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Stroke most commonly results from occlusion of a major artery in the brain and typically leads to the death
of all cells within the affected tissue. Mitochondria are centrally involved in the development of this tissue
injury due to modifications of their major role in supplying ATP and to changes in their properties that can
contribute to the development of apoptotic and necrotic cell death. In animal models of stroke, the limited
availability of glucose and oxygen directly impairs oxidative metabolism in severely ischemic regions of the
affected tissue and leads to rapid changes in ATP and other energy-related metabolites. In the less-severely
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Mitochondria ischemic “penumbral” tissue, more moderate alterations develop in these metabolites, associated with near
Stroke normal glucose use but impaired oxidative metabolism. This tissue remains potentially salvageable for at

least the first few hours following stroke onset. Early restoration of blood flow can result in substantial
recovery of energy-related metabolites throughout the affected tissue. However, glucose oxidation is
markedly decreased due both to lower energy requirements in the post-ischemic tissue and limitations on
the mitochondrial oxidation of pyruvate. A secondary deterioration of mitochondrial function subsequently
develops that may contribute to progression to cell loss. Mitochondrial release of multiple apoptogenic
proteins has been identified in ischemic and post-ischemic brain, mostly in neurons. Pharmacological
interventions and genetic modifications in rodent models strongly implicate caspase-dependent and
caspase-independent apoptosis and the mitochondrial permeability transition as important contributors to
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tissue damage, particularly when induced by short periods of temporary focal ischemia.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Stroke is the primary cause of adult disability in developed coun-
tries and ranks only behind cancer and cardiac disease as a cause of
death [1,2]. Focal ischemia that results from occlusion of an artery in
the brain (ischemic stroke) accounts for more than 80% of all strokes
[1]. Unless rapidly reversed, the occlusion of a major artery usually
produces tissue infarction, in which affected parts of the brain exhibit a
non-selective loss of all cells including neurons, astrocytes, oligoden-
drocytes, microglia and endothelial cells. The size and location of these
infarcts are important determinants of the long-term functional
deficits resulting from ischemic stroke. Mitochondria have been im-
plicated as central players in the development of ischemic cell death
both through impairment of their normal role in generating much of
the ATP for neural cell function and as key mediators in cell death

Abbreviations: AlF, apoptosis inducing factor; AKAP121, A-kinase anchor protein
121; APAF-1, apoptotic protease activating factor 1; IAPs, inhibitor-of-apoptosis
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pathways. This article reviews the current understanding of the
mitochondrial responses to focal cerebral ischemia and the contribu-
tions of these organelles to tissue damage. Additional aspects of this
topic and further discussion of some of the earlier studies can be found
in previous reviews [3-6].

2. Tissue damage in response to ischemic stroke

Occlusion of a major artery within the brain produces complex
cellular changes that depend in part on the severity of the ischemia that
is generated and whether the occlusion is temporary or permanent.
Because of the limited overlap in the perfusion territories of cerebral
arteries, severe ischemia develops in the tissue immediately surround-
ing the occluded vessel. Blood flow usually falls to less than 20% of
normal in this “core” or “focal” tissue [7-9]. The resultant disruption to
delivery of glucose and oxygen leads to a greatly reduced ATP
generation (see section 4.1.1). lonic gradients across the plasma
membrane quickly dissipate resulting in marked losses of intracellular
potassium and large shifts of calcium into cells [2,10,11]. Because of
contributions to perfusion from adjacent vessels, a lesser ischemia
develops in tissue surrounding the core. This “penumbral” or “perifocal”
tissue typically exhibits reductions to approximately 20-40% of normal
flow [8,9,12]. Neurons in the penumbra are electrically silent for long
periods, a response associated with hyperpolarization of the plasma
membrane [8,12]. (Note: For simplicity, the term penumbra has been
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used throughout this review to describe tissue identified as receiving
moderate ischemia, even though criteria other than direct measure-
ment of blood flow or plasma membrane potential have commonly
been used.)

Following permanent arterial occlusion, infarcts initially develop
in the core tissue but progress to encompass both core and penumbral
regions [13,14]. The differences in the severity of the ischemia in the
core and penumbra mean that different mechanisms contribute to cell
death. Much of our understanding of the cellular changes induced by
focal ischemia comes from animal models of stroke and from the
effects of pharmacological treatments or genetic modifications on the
damage that develops. Permanent or temporary occlusion of the
middle cerebral artery (MCA) in rats or mice has commonly been used
for these investigations. The present review focuses primarily on
insights derived from such animal models into changes in energy
metabolism and mitochondrial properties within the first few hours of
stroke and their involvement in cell death.

Many interventions during the initial few hours following the
onset of stroke in these models can reduce infarct volume, parti-
cularly in the penumbra [2,15]. Thus, irreversible damage develops
relatively slowly in this region. Consistent with this conclusion, early
restoration of blood flow can reduce the tissue damage and
functional deficits in animal models of stroke [16,17] and following
a stroke in humans [13,18]. Indeed, treatment with a thrombolytic
agent to reverse arterial occlusion within the first 3 h following
stroke onset provides the only approach in routine clinical use for
limiting the acute effects of this disorder in humans [13,18].
Unfortunately, because of the narrow therapeutic window, only a
small proportion of those affected by stroke are currently treated
with thrombolysis. Spontaneous reversal of arterial occlusion occurs
within the first 6 h in approximately 17% of ischemic stroke patients
and in approximately 40-50% by 4 days [19]. Reperfusion beginning
later than 6 h probably has limited effects on the tissue damage that
develops. Thus, animal models involving permanent arterial occlu-
sion, although less commonly investigated than temporary occlusion,
are likely to be more relevant to the majority of ischemic stroke cases
in humans.

Treatments targeting a diverse range of cellular properties have
been found to ameliorate tissue damage and improve functional
deficits in animal models of stroke [2,15]. This suggests that the
mechanisms for cell loss involve interactions between multiple de-
leterious processes such that initial changes in one of these processes
leads to more severe alterations in others. Interruption of one of these
initial responses is apparently able to disrupt, or in some instances
greatly delay, the spiral of increasingly abnormal changes that
culminate in cell death. Intriguingly, treatments that reduce damage,
including those targeting properties of specific cell populations,
preserve essentially all cells in the tissue that is salvaged. A smaller
but still well-demarcated infarct results. Such a uniform demise of
different cell populations is not seen with many other insults and
suggests a close interdependence of the different cell populations in
their responses to ischemia.

Early studies demonstrated that pharmacological blockade of
ionotropic glutamate receptors markedly reduced ischemic damage
[2,15,20]. This effect is commonly ascribed to the involvement of an
excitotoxic process in which increases in glutamate release from
neurons and astrocytes induced by the ischemia cause an excessive
calcium entry via these receptors and triggers other intracellular
changes leading to cell death. However, alternative mechanisms have
also been suggested to explain the protection by glutamate receptor
antagonists, including interference with the propagation of poten-
tially harmful spreading depression-like depolarizations that develop
in the penumbral tissue during arterial occlusion [15,21]. Abnormal
intracellular calcium accumulations arising from calcium entry via ion
channels or transporters in addition to the ionotropic glutamate
receptors have also been implicated in triggering cell death [20].

Other changes identified as important in ischemia-induced cell
loss include oxidative stress, particularly involving nitric oxide and
peroxynitrite, and abnormal activation of enzymes such as poly-ADP
ribose polymerase (PARP) and the calpains [2,15]. Early reperfusion
can limit the effects of some of these changes but also adds to the
complexity of the cellular responses that develop. Oxidative stress is
promoted under these conditions and inflammatory responses, ari-
sing both from resident microglia and astrocytes as well as blood-
derived cells, also become important [2,15].

3. The nature of cell death in focal ischemia

Cell death resulting from cerebral ischemia was originally
considered to be almost exclusively due to the process of necrosis in
which catastrophic events initiated by ischemia led to cellular changes
culminating in organelle swelling, disruption of the plasma membrane
and release of intracellular contents. These features of cell death are
usually seen in the vast majority of cells throughout the developing
infarct [22]. Nonetheless, a more complex picture began to emerge in
the mid-1990's with the identification of cells that exhibited features
of apoptosis, including DNA fragmentation and the production of
membrane enclosed apoptotic bodies [23,24]. Such changes are
common features of cell death mediated by the activation of caspases
either via the “intrinsic pathway” or the “extrinsic pathway” [3,25,26].
Mitochondrial changes resulting in the release of proteins are central
to the intrinsic pathway (Fig. 1). These proteins lead to the activation
of caspases, particularly caspase-3 in brain, which in turn induces
cellular changes including internucleosomal chromatin condensation
and DNA fragmentation [3,25-27]. The role of the intrinsic pathway in
focal ischemia is discussed in section 5.2. The extrinsic pathway is
triggered by the binding of specific ligands to plasma membrane cell
death receptors. This leads to intracellular activation of caspase-8 and
then of executioner caspases involved in cell death. In the extrinsic
pathway, the executioner caspase activation can occur without
involvement of mitochondria [3,26]. However, caspase-8 activation
can also cleave Bid to produce truncated Bid (t-Bid), which initiates the
release of apoptogenic proteins from mitochondria under some
conditions. Caspase-independent forms of apoptosis (Fig. 1), which
result from mitochondrial release of apoptosis inducing factor (AIF)
and perhaps other proteins [3,25,26], have also been implicated in
focal ischemic damage (see section 5.3).

Cells exhibiting features of apoptosis typically peak in number at
24 h or longer after stroke onset [23,24,28]. They are found scattered
throughout the infarct following temporary or permanent occlusion
but are more prominent in tissue subject to less severe ischemia
within the penumbra and are more numerous in brains subjected to
temporary ischemia lasting up to 2 h [23,24,28-30]. This form of cell
loss shows a closer association with tissue that is potentially sal-
vageable and has attracted particular attention as a target for neuro-
protective therapies.

Attempts to characterize the mechanisms underlying ischemic cell
loss have been further complicated with the recognition that necrosis
also often involves specific patterns of cellular change that can develop
over many hours. Furthermore, these responses can be highly regulated,
or even programmed, and are potentially modifiable [26,31,32].
Alterations contributing to cerebral ischemic damage, including
increased intracellular calcium and oxidative stress, have been
identified as potential players in necrotic-like programmed cell death.
However, the extent to which such a programmed form of necrosis
might contribute to focal ischemic damage is not currently known.

4. Mitochondrial function and ATP generation during cerebral
ischemia and reperfusion

Mitochondrial function in focal ischemia is altered as a direct
consequence of the impaired delivery of glucose and oxygen to the



82 N.R. Sims, H. Muyderman / Biochimica et Biophysica Acta 1802 (2010) 80-91

o

Mitochondrial membrane

e

permeabilization

—~ -~
Caspase 3

Nuclear DNA

Smac/Diablo
Omi/HtrA2

fragmentation

I

Fig. 1. Proteins released from the intermembrane space that can contribute to the development of apoptosis. The release of cytochrome c is a key step in the intrinsic pathway of
apoptosis. This forms a complex known as an apoptosome with the proteins APAF-1 and procaspase-9 and with dATP. Apoptosome formation leads to activation of executioner
caspases, particularly caspase-3, that results in internucleosomal protein degradation and other cellular changes. This process can be promoted by the release of Smac/DIABLO and
Omi/HtrA2 that act to block IAPs, a family of proteins that are endogenous inhibitors of caspase-3 and other caspases. The release of AIF leads to a caspase-independent form of
apoptosis. AIF interacts with other proteins to also produce DNA degradation, generating larger fragments of DNA than the caspase-dependent pathway. An interaction of AIF with
cyclophilin A is essential for the development of this process, at least under some conditions. Endonuclease G, another protein released from the mitochondria, might also be

involved in this process.

tissue and is further modified by changes in mitochondrial properties
that develop during ischemia or following reperfusion. Limitations in
the ability of cells to generate ATP can exacerbate the cellular res-
ponse to other insults and can greatly influence the cell death path-
ways that develop. Thus, an understanding of the pattern of changes
in cellular energy metabolism is essential to fully elucidate the
mechanisms leading to tissue damage in ischemia. Furthermore,
because the generation of ATP requires the integration of complex
metabolic processes, the characterization of energy-related metabo-
lites and of the pathways involved in their production provides a
useful indicator of both the extent of preservation of essential cellular
functions and the extent of cell damage or cell death in the tissue.

