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Abstract

Global brain ischemia/reperfusion induces neuronal damage in vulnerable brain regions, leading to
mitochondrial dysfunction and subsequent neuronal death. Induction of neuronal death is mediated
by release of cytochrome ¢ (cyt ¢) from the mitochondria though a well-characterized increase in
outer mitochondrial membrane permeability. However, for cyt cto be released it is first necessary
for cyt cto be liberated from the cristae junctions which are gated by Opal oligomers. Opal has
two known functions: maintenance of the cristae junction and mitochondrial fusion. These roles
suggest that Opal could play a central role in both controlling cyt ¢ release and mitochondrial
fusion/fission processes during ischemia/reperfusion. To investigate this concept, we first utilized
in vitro real-time imaging to visualize dynamic changes in mitochondria. Oxygen-glucose
deprivation (OGD) of neurons grown in culture induced a dual-phase mitochondrial fragmentation
profile: (i) fragmentation during OGD with no apoptosis activation, followed by fusion of
mitochondrial networks after reoxygenation and a (ii) subsequent extensive fragmentation and
apoptosis activation that preceded cell death. We next evaluated changes in mitochondrial dynamic
state during reperfusion in a rat model of global brain ischemia. Evaluation of mitochondrial
morphology with confocal and electron microscopy revealed a similar induction of fragmentation
following global brain ischemia. Mitochondrial fragmentation aligned temporally with specific
apoptotic events, including cyt crelease, caspase 3/7 activation, and interestingly, release of the
fusion protein Opal. Moreover, we uncovered evidence of loss of Opal complexes during the
progression of reperfusion, and electron microscopy micrographs revealed a loss of cristae
architecture following global brain ischemia. These data provide novel evidence implicating a
temporal connection between Opal alterations and dysfunctional mitochondrial dynamics
following global brain ischemia.
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Introduction

Patients who are successfully resuscitated following cardiac arrest often suffer serious
neurologic complications that limit survival and/or functional recovery. The cerebral
consequences of transient global ischemia are often quite severe and selectively damage
vulnerable brain regions, including the pyramidal neurons of the CA1 hippocampus. The
specific molecular mechanisms by which CA1 neurons die are not completely understood,
however it is well-established that mitochondria play a central role in cell demise [1-3].

Release of cyt ¢ from the intermembranous space of the mitochondria is a critical step in
apoptosis induction and is generally thought to be controlled by increased permeability of
the outer mitochondrial membrane to allow cyt cto cross into the cytosol. Release of cyt ¢,
however, is a highly regulated process that requires more than outer membrane
permeabilization [4]. Under normal conditions, over 85% of cyt cis confined within the
cristae folds of the inner mitochondrial membrane by protein complexes that maintain
cristae junctions.

The cristae junctions are composed of complex oligomers of short and long isoforms of
Opal and the balance of these isoforms dictates the structure or “tightness” of the cristae
junction [5,6]. Disruption of cristae junctions (i.e. Opal complexes) has been shown to be
triggered by intrinsic apoptosis activation and is central for cyt crelease independent of
outer membrane permeabilization [5-7]. We have previously shown that in neurons Opal is
released into the cytosol following both oxidative injury and OGD/reoxygenation in vitro
[8,9]. In these studies, proteolytic processing of Opal, Opal oligomeric breakdown, and
Opal release was observed with cyt crelease. Evidence of a central role for Opal regulation
in cerebral injury has also been shown in models of focal ischemic insults to the neonate
[10] and adult brain [11].

In addition to the role of Opal in maintenance of the cristae junction, it is also well-
established that Opal is an indispensable component of the mitochondrial fusion machinery.
Proteolytic processing and altered expression of Opal isoforms have been shown to play key
roles in mitochondrial fusion, with disruptions in Opal isoforms promoting a mitochondrial
fission phenotype [4,12]. Evidence supporting a post-ischemic increase in mitochondrial
fragmentation was provided by mitochondrial-YFP reporter mice exposed to brain ischemia
[13]. Indeed, mitochondrial fragmentation was observed following ischemia in the regions
surrounding the CA1 pyramidal neurons in the striatum radiatum and striatum oriens of the
CAL. However, due to imaging limitations, mitochondrial dynamics in the pyramidal neuron
cell bodies of the CA1 were not reported. These data from our group and others lead us to
hypothesize that Opal could be playing a central role in regulating cell death after global
brain ischemia, and could be involved in post-ischemic mitochondrial fragmentation. Here,
we proposed that the release of cyt ¢ following global brain ischemia would be associated
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with disruption of Opal oligomers, thereby disrupting the balance of fusion and fission to
promote mitochondrial fission and cell death.

