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The mechanisms of brain ischemic insult and potential protective interventions
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Abstract: The mechanisms of brain ischemic insult include glutamate excitoxicity, calcium toxicity, free radicals, nitric oxide,

inflammatory reactions, as well as dysfunctions of endoplasmic reticulum and mitochondrion. These injury cascades are

interconnected in complex ways, thus it is hard to compare their pathogenic importances in ischemia models. And the research

in cellular and molecular pathways has spurred the studies in potential neuroprotections mainly in pharmacological fields,

such as anti-excitotoxic treatment, calcium-channel antagonism, approaches for inhibition of oxidation, inflammation and

apoptosis, efc. Besides, other protective interventions including thrombolysis, arteriogenesis, regeneration therapy, and

ischemia preconditioning or postconditioning, are also under investigations. Despite the present difficulties, we are quite

optimistic towards future clinical applications of neuroprotective agents, by optimizing experimental approaches and clinical

trials.
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1 Brain ischemia

1.1 Definition What’s brain ischemia? Is it the reduction of
cerebral blood flow (CBF)? The answer is “No”. The analysis
of the correlation between early local blood flow and histo-
logical infarct frequency showed that the likelihood of inf-
arction was at zero!'! or low (probably less than 5%)® in
animals or patients, respectively, when early CBF remained
above 50% of that in control.

During the initial hours of vascular occlusion, the meta-
bolic and ionic disturbances in the periphery of focal ischemia
proceed at widely varying flow thresholds (Fig.1) in the fol-
lowing order: firstly protein synthesis is inhibited at a thresh-
old of about 0.55 mL/(g'min) followed by a stimulation of

anaerobic glycolysis below 0.35 mL/(g'min), a breakdown of
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energy state at about 0.20 mL/(g'min) and anoxic depolari-
zations of the cell membranes below 0.15 mL/(g-min)®>.

The two different thresholds of hypoxia for the preser-

vations of functional and structural integrities were identi-
fied by Symon et al.'l. The higher threshold is at approxi-
mately 35% of normal CBF, and the lower one is at approxi-
mately 25-20% ofnormal (Fig.1).
1.2 The ischemic penumbra Like a half-shaded zone sur-
rounding a solar eclipse, the penumbra lies peripherally to
the core zone of a focal ischemic lesion, and possesses im-
portant features: summarily, the substantial initial size, which
amounts to about one half of the entire early ischemic lesion;
the narrow range of perfusion, which makes the penumbra
precariously sensitive to small changes of perfusion pressure;
the electrophysiologically dynamic property, which enables
penumbra to undergo recurrent energy-consuming depolari-
zations; and finally the metabolical instability with severe
metabolism/flow dissociation.

As a result of these factors, the penumbra clearly has a
limited life span and appears to undergo irreversible injury

within a few hours unless reperfusion is initiated and/or
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Fig. 1 Thresholds of metabolic (left) and electrophysiological (right) disturbances during graded reduction of cortical blood flow. The infarct core is the

region in which blood flow decreases below the threshold of energy failure, and the penumbra is the region where energy state is preserved, with

constrained blood supply. SEP: somatically evoked potentials; EEG: electroencephalogram (adapted from Hossmann, Cell Mol Neurobiol 2006)"!.

neuroprotective therapy is administered!'l.

The penumbra is of considerable importance in under-

standing the stroke pathophysiology because it is the con-
ceptual basis not only of the progressive evolution of is-
chemic injury, but also of the therapeutic ameliorations of
the acute neurological symptoms from stroke.
1.3 Progression of ischemic injury With unequivocal evi-
dences from non-invasive imaging techniques, brain infarcts
have been proved to be growing, which is not due to the
progression of ischemia, based on the finding that the acti-
vation of collateral blood supply and spontaneous throm-
bolysis tended to improve blood flow over time.

The fates of brain cells following cerebral ischemia de-
pend on the severity and duration of the ischemic insult, the
vulnerabilities of the neurons, and reperfusion. Moreover,
the brain’s intrinsic cell-cell and intracellular signaling mecha-
nisms that are normally responsible for information
processing, can induce harmful effects under ischemic con-
ditions and have significant impacts on outcome.

Infarct progression can be divided into three phases.
During the acute phase, tissue injury is the direct conse-

quence of the ischemia-induced energy failure, and terminal

depolarization of cell membrane occurs as a result. This in-
jury is established within a few minutes after the onset of
ischemia. During the subsequent subacute phase, the infarct
core expands into the peri-infarct penumbra and becomes
congruent with it after 4-6 h. Also, there occurs the largest
increment of infarct volume during this period®*!. The main
mechanisms of this subacute infarct expansion include peri-
infarct spreading depressions and multiple biological
disturbances, collectively referred to as molecular cell injury.
Finally, a delayed phase of injury evolves and may last for
several days or even weeks. During this phase, secondary
phenomena such as vasogenic edema, inflammation and pos-
sibly programmed cell death may co-contribute to further
injury progression.

1.4 Molecular mechanisms of injury progression In the
border zone of permanent focal ischemia or the central part of
transient vascular occlusion, cellular disturbances cannot
be explained by the lasting impairment of blood flow or en-
ergy metabolism. In fact, these disturbances are referred to
as molecular injury, cascades of which are interconnected in
complex ways (Fig. 2), making it difficult to predict their rela-

tive pathogenic importances in different ischemia models®.
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Fig. 2 Schematic representation of molecular injury pathways leading to ischemic cell death. Injury pathways can be blocked at numerous sites, providing

multiple approaches for the ameliorations of both necrotic and apoptotic tissue injuries (adapted from Hossmann, Cell Mol Neurobiol 2006)!.

