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Abstract
Neuronal apoptosis following ischemia can be mediated by a caspase-dependent pathway, which
involves the mitochondrial release of cytochrome c that initiates a cascade of caspase activation. In
addition, there is a caspase-independent pathway, which is mediated by the release of apoptosis-
inducing factor (AIF). Using caspase-inhibitor gene therapy, we investigated the roles of caspases
on the mitochondrial release of cyt c and the release of AIF. Specifically, we used herpes simplex
virus-1 amplicon vectors to ectopically express a viral caspase inhibitor (crmA or p35) in mixed
cortical cultures exposed to oxygen/glucose deprivation. Overexpression of either crmA or p35 (but
not the caspase-3 inhibitor DEVD) inhibited the release of AIF; this suggests that there can be cross-
talk between the caspase-dependent and the ostensibly caspase-independent pathway. In addition,
both crmA overexpression and DEVD inhibited cyt c release, suggesting a positive feedback loop
involving activated caspases stimulating cyt c release.
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Introduction
Neuronal ischemia begets an energy crisis that is exacerbated by a buildup of synaptic
excitatory amino acid (EAA) neurotransmitters. This buildup of EAAs (predominantly
glutamate) leads to excessive calcium influx which can initiate a cascade resulting in necrotic
death or induction of apoptotic pathways through disruption of mitochondrial function [14].
Though necrosis characterizes most neuron death post-ischemia, death in the penumbra region
has been shown to be mostly apoptotic [29] and possibly to have the greatest potential for
effective treatment [5,23,24].

The induction of apoptosis by EAAs is inextricably linked to mitochondrial disruption [25]
and the release of two crucial proapoptotic proteins - cytochrome c (cyt c) and the more recently
characterized flavoprotein, apoptosis-inducing factor (AIF) [26]. The two operate, mostly,
along separate pathways. Cyt c induces apoptosis through a caspase protein cascade [4] a
caspase-dependent pathway. Whereas, after mitochondrial release, AIF translocates to the
nucleus where it binds with DNA, inducing chromatin condensation and DNA fragmentation
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[6,8,9,26]. Along with other proteins, it may also act as a potent DNAase. Both functions can
lead to DNA degradation and apoptosis [4] in a caspase-independent manner.

Despite the apparent separation of the caspase-dependent and independent pathways, there is
evidence of crosstalk between the two [8]. Caspases and the caspase activated proteins t-Bid
and Eg1-1 can trigger the release of AIF from the mitochondria [12,17], while the release of
AIF is suppressed by caspase inhibitors such as zVAD-fmk [1,8,12,17,28]. These latter data
support the occurrence of both crosstalk and feedback as complications in the understanding
of caspase-dependent and independent pathways.

In this study, we inhibit caspase activity through a gene therapy or a pharmacological route,
in order to investigate the effects of such inhibition on the release of cyt c and AIF. This
inhibition allows for further investigation of crosstalk between the caspase dependent and
independent pathways and whether feedback by caspases is a factor in the release of cyt c.

Materials and Methods
Culture preparation

Cortical cultures were prepared from day 18 fetal Sprague-Dawley rats by standard techniques
[2]. Tissue was treated with papain (Worthington, Lakewood, NJ) and dissociated through an
80μm cell strainer and resuspended in modified MEM media (Tissue Culture Facility UCSF,
CA) supplemented with 10% horse serum (HyClone, Logan, Utah). Cells were plated at 1.2 ×
105 cells/cm2 on coverslips coated with poly-D-lysine (Sigma, St. Louis, MO). Under these
conditions, cultures are 20–30% neuronal. Experiments were conducted on days 10–12 of
culturing.

Vector and Viral Preparations
Herpes simplex virus-1 amplicon vectors containing β-gal as a reporter gene and the gene for
one of the viral caspase inhibitors, crmA (from cowpox virus) or p35 (from baculovirus), were
constructed as previously reported [18]. Control vectors expressed β-gal alone. Plasmids were
inserted into HSV-1 amplicon containing crmA and P35 were generated using standard
methods [10]. The Viral titers were ~0.8–2 × 107 particles/mL.