4.1. Energy metabolism during ischemia

Table 1 summarizes alterations in the content of energy-related
metabolites and in the contributing metabolic pathways in brain
tissue during ischemia and following reperfusion. An overview of the
relevant metabolic processes is provided in Fig. 2, which further
highlights the changes that develop in penumbral tissue during the
initial 2-3 h of focal ischemia.

4.1.1. Core tissue

Within the severely ischemic core, the large reductions in blood
flow lead to impaired delivery of oxygen and glucose and a mismatch
between ATP use and production. Glucose and ATP content falls
markedly during the first 5 min or so of arterial occlusion [33]. ATP
stabilizes at values approximately 15-30% of those in non-ischemic
tissue for at least the first 2 h of focal ischemia [33-36]. The initial
rapid decrease in ATP content is associated with the major
redistribution of ions across the plasma membrane of cells [10,11]
and probably triggers this response [37]. The adenylate energy charge
([ATP]+ 0.5 [ADP]/[ATP]+ [ADP]+ [AMP]) which measures the
intracellular balance between ATP, ADP and AMP is also rapidly
decreased and is maintained at values of approximately 0.4-0.5
during the initial hours of focal ischemia, much lower than values in
normal brain (of approximately 0.93) [33-35].

Phosphocreatine in brain tissue provides a short-term energy
reserve, allowing ATP to be regenerated from ADP in a near-
equilibrium reaction catalysed by creatine kinase. Phosphocreatine
shows a similar pattern of change to ATP, rapidly falling to values less
than 30% of normal [33-36]. Limitations in the availability of oxygen
ensure that some of the glucose that does reach core tissue is
metabolised via glycolysis to lactate with an associated decrease in
pH. Lactate accumulates to values more than 10-fold that of non-
ischemic tissue [34,36]. Reduced removal of the lactate because of the
limited blood flow probably also contributes to this increase.

4.1.2. Penumbral tissue
A pattern of changes in energy metabolites similar to that in the
ischemic core develops in the penumbral tissue but the alterations are

Table 1
The effects of focal ischemia for up to 2 h and of subsequent reperfusion for 1 h on the
content of energy-related metabolites and pathways of energy metabolism.

Focal ischemia Reperfusion

Core Penumbra Core Penumbra
Metabolites
ATP ) W H !
Adenylate energy charge 1 ) 1/N.C. N.C.
Total adenine nucleotides i 1 1 !
Phosphocreatine Wl ! ! N.C.
Lactate " M " 1/N.C.
Glucose Wl N.C. N.C. N.C.
Metabolic activity
Glucose use lll* N.C. i i
Oxidative metabolism Wt Wi " "

Differences are shown compared to non-ischemic tissue. |: decreased to >65%; ||:
decreased to between 35% and 65% ; |||: decreased to less than 35%; 1: increased less
than four-fold; 11: increased greater than four-fold; N.C.: no significant change. Two
symbols indicate findings that differ between published reports. *, direct evaluation of
these properties in severely ischemic tissue may not give reliable information. The
magnitude of these reductions is assumed from the large decrease in substrate delivery
and large changes in ATP and phosphocreatine content.

Information adapted from results presented in [9,13,33-36,39-41,45,46].
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Fig. 2. Overview of the pathways of energy metabolism in cells in the brain, highlighting the major changes seen in these metabolic pathways and energy-related tissue metabolites
in the penumbra within the first 2 h of stroke onset. In animal models of stroke, most cells in the penumbra remain viable during this initial period of focal ischemia and can survive if
there is early restoration of blood flow or treatments that block other cellular changes critical for cell death. A single arrow indicates a moderate change and a double arrow a large
change. N.C,, no significant change from control values; ANT, adenine nucleotide translocase; ETC, electron transport chain; PC, pyruvate carrier. Information on metabolic status

adapted from results presented in [9,13,33-36,39-41].

less severe (Table 1, Fig. 1). After 2 h of ischemia, phosphocreatine is
reduced to approximately 70% of non-ischemic values and the ade-
nylate energy charge remains above 0.8 [34]. Larger decreases are
seen in ATP, with values approaching 50% of non-ischemic tissue at
2 h of ischemia [34]. Under ischemic conditions, some of the ADP
generated from ATP hydrolysis is further metabolised to AMP and ATP
[38]. This reaction, catalysed by adenylate kinase, normally helps to
maintain ATP and meet short-term energy demands in the brain. In
ischemic tissue, the AMP is further converted to inosine and
hypoxanthine resulting in overall depletion of the adenine nucleotide
pool [38]. The greater severity of the ATP loss compared with changes
in other energy-related metabolites is to a large extent explained by
this decrease in the total adenine nucleotide pool.

Surprisingly, glucose utilization in penumbral tissue as assessed
from metabolism of deoxyglucose is unchanged or even increased
during the first 2 h of ischemia [9,13]. An increase in glucose extraction
from the blood helps to largely preserve the tissue glucose content
[33,39] contributing to the maintenance of glycolytic activity. There is
an increase in lactate within the penumbra to values many times higher
than in normal brain but less than in the core regions [34,36]. The
accumulation of lactate suggests that oxygen delivery is more severely
restricted than that of glucose, resulting in impaired oxidative
metabolism of pyruvate by the mitochondria. Magnetic resonance
spectroscopic analysis of the products of isotopically labelled glucose
provides support for this conclusion [40,41]. In particular, these studies
show reductions of more than 50% in the generation of isotopically
labelled glutamate from glucose. The total glutamate content in the
tissue is unchanged at this time. The incorporation of label from glucose
into glutamate, which occurs predominantly in neurons [41-43],
requires generation of pyruvate via glycolysis, metabolism of pyruvate
to a-ketoglutarate via the tricarboxylic acid cycle and subsequent
conversion to glutamate (Fig. 2). Some caution is needed in interpreting

these findings because of the possible confounding effects of ischemia-
induced changes in the size of intermediate metabolite pools as well as
any moderate changes that may exist in delivery of the labelled
precursors. Nonetheless, the results strongly suggest markedly reduced
oxidative metabolism of glucose in the penumbral tissue in contrast to
the preservation of glycolysis.

The reduced oxidative metabolism in penumbral tissue means that
there is unlikely to be reserve capacity to deal with increases in energy
requirements. This conclusion is supported by comparisons of the
metabolic response to spreading depression-like depolarizations that
develop in the penumbra compared with KCl-induced spreading
depression in normal brain [44]. Similar proportional decreases in ATP
and phosphocreatine are induced by the advancing depolarization of
the tissue in both situations. However, the penumbral tissue shows
much larger increases in lactate and a greatly reduced ability to
restore the ATP and phosphocreatine content. These changes limit the
capacity of the tissue to reverse changes initiated by the redistribution
of ions during the spreading depression, increasing the likelihood of
deleterious consequences.

4.2. Energy metabolism following reperfusion

4.2.1. Core tissue

The greatly impaired production of ATP, the major redistribution
of ions and derangement of other metabolic properties in the ischemic
core are incompatible with cell survival if they are not rapidly
reversed. However, the initial development of these changes within
core tissue during the first 5 min or so of arterial occlusion does not
immediately produce irreversible cellular deterioration. Restoration
of blood flow during the first 30 to 60 min in rats and mice greatly
limits the size of the infarcts that subsequently develop [16,17] and
can completely block cell loss, indicating that the development of
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irreversible damage in neurons and other cells in the core tissue is
delayed. Even with ischemic periods up to 3 h, which will ultimately
lead to infarction, there is often near-complete recovery of phospho-
creatine (to more than 90% of pre-ischemic values) and of the
adenylate energy charge (or other measures of adenine nucleotide
balance) during the first 2 h following reperfusion [34,36,39,45,46].
The recovery of these metabolic parameters requires the presence of
intact and functional cells that at least partially regain the complex
metabolic activities and control processes required to meet energy
demands. The concentration of ATP in core tissue recovers more
slowly than phosphocreatine or the adenylate energy charge fol-
lowing restoration of blood flow, reaching 50-70% of control values
within the first hours. This ongoing decrease in ATP is mostly due to
the slow resynthesis of the adenine nucleotide pool that was depleted
during ischemia, with lesser contributions from an imbalance bet-
ween ATP use and production.

With further perfusion following longer ischemic periods that are
sufficient to initiate infarct formation, the core tissue typically exhibits
a secondary decline in energy-related metabolites that is most likely
associated with final progression to the death of many cells [34,39].
Such cell loss in the core tissue is generally an inevitable consequence
of ischemic periods lasting more than an hour but might not be
irreversibly determined in all parts of this tissue at the onset of
reperfusion. Large reductions in infarct size (exceeding 50%) have
been achieved with some treatments initiated early after reperfusion
following ischemic periods of at least 2 h (e.g., [47-50]). Although the
penumbra is the predominant site of this protection, the magnitude of
the effects suggests that parts of the core tissue are also salvaged. The
initial near-complete restoration of energy metabolites on reperfusion
is consistent with the possibility that cells in parts of the core can still
be rescued. When temporary arterial occlusion exceeds 3 h, reperfu-
sion results in less complete restoration of energy metabolites and a
more rapid onset of secondary deterioration in the core regions,
indicating that many cells are much more severely compromised at
the time of reperfusion [39].

The substantial restoration of the content of energy-related
metabolites is not an indication of comparable recovery of the activity
of energy-generating metabolism. At 1 h of reperfusion following 2 h of
ischemia in rats, glucose utilization, as assessed from deoxyglucose
incorporation, is reduced to approximately 50% of normal values in
tissue regions that formed the ischemic core [9]. Furthermore, the
lactate content remains many times higher than in normal tissue sug-
gesting ongoing restrictions on the oxidative metabolism of pyruvate
[34,36,39,45,46]. Consistent with these results, the generation of
isotopically labelled glutamate from glucose is also markedly decreased
[41,46] indicating greatly reduced neuronal energy metabolism.

4.2.2. Penumbral tissue

Reperfusion in the penumbral tissue leads to complete or near-
complete recovery of phosphocreatine and the adenine nucleotide
balance within the first hour of reperfusion following ischemic periods
lasting up to 3 h or even longer [34,39,45,46]. The restoration of ATP
content is less complete, again because of slow regeneration of the
depleted adenine nucleotide pool. A secondary disruption of energy
metabolites associated with gross disruption of cellular function
typically occurs at 6 or more hours after the initiation of reflow [39].
The timing of these changes is broadly consistent with the finding in
human stroke that damage can be reduced and function improved if
flow is restored within 3 h and perhaps after longer periods [8,18].

As in the core tissue, the onset of reperfusion leads to reductions
(by approximately 40%) in glucose use (assessed using deoxyglucose)
in the penumbra within the first hour, a finding which contrasts with
the preservation of this activity during ischemia [9]. Even larger
reductions in the oxidative metabolism of glucose develop in this
tissue within the first hour of reperfusion, as determined from the
incorporation of isotopic label from glucose into glutamate [41,46].