1.4.1 Excitoxicity Shortly after the onset of ischemia, both
excitatory and inhibitory neurotransmitters are released, re-
sulting in the activations of their specific receptors. However,
the release is probably unspecific because of the co-release
of other intracellular metabolites. Besides, the release thre-
sholds for glycine, adenosine and y-aminobutyric acid
(GABA) are possibly slightly higher than that for glutamate.

Among these factors, particular attention has been paid
to glutamate, which would induce excitotoxicity at high
concentrations. Glutamate is the major excitatory neurotrans-
mitter in mammalian brain and acts as a key mediator of intra-
cellular communication, plasticity, cell growth and differen-
tiation. Under normal physiological conditions, the extracel-
lular concentration of glutamate is maintained in the micro-
molar level, when glutamate is responsible for initiating
postsynaptic signaling through distinct ionotropic and

metabotropic glutamate receptors.

The ionotropic glutamate receptors include N-methyl-
D-aspartate (NMDA) receptor, which performs in the pre-
dominant route of Ca?* flux during glutamatergic transmission.
The other two receptors are oi-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptor and kainate
receptor, both of which are generally involved in Na*
conductance.

Since the AMPA receptor-gated channel is permeable
for monovalent cations, its activation results in the inflow of
Na" along its electrochemical gradient, resulting in the depo-
larization of the postsynaptic membrane. The depolarization
relieves the Mg?* block of the Ca?* permeable channel gated
by the NMDA receptor, and opens voltage-sensitive Ca**
channel (VSCCs), including N, P, Land T types. Among the
four types, the first two may be mainly localized at presynap-
tic endings, while L and T types are abundant at postsynap-
tic membranes. Calcium thus enters the cell in multiple
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pathways. However, debate still exists at present on whether
changes in subunit composition of the AMPA receptor can
render the channel it gates permeable to calcium!.

The activations of ionotropic glutamate receptors result
in the inflow of calcium from the extracellular into the intra-
cellular compartment, leading to calcium overload in mito-
chondria and activations of calcium-dependent catabolic
enzymes. It is believed that activation of NMDA receptor is
required for most of the neuronal degenerations caused by
intense glutamate exposure. Metabotropic receptors medi-
ate their actions through GTP-binding protein-dependent
mechanisms that cause mobilization of Ca*" from internal
stores. The activations of metabotropic glutamate receptors
induce the IP;-dependent signal transduction pathway, lead-
ing to the stress response of endoplasmic reticulum and adap-
tive genomic expression via the induction of immediate-early-
genes(IEG)B3.

It is widely believed that glutamate antagonists may in-
hibit the spread of the peri-infarct depolarization and amelio-
rate the resulting injury. However, Xiong ZQ and his col-
leagues recently found that NR2A- and NR2B-containing
NMDA receptor subtypes play differential roles in ischemic
neuronal death and ischemic tolerance. NR2A subtype-spe-
cific antagonist NVP-AAMO77 enhanced neuronal death af-
ter transient global ischemia and prevented the induction of
ischemic tolerance. In contrast, NR2B subtype-specific an-
tagonist ifenprodil attenuated ischemic cell death and en-
hanced the preconditioning-induced neuroprotection!”.
1.4.2 Calcium toxicity Calcium ions are regulators of sev-
eral cellular processes, including enzyme function, cell growth
and differentiation. Besides, Ca*" is also responsible for neu-
rotransmitter release, modulation of membrane excitabilityand
regulation of synaptic plasticity in the nervous system.

The influx, buffering, storage and extrusion of calcium
ensure the intraneuronal Ca?>" homeostasis. The highly effi-
cient calcium transport systems are critical in maintaining a
steep gradient of calcium concentration both between extra-
and intracellular compartments, and between cytosol and
endoplasmic reticulum (ER).,

The extracellular calcium can enter neurons through

voltage- and transmitter-gated Ca?* channels, and through

other unspecific channels, such as those opened by ROS,
while Ca?* can also be extruded from the cells by Ca**-3Na*
exchange or by an ATP-driven Ca?*-2H" exchanger.

Another determinant of intracellular Ca** concentration
([Ca*])) is the calcium traffic across the membranes of the
ER. Calcium sequestered by the ER can be released through
a series of events regularly, starting with activations of sur-
face receptors coupled to phospholipase C, followed by the
formation of IP; and the activations of IP; receptors on ER
membranes, and finally Ca** is released from the ERF®°L.

The third determinant of intracellular calcium movement,
and thereby of [Ca®'],, is the mitochondrion. When there oc-
curs a substantial or excessive rise in [Ca?'];, large amounts
of calcium may accumulate in the mitochondrion. This is
mainly attributed to the uniporter, which carries calcium into
the mitochondrion along the electrochemical gradient, and
has a much higher total activity than the export pathways
that encompass 2Na*-Ca?* exchange. In other words, if the
net influx of Ca®" exceeds the extrusion capacity of 2Na*-Ca*
exchange, intramitochondrial Ca?* concentration ([Ca*‘],,)
increases, and Ca*" will be sequestered within the mitochon-
drion'®!.