HT22 murine hippocampal neurons were used for all in vitro experiments and were kindly
provided by Dr. David Schubert (The Salk Institute, La Jolla, CA). Cells were transfected
with mito-GFP plasmids (mitochondria-GFP: AcGFP1-Mito 632432, ClonTech) for 24
hours utilizing opti-MEM media and 239fectin transfection reagent (Invitrogen). Cells were
plated on glass-bottom culture dishes and experiments were conducted in a microscope
chamber (Zeiss/PeCon). Baseline measurements were taken under normoxic conditions and
cells were subjected to 45 minutes of oxygen-glucose deprivation (OGD) by bubbling
glucose-free media in a sealed flask with 95% N/5% CO,, then perfusing the media
through a sealed system into the culture dish, exchanging the normal media with ischemic
media at a rate of 0.5 mL/min. Pericellular O, was further reduced by active gas exchange
using gas-permeable tubing (Teflon AF2400) connected to a gas mixer. Importantly, control
experiments confirmed that the gas exchange protocol did not cause bubbling of the media
or mechanical disruption of the cells. After the 45 minute OGD insult, a second controlled
exchange was performed, restoring normoxic and high-glucose media to the cultures. To
monitor cell death caused by apoptosis, the substrate-based caspase-3/7 assay Magic Red®
(MR-(DEVD),) was added to media. MR-(DEVD), fluoresces red (emission at 610 nm)
when it is cleaved by active caspase-3/7. Cells were visualized at 40x for mito-GFP and for
MR-(DEVD), activation. Exposures were taken every 30 seconds for the duration of the
experiment (approximately 5 hours). The z-stacks were set with images collected per 1 pm
optical section. Volocity software (Perkin EImer) was used for image acquisition. Images
were evaluated as z-projections for changes in mitochondrial morphology. Mitochondrial
morphology was qualitatively assessed by applying a scoring system ranging from 1-5. A
score of 1 denoted completely punctate or fragmented mitochondria (>90% fragmented),
while a score of 5 represented mitochondria that are fully fused into a webbed network or
long interconnected mitochondria. Intermediate fission/fusion states were given scores
ranging from 2—4 depending on the balance of these phenotypes, as depicted in
Supplementary Figure 1. Cells in multiple regions of interest were randomly selected to be
analyzed and scored, frame-by-frame over the entirety of each experiment.

Animal Model

Animal experiments in this study were approved by the Wayne State University Institutional
Animal Care and Use Committee and conform to the guidelines presented in the National
Research Council’s Guide for the Care and Use of Laboratory Animals, 81 Edition. Global
brain ischemia of 8-minute duration was induced using bilateral carotid occlusion and
hypotension as originally described by Smith et. a/. [14] with modifications by Sanderson et.
al. [15,16]. Male Sprague-Dawley rats weighing 325 to 375 grams were anesthetized with
isofluorane, orotracheally intubated, and mechanically ventilated. Rectal temperature was
maintained at 37.0 + 0.5°C. The femoral artery was accessed with a PE-50 catheter and
invasive blood pressure monitored (PowerLab, AD Instruments). Cerebral blood flow was
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recorded using a laser Doppler flow probe (AD Instruments). Ischemia was induced by first
rapidly withdrawing (within 1 minute) 8-10 CCs of blood from the femoral arterial catheter
to achieve a target mean arterial pressure of 30+/-1 mmHg. Both common carotid arteries
were then transiently occluded with microaneurysm clips. After 8 minutes of global brain
ischemia, the clips were removed and blood slowly restored through the femoral artery (2
CCs per minute). Sham-operated control animals were subjected to surgery but no ischemia
and kept under anesthesia for equal durations and doses.