Lactate is substantially decreased compared with the large accumula-
tions during ischemia. However, it usually remains significantly ele-
vated following ischemic insults of sufficient duration to generate
infarcts encompassing the former penumbral tissue [34,46] (but see
also [36,41]), consistent with ongoing restrictions in pyruvate
oxidation. Despite the size of the reductions in oxidative glucose
metabolism, this change is not inevitably associated with the deve-
lopment of infarcts. Similar metabolic decreases are also seen with
shorter ischemic periods that generally do not result in infarcts within
the reperfused penumbral tissue [46].

As indicated previously, the isotopic labelling of glutamate from
glucose primarily (but not exclusively) reflects neuronal metabolism
and provides one of only a few measures available to evaluate aspects of
metabolism selectively in this cell population [41-43]. A selective
measure of the oxidative metabolism of astrocytes in the brain can also
be obtained based on the incorporation of isotopic label from acetate to
glutamine [41-43]. The selectivity results from the ability of glia but not
neurons to take up acetate and convert it to acetyl CoA [51] and from the
almost exclusive localization of the enzyme catalysing glutamine
production (glutamine synthetase) in astrocytes [52]. The production
of isotopically labelled glutamine from acetate is unchanged or even
increased in the penumbra compared with normal tissue during the first
hour following reperfusion [41,53]. This measure of metabolic activity
continues to be nearly fully preserved for at least 4 h in reperfused
penumbral tissue that is destined to become infarcted [53]. These results
indicate that the majority of astrocytes remain viable in this tissue and
preserve important features of oxidative metabolism for extended
periods following temporary ischemia.

The finding of greatly reduced glucose conversion to glutamate but
well-preserved astrocytic acetate metabolism could possibly indicate
large differences in the functional preservation of astrocytes com-
pared with neurons during early reperfusion of penumbral tissue.
Alternatively, the limitations on glucose metabolism might be similar
in the two cell populations but the decrease in glucose metabolism
results from the effects of cellular controls or other changes de-
creasing activity at steps prior to acetyl CoA. If so, these restrictions on
metabolism would be by-passed by the use of acetate as the metabolic
precursor. The latter explanation is supported by analyses using
magnetic resonance spectroscopy of the labelling patterns of
individual carbons in glutamate and glutamine following injection
of 'C-glucose [41]. This approach allows a comparison of carbons
entering the tricarboxylic acid cycle via the anaplerotic reaction
catalysed by pyruvate carboxylase, which is specific to astrocytes, and
those entering via pyruvate dehydrogenase, which occurs in neurons
and astrocytes. The proportional contribution of these two pathways
is similar in reperfused penumbral tissue and in normal tissue [41].
Thus, glucose metabolism is apparently similarly affected in both cell
types following reperfusion of the penumbral tissue.

The near-complete restoration of phosphocreatine and the
adenylate energy charge following reperfusion in the penumbra
despite marked decreases in activity of the relevant ATP-generating
metabolic pathways from glucose implies that energy-requiring
functions are greatly reduced in the post-ischemic brain. This could
arise partly from decreases in neuronal activity that are induced
during ischemia and persist for long periods in post-ischemic brain
[54,55]. A further likely major contributor to reductions in energy use
in post-ischemic brain is the enzyme, AMP-activated protein kinase.
This kinase is activated by many stimuli including ATP depletion and
other changes produced by cerebral ischemia [56]. It induces multiple
cellular alterations that reduce anabolic reactions and help to restore
energy balance. The activity of AMP-activated protein kinase is
increased by phosphorylation. Long-lasting increases in phosphory-
lated AMP-activated protein kinase are seen following reperfusion
throughout the brain, including tissue from the ischemic penumbra,
non-ischemic tissue and, to a lesser extent, core tissue [56,57]. Inte-
restingly, inhibition of AMP-activated kinase initiated at the time of
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occlusion or during early reperfusion reduces infarct volume whereas
an activator of this enzyme causes increased damage [57,58].
Protection is also seen in genetically modified mice that do not
express the a2 isoform of AMP-activated protein kinase [58]. Thus,
changes leading to activation of this enzyme are deleterious in post-
ischemic brain even though they can be protective following a more
mild insult.

4.3. Other mitochondrial changes during ischemia and reperfusion

The capacity of mitochondria for respiratory activity has been
evaluated based on oxygen utilization in preparations from brain
tissue removed during focal ischemia and following reperfusion. For
samples obtained during ischemia, there is a progressive deterioration
of the ability of the mitochondria to increase activity of the electron
transport chain in response to decreases in the proton gradient across
the inner mitochondrial membrane induced by the addition of ADP or
an uncoupling agent [16,59,60]. Basal respiration is largely preserved.
By 2 h of MCA occlusion in rats, the ADP-stimulated or uncoupled
respiration decreases by 45-60% in samples from core tissue.
Reductions of 15-40% are seen in the penumbra. This reduced
respiratory capacity in the penumbral mitochondria could exacerbate
the effects of lower oxygen delivery and contribute to the decreases in
oxidative metabolism in this region.

As is the case for energy metabolites, mitochondrial respiratory
function is generally completely or near-completely restored in
samples prepared from core and penumbral tissue within the first
hour following reperfusion [16,59,60] but then declines at later times
[59,60]. Interestingly, this secondary deterioration in mitochondrial
respiration apparently develops earlier than the changes in energy-
related metabolites when assessed in the same ischemic model
[34,59], suggesting that the delayed alterations in mitochondrial
function are an early step in the development of irreversible cell
dysfunction and possibly a contributor to this process. As seen with the
energy-related metabolites, there is less restoration of mitochondrial
function in core tissue evaluated during early reperfusion following
longer periods of ischemia [16]. Mitochondria isolated from this core
tissue also exhibit a lower membrane potential when incubated under
basal or ADP-stimulated conditions, providing further evidence of a
decreased capacity for ATP generation in these organelles [61].
Electron micrographs of brain tissue at 2 h after reversal of a 3 h period
of focal ischemia have revealed marked structural abnormalities of
mitochondria in neurons [62], consistent with the functional deteri-
oration seen under similar conditions in other studies. Interestingly,
the structural alterations following reperfusion resembled those
generated by much longer periods of permanent ischemia.

Although there are many potential mechanisms for disease-
induced impairments of respiratory function and membrane potential
in brain mitochondria [6], the molecular processes underlying the
changes induced by ischemia and reperfusion are not known.
Alterations in respiratory function are not explained by decreased
activity of individual components of the electron transport chain as
these are essentially fully preserved during ischemia and reperfusion
[63]. Some subtle alterations in activities of these respiratory chain
complexes in localised parts of the core tissue have been detected by
immunohistochemical techniques [64]. These are most obvious at 4 h
following reperfusion and may be associated with the development of
early pockets of secondary deterioration in mitochondrial function.

Ischemia-induced changes in A-kinase anchor protein 121
(AKAP121) is a possible contributor to the altered mitochondrial
properties. This protein was recently found to be degraded in neurons
during focal cerebral ischemia [65], albeit in samples obtained at 24 h
of permanent ischemia when interpretation is complicated by the
advanced state of tissue damage. AKAP121 forms a complex on the
outer mitochondrial membrane that is involved in inducing changes in
mitochondrial functions in response to intracellular signalling path-

ways. Of particular interest, degradation of AKAP121 results in im-
paired oxidative metabolism and decreased membrane potential in
the mitochondria [65]. Further studies are needed to assess the effects
of shorter ischemic periods and of reperfusion on AKAP121 to evaluate
its possible role in altered mitochondrial respiration.

5. Mitochondria and cell death pathways

The major deficits in mitochondrial ATP production in severely
ischemic core tissue create conditions that ensure the development of
necrotic death in all cells within a few hours of stroke onset. This
tissue provides no prospects for promoting cell survival unless there is
early reperfusion. The milder metabolic deficits in the penumbra
allow longer survival of the cells and provide opportunities for
protective interventions. Nonetheless, in the absence of reperfusion or
other treatments, metabolic changes arising from the limited
availability of substrates for oxidative metabolism and probably also
from progressive deterioration of mitochondrial function again
contributes to the demise of cells in this region. Other mitochondrial
changes, including induction of the permeability transition and the
release of proteins that trigger apoptosis, have also been implicated in
tissue damage, particularly in the reperfused penumbra as discussed
in the following sections.

5.1. The mitochondrial permeability transition and ischemic cell death

The mitochondrial permeability transition results from opening of
a pore in the inner mitochondrial membrane that is non-selectively
permeable to solutes smaller than 1.5 kDa [66-68]. Transition pore
opening is usually induced by abnormal accumulations of calcium and
can be promoted by multiple factors including depletion of adenine
nucleotides and oxidative stress. Despite intensive research, the
composition of the permeability transition pore remains incompletely
understood. Three proteins have been strongly implicated: the
adenine nucleotide translocase in the inner mitochondrial membrane,
the voltage-dependent anion carrier in the outer membrane and
cyclophilin D, a matrix protein with peptidyl-prolyl cis-trans isome-
rase activity [66-68]. Studies in mice that do not express cyclophilin D
have confirmed a key role for this protein in development of the
transition pore, although this component may be unnecessary for pore
opening at very high calcium concentrations [69-71]. However, some
doubts have been raised about the role of the adenine nucleotide
translocase because mitochondria from mice lacking expression of the
major isoforms of this protein can still develop a permeability
transition [67,72].

Involvement of the permeability transition in ischemic cell death
was initially suggested by the ability of cyclosporin A to produce
dramatic reductions in tissue infarction (by 65-90%) when given
immediately following reperfusion [49,73,74]. Cyclosporin A inhibits
transition pore opening by binding to cyclophilin D. Interpretation of
this result is not straightforward because cyclosporin A also has other
effects that might have contributed to the observed protection
including inhibition of the protein phosphatase, calcineurin. FK506, a
compound that inhibits calcineurin but does not block the permeabi-
lity transition, can also decrease infarct volume [49,75]. Nonetheless,
impressive protection has been demonstrated when derivatives of
cyclosporin A that do not inhibit calcineurin have been administered at
the time of reperfusion [73,76]. In one of these studies, the inhibitor
also decreased cytochrome crelease to the cytosol but did not alter the
respiratory function of mitochondria isolated from affected tissue
early in the post-ischemic period [76].

The strongest evidence for a role for the mitochondrial permeabil-
ity transition in ischemic damage is provided by the much smaller
infarcts that develop in mice lacking the protein cyclophilin D [71]. As
expected, knockout of cyclophilin D interferes with the development
of the permeability transition in mitochondria. Intriguingly, cells from
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these animals show reduced susceptibility to treatments including
exposure to hydrogen peroxide and a calcium ionophore but not to
commonly used inducers of apoptosis such as staurosporine [69-71].
This finding is consistent with the permeability transition (or at least
forms of the permeability transition involving cyclophilin D) being
primarily involved in necrotic cell death. Thus, the improved outcome
with inhibitors acting via cyclophilin D and in the cyclophilin D—/ —
mice probably involves disruption to necrosis in the affected tissue.