Initial ischemia transient gives rise to sustained pertur-
bations in Ca?" handling of both plasma membrane and ER
membrane, resulting in a gradual rise in [Ca®']; and the de-
cline of calcium concentration in the ER. When [Ca?']; ex-
ceeds the “set point” for calcium sequestration in the mito-
chondrion, there occurs the accumulation of Ca?" in mito-
chondrion until it’s “overloaded”, leading to the activations
of catabolic enzymes, mitochondrial disturbances, free radi-
cal production and immediate early gene responses. The fall
of calcium concentration in the ER is also pathogenic. It evokes
an ER stress response, which mediates a great number of ER-
dependent functional disturbances!®.

Enzymes relative to the elevation of Ca?* concentration
include proteases, lipases and endonucleases, consequently
leading to the breakdown of cell membrane, cytoskeleton
and genomic DNA. Besides, they affect protein phosphory-
lation by altering the activities of protein kinases and phos-
phatases.

An influx of Ca?" through NMDA receptors may lead to
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the activation of neuronal nitric oxide synthase (nNOS) and
the release of NO, the latter of which further leads to the
formations of superoxide (O,’), peroxynitrite (ONOO") and
hydroxyl (OH) radicals. Mitochondrion is an important tar-
get of ONOO- induced by NO-, and mitochondrial dysfunc-
tion during severe hypoxia-ischemia results in increased gen-
erations of oxygen free radicals, leading to prompt dysfunc-
tion of cellular membrane, and finally the necrosis®.

Immediate early gene responses, mitochondrial distur-

bances and ER stress response will be discussed in detail in
the corresponding paragraphs.
1.4.3 Free radicals Free radicals (oxidizing molecules) are
generally reactive oxygen or nitrogen species, such as hy-
drogen peroxide, hydroxyl radical, nitric oxide, peroxynitrite,
singlet oxygen, superoxide anion and peroxyl radical. These
free radicals are highly reactive and unstable, and can react
with various cellular components, due to the unpaired elec-
trons in their outer shells.

Free radicals such as reactive oxygen species are pro-

duced through a variety of biochemical reactions and cellu-
lar functions (such as mitochondria metabolism). Under nor-
mal conditions, free radicals are counteracted by antioxidants
produced at a similar rate. During the cerebral ischemia and
reperfusion, rapid overproductions of free radicals exceed
the detoxification and scavenging capacities of cellular anti-
oxidant enzymes viz superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx) and non-enzymatic
antioxidants[vitamin E, vitamin C and glutathione(GSH)], re-
sulting in severe and immediate damage to cellular proteins,
DNA and lipids, and eventually in cell death. Free radical
formations and the effects of these toxic molecules on cell
functions are collectively called “oxidative stress”.
1.4.4 Nitric oxide toxicity Nitric oxide (NO) is produced
when NO synthase (NOS) acts on arginine. There are at least
three isoforms of NOS: eNOS, which is constitutively ex-
pressed in endothelial cells, nNOS in neurons and the induc-
ible isoform iNOS mainly in macrophages.

Pathophysiologically, NO has two opposing effects. In
endothelial cells, NO leads to vascular dilation, together with
an increase of blood flow and the alleviation of hypoxic injury,

whereas in neurons, NO contributes to glutamate

excitotoxicity and free radical-induced injury (by formation
of peroxynitrite)Pl.

1.4.5 Inflammatory reactions Inflammatory events are initi-
ated at the interfaces of blood microvessels within few hours
following the ischemia initiation, and are responsible for the
transition from ischemic to inflammatory injury. Many fac-
tors are involved in the inflammatory injury, mainly including
cytokines (IL- 1, IL-6, TNF-o. and TGF-B), adhesion molecules
(selectins, integrins and immunoglobulins), eicasanoids and
inducible neuronal nitric oxide synthase (iNOS). These mole-
cules are produced by endothelial cells, astrocytes, micro-
glial cells and leukocytes (granulocytes, monocyte/macroph-
ages, lymphocytes).

Cytokines such as IL-1, IL-6 and TNF-0,, are important
mediators of inflammatory reactions in cerebral ischemia. IL-1
expression was increased in microglia, astrocytes and neu-
rons after transient of permanent cerebral ischemia®™. IL-1,
which exists in two isoforms (IL-1oand IL-1P), acts with type
I receptor on a variety types of cells, and with type II recep-
tor on neutrophils, type B lymphocytes and macrophages.
Some possible mechanisms include release of arachidonic
acid, enhancement of NMDA excitotoxicity and stimulation
of nitric oxide synthase. Besides, TNF-o and other cytokines
will induce the expressions of adhesion molecules that
promote the adherence, accumulations and emigrations of
leukocytes.

In addition, iNOS and cyclooxygenase-2 (COX-2) have
also been suggested to play important roles in inflammation
development. Previous reports have demonstrated the at-
tenuations of ischemic brain injury and neurological deficits
by the interference of COX-2 inhibitor!”, COX-2 genetic
flaw!'!! and iNOS inhibitor!'!.

Furthermore, when microglial cells are phagocytically
active, they can produce a multitude of inflammatory media-
tors and undergo several changes in the following order:
proliferation, chemotaxis, morphological alterations and gen-
erations of immuno-modulatory molecules. By inhibiting ac-
tivations and proliferations of microglia, both minocycline!'
and isoflurane!™? show protective effects in stroke models.
This protection may be due to the improvements of blood-

brain barrier viability and integrity.
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These findings therefore highlight the important roles

of inflammatory mediators in cerebral ischemia, and targeting
one or all of these events may present great potential for
preventing ischemic brain tissue damage.
1.4.6 Astrocyte Astrocyte plays an important role in stroke-
induced brain injury. As primary mediators of neuronal death
during ischemia and reperfusion, glutamate excitotoxicity,
oxidative stress and acidosis are influenced by astrocytes in
several ways.