Subcellular Fractionation

Following defined durations of reperfusion, animals were transcardially perfused with ice-
cold normal saline and the brain was removed. The hippocampi were microdissected and
homogenized with 15 strokes of a Potter-Elvehjem tissue homogenizer (pestle 0.2 mm
clearance, 150 rpm, 4°C) in 1:5 (wt:vol) mitochondrial isolation media (20 mM HEPES, 250
mM sucrose, 10 mM KCI, 1.5 mM MgCI2, 1 mM EGTA, 1 mM EDTA) supplemented with
protease inhibitors (0.2 mM PMSF, 1 ug/mL pepstatin, 10 pg/mL aprotinin, 10 pg/mL
leupeptin), and then centrifuged at 750 x g for 10 minutes. The resulting supernatant was
centrifuged at 13,500 x g for 10 minutes, and the pellet taken as the crude mitochondrial
fraction. The remaining supernatant was centrifuged at 100,000 x g for 60 minutes and the
supernatant was taken as the cytosolic fraction. All fractions were immunoblotted for
housekeeping proteins for cytosol and mitochondria to verify purity of the isolations. This
preparation results in a cytosolic fraction with no detectable cytochrome c oxidase subunit
IV as previously described [15].

Blue Native-PAGE

Mitochondrial fractions were lysed in 1:5 (wt:vol) lysis buffer containing protease and
phosphatase inhibitors (0.5% Nonidet P-40, 10 mM Tris-HCI pH 7.4, 142.5 mM KCI, 5 mM
MgCl,, 1 mM EGTA, 10 pg/mL aprotinin, 1 ug/mL leupeptin, 1 ug/mL pepstatin, 0.1 mM
phenylmethylsulphonylfluoride). Enriched mitochondrial lysates were diluted to a
concentration of 1 pg/uL and incubated in 0.5% n-dodecyl B-D-maltoside (DDM) for 20
minutes before being loaded into custom-made native 5-12% gradient gels and run at 240 V
at 4°C as previously described [17].

Western Blotting

Equal amounts of protein (20-50 ug depending on the fraction) were resolved using SDS-
PAGE or BN-PAGE and then transferred to nitrocellulose. Membranes were incubated in
primary antibody (1:500 to 1:1000, according to manufacturer’s specifications) followed by
secondary antibody (1:10,000 dilution). Primary antibodies used for immunoblotting were
cytochrome ¢ (BD Biosciences), COX subunit IV (Invitrogen), or ATP synthase (Chemicon),
and Opal (Novus). Antibody binding was detected using the enhanced chemiluminescence
technique (GE Healthcare). Exposure times were adjusted to ensure that all band densities
were within the linear range of the film. Blots were analyzed using scanning densitometry
and Image Studio software (LI-COR) and were normalized to the corresponding loading
control.
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Transmission Electron Microscopy

Brains were perfusion-fixed with 2.5% gluteraldehyde and microdissected to isolate the CAl
hippocampal region. Tissue blocks were counterstained with 1% osmium tetroxide,
dehydrated, and embedded in Durcupan resin. Ultrathin (70 nm) sections were taken with a
diamond blade, counterstained with lead citrate, and imaged on a JOEL 2010 transmission
electron microscope. Random images (9 per animal) were selected for mitochondrial area
quantification. Mitochondria in 3 cells per image were traced in ImageJ and the average
mitochondrial area in the 21 cells was depicted as the average mitochondrial area.

Immunofluorescence

Statistics

Results

Rats were transcardially perfused with 4% paraformaldehyde, post-fixed, cryoprotected in
30% sucrose in PBS, and then snap frozen for cryosectioning. The hippocampus was serially
sectioned on a cryostat between 2.1 mm and 3.3 mm posterior to bregma at a thickness of 20
um as we previously described [15,16]. Sections were quenched in 3% hydrogen peroxide,
then incubated in blocking solution (5% normal goat serum and 0.3% Triton X-100 in Tris-
buffered saline). Next, the sections were incubated with primary antibodies (COX subunit
IV, 1:50, Cell Signaling; ATP synthase, 1:100, Chemicon; Opa, 1:100, Cell Signaling; or
cytochrome ¢, 1:100, Abcam). Sections were incubated with AlexaFluor-conjugated
secondary antibodies (1:100, Life Sciences), then mounted and cover slipped. Slides were
imaged on a Leica SP5 confocal microscope at a z-plane interval of 0.25 um. Eight
sequential optical sections were flattened into a z-projection for analysis.

