cytosol of the cell body and axon (Fig. 4, first image on
left, in each of a and b). In neurons treated with either H,O,
or STS, GFP-LC3 was localized into autophagic puncta
(Fig. 4, second image top right, in each of a and b). As there
was always a basal level of autophagy occurring within
neurons to help maintain cellular homeostasis, we set a
minimal threshold of five observed puncta per cell to define
cells displaying autophagic activity. Cells displaying <5
puncta were determined to be at a basal level of autophagy.

Quantification of GFP-LC3 transfected neurons revealed
that autophagic activity increased in 40% of the total
population of neurons after 24 h treatment with H,O,
(Fig. 4c). Similarly, 40% of transfected neurons treated
with STS had elevated autophagic activity after 24 h
relative to the untreated control (Fig. 4d). To verify that the
observed puncta were autophagic vesicles, neurons were
pre-treated with autophagy inhibitor 3-MA to arrest puncta
formation (Fig. 4, third image bottom right, in each of a
and b). Transfected neurons pre-treated with 3-MA, fol-
lowed by either H,O, or STS, had reduced autophagic
activity (Fig. 4, c, d), with the number of neurons dis-
playing elevated puncta formation returning to levels close
to those in untreated cell populations. Neurons were also
pre-treated with the pan-caspase inhibitor z-VAD-fmk to
establish whether classical apoptosis (caspase-dependent)
was involved in the activation of autophagy. Pre-treatment
with z-VAD-fmk had no effect on autophagic activity in

@ Springer



3730

G. C. Higgins et al.

DAPI Cleaved Overlay

@ Caspase-9

Untr

STS
4h

H0,
4h

20 9
15
10 o
Lk
0 T T
4 12 24

[
o
J

(b)

Caspase-9 cleavage
(% total cells)

Time (h)
(c) 45000
40000

*
35000 -
30000 A
25000 1
20000 -
15000 -
10000 A
5000 - l I I IIIi[f]_ﬂ
0 r : : T .
STS H.0,

Pos Untr STS H,0,
Ctrl +zVAD +zVAD

Treatment

RFU

@ Springer



ROS induce autophagy-dependent cell death

3731

Fig. 2 Caspase-9 activation during STS and H,O, treatment. a Anti-
body specific for activated caspase-9 was used to stain neurons
immunochemically. DAPI was used as a counterstain for nuclei to
determine the total number of cells per field. Images are shown for
untreated (Untr) neurons and those treated with STS or H,O, for 4 h.
Treatments were as described in the text. Note that the discernable
frequency of condensed nuclei in untreated cultures (up to 20%)
reflects the spontaneous death rate in these primary neuronal cultures
as seen with PI uptake (e.g., Figs. 5b, 6c). Bars represent 10 pm.
b Quantitative analysis of treated populations. Black bars, STS; white
bars, HyO,. Data for each population scored represent the mean
percentage of cells scored for caspase-9 activation (n = 300-500 for
each population). Values are mean + SEM of three independent
experiments. ¢ Caspase-9 activity measured by fluorescence of
cleaved substrate analog AFC-LEHD. Neurons were treated with
STS or H,O, in 24-well plates for various times; in some populations
zVAD-fmk (indicated by +zVAD) was additionally included during
the treatment. Following treatment, cell lysates were generated and
then collected for caspase-9 activity tests. Horizontally striped bar,
positive control (Pos Ctrl) corresponding to recombinant caspase-9
incubated with AFC-LEHD; diagonally striped bar, untreated (Untr);
black bars, 4 h; gray bars, 12 h; white bars, 24 h. Fluorescence
intensities are indicated as relative fluorescence units (RFU). Asterisk
indicates the earliest time point for a given feature that displays
significant difference (P < 0.05) comparing a treated population with
the relevant untreated control. Data for each treatment condition and
time represent the mean = SEM of three independent experiments,
each carried out in triplicate wells on a single microtiter plate

neurons treated with either H,O, or STS, indicating that
autophagy activation under both conditions was indepen-
dent of any caspase activity (Fig. 4c, d).