Translocation of cytochrome c and AIF release post-OGD with viral vectors and DEVD
Cells on coverslips were infected with 10,000 viral particles/cover slip (constant MOI of 0.03)
with indicated vector preparations and incubated for 18–24 hours as described [27]. Under
these conditions, 45% of neurons and 5% of glia were infected [18]. Cells were exposed to
oxygen/glucose deprivation (OGD-treated cultures) by replacing cell media with 0mM glucose
MEM (made in-house) and incubating in an anaerobic environment of 90% nitrogen, 5%
CO2 and 5% hydrogen for 3 hours followed by 3 hours of normoxic/normoglycemic conditions
before fixation in cold methanol. In control cultures, media was changed to MEM containing
5mM glucose and left in normoxic conditions. Numbers of cells between the control and
experimental wells did not differ (data not shown) with this insult protocol. In addition, cells
were exposed to caspase-3 inhibitor I (DEVD) (Calbiochem, EMD Biosciences, San Diego,
CA) at 1nM (this dose most robustly inhibited cyt c release) in DMSO in lieu of viral infection
following the procedure described above. The higher concentration of DEVD (1uM) was
neurotoxic for the cell culture. Experiments were repeated at least three times.

Cytochrome c staining
Cold methanol-fixed cultures were treated with Triton X (0.2% in PBS) for 30 minutes and
blocked with 3% bovine albumin serum in Triton X (0.2% in PBS) for 30 minutes before
addition of primary anti-cytochrome c antibody (1/200 dilution) (BD Pharmingen, San Jose,
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CA) in 0.1% Triton X 1% BSA in PBS for 24 hours. Secondary biotinylated antigoat antibody
was conjugated to FITC (1/200 dilution) (Vector, Burlingame, CA) and added in 0.1% Triton
X 1% BSA in PBS for 18 hours. Nuclei were visualized with DAPI staining.

AIF Staining
Cold methanol-fixed cultures were blocked in 5% milk and 5% rabbit serum in PBS (blocking
solution) for 1 hour and then treated with Triton X (0.2% in PBS) for 10 minutes before addition
of the primary antibody anti-AIF (1/200 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA)
in blocking solution for 24 hours. Secondary antibody biotinylated antigoat conjugated to FITC
(1/200 dilution) (Vector, Burlingame, CA) in blocking solution was then added for 18 hours.
Nuclei were visualized with DAPI staining.

Assays and Data Analysis
Using a representative sample of 30 images per coverslip, the amount of cytochrome c or AIF
was detected using an Olympus IX70 Fluorescent Light Microscope and Metamorph Imaging
Software (Molecular Devices, Sunnyvale, CA). Data were collected in the form of total
antibody (anti-cytochrome c or anti-AIF)/FITC fluorescence (490 nm). As a control for
background fluorescence, fluorescence intensities of cultures lacking primary antibody but
stained with FITC secondary antibody were subtracted from intensity images of cultures
stained with anti-cytochrome c or anti-AIF. From subtracted images, the amount of cytochrome
c or AIF release was determined using in-house journals (automated computer analysis) within
Metamorph. Intensity values were corrected for number of cells/field. The intensity value
obtained for the OGD-treated cells was expressed as a percentage of the value obtained for
control-treated cells (normoxia/normoglycemia). Fig. 1 is a representative sample of staining
and demonstrates the differences in total fluorescence obtained with different treatments, that
could be used to calculate the release of cyt c and AIF into the cytoplasm.

Statistics
Statistical analysis was done using one-way ANOVA on SigmaStat program (Jandel, San
Rafael, Ca), following by Tukey post-hoc test.