Firstly, glutamate uptake by astrocytes normally pre-
vents the accumulation of excitotoxic glutamate in extracellu-
lar spaces in brain, which appears to be critical for neuronal
survival in the ischemic penumbra. Conversely, glutamate
efflux from astrocytes volume sensitive organic ion channels
and other routes may contribute to extracellular glutamate
elevation. Moreover, glutamate activation by neuronal NMDA
receptors is modulated by glycine and D-serine, both of which
are transported by astrocytes, and D-serine production is
localized mainly to astrocytes.

Secondly, astrocytes influence neuronal antioxidant sta-
tus through ascorbate release and dehydroascorbate (oxidized
form) uptake, and through indirect support for neuronal glu-
tathione metabolism. In addition, glutathione in astrocytes
serves as a sink for nitric oxide and thereby reduces neuronal
oxidant stress during ischemia.

Astrocytes probably also influence neuronal survival
during the post-ischemic period. On one hand, activated as-
trocytes secrete nitric oxide, TNF-o., matrix metalloproteinases
and other factors, contributing to delayed neuronal death,
and facilitating brain edema via aquaporin-4 channels local-
ized to the astrocyte endfoot-endothelial interface. On the
other hand, the production of erythropoietin (a paracrine
messenger in brain) from astrocytes is upregulated after
ischemia. Erythropoietin stimulates the Janus kinase-2 (JAK-
2) and nuclear factor-kappaB (NF-xB) signaling pathways in
neurons to prevent programmed cell death after ischemic or
excitotoxic stress. Astrocytes also secrete several angiogenic
and neurotrophic factors that are important for vascular and
neuronal regenerations after stroke!'¥l,

1.4.7 Endoplasmic reticulum dysfunction The ER plays a

pivotal role in the physiology and biochemistry of cells!'!,

Besides calcium storage and signaling!'®!"], protein synthe-
sis is another central function of ER. Newly synthesized mem-
brane-bound and secretory proteins are all folded and pro-
cessed in the ER lumen, where carbohydrate side chains are
attached to the peptide backbone to form the glycoproteins.
These reactions are so important that any blockade in this
process is potentially lethal for cells!'l.

Unfolded proteins accumulate in the ER lumen as part of
the cellular response to cerebral hypoxia/ischemia, which re-
sults from an imbalance between the load of newly synthe-
sized proteins and the ER folding/processing capacity. As a
result, stress responses are activated, including unfolded
protein response (UPR) and ER-associated degradation
(ERAD), to resist such potentially lethal conditions. UPR
includes the shutdown of translation to ameliorate the ER
work load and the activations of protein expressions that are
involved in the folding and processing reactions. And ERAD
is induced to degrade unfolded proteins in the Ubiquitin-
Proteasome pathway!'?.

UPR is characterized with 2 signal transduction path-
ways, triggered by the activations of PERK and the inositol-
requiring enzyme (IRE1)12%2, In the physiological state, the
ER chaperone glucose-regulated protein (GRP)78 is bound
to both kinases, thus blocks the activations of the enzymes.
Under conditions when unfolded proteins accumulate in the
ER lumen as a result of ER dysfunction, GRP78 is required to
refold these proteins. It dissociates from PERK and IRE1,
and binds to the unfolded proteins, triggering the oligomer-
izations, autophosphorylations and activations of PERK and
IRE1.

Activated PERK phosphorylates the o subunit of the
eukaryotic initiation factor 2 (elF2a), resulting in the shut-
down of the initiation step of translation?’!, while activated
IRE1 is turned into an endonuclease that cuts out a sequence
of 26 bases from the coding region of xbpl mRNAP!-2, The
resulting xbpl mRNA is translated into a new protein that
translocates to the nucleus and functions as a transcription
factor, specifically activating expressions of proteins in-
volved in the folding and processing reactions for ER resi-
dent proteins.

Although global protein synthesis is severely sup-
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pressed due to the phosphorylations of PERK and elF2a,
some messages can escape this blockade of translation,
including the message coding for the activating transcrip-
tion factor (ATF) 4%, Various ATF4-dependent genes
have been identified, such as CHOP (gadd153), Herp, grp78
and gadd34P¢*!. GRP78 is crucial in the survival program!'®],
whereas CHOP (GADD153) is a major player in ER stress-
induced apoptosis®™. In a word, when the ER is stressed, the
activated genetic programs may induce either a survival pro-
gram that will make cells resistant to the stressful conditions,
or a death program that induces apoptosis.