PCD-Type II contributes to H,O,-induced cell death

Cell death was determined by scoring neurons that were
permeable to PI (Fig. 5a). This test indicates the compro-
mised integrity of the plasma membrane, but is not a strict
marker, as such, for distinguishing necrosis and apoptosis
[12]. Note that, as in our previous study on primary cortical
neurons [26], about 10-20% of cells otherwise untreated
show PI uptake. For neurons treated with H,O, approxi-
mately 60% of cells were positive for PI uptake after 24 h
(Fig. 5b). The extent of PI permeability was reduced to
approximately 35% when neurons were pretreated with
3-MA (Fig. 5b). Pre-treatment of neurons with z-VAD-fmk
had no effect, as anticipated, because of the lack of cas-
pase-3 and caspase-7 cleavage seen under these conditions
(Fig. 5b). On the other hand, for neurons exposed to STS,
~60% of cells were Pl-positive after 24 h (Fig. 5c¢).
However, unlike neurons treated with H,O,, pretreatment
with 3-MA of STS treated neurons had no effect on pre-
vention of cell death. Pretreatment with z-VAD-fmk also
had no effect in preventing cell death (Fig. 5c), an outcome
that could be attributable to alternative caspase-indepen-
dent cell death pathways being invoked [26] or the
commitment to demise being insensitive to downstream
caspase inhibition [22].
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Fig. 3 Conversion of LC3-I to LC3-II in cell lysates from primary
cortical neurons treated with either H,O, or STS. a Western
immunoblot of LC3 in cell lysates isolated from neurons treated
with H,O,; f-actin is shown as a loading control. Lanes indicate
untreated (Untr) neurons and those treated with H,O, at various times
(4, 12, 24 h). Positions on the gel of LC3-I (18 kDa) and LC3-1I
(16 kDa) are shown at right. b Western immunoblot of LC3 in cell
lysates isolated from neurons treated with STS. All indications are the
same as in a. ¢ Quantitative analysis of fold increase of LC3-1I
relative to f-actin. Overall changes (P < 0.01) with individual
changes (*P < 0.05) shown. d Quantitative analysis of fold increase
of LC3-II relative to f-actin. Overall changes (P < 0.05) with
individual changes (*P < 0.05) shown. The fold increase of LC3-II
shown in the histograms of ¢ and d is for the exemplar immunoblots
shown in a and b; it represents a very similar relationship obtained
from three independent experiments (not shown)

Knockdown of Atg7 suppresses cell death in cortical
neurons during H,O, treatment

The formation of the conjugated form of LC3 (LC3-II) is
dependent on Atg7 [36]. Given the lack of specificity of
pharmacological inhibitors of autophagy [37], we further
investigated the dependence on autophagic machinery
using siRNA specific for ATG7 (siAtg7) to knock down
expression of Atg7. While non-specific RNA (nRNA)
induced little or no change in cellular Atg7 levels, with
siAtg7 knockdown of Atg7 expression greater than 60%
was routinely achieved (Fig. 6a). Individual replicate
experiments all showed knockdown in the range of
60-80% (data not shown). Neurons transfected with siAtg7
or nRNA were then treated with H,O, or STS, and moni-
tored for changes in nuclear morphology and cell death
(Fig. 6b). Cell death induced by H,O, was reduced in

@ Springer



3732

G. C. Higgins et al.

(b)
H,0, STS

Untr H,O, Untr STS
+ 3-MA +3-MA

(c)

oy

@2 100

-— @ *

E (4]

S_— 80

og ;

=2 60

- .o

=R

3 o 40 i

g (_l-) 20

TN |

@ W 0 - . - -

Z0 Untr H,0, H,0, H,0,

+3.MA  +2zVAD
Treatment

(d)

L 100

33

@ 80 A *

[ o

o8

=2 60

Ee

s f: 40

2o

D= 204

3t .|l mm ]