Results
OGD treatment alone resulted in an increased translocation of AIF, but overexpression of the
caspase inhibitor crmA or p35 completely inhibited OGD-induced AIF release (p<.05 versus
B-gal controls; n.s. versus normoxia/normoglycemia) (Fig 2), even though they are thought to
be relevant only to the caspase-dependent pathway. Differences in amount of staining of
control, Bgal, OGD/Bgal and OGD/p35 are shown in Fig 1. Previously, we showed transfection
efficiency with plasmid expressing Bgal alone − 50% of neurons and 5% of glia were infected
[27]. Given this result, we treated cultures with the caspase-3 inhibitor DEVD. Both control
and DEVD-treated cultures exposed to OGD showed an increase in AIF release (p <.05) as
compared to normoxic/normoglycemic cultures. There was no significant difference in AIF
release between the control and DEVD cultures. Therefore, DEVD failed to reproduce the
inhibition of AIF release by crmA or p35 (Fig 3). In both cases there was no significant
difference in the number of cells at the end of the treatment between control and experimental
(data not shown). Cyt c release was triggered by OGD, and this was completely blocked by
overexpression of crmA (p < .05 versus B-gal control; n.s. versus normoxia/normoglycemic);
in contrast, p35 offered no protection (Fig 4). However, DEVD completely blocked OGD-
induced, cyt c release (Fig 5).
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Discussion
Two separate apoptotic pathways, caspase-dependent and caspase-independent that are
mediated by the release of cyt c and AIF respectively are involved in ischemic injury. Using
gene therapy approaches, we determined the effects of expression of the viral caspase inhibitors
crmA and p35 on the release of these apoptotic initiators. CrmA is a cytokine response modifier
in cowpox virus which inhibits caspases 1 and 8 [15,16], while p35, found in baculovirus,
inhibits caspases 1, 3, 6, 7, 8, and 10 [3,30]. The expression of apoptosis-inhibitors by viruses
has been interpreted as a defense mechanism against host organism to engulf and kill infected
cell. We have shown previously that crmA and p35 can protect against heat shock and domoic
acid, but not against kainic acid or aglycemia [18].

In the present study, expression of crmA or p35 inhibited AIF release in OGD-treated cortical
cultures, suggesting that activated caspases triggered AIF release. There is precedent for such
cross-talk between the caspase-independent and dependent pathways [8]. As reviewed in the
Introduction, activated caspases can trigger, and caspase inhibitors can suppress mitochondrial
release of AIF in cell lines. AIF might also be more efficient in the presence of an apoptotic
inducer [13,27]. In contrast, we observed that DEVD failed to inhibit AIF release. Thus, if
crosstalk is occurring in the present case, it perhaps is through caspases inhibited by crmA and
p35, but not by DEVD. AIF can be released by activated caspase 8 [26], and both crmA and
p35 inhibit caspase 8. In contrast, DEVD used in this study is primarily a caspase 3 inhibitor
and only weakly inhibits caspase-8 (see manufacturer information).

There may be another interpretation of these data. The inability of DEVD to mimic the effects
of crmA and p35 presents the possibility that crmA and p35 are protecting upstream of AIF
release. Formation of the permeability transition (PT) pore in mitochondria resulting in the
release of AIF and cyt c [26] is crucial to initiating apoptosis. CrmA and p35, but not DEVD
maintain mitochondrial potential and ATP availability, [20] thus inhibiting PT formation
[26] and preventing AIF leakage from the mitochondria.

The generation of reactive oxygen species (ROS) following an excitotoxic insult is a critical
step in the subsequent apoptosis, and p35’s inhibition of AIF release may reflect its ability to
inhibit ROS generation (which is hypothesized to be due to its protein structure of aminothiols
and its ability to bind metals) [21]. Whether crmA or DEVD have similar anti-oxidant activities
is unknown; if crmA did not and/or DEVD did, it would eliminate the inhibition of ROS
generation as an explanation for the differential effects of crmA and p35 versus DEVD.

As a second finding, crmA expression or DEVD administration but not p35, blocked OGD-
induced cyt c release. This suggests that the seemingly unidirectional cascade leading from cyt
c release to caspase activation contains, instead, a positive feedback loop, whereby activated
caspases trigger further release of cyt c. As discussed above, there is evidence that caspase 2,
the tumor suppressor protein P53 cleaved by caspases and caspase 3 and 7 are all involved in
a feedback loop resulting in release of cyt c [11,17,22]. Such a loop could theoretically involve
activated caspase acting directly upon mitochondria, or through indirect means.