The effects of deletion of cyclophilin D and of inhibitors of the
permeability transition indicate a major role for this process in
promoting cell death following temporary ischemia. However, the
nature of this role is not yet fully understood. Halestrap [66] and Leung
and Halestrap [67] have proposed a mechanism for permeability
transition involvement in necrotic cell death in temporary ischemia of
the heart or brain. They suggest that calcium accumulation during the
ischemic period establishes conditions for pore opening but that
induction is initially blocked by the lowered pH associated with lactate
production. Changes initiated on reperfusion including a burst of free
radical production result in opening of the pore. The inability of
mitochondria to then generate ATP and the depletion of cytosolic ATP
due to reversal of the ATP synthase lead to major metabolic
derangements and ultimately activation of degradative enzymes
leading to necrosis. At least for focal ischemia in brain, this mechanism
is difficult to reconcile with the extent of recovery of energy-related
metabolites during early reperfusion in core and penumbral tissue
destined to become part of the infarct [34,39,45,46]. The near normal
respiratory properties of mitochondria assessed in preparations from
tissue early after reperfusion [16,59,60] are also at variance with
induction of the permeability transition unless this was reversed
during sample processing. Alternative mechanisms may be involved
including a slower onset of the permeability transition that contributes
to the secondary decline in energy metabolism or a possible transient
induction of the permeability transition during early reperfusion that
initiates changes leading to a more slowly developing programmed
form of necrosis.

The evidence that the permeability transition is involved in
necrosis suggests that this change might also contribute to cell loss
in the penumbra in permanent ischemia but this possibility has
received little attention. Protection has been achieved using cyclos-
porin A treatment in permanent ischemia [77,78]. However, similar
protection was also provided by FK506 suggesting that induction of
the permeability transition was not involved. Further investigations
are needed.

5.2. Caspase-dependent apoptosis

The intrinsic pathway of apoptosis requires the release to the
cytosol of specific proteins that normally reside in the intermembrane
space of mitochondria [3,25-27] (Fig. 1). The best characterized of
these apoptogenic mitochondrial proteins is the electron transport
chain component, cytochrome c. Within the cytosol, cytochrome ¢
forms a complex referred to as an apoptosome with procaspase-9,
apoptotic protease activating factor 1 (APAF-1) and dATP. The for-
mation of the apoptosome activates caspase-9 which then cleaves
other procaspases. The activation of caspase-3 by this process is
particularly important. Caspase-3 and other executioner caspases have
multiple effects including proteolysis of an inhibitor of the caspase-
activated DNase [3,25-27]. Degradation of the inhibitor results in
translocation of caspase-activated DNase to the nucleus where it
catalyses internucleosomal DNA degradation producing fragments
containing multiples of 180-200 base pairs.

A release of cytochrome c to the cytosol following temporary
ischemia has been widely observed either using immunohistochem-
istry on brain sections or Western blotting of tissue subfractions (see
for example [79-85]). This change is usually only detected in neurons.
Occasional cells exhibiting cytochrome c release are seen within the

first hour following reperfusion. The number of affected cells typically
increases substantially over the next few hours and then remains
stable or increases further to 24 h. One study has reported changes
restricted to penumbral tissue at 4 h following onset of reperfusion
[81], but alterations more typically develop in some neurons within
tissue that formed part of both the core and penumbral regions during
arterial occlusion. In response to permanent ischemia, cytochrome ¢
release also develops within a few hours in neurons spread
throughout the ischemic tissue [30,86-88]. The active cleaved form
of caspase-9 has also been detected in neurons and appears with a
similar time course to that for the release of cytochrome c following
temporary focal ischemia [79,83,87], further suggesting the develop-
ment of the intrinsic pathway of apoptosis in these cells.

At least two other proteins released from the intermembrane
space also promote caspase-dependent apoptosis but less directly
than cytochrome c [3,25,26]. Both second mitochondria-derived
activator of caspase/direct IAP-binding protein of low pl (Smac/
DIABLO) and Omi stress-regulated endoprotease/high temperature
requirement protein A2 (Omi/HtrA2) bind to and block the action of
members of the family of inhibitor-of-apoptosis proteins (IAPs). IAPs
inhibit caspase-3, caspase-7 and caspase-9. By blocking this effect,
Smac/DIABLO and Omi/HtrA2 increase the consequences of caspase
activation and promote cell death. Omi/HtrA2 but not Smac/DIABLO
has a proteolytic activity that contributes to the inhibitory effects on
IAPs [3,25]. Smac/DIABLO and Omi/HtrA2 increase in the cytosol of
neurons following temporary focal ischemia with a time course that is
similar to that of cytochrome c [79,80,83,89]. Interactions between
Omi/HtrA2 and XIAP, the most potent member of the IAP family, have
been detected by co-immunoprecipitation [89]. A delayed increase in
cleaved XIAP was also seen in one study [80]. Treatment of rats with
an inhibitor of Omi/HtrA2 activity shortly before induction of tem-
porary ischemia was found to moderately reduce DNA damage in the
post-ischemic tissue [80].

Taken together, these findings indicate that the intrinsic pathway
of apoptosis is activated in some neurons affected by focal ischemia.
The initial study describing cytochrome c release in focal ischemia [82]
identified cells exhibiting this change that also showed features of
apoptotic cell death, as indicated by positive TUNEL staining and the
presence of apoptotic bodies. However, there was not a close rela-
tionship between cytosolic cytochrome c and this apoptotic morpho-
logy. The patterns of release of cytochrome ¢ and other proteins in
subsequent studies also do not suggest a close correlation with the
distribution of cells exhibiting morphological features of apoptosis in
the affected cells. A likely explanation for this limited correlation is
that the internal pathway of apoptosis is induced in the mitochondria
of the neurons showing cytoplasmic accumulation of mitochondrial
proteins but that the further development of caspase-dependent
apoptosis is overwhelmed by other molecular changes that result in
alternative forms of cell death, at least in some of these cells. It is also
likely that some of the cytochrome c release results from a disruption
to mitochondrial structure that is unrelated to induction of caspase-
dependent apoptosis.

Increases in the active cleaved form of caspase-3 are also seen
following temporary ischemia with a time course and distribution
similar to that for the release of proteins from the mitochondrial
intermembrane space [80,81,83,90,91]. Expression is again almost
exclusively detected in neurons. Mice lacking expression of caspase-3
usually die during development. However, a strain that survives to
maturity develops markedly smaller infarcts than wild-type mice
following 2 h of MCA occlusion [92]. The interpretation of this finding
is complicated because the mice exhibit changes in brain structure,
including an increased density of neurons in the cortex, arising from
the lack of caspase-3 during development. Nonetheless, the results
point to an important contribution of caspase-mediated cell death to
ischemic damage following temporary focal ischemia. Further support
for this conclusion is provided by substantial decreases in infarct
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volume achieved using treatment before and after temporary
ischemia with a pan-caspase inhibitor as well as an inhibitor that is
relatively selective for caspase-3 [93,94]. A similar protection has also
been produced by an inhibitor with selectivity for caspase-9 [95],
consistent with a role for cytochrome c release in the development of
damage.

These findings strongly suggest the activation of caspase-dependent
apoptosis following temporary focal ischemia, at least in part via the
intrinsic pathway. However, the relative contribution of the extrinsic
and intrinsic apoptotic pathways to the caspase activation is not
known. A significant role for the extrinsic pathway in inducing caspase
activation is suggested by the identification of changes in upstream
signalling proteins in post-ischemic brain and the development of
much smaller infarcts following temporary ischemia in mice lacking
components of this pathway [96,97].

Activation of caspase-3 has been less studied in permanent focal
ischemia. Direct evaluation of brain tissue for caspase-3 activation
during a focal ischemic insult that was restricted to the cortex identi-
fied changes only in some of the neurons in one cortical layer, although
more widespread activation was seen in microglia [98]. Furthermore,
treatment of rats with a caspase inhibitor prior to induction of
permanent ischemia did not significantly improve infarction [99]
suggesting that this form of cell death may be of little importance
unless there is reperfusion.

5.3. Caspase-independent apoptosis

Mitochondrial membrane permeabilization can also lead to the
release of proteins that trigger apoptosis by caspase-independent
pathways [3,25,26]. The best studied mediator of this form of cell death
is AIF. AIF under normal conditions is a transmembrane protein of
approximately 62 kDa that resides in the inner mitochondrial mem-
brane. Following outer membrane permeabilization, the portion of AIF
(approximately 57 kDa) in the intermembrane space is released by
proteolysis, via actions of calcium-activated calpains and calcium-
independent cathepsins [25,26]. The AIF translocates to the nucleus
where it triggers the degradation of DNA into fragments that are larger
than those produced following caspase-3 activation. AIF does not have
intrinsic nuclease activity. Thus, the DNA degradation requires
activation of one or more other proteins. Interactions of AIF with the
protein, cyclophin A in the cytosol and co-translocation of the two
proteins lead to DNA degradation [3,25,26,100]. These interactions are
essential for AIF-mediated apoptosis, at least under some conditions.

In focal ischemia, nuclear translocation of AIF is seen in some
neurons within the first 2 h following short periods of focal ischemia
(of less than 1 h) in mice and then increases greatly over the next 24 h
[90,101-103]. Such changes are usually present in tissue from the core
and penumbral regions [101] (but see [81]) and again are essentially
restricted to neurons. By 24 h after an ischemic period of 45 min,
nuclear translocation of AIF was seen in many neurons and correlated
closely with overall neuronal loss [101]. Following longer periods of
temporary ischemia and in permanent ischemia, nuclear translocation
is apparently not initiated for several hours but again increases at later
times [84,102].

The most direct evidence that AIF contributes to ischemic damage
is provided by large reductions in infarct size seen following 45 min of
MCA occlusion in Harlequin mice. Expression of AIF in these mice is
reduced to approximately 20% [101]. Brain development in Harlequin
mice is apparently normal although the decrease in AIF also alters
antioxidant defences, which could potentially influence the tissue
damage that develops [26]. Further support for the importance of AIF
in cell death is provided by the large protective effects resulting from
knockout of the PARP gene or inhibition of PARP in ischemic and post-
ischemic brain. The activation of this enzyme by ischemia is believed
to lead to cell death that at least in part involves AIF release and
nuclear translocation (as discussed further in section 5.4.3).

Endonuclease G, another protein released from mitochondria, can
interact with AIF under some conditions and can directly cause
caspase-independent apoptosis [3,25,26]. In temporary or permanent
ischemia, endonuclease G translocation to the nucleus follows a similar
time course to AIF and is seen in neurons throughout the perfusion
territory of the occluded artery [103,104]. Co-immunoprecipitation
studies suggest that endonuclease G interacts with AIF in the nucleus at
24 h following temporary focal ischemia [102].

5.4. Inducers and modulators of mitochondrial involvement in cell death

5.4.1. Promoters of outer membrane permeabilization

The mechanisms for release of apoptogenic proteins from the
intermembrane space to the cytosol during development of apoptosis
has been intensively studied over the last decade but remains
incompletely understood [3,25]. Under normal conditions, the
presence of the voltage-dependent anion carrier in the outer
mitochondrial membrane allows compounds with molecular weights
below 1.5 kDa to readily move between the cytosol and intermem-
brane space. However, the release from the intermembrane space of
larger molecules, including cytochrome c and other proteins, requires
a substantial increase in permeability of the outer mitochondrial
membrane. Under some conditions, this can result from formation of
the mitochondrial transition pore which leads to permeabilization of
the inner membrane. Subsequent swelling of the mitochondria due to
water entry into the matrix following pore opening results in
disruption of the outer membrane and the release of proteins from
the intermembrane space [3,25]. As discussed further in section 4.1.,
there is considerable evidence for induction of the mitochondrial
permeability transition by focal ischemia and a prominent role for this
change in cell death under some conditions. However, the studies of
cells from mice lacking cyclophilin D expression [69-71] suggest that
this is more likely to result in necrosis than apoptosis.