g™ |

Z0 0 T T T

Untr 5TS 5TS S5TS
+3-MA +2VAD

Fig. 4 Mobilization of GFP-LC3 from cytosol to autophagic vesicles
in primary cortical neurons treated with H,O, or STS. a Neurons
transfected with GFP-LC3, subsequently treated with H,O,. Images
represent: untreated (Untr); H,O, treatment; 3-MA treatment prior to
addition of H,0,. Images were taken with a x60 optical magnifica-
tion, with suitable electronic zoom to enable optimal visualization of
autophagic puncta. Bars represent 10 pm. b Neurons transfected with
GFP-LC3, subsequently treated with STS. Images are otherwise
indicated as in a. ¢, d Quantitative analysis of neurons scored for
localization of GFP-LC3 into puncta. Neurons scored as “localized
GFP-LC3” were identified by having a minimum of five fluorescent
puncta observed within a single cell. Data for each population thus
scored were determined as the mean percentage of cells with this
morphology (n = 100 for each population). Values shown in
histogram are mean + SEM of three independent experiments.
Asterisks indicate a significant difference (P < 0.05) in the mean
percentage of neurons scored with localized GFP-LC3, comparing
treated populations with or without 3-MA

neurons transfected with siAtg7, but not nRNA (Fig. 6 b,
c). Conversely, STS-induced cell death was not inhibited
following transfection with either siAtg7 or nRNA
(Fig. 6 b, c¢). These findings concurred with inhibition of
cell death observed in the presence of 3-MA, suggesting
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that autophagy as such, or key components of the autoph-
agy pathway, are not involved in the death of these
neurons.

In transfected neurons treated with either STS or H,O,,
nuclear morphology was studied as another index of cell
death. Nuclei were observed to become condensed in
H,0,-treated neurons and fragmented in STS-treated neu-
rons, respectively (Fig. 7a). Transfection with siAtg7
slowed the pattern of changes in morphology such that the
number of condensed nuclei was reduced at 4 h (~30%)
relative to the nRNA population for H,O,, but not at later
time points (Fig. 7b). However, for STS, siAtg7 failed to
affect the number of modified nuclei at all time points. We
further reason that nuclear modification occurs before loss
of plasma membrane integrity during PCD, thus knock-
down of Atg7 has only delayed H,O,-induced cell death
rather than completely suppressed it.

Knockdown of Beclin 1 suppresses H,O,
and STS-induced death

Another key autophagic protein, Beclin 1, located upstream
of Atg7 in the autophagy pathway, was also studied
because of its potential as a mediator between the auto-
phagic and apoptotic pathways [38, 39]. Expression of
BECNI was knocked down using siRNA (siBeclin 1), with
knockdown of approximately 60-90% being routinely
achieved (Fig. 8a). Cell death was suppressed in siBeclin
1-transfected neurons treated with either H,O, or STS
(Fig. 8b). Moreover, silencing of Beclin 1 suppressed
nuclear morphology changes in H,O,-treated neurons, but
not in those treated with STS (Fig. 8c). These findings,
after Beclin 1 suppression, confirm that autophagy as such
has a direct role in cell death induced by H,O, (as seen
with Atg7 suppression and 3-MA inhibition). In contrast,
the situation in STS-treated cells under Beclin 1 suppres-
sion is not so clear, as blockade of autophagy was not
expected to suppress cell death.

Moreover, silencing of Beclin 1 suppressed nuclear
morphology changes in H,O,-treated neurons (as expec-
ted), but not in those treated with STS (Fig. 8c). It is
therefore evident that Beclin 1 has a more complex role in
both autophagy and cell death (including apoptosis)
induced by STS, as considered below.

Discussion

This investigation employed various cellular and molecular
approaches to dissect the pattern of involvement of auto-
phagic mechanisms in neuronal injury [37]. Autophagy has
been much studied in the neurobiological context as a
process recruited because of the cellular presence of
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potentially cytotoxic misfolded proteins, especially a-syn-
uclein, f-amyloid and huntingtin, which potentially
threaten neuronal survival in pathological conditions [4,
40]. However, in the context of our novel findings on the
patterns of involvement of autophagy in neuronal injury, it
is timely to recall that autophagy is an adaptive and mul-
tifaceted process by which cells handle bioenergetic crises,

Fig. 5 Cell death in primary
cortical neurons induced by
H,0, or STS. Some neurons
were also pre-treated with
3-MA (or zVAD) as indicated.
Neurons were treated for 24 h
with stressors H,O, or STS, at
which time the extent of uptake
of PI into individual cells was
determined. a Upper row shows
images of cells stained with PI.
The second row shows DIC
imaging, in order to visualize
the total number of cells within
the same field. Images are
shown for untreated (Untr)
neurons and those treated with
H,0, or STS, and 3-MA, where
indicated. Bars represent

10 pm. b Quantitative analysis
of PI uptake under H,O,
treatment. Data for each
population scored represent the
mean percentage of cells scored
for PI uptake (n = 100 for each
population). Values shown in
the histogram are mean + SEM
of three independent
experiments. Asterisks indicate
a significant difference

(P < 0.05) in cell death,
comparing treated populations
with and without 3-MA.