Of note, while crmA inhibited cyt c release, p35 failed to do so. Of relevance, the actions of
the two are not identical; for example, overexpression of p35, but not crmA decreases
hippocampal excitotoxicity [19], and in apoptin-induced apoptosis in virally-exposed tumor
cells, p35 decreases apoptosis without decreasing cyt c release, whereas crmA did the opposite
[7]. Thus, while crmA- and p35-targeted some of the same caspases, they may do so to different
degrees. Treatment of DEVD decreased cyt c release, implicating caspase-3 in the process. Of
note, higher concentrations of DEVD were neurotoxic, suggesting that excessive inhibition of
apoptosis might increase necrotic death, highlighting the protective effect of apoptosis in
minimizing injury to neighboring cells [18].
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Apoptotic pathways are complex networks of feedback loops, activators and inhibitors. The
current data expand information concerning apoptosis so that eventually there will be sufficient
knowledge to afford opportunities for therapeutic intervention in the crucial hours post-stroke.
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Fig 1.
Representative images of AIF staining in cortical cultures showing the differences in the
amount of fluorescence between control and experimental cells. 1A) DAPi staining of the
nuclei of control cells 1B) AIF staining of control cells, not treated with OGD 1C) overlaid
staining of AIF and DAPi, 2A) DAPi staining of the nuclei of cells treated with βgal without
OGD 2B) AIF staining of βgal treated cells 2C) Overlaid staining of AIF and DAPi 3A) DAPi
staining of the nuclei of OGD treated cells 3B) AIF staining of OGD treated cells 3C) overlaid
staining of AIF and DAPi, 4A) DAPi staining of OGD and p35 treated cells 4B) AIF staining
of OGD and p35 treated cell 4C) Overlaid staining of AIF and DAPi.
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Fig 2.
Effect of overexpression of crmA and p35 on AIF translocation. In control cultures, OGD
increased AIF translocation 100% (relative to normoxic/normoglycemic cultures expressing
reporter gene), whereas overexpression of crmA or p35 entirely blocked AIF translocation
(relative to normoxic/normoglycemic cultures expressing either crmA or p35). n=16 to 20
** p<0.01 as compared to normoxic/normoglycemic cells treated with βgal.
# p<0.05 as compared to βgal/OGD.
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Fig 3.
Effect of DEVD on AIF release. OGD treatment caused a significant increase in AIF
translocation. 1nM DEVD provided no protection against OGD-induced AIF release. *
Significantly different from control (p<0.05). n=16 to 20.
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Fig 4.
Effect of overexpression of crmA or p35 on cytochrome c release. There was no significant
difference between normoxic/normoglycemic wells treated with the different vectors, so they
are represented as one point on the graph and all set to zero (All vectors). In control cultures,
OGD increased cyt c release 50% (relative to normoxic/normoglycemic cultures expressing
reporter gene); crmA, but not p35, blocked such cyt c release (relative to normoxic/
normoglycemic cultures overexpressing crmA or p35). n=16–20
* p=0.05 as compared to normoxic/normoglycemic cells treated with βgal
# p<0.05 as compared to βgal/OGD.
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Fig 5.
Effect of DEVD on cytochrome c translocation. Under OGD conditions with 0nM DEVD,
there was a significant increase in cytochrome c translocation as compared with control
conditions (normoxic/normoglycemic 0nM DEVD). 1 nM DEVD blocked OGD-induced cyt
c release, relative to normoxic/normoglycemic controls. n=16 to 20.
* Significantly different from control (p<0.05).
# Significantly different from 0nM DEVD (p<0.05).
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Fig 6.
Summary graph demonstrating inhibition of cyt c release by crmA and DEVD. AIF release
was blocked by crmA and p35 but not by DEVD. There is the cross-talk between caspase-
dependent and caspase-independent pathways.
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