Data were graphed using GraphPad Prism 6, and data from control vs. OGD exposed cells
over time were statistically evaluated for differences using two-way ANOVA for multiple
comparisons at p<0.05, followed by post hoc analysis for differences at individual time
points with Sidak’s multiple comparisons test. All other data were compared with one-way
ANOVA followed by Tukey’s test for post hoc evaluation of significant differences at
p<0.05.

Mitochondrial dynamics during oxygen-glucose deprivation/reoxygenation

Our previous studies utilized static endpoints in isolated cell systems to evaluate
mitochondrial changes following OGD and oxidative injury [18,9]. Here we sought to
evaluate the temporal progression of mitochondrial dynamics /n vitro. We induced OGD
followed by reoxygenation continually imaging neurons with a confocal microscope.
Alterations in mitochondrial morphology were assessed utilizing a 1-5 scale to characterize
changes in organelle networks (Supplemental Fig. 1). Thorough visual analysis of all time-
lapse images was utilized to identify the dynamic state of mitochondria throughout the cell.
This methodology allows clear evaluation of the entire z-stack, especially in the perinuclear
region where accumulation of small-fragmented mitochondria can be misidentified as long
mitochondria due to limited z-plane resolution. The baseline mitochondrial dynamic state
showed a steady balance (scored 3) to moderately-fused network (scored 4), signifying a
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stable homeostatic state (Fig. 1LA-Tabulated Data; Fig 2B and Supplemental Fig 2-Timelapse
images). Upon initiation of OGD, mitochondria rapidly underwent fission, with all cells
transitioning to a phenotype of mitochondrial fission (average score = 1, *p < 0.05 versus
control). Mitochondria reorganize into a networked mitochondrial morphology after
reoxygenation and collectively regain the control state. This interconnected and balanced
state was transient, as a second fragmentation event ensued during late reoxygenation (*p <
0.05 versus control). In contrast with the mitochondrial fragmentation observed during
ischemia, this reoxygenation-induced fragmentation did not recover to control state and
culminated in caspase-3/7 activation as detected with Magic Red© (MR-DEVED,-Fig. 1C).
Control cells showed no change in the baseline mitochondrial dynamic state or caspase-3/7
activation with 5 hours of equivalent rate perfusion and image acquisition.

Mitochondrial fragmentation after global brain ischemia

Utilizing these cell culture findings as a guide, we next sought to determine the
mitochondrial dynamic state in neurons during reperfusion in an animal model of global
brain ischemia. /n vitro, we found a dual phase fragmentation profile, where ischemia
resulted in a reversible fragmentation phase that was not associated with caspase-3/7
activation and a secondary reperfusion-induced fragmentation phase where caspase-3/7 was
activated followed by cell rupture. We focused our evaluation of the dynamic state of
mitochondria on early and late stages of reperfusion based on the time course of cell death
established in our previous studies [15,19]. Mitochondria were labeled with antibodies
specific for mitochondrial proteins: ATP synthase (Fig. 2) or cytochrome ¢ oxidase subunit
IV (Supplemental Fig. 3). Images were assigned numerical scores based on criteria
described for /n vitro experiments (Supplemental Fig. 1). Confocal microscopy of neurons
following global brain ischemia revealed marked alterations in mitochondrial morphology.
In sham-operated control animals, mitochondria were in long, tubular networks with some
punctate, fragmented mitochondria; a state similar to that observed at baseline /n vitro.
Following 4 hours of reperfusion the intracellular mitochondrial network score shows a
significant reduction in filamentous mitochondria and increased mitochondrial
fragmentation (Fig. 2, *p<0.05). Mitochondrial fragmentation phenotype progresses and is
distinct at 6 and 24 hours of reperfusion (*p<0.05).