¢ Quantitative analysis of PI 0

Pl uptake
(% total cells)

40

20 +

and which can be both cytoprotective and destructive
[2, 3]. A key finding of our work is that autophagic
mechanisms are activated in an insult-dependent manner
during neuronal injury and that the pattern of involvement
is different not only from a temporal perspective, but
importantly from a cell death perspective. While we found
that Beclin 1 is recruited to cell death involving both
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uptake under STS treatment. Untr H,0, H;0, H.0,
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Fig. 6 Cell death in H,O,- (a) Ctrl
treated and STS-treated primary
cortical neurons transfected
with nRNA or siAtg7.

a Western immunoblots of Atg7
in cell lysates; f-actin is shown
as loading control. Lanes
indicate untransfected control
(Ctrl), and cells transfected with
nRNA or siAtg7. Sizes of
proteins visualized (kDa) are
indicated at right.
Representative gel shown here
indicates >80% suppression of
Atg7 expression by siAtg7.

b Images of PI uptake in
transfected cortical neurons
after treatment with either H>,O,
or STS for 24 h. DIC images are
provided to visualize the total !
number of cells in each field. DIC &
Bars represent 10 um.

¢ Quantitative analysis of PI
uptake in transfected cells after
treatment with H,O, or STS.
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experiments using siRNA (see
text), similar data obtained from
three replicate experiments were
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PCD-type I and -type II, the mode of involvement of the
autophagy process itself is not always destructive in rela-
tion to cell death.

H,0,-treated neurons displayed autophagic cell death,
in that caspase activity was absent, and cell death was
found to be directly dependent on both Beclin 1 and Atg7,
and was inhibited by 3-MA (Fig. 9). Thus, the autophagic
pathway is activated as PCD-type II, apparently to expe-
dite elimination of non-viable neurons. Conversely, STS-
treated neurons were shown to be apoptotic with caspase
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*%

H,O, STS
4 12 24 4 12 24
Time (h)

activation. While the autophagic pathway was activated by
STS, it was shown not to contribute to cell death (Fig. 9)
(discussed in more detail below). This finding suggested
that the autophagic pathway is recruited in a cytoprotec-
tive manner in response to STS treatment. However, STS
was also shown to have a dependence on Beclin 1
recruitment for inducing cell death. This finding indicated
that Beclin 1 may in fact have dual roles, acting in both
apoptosis and autophagy, as has been recently reported by
others [41].
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Fig. 7 Changes in nuclear morphology in H,O,-treated and STS-
treated primary cortical neurons transfected with nRNA or siAtg7.
a Nuclear morphology revealed by DAPI staining of neurons after
STS or H,O, treatment for 24 h. Images are shown for untreated
(Untr) neurons and those treated with either H,O, or STS. Neurons
transfected with nRNA show the same features as for those treated
with stressors but not transfected (data not shown). Nearly all nuclei
were condensed after H,O, treatment; a mixture of fragmented
(arrows) and condensed nuclei was found after STS treatment. Bars

Caspase-independent cell death following H,O, insult
requires autophagic machinery in C57/Black 6 J
cortical neurons

Acute oxidative stress, such as that following ischemic
reperfusion injury during stroke can invoke a necrotic-like
cell death that is devoid of caspase activity at the core or
center of infarction [23, 24, 42]. We have previously shown
that following acute H,O, insult, cortical neurons from
C57 Black/6 J mice undergo programmed necrosis (PCD-
type III) that is independent of effector caspase activity
(specifically caspase-3 and caspase-7) [26]. Here we show
that the lack of caspase-3 and caspase-7 activity is the
result of these caspases not being cleaved following H,O,
treatment. In non-neuronal cells the lack of caspase activity
following oxidative stress has been attributed to oxidation
of the thiol group within the active cysteine [43, 44].
However, the lack of cleavage of procaspase-3 and pro-
caspase-7 following H,O, treatment suggests that the
absence of caspase-3 and caspase-7 activity is not due to