An alternative process is now thought to be more commonly
involved in the permeabilization of the outer mitochondrial mem-
brane and release of apoptogenic proteins. This involves pore
formation by pro-apoptotic members of the Bcl-2 family of proteins
in the outer membrane [3,25]. The full details of this process are not
yet elucidated but translocation of the proteins, Bim and Bax, from the
cytosol to the mitochondrial membrane is commonly involved.
Translocation of both proteins develops in the initial 4 h following 1
h of ischemia in rats and mice [83]. The expression of these proteins is
also increased at these times [81,83]. Translocation of Bax and Bim to
the mitochondria following ischemia apparently involves activation of
c-Jun N-terminal kinase (JNK). Pretreatment of mice with a JNK
inhibitor immediately prior to 1 h of ischemia in mice decreases
movement of these proteins to the mitochondria and decreases the
number of cells exhibiting features of apoptosis, predominantly in
penumbral regions [83,105]. Movement of the Bcl-2 family protein,
Bad, from the cytosol to the mitochondria can also contribute to
mitochondrial membrane permeabilization under some circum-
stances. Translocation of this protein has also been detected following
temporary ischemia [106] (but see also [83]).

Activation of caspase-8 by cell death receptors involved in the
extrinsic apoptotic pathway can result in cleavage of another Bcl-2
family protein, Bid, and translocation of the t-Bid to the mitochondria
where it promotes release of apoptogenic proteins. Cleavage of Bid
develops following temporary ischemia, consistent with stimulation
of this arm of the extrinsic pathway [85,107]. Furthermore, infarct
volumes were found to be 67% smaller in Bid —/ — mice compared to
wild-type mice exposed to brief (30 min) focal ischemia [107] and
approximately 30% smaller following more prolonged (90 min)
ischemia [85]. The Bid —/ — mice also exhibited markedly diminished
and delayed cytochrome c release [85,107], less caspase-3 activation
as well as decreases in apoptotic neurons in tissue from the penumbra
[85]. Bid has also been implicated in promoting release of AIF in
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neurons exposed to ischemia-like and excitotoxic insults in culture
[101,108] and may therefore also contribute to caspase-independent
apoptosis in ischemia.

Other members of the Bcl-2 family are anti-apoptotic either by
binding pro-apoptotic Bcl-2 family proteins or via direct interactions
with the mitochondria [3,25]. These proteins can provide protection
against apoptotic and necrotic forms of cell death. The effects of over-
expression of two of these proteins, Bcl-2 and Bcl-xL, have been
investigated in permanent ischemia in mice and found to moderately
reduce infarcts in some studies but not others [109-111]. Local
increases in Bcl-2 expression achieved using viral vectors impeded
release of cytochrome c and the translocation of AIF to the nucleus in
neurons in the rim of infarcts produced by permanent ischemia in rats
and increased the survival of these neurons [112].

5.4.2. Oxidative stress

Oxidative stress has been strongly implicated as an important
factor in the development of both necrosis and apoptosis in focal
ischemia, particularly when there is reperfusion [2,15]. Peroxynitrite
generated from the reaction of nitric oxide and superoxide plays a
prominent role. Mitochondria are a major site of production of super-
oxide in normal cells and probably contribute to increased oxidative
stress in ischemic and post-ischemic brain. Consistent with this
possibility, over-expression of Mn?*-superoxide dismutase, the mito-
chondrial isoform of the enzyme that converts superoxide to
hydrogen peroxide, results in moderate reductions in infarction in
temporary ischemia [113]. Furthermore, much larger infarcts are seen
in mice heterozygous for deletion of this enzyme compared with
wild-type mice following both permanent and temporary ischemia
[29,114].

A decrease in mitochondrial generation of free radicals has been
proposed as the basis for reductions in tissue infarction in rats treated
systemically with a mild dose of the mitochondrial uncoupling agent,
dinitrophenol, following temporary ischemia [115]. Mitochondria
isolated from the penumbra but not the core of control rats during
early recirculation showed moderate increases in calcium content and
an increase in production of free radicals when incubated in vitro.
These changes were both substantially reduced in mitochondria from
rats treated with dinitrophenol, consistent with a mitochondrial
contribution to the protection [115].

The major water-soluble antioxidant, glutathione, is localized in
both the cytosol and the mitochondria of cells. A selective loss of the

Bax / Bim
translocation

mitochondrial pool develops during ischemic periods that are sufficient
to induce infarct formation and persists during reperfusion [116]. In
astrocytes in culture, losses of mitochondrial glutathione increase sus-
ceptibility to oxidative and nitrative stress but not to inducers of
apoptosis [117,118]. Interestingly, the increased vulnerability in these
cells apparently involves induction of the permeability transition and
resembles the effects on cell viability produced by knockout of cyclo-
philin D [118]. The decrease in mitochondrial glutathione also seems
likely to promote necrosis in ischemic and post-ischemic brain but
definitive evidence is lacking.

The involvement of superoxide in the development of ischemic
injury has been most extensively characterized through investigations
of mice overexpressing the cytosolic enzyme, Cu>* Zn?*-superoxide
dismutase. These animals develop smaller infarcts than wild-type
mice following temporary ischemia but, interestingly, not permanent
ischemia [119,120]. Following reperfusion, this enzyme leads to
decreases in multiple events associated with mitochondrially medi-
ated apoptosis including the release of cytochrome ¢, Smac/DIABLO
and Omi/HtrA2 and translocation of Bad to the mitochondria
[89,106,121,122].

5.4.3. PARP activation

PARP is an enzyme that is activated by DNA damage and generates
poly-ADP ribose to promote repair [123]. A role for PARP activation in
ischemic cell death is demonstrated by the development of much
smaller infarct volumes (typically reduced by more than 50%) in
response to temporary ischemia in PARP—/ — mice [124-126] or in
rats and mice treated with PARP inhibitors [47,48,125]. Decreases of
infarct formation can be achieved with treatments several hours after
recirculation in temporary ischemia. Markedly reduced damage is also
achieved by PARP inhibition initiated within the first 2 h of permanent
ischemia [48]. The effects of PARP are explained, at least partially, by
the ability of poly-ADP ribose to trigger release of AIF [127]. PARP
inhibition decreases AIF translocation in response to focal ischemia
[101]. Furthermore, both poly-ADP ribose formation and AIF translo-
cation induced by focal ischemia are attenuated by inhibitors of nitric
oxide synthase and are also decreased in mice in which the gene for
neuronal nitric oxide synthase is deleted [84]. Thus, PARP activation
and subsequent AIF translocation are apparently consequences of
initial induction of oxidative damage to DNA induced by peroxynitrite.

PARP activation can also initiate necrosis under some conditions
[31]. Excessive activity of PARP depletes cellular NAD ™", the substrate

Permeability transition
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J Glutathione
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Fig. 3. Summary of major changes in mitochondrial properties that are induced by permanent or temporary focal cerebral ischemia and can contribute to cell death under some

conditions.
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for poly-ADP ribose formation, which then leads to utilization of ATP
in an attempt to regenerate the NAD" [6,31]. The decrease in these
key intermediates of energy generation can initiate cellular changes
that result in necrotic forms of cell death. The effectiveness of PARP
inhibition in limiting damage induced by both temporary and
permanent ischemia could reflect the involvement of this enzyme in
the development of more than one form of cell death in the ischemic
and post-ischemic brain.

6. Conclusions

Cell death in stroke develops on a background of complex meta-
bolic changes that depend on the severity and duration of the focal
ischemic insult. Fig. 3 summarizes key alterations identified in mito-
chondrial properties that can contribute to cell death under some
conditions in ischemic or post-ischemic brain. In severely ischemic
core tissue, oxidative glucose metabolism is rapidly impaired by
decreases in oxygen and glucose availability. These changes are not
compatible with long-term cell survival. Necrosis in this tissue is a
major contributor to infarct development in permanent ischemia. Of
greater interest, energy metabolism in the penumbra is more
moderately affected, almost certainly contributing to the ability of
this tissue to be rescued by some pharmacological interventions (in
animal models but not yet in humans) or by restitution of blood flow
(in both animal models and humans) within the first few hours of
stroke onset. In untreated permanent ischemia or with longer-term
ischemia with reperfusion, impairment of mitochondrial oxidative
metabolism and losses of glutathione from these organelles are likely
promoters of the cell death in the penumbra that results in expansion
of the infarct.

The development of the mitochondrial permeability transition and
the release of mitochondrial proteins leading to caspase-dependent
and caspase-independent apoptosis have all been shown to be
involved in ischemic damage in animal models of stroke. A role for
each of these processes in cell death, and particularly neuronal death, is
best established in models of temporary ischemia, often of short
duration. Thus, these responses may well contribute to the damage
that develops following early restoration of blood flow in human stroke
treated with thrombolysis or in the small proportion of cases with early
spontaneous reperfusion. There has been much less investigation of
whether these processes might also contribute significantly to the loss
of the potentially salvageable cells in the penumbra under conditions
of permanent or long-duration ischemia that are probably more
relevant to the majority of stroke in humans. The limited evidence
available suggests that neither caspase-dependent cell death nor the
permeability transition is likely to have a major role. A possible broader
involvement of AIF translocation is suggested by the substantial effects
of inhibition of PARP in temporary and permanent ischemia, which are
mediated at least in part by nuclear translocation of AIF. Further
evaluation of the contribution of AIF is needed. Regardless of the
ischemic conditions, there is little evidence implicating any of these
three processes in the death of non-neuronal cells. The effects of
ischemia on the mitochondrial properties of these non-neuronal cells
and the interactions between these cells and neurons undergoing
necrosis or apoptosis are currently poorly understood and also need
further investigation.

References

[1] RW.V. Flynn, R.S.M. MacWalter, A.S.F. Doney, The cost of cerebral ischaemia,
Neuropharmacology 55 (2008) 250-256.

[2] K.P. Doyle, R.P. Simon, M.P. Stenzel-Poore, Mechanisms of ischemic brain
damage, Neuropharmacology 55 (2008) 310-318.

[3] L. Galluzzi, E. Morselli, O. Kepp, G. Kroemer, Targeting post-mitochondrial effec-
tors of apoptosis for neuroprotection, Biochim. Biophys. Acta Bioenerg. 1787
(2009) 402-413.

[4] N.R.Sims, M.F. Anderson, Mitochondrial contributions to tissue damage in stroke,
Neurochem. Int. 40 (2002) 511-526.

[5] L. Hertz, Bioenergetics of cerebral ischemia: a cellular perspective, Neuropharma-

cology 55 (2008) 289-309.

L. Soane, S. Kahraman, T. Kristian, G. Fiskum, Mechanisms of impaired mito-

chondrial energy metabolism in acute and chronic neurodegenerative disorders,

J. Neurosci. Res. 85 (2007) 3407-3415.

[7] H. Memezawa, H. Minamisawa, M.L. Smith, B.K. Siesjo, Ischemic penumbra in a

model of reversible middle cerebral artery occlusion in the rat, Exp. Brain Res. 89

(1992) 67-78.

T. Back, T. Hemmen, O.G. Schuler, Lesion evolution in cerebral ischemia, J. Neurol.

251 (2004) 388-397.

L. Belayev, W.Z. Zhao, R. Busto, M.D. Ginsberg, Transient middle cerebral artery

occlusion by intraluminal suture. 1. Three-dimensional autoradiographic image

analysis of local cerebral glucose metabolism-blood flow interrelationships

during ischemia and early recirculation, J. Cereb. Blood Flow Metab. 17 (1997)

1266-1280.

[10] G. Gido, T. Kristian, B.K. Siesjo, Extracellular potassium in a neocortical core area
after transient focal ischemia, Stroke 28 (1997) 206-210.