We then further validated and quantified the change in mitochondrial size, using randomly
selected transmission electron microscopy images from rats exposed to global brain
ischemia and 24 hours of reperfusion compared to sham-operated control animals. In
congruence with our immunofluorescence studies, the mean mitochondrial area was reduced
by 64% following 24 hours of reperfusion (Fig. 3C & D; *p<0.05).

Opal release from the mitochondria

Mitochondrial fragmentation has been linked with execution of apoptosis and cell death in
multiple studies [9,8,20-22]. Alterations in the proportion of Opal isoforms and release of
Opal into the cytosol have been implicated in cristae remodeling leading to cyt crelease and
induction of mitochondrial fission [5,11,6,9,8]. Here we assayed Opal and cyt crelease by
both Western blotting subcellular fractions of CA1 hippocampus and immunofluorescence in
tissue sections (Fig. 3). Opal is present in both long and short isoforms in the mitochondrial
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fraction of CAL neurons in Sham-operated animals. There is no significant increase in
cytosolic Opal at 2 and 4 hours of reperfusion (R2 and R4, respectively). Short isoforms of
Opal are significantly increased in the cytosol after 6 hours of reperfusion in the CAl
hippocampal region (Fig. 3). Cytosolic Opal remains significantly increased at 24 hours of
reperfusion (*p<0.05). Opal isoforms (short and long) were not significantly changed at any
time point analyzed following ischemia. Mitochondrial release of Opal coincides with cyt ¢
release and is consistent with the time course of fragmentation (Fig. 2). Immunofluorescence
of Opal and cyt ¢ show punctate staining in sham-operated controls, indicative of
mitochondrial co-localization. Following ischemia, Opal and cyt ¢ immunoreactivity
changes from a punctate-mitochondrial localization to a diffuse cytosolic distribution by 6
and 24 hours of reperfusion. This localization change demonstrating release of both Opal
and cyt ¢ during reperfusion is consistent with Western blot of mitochondrial and cytosolic
fractions (Fig. 3).

Mitochondrial Opal complex breakdown following brain ischemia

Release of Opal into the cytosol (Fig. 3) and mitochondrial fragmentation (Fig. 1 and 2) are
key events associated with loss of cristae junction integrity and subsequent apoptosis [5]. To
determine if the cristae junction structure was indeed altered, we assayed Opal oligomeric
complex formation utilizing BN-PAGE of mitochondrial samples from brains exposed to
global brain ischemia. BN-PAGE of mitochondrial fractions showed loss of high-molecular
weight Opal oligomers at 6 and 24 hrs of reperfusion in CA1 hippocampus (Fig 4A and B,
*p<0.05).

Loss of cristae morphology and increased fragmented mitochondria following brain

ischemia

To further examine changes at the ultrastructural level, we assessed mitochondrial
ultrastructure in CA1 hippocampal neurons by electron microscopy (Fig. 4C). Supporting
the confocal microscopy imaging results utilizing immunofluorescence of mitochondrial
markers, the mitochondrial morphology in sham-operated control animals was tubular in
TEM images. In contrast to control animals, the morphology of mitochondria was altered in
post-ischemic brains with the appearance of morphologic constriction points in
mitochondria at 2 and 4 hours of reperfusion and small fragmented mitochondria at 6 and 24
hours of reperfusion. Consistent with Opal oligomeric breakdown, TEM revealed a loss of
organized cristae structure at 6 and 24 hours of reperfusion (all groups n=4-6). These data
support the model that altered mitochondrial dynamics and loss of inner mitochondrial
membrane integrity manifest during reperfusion injury.