Time (h)

represent 10 um. b Quantitative analysis of changes in nuclear
morphology in transfected cells after treatment with H,O, or STS.
The term “modified” here encompasses nuclei scored as condensed or
fragmented. Note that the prevalence of modified nuclear morphology
after STS treatment observed here at 24 h (~50%) is close to that
previously observed [26]. Black bars, nNRNA; white bars, siAtg7. For
H,0,, siAtg7 exerted a significant effect relative to nRNA
(P < 0.0001), and asterisk indicates time point where there was a
significant difference (*P < 0.01)

oxidation of the active cysteine, but results from a defect
further upstream in the cell death pathway. One possibility
is that H,O, is indirectly blocking caspase-3 and caspase-7
activation by inducing iron-mediated inhibition of procas-
pase-9 [45], or depletion of ATP required for proteolytic
activation of caspase-9 [46]. We show that caspase-9 is
active following STS, but not H,O, insult, which probably
explains the lack of activity of downstream effector
caspase-3 and caspase-7 under oxidative stress.

Minimal caspase activity following H,O, treatment
alludes to an alternative cell death pathway other than
apoptosis under these conditions (c.f. [31]). Certainly,
evidence exists for oxidative stress inducing autophagic
cell death in transformed and cancer cell lines [47, 48]. We
established that following H,O, insult, autophagic activity
is elevated as determined by monitoring the formation of
autophagic vesicles incorporating GFP-LC3. This result
could be due to inhibition of the cysteine protease Atg4,
which would promote lipidation of LC3 [49]. Specifically,
the Cys77 residue of Atg4 has been shown to be a direct
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Fig. 8 Cell death and changes in nuclear morphology in H,0,-
treated and STS-treated primary cortical neurons transfected with
nRNA and siBeclin 1. a Western immunoblots of Beclin 1 in cell
lysates; f-actin is shown as loading control. Lanes indicate untrans-
fected control (Ctrl), and cells transfected with nRNA or siBeclin 1.
Sizes of proteins visualized (kDa) are indicated at right. Represen-
tative gel shown here indicates >80% suppression of Beclin 1
expression by siBeclin 1. b Quantitative analysis of PI uptake in
transfected cells after treatment with H,O, or STS. Other indications
are as for Fig. 6. ¢ Quantitative analysis of changes in nuclear
morphology in transfected cells after treatment with H,O, or STS. For
b, ¢, black bars, nRNA; white bars, siBeclin 1. Results shown here
report triplicate analyses within a single experiment. Due to the
variation in Beclin 1 suppression achieved between experiments
(see text), similar data obtained from three replicate experiments were
not combined for quantification here. Other indications are as for
Fig. 7. Asterisks indicate time points where there was a significant
difference between nRNA and siBeclin 1 populations (b, *P < 0.001,
**P < 0.01; ¢, *P < 0.05, ** P < 0.001)

target for oxidation by H,O, resulting in the inhibition of
its protease activity.

Formation of autophagic vesicles incorporating
GFP-LC3 was blocked by the autophagic inhibitor 3-MA.
Furthermore, 3-MA also inhibited H,O,-induced cell death,
suggesting PCD-type II occurs under these conditions.
These data concur with similar studies recently undertaken
on cerebellar granular neurons [50]. We confirmed the
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involvement of autophagy in neuronal cell death by inhib-
iting cell death through the knockdown of both Beclin 1 and
Atg7. We conclude that autophagy, or at least a component
of the autophagic process, has a role in neuronal cell death
under oxidative stress.