So ER dysfunction may induce a state of tolerance, im-

paired cellular functions, or apoptosis, depending on the
severity, duration and the cell type affected. In transient ce-
rebral ischemia, ER stress-induced suppression of protein
synthesis is believed to be so strong that it inhibits suffi-
cient activation of the genetic arm of the ER stress response,
thus apoptosis is induced. CHOP is the major player in ER
stress-induced apoptosis. And the ER resident protease
caspase-12 plays a significant role in the execution of ER
stress-induced apoptosis®!). Caspase-12 induces the activa-
tion of caspase-3, and this activation may be triggered through
the apoptotic cross-talk that has been shown to be set off
by the stressed ER and may result in mitochondrial dys-
function®3, Besides the direct ER stress-induced apoptotic
pathways, apoptotic crosstalk between the ER and mitochon-
dria has also been identified and has been shown to activate
the traditional mitochondria-triggered apoptotic pathway, in-
cluding the mitochondrial release of cytochrome C, which in
turn, activates caspase-3(1),
1.4.8 Mitochondrial disturbances The concurrence of in-
creased cytosolic calcium activity and the generations of
reactive oxygen species leads to the increase in permeability
of the inner mitochondrial membrane (mitochondrial perme-
ability transition, MPT) with two important pathophysiologi-
cal consequences.

The breakdown of the electrochemical gradient inter-
feres with mitochondrial respiration and the consequent oxida-
tive phosphorylations of adenine nucleotides. Furthermore,
the equilibration of mitochondrial ion gradients causes swell-

ing of the mitochondrial matrix, which will eventually cause

disruption of the outer mitochondrial membrane and the re-
lease of pro-apoptotic mitochondrial proteins, including cy-
tochrome C and caspase-9, both of which are particularly
important, since they activate the cysteine protease caspase-
3, a direct component in apoptotic pathways. Ischemia in-
duced mitochondrial disturbances thus contribute to delayed
cell death both by impairment of the energy state and by the
activations of apoptotic injury pathways?.

1.4.9 Gene expression As reported by Ginsberg MD and his
colleagues, they used DNA microarray technology to spe-
cifically compare gene expressions between brains with 2-
hour middle cerebral artery occlusion (MACO) and a later 3-
hour recirculation, and brains in sham controls. Genes with
differential expression patterns were divided into 2 broad
categories: those already known to be regulated by ischemia-
hypoxia and those not well recognized previously, termed
newly connected genes. Twenty-eight genes were up-regu-
lated and six were down-regulated as a response to ischemia-
hypoxia, including immediate early genes, heat shock proteins,
antioxidative enzymes, trophic factors and genes involved in
RNA metabolism, inflammation and cell signaling. In addition,
thirty-five newly connected genes were also up-regulated
and fourty-one were down-regulated!!).

1.5 Cell death in cerebral ischemia There appear to be at
least three distinct modes of cell death in ischemia: apoptosis,
autophagy and necrosist®¢-3#,

Apoptosis and autophagocytotic cell death clearly in-
volve ordered physiological processes, during which newly
formed structures are kept intact and the progress toward
cell elimination is stereotyped.

Necrosis occurs in a haphazard and indiscriminate fash-
ion due to loss of osmotic homeostasis, and it typically in-
volves large numbers of cells within a tissue. The cells swell
as they take up water and ultimately the plasma membrane is
ruptured, with subsequent leakage of cellular contents into
surrounding tissues and invariably an inflammatory response.

Despite the effort to define individual form of cell death
based on the appearance, it is clear that in all circumstances,
cell disassembly involves nuclear fragmentation/dissolution,
organelle disruption (sooner or later) and eventually mem-

brane lysis and phagocytosis. And they are all evolutionarily
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conserved and require the activations of one or more families
of proteases and possibly other degradative enzymes?*’l.

The cell death undergoes four major stages. The first
stage is the induction stage, which includes several changes
initiated by ischemia and reperfusion, including inhibition
(and subsequent reactivation) of electron transport, decrease
of ATP and PH, increase of cell Ca? and arachidonic acid,
release of glutamate, gene activation for cytokine synthesis,
synthesis of enzymes involved in free radical production,
and accumulation of leukocytes. These changes lead to the
activations of five damaging events, termed perpetrators, in-
cluding the damaging actions of free radicals and their pro-
duct peroxynitrite, the actions of the Ca*-dependent pro-
tease calpain, the activities of phospholipases, the activity
of poly-ADPribose polymerase (PARP), and the activation
of the apoptotic pathway.

The second stage of cell death involves the long-term
changes in macromolecules or key metabolites caused by
the perpetrators.

The third stage of cell death involves long-term damag-
ing effects of these macromolecular and metabolite changes,
and of some induction processes, on critical cell functions
and structures , leading to the defined end stages of cell
damage. These targeted structures and functions include the
plasmalemma, the mitochondria, the cytoskeleton, protein
synthesis and kinase activities.

The fourth stage is the progression to the morphologi-
cal and biochemical end stages of cell death. Of these four
stages, the last two are the least well understood. Quite little
is known on how the perpetrators affect the structures and
functions, and whether and how each of these changes con-
tribute to cell deathl®!.

Qin AP et al. presented possible molecular mechanisms
underlying the participations of the lysosomal enzymes in
three different types of cell death in ischemic brain damage.
Moreover, their research on the selective cathepsin inhibi-
tors may provide a novel therapeutic target for treating stroke

and promoting recovery!*’,
2 Neuroprotection

In a wider sense, neuroprotection is the preservation of

structural and functional integrities of the brain by any kind
of intervention with the deleterious effects of ischemia.
However, neuroprotection generally refers to pharmacologi-
cal treatment that may alleviate the molecular injury cascades
leading to neuronal death.