[11] T.Kristian, G. Gido, S. Kuroda, A. Schutz, B.K. Siesjo, Calcium metabolism of focal
and penumbral tissues in rats subjected to transient middle cerebral artery
occlusion, Exp. Brain Res. 120 (1998) 503-509.

[12] K.A. Hossmann, Viability thresholds and the penumbra of focal ischemia, Ann.
Neurol. 36 (1994) 557-565.

[13] T.Back, W.Z.Zhao, M.D. Ginsberg, 3-Dimensional image analysis of brain glucose
metabolism blood flow uncoupling and its electrophysiological correlates in the
acute ischemic penumbra following middle cerebral artery occlusion, J. Cereb.
Blood Flow Metab. 15 (1995) 566-577.

[14] W.D. Heiss, R. Graf, K. Wienhard, J. Lottgen, R. Saito, T. Fujita, G. Rosner, R.
Wagner, Dynamic penumbra demonstrated by sequential multitracer PET after
middle cerebral-artery oclusion in cats, ]. Cereb. Blood Flow Metab. 14 (1994)
892-902.

[15] S.L. Mehta, N. Manhas, R. Rahubir, Molecular targets in cerebral ischemia for
developing novel therapeutics, Brain Res. Rev. 54 (2007) 34-66.

[16] M.E. Anderson, N.R. Sims, Mitochondrial respiratory function and cell death in
focal cerebral ischemia, J. Neurochem. 73 (1999) 1189-1199.

[17] H.Memezawa, M.L. Smith, B.K. Siesjo, Penumbral tissues salvaged by reperfusion
following middle cerebral artery occlusion in rats, Stroke 23 (1992) 552-559.

[18] J.M. Wardlaw, P.A.G. Sandercock, E. Berge, Thrombolytic therapy with recom-
binant tissue plasminogen activator for acute ischemic stroke—where do we go
from here? A cumulative meta-analysis, Stroke 34 (2003) 1437-1442.

[19] H. Kassem-Moussa, C. Graffagnino, Nonocclusion and spontaneous recanaliza-
tion rates in acute ischemic stroke—a review of cerebral angiography studies,
Arch. Neurol. 59 (2002) 1870-1873.

[20] E. Besancon, S.Z. Guo, ]. Lok, M. Tymianski, E.H. Lo, Beyond NMDA and AMPA
glutamate receptors: emerging mechanisms for ionic imbalance and cell death in
stroke, Trends Pharmacol. Sci. 29 (2008) 268-275.

[21] G. Mies, T. lijima, K.A. Hossmann, Correlation between periinfarct DC shifts and
ischemic neuronal damage in rat, NeuroReport 4 (1993) 709-711.

[22] J.H. Garcia, Y. Yoshida, H. Chen, Y. Li, Z.G. Zhang, J.Y. Lian, S. Chen, M. Chopp,
Progression from ischemic-injury to infarct following middle cerebral artery
occlusion in the rat, Am. J. Pathol. 142 (1993) 623-635.

[23] Y. Li, M. Chopp, N. Jiang, F. Yao, C. Zaloga, Temporal profile of in-situ DNA
fragmentation after transient middle cerebral artery occlusion in the rat, J. Cereb.
Blood Flow Metab. 15 (1995) 389-397.

[24] Y. Li, M. Chopp, N. Jiang, Z.G. Zhang, C. Zaloga, Induction of DNA fragmentation
after 10 to 120 minutes of focal cerebral-ischemia in rats, Stroke 26 (1995)
1252-1257.

[25] G. Kroemer, L. Galluzzi, C. Brenner, Mitochondrial membrane permeabilization
in cell death, Physiol. Rev. 87 (2007) 99-163.

[26] S. Krantic, N. Mechawar, S. Reix, R. Quirion, Apoptosis-inducing factor: a matter
of neuron life and death, Prog. Neurobiol. 81 (2007) 179-196.

[27] M.O. Hengartner, The biochemistry of apoptosis, Nature 407 (2000) 770-776.

[28] M. Asahi, M. Hoshimaru, Y. Uemura, T. Tokime, M. Kojima, T. Ohtsuka, N.
Matsuura, T. Aoki, K. Shibahara, H. Kikuchi, Expression of interleukin-1 beta
converting enzyme gene family and bcl-2 gene family in the rat brain following
permanent occlusion of the middle cerebral artery, J. Cereb. Blood Flow Metab.
17 (1997) 11-18.

[29] K. Murakami, T. Kondo, M. Kawase, Y.B. Li, S. Sato, S.F. Chen, P.H. Chan,
Mitochondrial susceptibility to oxidative stress exacerbates cerebral infarction
that follows permanent focal cerebral ischemia in mutant mice with manganese
superoxide dismutase deficiency, J. Neurosci. 18 (1998) 205-213.

[30] T. Noto, M. Ishiye, Y. Furuich, Y. Keida, K. Katsuta, A. Moriguchi, N. Matsuoka, 1.
Aramori, T. Goto, T. Yanagihara, Neuroprotective effect of tacrolimus (FK506) on
ischemic brain damage following permanent focal cerebral ischemia in the rat,
Mol. Brain Res. 128 (2004) 30-38.

[31] N. Festjens, T. Vanden Berghe, P. Vandenabeele, Necrosis, a well-orchestrated
form of cell demise: signalling cascades, important mediators and concomitant
immune response, Biochim. Biophys. Acta Bioenerg. 1757 (2006) 1371-1387.

[32] P. Golstein, G. Kroemer, Cell death by necrosis: towards a molecular definition,
Trends Biochem. Sci. 32 (2007) 37-43.

[33] J. Folbergrova, H. Memezawa, M.L. Smith, B.K. Siesjo, Focal and perifocal changes
in tissue energy-state during middle cerebral artery occlusion in normoglycemic
and hyperglycemic rats, J. Cereb. Blood Flow Metab. 12 (1992) 25-33.

[34] ]. Folbergrova, Q. Zhao, K. Katsura, B.K. Siesjo, N-tert-butyl-alpha-phenylnitrone
improves recovery of brain energy state in rats following transient focal
ischemia, Proc. Nat. Acad. Sci. U. S. A. 92 (1995) 5057-5061.

[35] W. Paschen, L. Olah, G. Mies, Effect of transient focal ischemia of mouse brain on

[6

8

[9



90

[36]

[37]
(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

N.R. Sims, H. Muyderman / Biochimica et Biophysica Acta 1802 (2010) 80-91

energy state and NAD levels: no evidence that NAD depletion plays a major role
in secondary disturbances of energy metabolism, ]. Neurochem. 75 (2000)
1675-1680.

F.A. Welsh, V.R. Marcy, RE. Sims, NADH fluorescence and regional energy
metabolites during focal ischemia and reperfusion of rat brain, J. Cereb. Blood
Flow Metab. 11 (1991) 459-465.

LA. Silver, M. Erecinska, Intracellular and extracellular changes of [Ca’"] in
hypoxia and ischemia in rat brain in vivo, J. Gen. Physiol. 95 (1990) 837-866.
H. Onodera, K. lijira, K. Kogure, Mononucleotide metabolism in the rat brain after
transient ischemia, . Neurochem. 46 (1986) 1704-1710.

W.D. Lust, C. Taylor, S. Pundik, W.R. Selman, R.A. Ratcheson, Ischemic cell death:
dynamics of delayed secondary energy failure during reperfusion following focal
ischemia, Metab. Brain Dis. 17 (2002) 113-121.

A. Haberg, H. Qu, O. Saether, G. Unsgard, O. Haraldseth, U. Sonnewald, Diffe-
rences in neurotransmitter synthesis and intermediary metabolism between
glutamatergic and GABAergic neurons during 4 hours of middle cerebral artery
occlusion in the rat: the role of astrocytes in neuronal survival, J. Cereb. Blood
Flow Metab. 21 (2001) 1451-1463.

A. Haberg, H. Qu, U. Sonnewald, Glutamate and GABA metabolism in transient
and permanent middle cerebral artery occlusion in rat: importance of astrocytes
for neuronal survival, Neurochem. Int. 48 (2006) 531-540.

T. Aureli, M.E. DiCocco, M. Calvani, F. Conti, The entry of [1-'*C]glucose into
biochemical pathways reveals a complex compartmentation and metabolite
trafficking between glia and neurons: a study by '>C-NMR spectroscopy, Brain
Res. 765 (1997) 218-227.

B. Hassel, U. Sonnewald, F. Fonnum, Glial-neuronal interactions as studied by
cerebral metabolism of [2-'3CJacetate and [1-'>C]glucose—an ex vivo '*C-NMR
spectroscopic study, J. Neurochem. 64 (1995) 2773-2782.

W.R. Selman, W.D. Lust, S. Pundik, Y.N. Zhou, R.A. Ratcheson, Compromised meta-
bolic recovery following spontaneous spreading depression in the penumbra, Brain
Res. 999 (2004) 167-174.

S.C. Helps, N.R. Sims, Inhibition of nitric oxide synthase with 7-nitroindazole
does not modify early metabolic recovery following focal cerebral ischemia in
rats, Neurochem. Res. 32 (2007) 663-670.

A.E. Thoren, S.C. Helps, M. Nilsson, N.R. Sims, The metabolism of '“C-glucose by
neurons and astrocytes in brain subregions following focal cerebral ischemia in
rats, ]. Neurochem. 97 (2006) 968-978.

Y.C. Ding, Y.D. Zhou, Q. Lai, J. Li, V. Gordon, F.G. Diaz, Long-term neuroprotective
effect of inhibiting poly(ADP-ribose) polymerase in rats with middle cerebral
artery occlusion using a behavioral assessment, Brain Res. 915 (2001) 210-217.
K. Komjati, ].G. Mabley, L. Virag, GJ. Southan, A.L. Salzman, C. Szabo, Poly(ADP-
ribose) polymerase inhibition protects neurons and the white matter and
regulates the translocation of apoptosis-inducing factor in stroke, Int. J. Mol.
Med. 13 (2004) 373-382.

T. Yoshimoto, B.K. Siesjo, Posttreatment with the immunosuppressant cyclos-
porin A in transient focal ischemia, Brain Res. 839 (1999) 283-291.

C.G. Markgraf, N.L. Velayo, M.P. Johnson, D.R. McCarty, S. Medhi, J.R. Koehl, P.A.
Chmielewski, M.D. Linnik, Six-hour window of opportunity for calpain inhibition
in focal cerebral ischemia in rats, Stroke 29 (1998) 152-158.

R.A. Waniewski, D.L. Martin, Preferential utilization of acetate by astrocytes is
attributable to transport, J. Neurosci. 18 (1998) 5225-5233.

C.K. Petito, M.C. Chung, L.M. Verkhovsky, AJ.L. Cooper, Brain glutamine synthetase
increases following cerebral-ischemia in the rat, Brain Res. 569 (1992) 275-280.
AE. Thoren, S.C. Helps, M. Nilsson, N.R. Sims, Astrocytic function assessed
from 1-'“C-acetate metabolism after temporary focal cerebral ischemia in rats,
J. Cereb. Blood Flow Metab. 25 (2005) 440-450.

W.D. Heiss, G. Rosner, Functional recovery of cortical neurons as related to
degree and duration of ischemia, Ann. Neurol. 14 (1983) 294-301.

H. Bolay, Y. Gursoy-Ozdemir, Y. Sara, R. Onur, A. Can, T. Dalkara, Persistent defect
in transmitter release and synapsin phosphorylation in cerebral cortex after
transient moderate ischemic injury, Stroke 33 (2002) 1369-1375.