Elevation of autophagic activity under stress does
not always result in cell death

Autophagic activity was also elevated following STS
treatment, but only after 24 h. Formation of autophagic
vesicles was inhibited by pre-treatment with 3-MA. How-
ever, unlike in H,O,-treated neurons, 3-MA did not inhibit
cell death after STS treatment. Knockdown of Atg7
also did not inhibit cell death. While it is evident that
autophagic activity is amplified in STS-treated cells, it
apparently has no role in cell death. Together, these
observations raise the possibility that under these condi-
tions autophagy is acting as a protective mechanism in an
attempt to rescue neurons from death. Similar scenarios
have been reported in neurons whereby misfolded proteins
are cleared by the autophagy process [51]. Our findings
show that for STS, caspase-3 is cleaved, a hallmark of
classical neuronal apoptosis. However, caspase-7 was not
activated. While caspase-7 has been shown to have a role
in neuronal apoptosis in caspase-3-null mice [52], it is most
likely not required when caspase-3 is available to act as the
primary effector caspase. Our findings indicate that under
conditions that are favorable for induction of apoptosis,
such as with STS treatment, these cortical neurons do not
invoke PCD-type II.

Dependence of PCD-type II on Atg7

Atg7 has generally been considered an essential component
of the autophagy pathway in mammals. Atg7 is responsible
for activating LC3-I and Atgl2 during early formation of
the isolation membrane or phagophore during macroauto-
phagy [36]. Our findings showed that knockdown of Atg7 in
cortical neurons blocked PCD-type-II following H,0,
treatment, suggesting Atg7 has a critical role in the acti-
vation of autophagic cell death. Recently, however, an
alternative autophagy pathway has been reported that does
not require AtgS or Atg7 for activation in non-neuronal
mammalian cells [53]. Moreover, this alternate pathway did
not involve the conversion of LC3-I to LC3-II for auto-
phagosome formation. Atg5/Atg7-independent autophagy
is thought to act under certain stressors and in different cell
types, although the teleology of this alternate form of
autophagy remains unclear. Evidently the autophagy we
observed under H,O, insult was the more canonical form
that is dependent on Atg7. It is worth noting that while
STS-induced cell death could not be inhibited by Atg7
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Fig. 9 Schematic
representation of autophagic

HZOZ

STS

and cell death events in primary
cortical neurons treated with
H,0, and STS. Solid arrows
represent events that have been
empirically defined in the
present work. X (red) indicates
steps that are not invoked under
indicated treatment. Dashed

Autophagy

Cell Death*
Ca%ase—s
\/

Pro-caspase-3 %Caspases

Cell Death**

Caspase-9
1

Autophagy

v

Pro-caspase-3 —Jp Caspase-3
1

arrows (blue) represent events Beclin 1 Beclin 1 :

that are known to occur in these = — v

types of treated cells, as “« Nuclear « Nuclear
demonstrated by other studies Atg 7 Modification Atg 7 Modification
(references cited in text). : :

Programmed necrosis, as | |

mentioned under the left panel v Loss of v Loss of
(H,0,), was previously LC3-1—p-LC3-lI Plasma Membrane LC3-I—pLC3-ll Plasma Membrane
characterized in these neurons Integrity Integrity

[26]

*Combination of autophagic death with

programmed necrosis

knockdown, evidence of LC3-II formation and the inhibi-
tion of puncta formed by GFP-LC3 with 3-MA indicates
that the canonical pathway of macroautophagy was also
being invoked following STS treatment.

Dual roles for Beclin 1 in neuronal cell death

The autophagy protein Beclin 1 has been implicated as an
intermediary protein between apoptosis and autophagy
because of its BH3-like domain [38]. In autophagy, Beclin
1 forms part of a complex that is essential for formation of
the autophagosomal membrane [1]. Beclin 1 has also been
shown to interact with Bcl-X; [38], although the exact
teleology of this interaction remains unclear. Caspase-
mediated cleavage of Beclin 1 has also been reported to
amplify mitochondrion-mediated apoptosis [41]. In our
work we knocked down Beclin 1 in an attempt to establish
whether this protein was essential for PCD-type II.