Discussion

Integrity of cristae and the outer mitochondrial membrane play a pivotal role in determining
neuronal cell fate in the setting of ischemia-reperfusion injury. Moreover, the
pathophysiologic stress of ischemia-reperfusion will, in theory, ‘prime’ neurons for an up-
regulation in fission [23-25]. There is morphologic evidence supporting mitochondrial
fragmentation induction by ischemia-reperfusion, which is further strengthened with
molecular data identifying interactions and interrelationships among key proteins involved in
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apoptosis, fission and fusion [13,5,6,4]. There has been considerable research focused on the
fission protein, Drpl, as the connection between mitochondrial fragmentation and cell death.
For example, Drpl reportedly co-localizes with members of the Bcl-2 family proteins (Bax
and tBid) [5] at the level of the mitochondria, and blocking this attenuates fission and
enhances cell survival [32]. More specifically, Bax has been shown to accumulate at fission
points, possibly as a component of a functional unit including Drpl and Mfn2, with both
Bax and Mfn2 thus forming part of the fission complex [33,34,20,35]. Furthermore,
manipulation of mitochondrial dynamics by over-expressing a dominant-negative Drpl
demonstrated impaired mitochondrial fission in response to apoptotic stimuli and inhibition
of both cyt crelease and apoptotic cell death [36—39]. Drpl translocation presents a logical
connection between mitochondrial fission and apoptosis. Despite these insights, however, it
is not known whether fission is an active participant in the induction or execution apoptosis
or conversely, whether fission is simply a bystander consequence of cell death.

While multiple studies have reported Drpl translocation and increased mitochondrial fission
in conjunction with apoptosis [26-28], the contribution of Drpl-mediated fragmentation in
the setting of cerebral ischemia/reperfusion is not clear. Early studies demonstrated a causal
role for Drpl mediated fission in apoptosis and cell death following /n vitro ischemia and in
vivo ischemic stroke [29]. More recent studies suggest a more nuanced role for Drpl-
mediated fragmentation. While inhibition of Drp1 with mdivil reduced ischemic damage, it
paradoxically increased injury during reperfusion [30,31]. These studies suggest the
deleterious effects of blocking mitochondrial fission are due to inhibition of mitophagy and
thus preventing clearance of damaged or defective mitochondria.

These studies clearly demonstrate that manipulating mitochondrial dynamics as a
therapeutic approach requires a better understanding of the roles these processes play in
post-ischemic cell death. Here we present a novel hypothesized mechanism (Fig. 5), where
increased fission could result from either dysfunctional fusion alone or in concert with
induction of fission. Disruption of Opal oligomers during reperfusion may be a novel
mechanism contributing to mitochondrial fragmentation and cell death during reperfusion.

Mitochondrial fusion is critical for embryonic development, as demonstrated by the fact that
genetic manipulation of key fusion proteins to impair fusion (e.g. double knockout of Mfnl
and Mfn2) is embryonically lethal [32]. However, the process of fusion (and in particular
physiological Opal localization) is required for the maintenance of normal mitochondrial
architecture and function, with loss or knockdown of Opal resulting in fragmented
mitochondria, disorganization of cristae structure, and initiation of apoptosis [5,33,7].
Appropriate subcellular localization of Opal (secured to the inner mitochondrial membrane)
also appears significant: the presence of Opal isoforms in the cytosol has only been detected
in pathological situations [5,34-36]. Finally, a recent report demonstrates that controlled
transgenic over-expression of Opal can “tighten” cristae junctions, limit cytochrome ¢
release, and provide protection from ischemic brain damage following stroke [11].

Opal complex integrity is a marker of mitochondrial cristae organization and susceptibility
to apoptotic cell death. Indeed, Opal has been shown to be subject to proteolytic processing
into short isoforms, released into the cytosol, and disrupted oligomeric integrity in a myriad
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of pathological contexts [9,8,11,36,37,34,35]. Importantly, the loss of Opal function through
silencing, gene knock-out, and dominant-negative isoform expression results in an inhibition
of fusion, subsequent upregulating of fission, and increased susceptibility to cell death
induction. Opal oligomeric alteration has been shown to be required for complete release of
cyt cdue to its ability to limit cyt cavailability within the cristae regions of the
intermembranous space [6,4]. These key findings and the data presented here suggest a
mechanism where Opal must undergo alterations for apoptosis to ensue, thus tipping the
balance of mitochondrial dynamics toward fission by inhibiting fusion.