G.V. Ronnett, S. Ramamurthy, A.M. Kleman, L.E. Landree, S. Aja, AMPK in the brain:
its roles in energy balance and neuroprotection, J. Neurochem. 109 (2009) 17-23.
LD. McCullough, Z.Y. Zeng, H. Li, LE. Landree, J. McFadden, G.V. Ronnett,
Pharmacological inhibition of AMP-activated protein kinase provides neuropro-
tection in stroke, J. Biol. Chem. 280 (2005) 20493-20502.

J. Li, Z.Y. Zeng, B. Viollet, G.V. Ronnett, L.D. McCullough, Neuroprotective effects
of adenosine monophosphate—activated protein kinase inhibition and gene
deletion in stroke, Stroke 38 (2007) 2992-2999.

S. Kuroda, K. Katsura, L. Hillered, T.E. Bates, B.K. Siesjo, Delayed treatment with
alpha-phenyl-N-tert-butyl nitrone (PBN) attenuates secondary mitochondrial
dysfunction after transient focal cerebral ischemia in the rat, Neurobiol. Dis. 3
(1996) 149-157.

A. Nakai, S. Kuroda, A. Kristian, B.K. Siesjo, The immunosuppressant drug FK506
ameliorates secondary mitochondrial dysfunction following transient focal ce-
rebral ischemia in the rat, Neurobiol. Dis. 4 (1997) 288-300.

D.R. Lee, S.C. Helps, P.J. Macardle, M. Nilsson, N.R. Sims, Alterations in membrane
potential in mitochondria isolated from brain subregions during focal cerebral
ischemia and early reperfusion: evaluation using flow cytometry, Neurochem.
Res. 34 (2009) 1857-1866.

N.J. Solenski, C.G. diPierro, P.A. Trimmer, A.L. Kwan, G.A. Helms, Ultrastructural
changes of neuronal mitochondria after transient and permanent cerebral
ischemia, Stroke 33 (2002) 816-824.

L. Canevari, S. Kuroda, T.E. Bates, J.B. Clark, B.K. Siesjo, Activity of mitochondrial
respiratory chain enzymes after transient focal ischemia in the rat, J. Cereb. Blood
Flow Metab. 17 (1997) 1166-11609.

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

(74]

[75]

[76]

(771

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(871

(88]

(89]

T. Christensen, N.H. Diemer, Reduction of mitochondrial electron transport
complex activity is restricted to the ischemic focus after transient focal cerebral
ischemia in rats: a histochemical volumetric analysis, Neurochem. Res. 28
(2003) 1805-1812.

A. Carlucci, A. Adornetto, A. Scorziello, D. Viggiano, M. Foca, 0. Cuomo, L.
Annunziato, M. Gottesman, A. Feliciello, Proteolysis of AKAP121 regulates mito-
chondrial activity during cellular hypoxia and brain ischaemia, EMBO ]. 27
(2008) 1073-1084.

A.P. Halestrap, Calcium, mitochondria and reperfusion injury: a pore way to die,
Biochem. Soc. Trans. 34 (2006) 232-237.

AW.C. Leung, A.P. Halestrap, Recent progress in elucidating the molecular me-
chanism of the mitochondrial permeability transition pore, Biochim. Biophys.
Acta Bioenerg. 1777 (2008) 946-952.

Y. Tsujimoto, T. Nakagawa, S. Shimizu, Mitochondrial membrane permeability
transition and cell death, Biochim. Biophys. Acta Bioenerg. 1757 (2006) 1297-1300.
C.P. Baines, R.A. Kaiser, N.H. Purcell, N.S. Blair, H. Osinska, M.A. Hambleton, E.W.
Brunskill, M.R. Sayen, R.A. Gottlieb, G.W. Dorn, J. Robbins, J.D. Molkentin, Loss of
cyclophilin D reveals a critical role for mitochondrial permeability transition in
cell death, Nature 434 (2005) 658-662.

T. Nakagawa, S. Shimizu, T. Watanabe, O. Yamaguchi, K. Otsu, H. Yamagata, H.
Inohara, T. Kubo, Y. Tsujimoto, Cyclophilin D-dependent mitochondrial perme-
ability transition regulates some necrotic but not apoptotic cell death, Nature
434 (2005) 652-658.

A.C. Schinzel, O. Takeuchi, Z.H. Huang, J.K. Fisher, Z.P. Zhou, J. Rubens, C. Hetz,
N.N. Danial, M.A. Moskowitz, S.J. Korsmeyer, Cyclophilin D is a component of
mitochondrial permeability transition and mediates neuronal cell death after
focal cerebral ischemia, Proc. Nat. Acad. Sci. U. S. A. 102 (2005) 12005-12010.
J.E. Kokoszka, K.G. Waymire, S.E. Levy, J.E. Sligh, J.Y. Cal, D.P. Jones, G.R.
MacGregor, D.C. Wallace, The ADP/ATP translocator is not essential for the
mitochondrial permeability transition pore, Nature 427 (2004) 461-465.

S. Matsumoto, H. Friberg, M. Ferrand-Drake, T. Wieloch, Blockade of the
mitochondrial permeability transition pore diminishes infarct size in the rat
after transient middle cerebral artery occlusion, J. Cereb. Blood Flow Metab. 19
(1999) 736-741.

Y. Shiga, H. Onodera, Y. Matsuo, K. Kogure, Cyclosporine-A protects against
ischemia-reperfusion injury in the brain, Brain Res. 595 (1992) 145-148.

D. Bochelen, M. Rudin, A. Sauter, Calcineurin inhibitors FK506 and SDZ ASM 981
alleviate the outcome of focal cerebral ischemic/reperfusion injury, J. Pharmacol.
Exp. Ther. 288 (1999) 653-659.

AS. Korde, L.C. Pettigrew, S.D. Craddock, C.B. Pocernich, P.C. Waldmeier, W.F.
Maragos, Protective effects of NIM811 in transient focal cerebral ischemia suggest
involvement of the mitochondrial permeability transition, J. Neurotrauma 24
(2007) 895-908.

S.P. Butcher, D.C. Henshall, Y. Teramura, K. Iwasaki, J. Sharkey, Neuroprotective
actions of FK506 in experimental stroke: in vivo evidence against an anti-
excitotoxic mechanism, J. Neurosci. 17 (1997) 6939-6946.

J. Sharkey, S.P. Butcher, Immunophilins mediate the neuroprotective effects of
FK506 in focal cerebral ischemia, Nature 371 (1994) 336-339.

A. Saito, T. Hayashi, S. Okuno, M. Ferrand-Drake, P.H. Chan, Interaction between
XIAP and Smac/DIABLO in the mouse brain after transient focal cerebral
ischemia, J. Cereb. Blood Flow Metab. 23 (2003) 1010-1019.

J. Althaus, M.D. Siegelin, F. Dehghani, L. Cilenti, A.S. Zervos, A. Rami, The serine
protease Omi/HtrA2 is involved in XIAP cleavage and in neuronal cell death
following focal cerebral ischemia/reperfusion, Neurochem. Int. 50 (2007)
172-180.

I. Ferrer, B. Friguls, E. Dalfo, C. Justicia, A.M. Planas, Caspase-dependent and
caspase-independent signalling of apoptosis in the penumbra following middle
cerebral artery occlusion in the adult rat, Neuropathol. Appl. Neurobiol. 29
(2003) 472-481.

M. Fujimura, Y. Morita-Fujimura, K. Murakami, M. Kawase, P.H. Chan, Cytosolic
redistribution of cytochrome c after transient focal cerebral ischemia in rats,
J. Cereb. Blood Flow Metab. 18 (1998) 1239-1247.

Y.Q. Gao, A.P. Signore, W. Yin, G.D. Cao, X.M. Yin, E.Y. Sun, Y.M. Luo, S.H. Graham,
J. Chen, Neuroprotection against focal ischemic brain injury by inhibition of c-Jun
N-terminal kinase and attenuation of the mitochondrial apoptosis-signaling
pathway, J. Cereb. Blood Flow Metab. 25 (2005) 694-712.

X. Li, M. Nemoto, Z. Xu, S.W. Yu, M. Shimoji, S.A. Andrabi, J.F. Haince, G.G. Poirier,
T.M. Dawson, V.L. Dawson, R.C. Koehler, Influence of duration of focal cerebral
ischemia and neuronal nitric oxide synthase on translocation of apoptosis-
inducing factor to the nucleus, Neuroscience 144 (2007) 56-65.

X.M. Yin, Y.M. Luo, G.D. Cao, L. Bai, W. Pei, D.K. Kuharsky, J. Chen, Bid-mediated
mitochondrial pathway is critical to ischemic neuronal apoptosis and focal
cerebral ischemia, J. Biol. Chem. 277 (2002) 42074-42081.

C. Guegan, B. Sola, Early and sequential recruitment of apoptotic effectors after
focal permanent ischemia in mice, Brain Res. 856 (2000) 93-100.

M. Shibata, H. Hattori, T. Sasaki, ]. Gotoh, ]. Hamada, Y. Fukuuchi, Temporal
profiles of the subcellular localization of Bim, a BH3-only protein, during middle
cerebral artery occlusion in mice, J. Cereb. Blood Flow Metab. 22 (2002)
810-820.

H. Shichinohe, S. Kuroda, T. Abumiya, ]. Ikeda, T. Kobayashi, T. Yoshimoto, Y.
Iwasaki, FK506 reduces infarct volume due to permanent focal cerebral ischemia
by maintaining BAD turnover and inhibiting cytochrome c release, Brain Res.
1001 (2004) 51-59.

A. Saito, T. Hayashi, S. Okuno, T. Nishi, P.H. Chan, Modulation of the Omi/HtrA2
signaling pathway after transient focal cerebral ischemia in mouse brains that
overexpress SOD1, Mol. Brain Res. 127 (2004) 89-95.



(90]

[91]

(92]

(93]

(94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

N.R. Sims, H. Muyderman / Biochimica et Biophysica Acta 1802 (2010) 80-91 91

J.Y. Li, Y. Furuichi, N. Matsuoka, S. Mutoh, T. Yanagihara, Tacrolimus (FK506)
attenuates biphasic cytochrome c release and Bad phosphorylation following
transient cerebral ischemia in mice, Neuroscience 142 (2006) 789-797.

S. Namura, J.M. Zhu, K. Fink, M. Endres, A. Srinivasan, KJ. Tomaselli, J.Y. Yuan,
M.A. Moskowitz, Activation and cleavage of caspase-3 in apoptosis induced by
experimental cerebral ischemia, J. Neurosci. 18 (1998) 3659-3668.

D.A. Le, Y.Q. Wu, ZH. Huang, K. Matsushita, N. Plesnila, ].C. Augustinack, B.T.
Hyman, J.Y. Yuan, K. Kuida, R.A. Flavell, M.A. Moskowitz, Caspase activation and
neuroprotection in caspase-3-deficient mice after in vivo cerebral ischemia and
in vitro oxygen glucose deprivation, Proc. Nat. Acad. Sci. U. S. A. 99 (2002)
15188-15193.

H. Endres, S. Namura, M. Skimizu-Sasamata, C. Waeber, L. Zhang, T. Gomez-Isla,
B.T. Hyman, M.A. Moskowitz, Attenuation of delayed neuronal death after mild
focal ischemia in mice by inhibition of the caspase family, ]. Cereb. Blood Flow
Metab. 18 (1998) 238-247.

H. Hara, RM. Friedlander, V. Gagliardini, C. Ayata, K. Fink, Z.H. Huang, M.
Shimizu-Sasamata, J.Y. Yuan, M.A. Moskowitz, Inhibition of interleukin 1 beta
converting enzyme family proteases reduces ischemic and excitotoxic neuronal
damage, Proc. Nat. Acad. Sci. U. S. A. 94 (1997) 2007-2012.