In H,O,-treated neurons, Beclin 1 knockdown prevented
changes in nuclear morphology and cell death. This finding
is consistent with the view that autophagy directly con-
tributes to cell death (PCD-type II). We have previously
shown that redistribution of Endo G from mitochondria is
an essential component of programmed necrosis in cortical
neurons treated with H,O, [26]. Thus, a tentative conclu-
sion might be that, under H,O, treatment, Beclin 1 may act
as a key mediator between PCD-type II and PCD-type III,
acting upstream of Atg7 and possibly Endo G, but this
remains to be verified. However, in the case of STS, we
showed that PCD-type II is not invoked (on the basis of
Atg7 suppression and 3-MA treatment having little or no
effect on cell death; see Fig. 9), yet Beclin 1 knockdown

**Almost exclusively apoptosis

inhibited cell death. Given that we have previously estab-
lished [26] that STS induces apoptosis in these neurons,
this result might suggest that Beclin 1 is acting in PCD-
type I, at least in part. Nevertheless, in neurons treated with
STS, changes in nuclear morphology occurred in spite of
Beclin 1 suppression (as represented in Fig. 9). While
Beclin 1 suppression blocked cell death (monitored by PI
uptake) at early time points, by 24 h 40% of cells had died,
indicating that cell death may not have been completely
blocked but rather delayed. Hence, it is possible that Beclin
1 may be acting here in an auxiliary capacity promoting
PCD-type L. In this context, caspase-mediated cleavage of
Beclin 1 has recently been reported by others to enhance
apoptosis [41]. However, Beclin-1 was not found to be
cleaved in these neurons after STS treatment (data not
shown). While caspase activity has been reported here,
only a low number of neurons were scored positive for
caspase-9 and -3 activity [26] relative to the total number
of dead cells after 24 h. Thus, it is possible that another
caspase-independent pathway to cell death may be opera-
tive within a subpopulation of STS-treated neurons [54],
without involvement of Beclin 1. Overall, the differential
involvement of Beclin 1 and Atg7 highlights the com-
plexity of neuronal cell death and the significance of
interaction between the different types of cell death.

Relationship between PCD-type 11
and other PCD pathways

Cross-talk has previously been reported to exist between

apoptosis and autophagy [39, 55]. This apparently para-
doxical link brings about tension in cellular decisions
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leading either to life or death. However, it is now apparent
that cross-talk between cell death pathways may be an
essential part of cellular termination if one pathway is
impeded. In the cortical neurons studied here, exposure to
H,0, appears to block the activation of caspases, essen-
tially disrupting recruitment of the classical apoptotic
signaling pathway. Hence, cells must invoke an alternative
cell death pathway, such as PCD-type II.

Our system is complex in yet another sense, as we have
previously shown that programmed necrosis (PCD-type I1I)
occurs following H,O, insult. Thus, we now suggest the
possible existence of cross-talk between PCD-type II and
PCD-type III, in line with the more general concept of
cross-talk between cell death programs such as that which
is thought to exist between PCD-type I and PCD-type II
[39, 56-58]. Recently it has been reported that autophagy-
dependent necroptosis (a subtype of programmed necrosis
[59]) occurs in childhood acute lymphoblastic leukemia
cells to overcome glucocorticoid resistance [60]. Thus, a
similar type of scenario may be manifested in these cortical
neurons in response to oxidative stress. However, we noted
that while knockdown of Atg7 blocked cell death, it failed
to impact upon changes in nuclear morphology associated
with cell death. This observation suggests that interde-
pendence may exist between PCD-type II and PCD-type III
under H,0, insult, where each of these pathways is
responsible for invoking certain cellular characteristics
independently.

Perspectives on autophagic cell death in neurons

Acute oxidative stress has long been recognized as an
initiator of caspase-independent cell death, previously
thought of as unregulated necrosis. In pathological settings
such as stroke, arresting cell death at the center of infarc-
tion, where the most severe neuronal damage occurs, has
posed the greatest challenge. Current thinking considers
that cell death at the “necrotic core” may not necessarily
be unregulated necrosis. Further detailed investigation is
warranted to establish whether the cell death outcome at
the core of infarction is, in fact, unregulated necrosis or
whether it encompasses other types of cell death, including
PCD-type II and -type III. Indeed, there is an emergent
literature showing that autophagic mechanisms contribute
to hypoxic-ischaemic injury [42].

The present study has demonstrated that under oxidative
stress, generated by H,0,, invokes a cell death that is
dependent on autophagy in the absence of caspase activa-
tion. Furthermore, our findings suggest that autophagy acts
as an alternative form of death to apoptosis and that it is
capable of interacting with other types of cell death such as
programmed necrosis. These issues and the interdepen-
dence of cell death pathways require considerable attention
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and are directly relevant to the pharmacotherapy of neu-
ropathologies [22].
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