2.1 Recovery of blood flow Rapid initiation of reperfusion is
the most effective treatment to reduce infarct area and ame-
liorate the behavioral deficits caused by ischemia. Recircula-
tion after transient clip or filament occlusion of the middle
cerebral artery restores blood flow almost instantaneously,
indicating that occlusion does not cause structural damage
of the vessel. It’s worthy noting that reversal of mechanical
occlusion does not replicate the naturally occurring reperfusion
patterns and that this experimental paradigm is not readily
applicable to clinical stroke.

In most stroke cases, collateral blood supply and spon-
taneous thrombolysis result in reperfusion to some degree.
The speed and rate of reperfusion are greatly accelerated by
applications of thrombolytic agents. Studies have shown that
reperfusion therapy should be initiated within at most 3—4
hours for successful effect. And a large European trial in
patients showed that thrombolysis treatment within 4-6 hours
failed overall to show a positive effect!.

Arteriogenesis, the adaptive growth of pre-existing col-
lateral arteries, was recently shown to occur in the brain un-
der conditions of reduced arterial blood supply**!l. And sub-
cutaneous injection of granulocyte-macrophage colony
stimulating factor (GM-CSF) resulted in the marked accelera-
tion of this process!*?. So therapeutically induced arterio-
genesis may be of considerable interest for preventing inf-
arction in patients with uncompensated cerebrovascular dis-
easel>+l.

2.2 Pharmacological treatments to alleviate the molecular
injury cascades It’s normally accepted that a brain region
where blood flow has declined below the threshold of en-
ergy failure is immune to neuroprotection. However,
neuroprotection may contribute to the temporary preserva-
tion of the penumbra, bridging the interval between the on-
set of ischemia and the restitution of blood flow, and/or pre-
venting secondary neuronal death during reperfusion. These

interventions include approaches of anti-excitotoxicity, anti-
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Table 1. Promising strategies for neuroprotection in cerebral
ischemia

Antagonism of excitatory amino acids
N-methyl-D-aspartate (NMDA) antagonists:
Competitivel*#4
Noncompetitivel##46:47]
Glycine-site %
Non-NMDA (AMPA/Kainic acid receptor) antagonists*”!
Cannabinoids®™ (antagonism of NMDA, AMPA and kainic acid receptor)
Agents affecting nonglutamatergic neurotransmission
Monoaminergic system
Dopamine receptor agonistst®!=?
Inhibition of ischemia-induced norepinephrine release®*
5-HT receptors agonistsi®¥
Y-GABADS5¢
Adenosine agonistst®”
Therapeutic hypothermiall
Calcium-channel antagonisml>*!
N-voltage sensitivity calcium channel (VSCC) antagonists®”
L- voltage sensitivity calcium channel (VSCC) antagonists®”!
lonotropic glutamate receptor (IGRC)P¥
Calcium-permeable acid-sensing ion channels (ASICs) antagonists!®!
Sodium-channel antagonism/blockade of glutamate release*!!
Potassium channel opener!®?
Antagonism of free radicals
Superoxide dismutase, catalase!®’]
21-aminosteroids!®+¢3
Free radical scavengers:! %7
Spin-trap agents!®®!
Agents affecting nitric oxide: statins®, aminoguanidine!'?, minocycline!”"
Inhibition of cytoskeletal (spectrin) proteolysis!”!]
Antagonism of neutrophil activation or binding!’!
Anti-CD11b or CD18 monoclonal antibody!”!
Immunosuppressive agents!’+7¢l
Inhibition of astrocyte activity
A2A adenosine receptor antagonisms'”#]
Cytokine receptor antagonists!‘]
Neurotrophic factors'®!!
Human albumin!")
Agents of anti-apoptosis!*?!
Ovarian hormones®*!
Anesthetic agents: isoflurane!'?), propofol®, xenon!*¥, sevoflurane!®’
Combinations of neuroprotectants'®!
Traditional Chinese drugs: Ginkgo Biloba Extract®], PTSI®, puerarin(®,

Shuxuetong!°]

Modified from Ginsberg MD, Am J Neuroradiol 19974,

apoptosis, anti-inflammation, anti-oxidation and free-radical
inhibition. And protective effects have also been observed
by interfering with calcium homeostasis and the erythropoi-
etin receptor (Table 1)B4.
2.3 Ischemic preconditioning The molecular signaling cas-
cades initiated by brain ischemia are not solely destructive,
but may also exert neuroprotective effects™. In fact, most of
the injury pathways described above, including ischemia
itself, induce a transient state of increased ischemic tolerance,
based on the observation that the initial injury remains sub-
liminal for tissue destruction®'%. This effect is called “is-
chemic preconditioning” and can be differentiated into three
phases: the induction phase, during which molecular sen-
sors that respond to the preconditioning stimulus are acti-
vated by transcription factors; the transduction phase, which
results in the amplification of the signal, and the effector
phase, when proteins with protective roles are switched on.
It has become clear that multiple effectors contributeto
ischemic tolerance, including: (1) activations of fundamental
cellular defense mechanisms such as antioxidant systems,
heat shock proteins®! and cell death/survival determinants;
(2) responses at tissue level, especially reduced inflamma-
tory responsiveness; (3) a disruption of the neuronal excita-
tory/inhibitory balance, shiftingtoward the inhibition"".
Ischemic tolerance increases 2-3 days after the precon-
ditioning stimulus and disappears slowly after 1 week. Such
a long effect provides the unique opportunity to protect pa-
tients from injury caused by reduced hemodynamic reserve
capacity until blood supply can be restored”. However,
clinically, it is only possible in cases that the occurrence of
stroke is predictable and controllable.
2.4 Ischemic postconditioning Since ischemia often hap-
pens suddenly and cannot be predicted, anther endogenous
protective strategy, termed “ischemic postconditioning” at-
tracts considerable attentions. Ischemic postconditioning is
defined as a series of intermittent interruptions of blood flow
(several repeated cycles of brief reperfusion and reocclusion)
in the early phase of reperfusion that would mechanically alter
the hydrodynamics of reperfusion. Studies have shown that
ischemic postconditioning protects against both focal®! and