G. Mouw, J.L. Zechel, Y. Zhou, W.D. Lust, W.R. Selman, R.A. Ratcheson, Caspase-9
inhibition after focal cerebral ischemia improves outcome following reversible
focal ischemia, Metab. Brain Dis. 17 (2002) 143-151.

A. Martin-Villalba, I. Herr, 1. Jeremias, M. Hahne, R. Brandt, ]. Vogel, J. Schenkel, T.
Herdegen, K.M. Debatin, CD95 ligand (Fas-L/APO-1L) and tumor necrosis factor-
related apoptosis-inducing ligand mediate ischemia-induced apoptosis in
neurons, J. Neurosci. 19 (1999) 3809-3817.

D.M. Rosenbaum, G. Gupta, ]. D'Amore, M. Singh, K. Weidenheim, H. Zhang, J.A.
Kessler, Fas (CD95/APO-1) plays a role in the pathophysiology of focal cerebral
ischemia, J. Neurosci. Res. 61 (2000) 686-692.

JJ. Velier, J.A. Ellison, K.K. Kikly, P.A. Spera, F.C. Barone, G.Z. Feuerstein, Caspase-
8 and caspase-3 are expressed by different populations of cortical neurons
undergoing delayed cell death after focal stroke in the rat, J. Neurosci. 19 (1999)
5932-5941.

R. Gill, M. Soriano, T. Blomgren, H. Hagberg, R. Wybrecht, M.T. Miss, S. Hoefer, G.
Adam, O. Niederhauser, ].A. Kemp, H. Loetscher, Role of caspase-3 activation in
cerebral ischemia-induced neurodegeneration in adult and neonatal brain,
J. Cereb. Blood Flow Metab. 22 (2002) 420-430.

C. Cande, N. Vahsen, 1. Kouranti, E. Schmitt, E. Daugas, C. Spahr, ]. Luban, R.T.
Kroemer, F. Giordanetto, C. Garrido, ].M. Penninger, G. Kroemer, AIF and cyclo-
philin A cooperate in apoptosis-associated chromatinolysis, Oncogene 23 (2004)
1514-1521.

C. Culmsee, C.L. Zhu, S. Landshamer, B. Becattini, E. Wagner, M. Pellechia, K.
Blomgren, N. Plesnila, Apoptosis-inducing factor triggered by poly(ADP-ribose)
polymerase and Bid mediates neuronal cell death after oxygen-glucose de-
privation and focal cerebral ischemia, J. Neurosci. 25 (2005) 10262-10272.

B.I Lee, D.J. Lee, KJ. Cho, G.W. Kim, Early nuclear translocation of endonuclease G
and subsequent DNA fragmentation after transient focal cerebral ischemia in
mice, Neurosci. Lett. 386 (2005) 23-27.

N. Plesnila, C.L. Zhu, C. Culmsee, M. Groger, M.A. Moskowitz, K. Blomgren,
Nuclear translocation of apoptosis-inducing factor after focal cerebral ischemia,
J. Cereb. Blood Flow Metab. 24 (2004) 458-466.

M. Nielsen, K.L. Lambertsen, B.H. Clausen, M. Meldgaard, N.H. Diemer, ]. Zimmer,
B. Finsen, Nuclear translocation of endonuclease G in degenerating neurons after
permanent middle cerebral artery occlusion in mice, Exp. Brain Res. 194 (2009)
17-27.

S. Okuno, A. Saito, T. Hayashi, P.H. Chan, The c-Jun N-terminal protein kinase
signaling pathway mediates Bax activation and subsequent neuronal apoptosis
through interaction with Bim after transient focal cerebral ischemia, J. Neurosci.
24 (2004) 7879-7887.

A. Saito, T. Hayashi, S. Okuno, M. Ferrand-Drake, P.H. Chan, Overexpression of
copper/zinc superoxide dismutase in transgenic mice protects against neuronal
cell death after transient focal ischemia by blocking activation of the bad cell
death signaling pathway, ]. Neurosci. 23 (2003) 1710-1718.

N. Plesnila, S. Zinkel, D.A. Le, S. Amin-Hanjani, Y.Q. Wu, J.H. Qiu, A. Chiarugi, S.S.
Thomas, D.S. Kohane, S.J. Korsmeyer, M.A. Moskowitz, BID mediates neuronal
cell death after oxygen/glucose deprivation and focal cerebral ischemia, Proc.
Nat. Acad. Sci. U. S. A. 98 (2001) 15318-15323.

S. Landshamer, M. Hoehn, N. Barth, S. Duvezin-Caubet, G. Schwake, S. Tobaben, 1.
Kazhdan, B. Becattini, S. Zahler, A. Vollmar, M. Pellecchia, A. Reichert, N. Plesnila,

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

E. Wagner, C. Culmsee, Bid-induced release of AIF from mitochondria causes
immediate neuronal cell death, Cell Death Differ. 15 (2008) 1553-1563.

F. de Bilbao, E. Guarin, P. Nef, P. Vallet, P. Giannakopoulos, M. Dubois-Dauphin,
Cell death is prevented in thalamic fields but not in injured neocortical areas
after permanent focal ischaemia in mice overexpressing the anti-apoptotic
protein Bcl-2, Eur. J. Neurosci. 12 (2000) 921-934.

J.C. Martinou, M. Duboisdauphin, J.K. Staple, I. Rodriguez, H. Frankowski, M.
Missotten, P. Albertini, D. Talabot, S. Catsicas, C. Pietra, ]. Huarte, Overexpression
of Bcl-2 in transgenic mice protects neurons from naturally-occurring cell death
and experimental ischemia, Neuron 13 (1994) 1017-1030.

C. Wiessner, P.R. Allegrini, K. Rupalla, D. Sauer, T. Oltersdorf, A.L. McGregor, S.
Bischoff, B.W. Bottiger, H. van der Putten, Neuron-specific transgene expression
of Bcl-X-L but not Bcl-2 genes reduced lesion size after permanent middle
cerebral artery occlusion in mice, Neurosci. Lett. 268 (1999) 119-122.

H. Zhao, M.A. Yenari, D. Cheng, O.L. Barreto-Chang, R.M. Sapolsky, G.K. Steinberg,
Bcl-2 transfection via herpes simplex virus blocks apoptosis-inducing factor
translocation after focal ischemia in the rat, J. Cereb. Blood Flow Metab. 24
(2004) 681-692.

J.N. Keller, M.S. Kindy, F.W. Holtsberg, D.K. St Clair, H.C. Yen, A. Germeyer, S.M.
Steiner, AJ. Bruce-Keller, ].B. Hutchins, M.P. Mattson, Mitochondrial manganese
superoxide dismutase prevents neural apoptosis and reduces ischemic brain
injury: suppression of peroxynitrite production, lipid peroxidation, and
mitochondrial dysfunction, J. Neurosci. 18 (1998) 687-697.

G.W. Kim, T. Kondo, N. Noshita, P.H. Chan, Manganese superoxide dismutase
deficiency exacerbates cerebral infarction after focal cerebral ischemia/reperfusion
in mice—implications for the production and role of superoxide radicals, Stroke
33 (2002) 809-815.

AS. Korde, L.C. Pettigrew, S.D. Craddock, W.F. Maragos, The mitochondrial
uncoupler 2,4-dinitrophenol attenuates tissue damage and improves mitochon-
drial homeostasis following transient focal cerebral ischemia, J. Neurochem. 94
(2005) 1676-1684.

M.F. Anderson, N.R. Sims, The effects of focal ischemia and reperfusion on the
glutathione content of mitochondria from rat brain subregions, ]. Neurochem. 81
(2002) 541-549.

H. Muyderman, M. Nilsson, N.R. Sims, Highly selective and prolonged depletion
of mitochondrial glutathione in astrocytes markedly increases sensitivity to
peroxynitrite, J. Neurosci. 24 (2004) 8019-8028.

H. Muyderman, A.L. Wadey, M. Nilsson, N.R. Sims, Mitochondrial glutathione
protects against cell death induced by oxidative and nitrative stress in astrocytes,
J. Neurochem. 102 (2007) 1369-1382.

P.H. Chan, H. Kamii, G.Y. Yang, J. Gafni, CJ. Epstein, E. Carlson, L. Reola, Brain
infarction is not reduced in SOD-1 transgenic mice after a permanent focal
cerebral ischemia, NeuroReport 5 (1993) 293-296.

H. Kinouchi, CJ. Epstein, T. Mizui, E. Carlson, S.F. Chen, P.H. Chan, Attenuation of
focal cerebral ischemic-injury in transgenic mice overexpressing CuZn super-
oxide dismutase, Proc. Nat. Acad. Sci. U. S. A. 88 (1991) 11158-11162.

M. Fujimura, Y. Morita-Fujimura, N. Noshita, T. Sugawara, M. Kawase, P.H. Chan,
The cytosolic antioxidant copper/zinc-superoxide dismutase prevents the early
release of mitochondrial cytochrome c in ischemic brain after transient focal
cerebral ischemia in mice, J. Neurosci. 20 (2000) 2817-2824.

A. Saito, T. Hayashi, S. Okuno, T. Nishi, P.H. Chan, Oxidative stress is associated
with XIAP and Smac/DIABLO signaling pathways in mouse brains after transient
focal cerebral ischemia, Stroke 35 (2004) 1443-1448.

V.L. Dawson, T.M. Dawson, Deadly conversations: nuclear-mitochondrial cross-
talk, J. Bioenerg. Biomembr. 36 (2004) 287-294.

M.J.L. Eliasson, K. Sampei, A.S. Mandir, P.D. Hurn, RJ. Traystman, J. Bao, A. Pieper,
Z.Q. Wang, T.M. Dawson, S.H. Snyder, V.L. Dawson, Poly(ADP-ribose) polymerase
gene disruption renders mice resistant to cerebral ischemia, Nat. Med. 3 (1997)
1089-1095.

M. Endres, Z.Q. Wang, S. Namura, C. Waeber, M.A. Moskowitz, Ischemic brain
injury is mediated by the activation of poly(ADP-ribose)polymerase, J. Cereb.
Blood Flow Metab. 17 (1997) 1143-1151.

S. Goto, R. Xue, N. Sugo, M. Sawada, K.K. Blizzard, M.F. Poitras, D.C. Johns, T.M.
Dawson, V.L. Dawson, BJ. Crain, RJ. Traystman, S. Mori, P.D. Hurn, Poly(ADP-
ribose) polymerase impairs early and long-term experimental stroke recovery,
Stroke 33 (2002) 1101-1106.

S.W. Yy, S.A. Andrabi, H. Wang, N.S. Kim, G.G. Poirier, T.M. Dawson, V.L. Dawson,
Apoptosis-inducing factor mediates poly(ADP-ribose) (PAR) polymer-induced
cell death, Proc. Nat. Acad. Sci. U. S. A. 103 (2006) 18314-18319.



	Mitochondria, oxidative metabolism and cell death in stroke
	Introduction
	Tissue damage in response to ischemic stroke
	The nature of cell death in focal ischemia
	Mitochondrial function and ATP generation during cerebral �ischemia and reperfusion
	Energy metabolism during ischemia
	Core tissue
	Penumbral tissue

	Energy metabolism following reperfusion
	Core tissue
	Penumbral tissue

	Other mitochondrial changes during ischemia and reperfusion

	Mitochondria and cell death pathways
	The mitochondrial permeability transition and ischemic cell death
	Caspase-dependent apoptosis
	Caspase-independent apoptosis
	Inducers and modulators of mitochondrial involvement in cell death
	Promoters of outer membrane permeabilization
	Oxidative stress
	PARP activation


	Conclusions
	References