These studies suggest a potential mechanism of cell death where key mediators of the
physiologic mitochondrial dynamics process become maladapted and actively participate in
apoptosis (Fig. 5). We put forth a proposed sequence of events where the alterations in the
dynamic state of mitochondria are not a consequence of physiologic responses to ischemia,
but rather pathologic alterations in fusion that drive the balance of mitochondrial dynamics
toward a fission phenotype and actively participate in cell death. Future studies must further
interrogate these events through gain-and-loss of function approaches to better understand
the potential connection between mitochondrial dynamics, Opal, and post-ischemic brain
injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Neuronal mitochondria fragment during oxygen-glucose deprivation
and following reoxygenation

. Mitochondrial fragmentation occurs in CA1 hippocampal neurons
following global brain ischemia

. Opal is released from the mitochondria during reperfusion

. Opal complexes are disrupted during reperfusion
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A Mitochondrial Dynamics C Caspase-3/7 Activation
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Figure 1. Mitochondrial dynamics and caspase-3/7 activation during OGD and reoxygenation
(A) Graphical representation of fission/fusion index (Supplemental Fig. 1) during the

progression of OGD/Reoxygenation (Mean + SD). (A & B) Baseline measurements of
mitochondrial morphology include both small, fragmented and long, tubular mitochondrial.
During OGD induction, rapid fragmentation occurs. Upon reoxygenation mitochondrial
morphology returns to a control state (Early Reoxygenation). As reoxygenation is
prolonged, mitochondria undergo rapid and irreversible fragmentation, coinciding with cell
death (Late Reoxygenation) [n=18 significant differences in control vs. OGD shown in
brackets (p<0.05)]. (C) Caspase activation was measured at designated stages of the
experiment. During late reoxygenation (60 minutes after reoxygenation), MR-(DVED),
fluorescence was significantly increased versus control (*p<0.05).
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Electron Microscopy
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Figure 2. Mitochondrial dynamics following global brain ischemia
(A) Morphologic changes in mitochondria were assessed using ATP synthase

immunofluorescence (grayscale) while cell nuclei were identified with DAPI (blue).
Significant mitochondrial fragmentation is evident after 4, 6, and 24 hours of reperfusion
following global brain ischemia (R4, R6, and R24) compared to sham-operated controls and
after 2 hours of reperfusion (Sham, R2; *p < 0.05, n = 5/group). (B) Graphical
representation of fission/fusion index (Supplemental Fig. 1) following global brain ischemia
(Mean + SD). (C) Electron microscopy images of CAL hippocampal neurons in controls
(Sham) and after 24 hours of reperfusion (R24). (D) Graphical representation of the
mitochondrial area (Mean + SD; *p < 0.05, n = 3/group).
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Figure 3. Opal and cytochrome c release following global brain ischemia
Opal and cyt cimmunoreactivity were assayed by (A & B) Western blot of subcellular

fractions of CAl and (C) immunofluorescence in tissue slices. Sham-operated rats had little
immunoreactivity of Opal and cyt c¢in cytosolic fractions and punctate Opal and cyt ¢
staining in neurons of the CAL, consistent with mitochondrial localization. Ischemia
followed by 6 or 24 hrs of reperfusion show increases in cytosolic Opal and cyt cand
diffuse immunofluorescence in the CA1, consistent with Opal and cyt crelease.
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Figure 4. Opal oligomer and mitochondrial cristae integrity
(A & B) BN-PAGE of mitochondrial samples demonstrated Opal exists in both monomeric

and oligomeric state in sham-operated animals. Following ischemia and 6 hours of
reperfusion (R6) there is a significant decrease in Opal oligomers that remains decreased at
24 hours following ischemia (R24). (C) Cristae morphology was analyzed by transmission
electron microscopy. Sham brains showed ordered cristae with an elongated mitochondrial
morphology. At 6 and 24 hours of reperfusion, mitochondria are small and fragmented with
a loss of normal cristae structure.
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Figure 5. Proposed mechanism of Opal-mediated mitochondrial fragmentation
(A) Normal steady-state mitochondrial dynamics with balanced mitochondrial fission and

fusion. (B) Proposed disruption of mitochondrial dynamics following brain ischemia. Opal
oligomer disruption leads to both liberation of cyt ¢ from the cristae folds and attenuation of
mitochondrial fusion. Mitochondrial fission is associated with outer mitochondrial
membrane permeablization. These events culminate in a fragmented phenotype and cyt ¢
and Opal release into the cytosol. Figure adapted from [38].
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