global® cerebral ischemia/reperfusion-induced injury in rats.
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2.5 Regeneration With the discovery of functionally active
stem cells in the hippocampus and the subventricular zone
of the adult brain, possible endogenous regenerations of
brain infarcts began to be investigated. In fact, despite the
documentation of neurogenesis in several focal ischemia
models, the number of spontaneously regenerating neurons
is low. And it is conceivable that functional relevant
neurogenesis could be promoted by trophic factors, such as
brain derived neurotrophic factor (BDNF) and other growth
factors.

Regeneration therapy has also been tried by transplant-
ing immortal neuroepithelial cells, neural stem cells and stem
cells derived from fetal brain tissue, bone marrow or umbilical
cord blood. Although studies are not consummate, they may
help understand the mechanisms underlying these processes

and help find targets of future therapeutic interventionst.
3 Challenges and opportunities

The abilities of pharmacological agents to limit second-
ary biochemical damage and cell death have been well estab-
lished in numerous animal models of stroke, yet the results of
such neuroprotective treatments in human are disappointing.

It should be addressed that the rodent genome—now
largely elucidated—is strikingly similar with human genome,
and data from animal models are also strikingly similar with
published results in patients with acute stroke!!, which be-
lies the assertion that data from lower species may not be
relevant to human stroke.

The failure can be mainly explained as follows. Firstly,
the data of pharmacological evaluation are inadequate, in-
cluding therapeutic windows, therapeutic index and
pharmacokinetic, pharmacodynamic and penetration data.
Had such data been available, certain negative clinical trials
might have been prevented at the beginning, possibly re-
sulting in better designed studies. Secondly, human trial de-
sign and statistical analysis differ considerably from those
used in animal trials. Modifications in designing clinical tri-
als are needed, including enlarging sample size, targeting
moderate injury levels, improving statistical methodology and
identifying more appropriate subgroups®”..

In a word, the failure has underscored the difficulties in

developing such research from bench to bedside. However,
the careful study in rodent ischemia models and refined clini-
cal trial methodologies have provided renewed, albeit cau-
tious optimism regarding future clinical applications of neuro-

protective agents.

Acknowledgment: This work was supported by 211
Project Special Fund for Key Laboratory of Neuroimmunology,
Science and Technology Projects for Returned Overseas
Chinese Scholars of Heilongjiang Province (LC06C26), and
China Postdoctoral Science Foundation (N0.20060390236).

References:

[1] Ginsberg MD. Adventures in the pathophysiology of brain
ischemia: penumbra, gene expression, neuroprotection: the 2002
Thomas Willis Lecture. Stroke 2003, 34(1): 214-223.

[2] Heiss WD, Kracht LW, Thiel A, Grond M, Pawlik G. Penumbral
probability thresholds of cortical flumazenil binding and blood
flow predicting tissue outcome in patients with cerebral ischaemia.
Brain 2001, 124(Pt 1): 20-29.

[3] Hossmann KA. Pathophysiology and therapy of experimental
stroke. Cell Mol Neurobiol 2006, 26(7-8): 1057-1083.

[4] Ginsberg MD. The New Language of Cerebral Ischemia. Am J
Neuroradiol 1997, 18(8): 1435-1445.

[5] Mehta SL, Manhas N, Raghubir R. Molecular targets in cerebral
ischemia for developing novel therapeutics. Brain Res Rev 2007,
54(1): 34-66.

[6] Kristian T, Siesjé BK. Calcium in ischemic cell death. Stroke
1998, 29(3): 705-718.

[7] Chen M, Lu TJ, Chen XJ, Zhou Y, Chen Q, Feng XY, et al.
Differential roles of NMDA receptor subtypes in ischemic neu-
ronal cell death and ischemic tolerance. Stroke 2008, 39(11):
3042-3048.

[8] Berridge MJ. Cell signalling. A tale of two messengers. Nature
1993, 365(6445): 388-389.

[9] Paschen W. Disturbances of calcium homeostasis within the
endoplasmic reticulum may contribute to the development of
ischemic-cell damage. Med Hypotheses 1996, 47(4): 283-288.

[10] Sugimoto K, Iadecola C. Delayed effect of administration of
COX-2 inhibitor in mice with acute cerebral ischemia. Brain Res
2003, 960(1-2): 273-276.

[11] TIadecola C, Niwa K, Nogawa S, Zhao X, Nagayama M, Araki E,
et al. Reduced susceptibility to ischemic brain injury and N-

methyl-d-aspartate-mediated neurotoxicity in cyclooxygenase-



Zhao-Hui GUO, et al.

The mechanisms of brain ischemic insult and potential protective interventions

149

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[25]

2-deficient mice. Proc Natl Acad Sci USA 2001, 98(3): 1294-
1299.

Xu X, Kim JA, Zuo Z. Isoflurane preconditioning reduces mouse
microglial activation and injury induced by lipopolysaccharide
and interferon-gamma. Neuroscience 2008, 154(3):1002-1008.
Tikka TM, Koistinaho JE. Minocycline provides neuroprotection
against N-methyl-D-aspartate neurotoxicity by inhibiting
microglia. J Immunol 2001, 166(12): 7527-7533.

Swanson RA, Ying W, Kauppinen TM. Astrocyte influences on
ischemic neuronal death. Curr Mol Med 2004, 4(2): 193-205.
Paschen W, Mengesdorf T. Endoplasmic reticulum stress re-
sponse and neurodegeneration. Cell Calcium 2005, 38(3-4): 409-
415.

Garaschuk O, Yaari Y, Konnerth A. Release and sequestration of
calcium by ryanodine-sensitive stores in rat hippocampal
neurones. J Physiol 1997, 502 (Pt 1): 13-30.

Verkhratsky A. Physiology and pathophysiology of the calcium
store in the endoplasmic reticulum of neurons. Physiol Rev 2005,
85(1): 201-279.

Kaufman RJ. Stress signaling from the lumen of the endoplasmic
reticulum: coordination of gene transcriptional and translational
controls. Genes Dev 1999, 13(10): 1211-1233.

Paschen W, Mengesdorf T. Cellular abnormalities linked to en-
doplasmic reticulum dysfunction in cerebrovascular disease—
therapeutic potential. Pharmacol Ther 2005, 108(3): 362-375.
Harding HP, Zhang Y, Ron D. Protein translation and folding
are coupled by an endoplasmic-reticulum-resident kinase. Na-
ture 1999, 397(6716): 271-274.

Shen X, Ellis RE, Lee K, Liu CY, Yang K, Solomon A, et al.
Complementary signaling pathways regulate the unfolded pro-
tein response and are required for C. elegans development. Cell
2001, 107(7): 893-903.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER
stress to produce a highly active transcription factor. Cell 2001,
107(7): 881-891.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SR, Harding HP, et
al. IRE1 couples endoplasmic reticulum load to secretory capac-
ity by processing the XBP-1 mRNA. Nature 2002, 415(6867):
92-96.

Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, et
al. Regulated translation initiation controls stress-induced gene
expression in mammalian cells. Mol Cell 2000, 6(5): 1099-
1108.

Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, et al.
An integrated stress response regulates amino acid metabolism
and resistance to oxidative stress. Mol Cell 2003, 11(3): 619-
633.

[26]

[27]

[28

—

[29]

[30]

[31

—

[32

—

(33

—

[34]

(35

—

(36

—

(37

—

[38]

[39]

Novoa I, Zeng H, Harding HP, Ron D. Feedback inhibition of
the unfolded protein response by GADD34-mediated dephos-
phorylation of elF2alpha. J Cell Biol 2001, 153(5): 1011-1022.
Luo S, Baumeister P, Yang S, Abcouwer SF, Lee AS. Induction of
Grp78/BiP by translational block: activation of the Grp78 pro-
moter by ATF4 through and upstream ATF/CRE site indepen-
dent of the endoplasmic reticulum stress elements. J Biol Chem
2003, 278(39): 37375-37385.

Averous J, Bruhat A, Jousse C, Carraro V, Thiel G, Fafournoux P.
Induction of CHOP expression by amino acid limitation requires
both ATF4 expression and ATF2 phosphorylation. J Biol Chem
2004, 279(7): 5288-5297.

Ma Y, Hendershot LM. Herp is dually regulated by both the
endoplasmic reticulum stress-specific branch of the unfolded
protein response and a branch that is shared with other cellular
stress pathways. J Biol Chem 2004, 279(14): 13792-13799.
Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplas-
mic reticulum stress. Cell Death Differ 2004, 11(4): 381-389.
Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner BA, et
al. Caspase-12 mediates endoplasmic-reticulum-specific
apoptosis and cytotoxicity by amyloid-beta. Nature 2000, 403
(6765): 98-103.

Hicki J, Egger L, Monney L, Conus S, Rossé T, Fellay I, et al.
Apoptotic crosstalk between the endoplasmic reticulum and
mitochondria controlled by Bcl-2. Oncogene 2000, 19(19):
2286-2295.

Boya P, Cohen I, Zamzami N, Vieira HL, Kroemer G. Endoplas-
mic reticulum stress-induced cell death requires mitochondrial
membrane permeabilization. Cell Death Differ 2002, 9(4): 465-
467.

Germain M, Mathai JP, Shore GC. BH-3-only BIK functions at
the endoplasmic reticulum to stimulate cytochrome c release
from mitochondria. J Biol Chem 2002, 277(20): 18053-18060.
Hori O, Ichinoda F, Tamatani T, Yamaguchi A, Sato N, Ozawa
K, et al. Transmission of cell stress from endoplasmic reticulum
to mitochondria: enhanced expression of Lon protease. J Cell
Biol 2002, 157(7): 1151-1160.

Lipton P. Ischemic cell death in brain neurons. Physiol Rev
1999, 79(4): 1431-1568.

Bursch W, Ellinger A, Kienzl H, Torok L, Pandey S, Sikorska M,
et al. Active cell death induced by the anti-estrogens tamoxifen
and ICI 164 384 in human mammary carcinoma cells (MCF-7)
in culture: the role of autophagy. Carcinogenesis 1996, 17(8):
1595-1607.

Maiese K, Boniece IR, Skurat K, Wagner JA. Protein kinases
modulate the sensitivity of hippocampal neurons to nitric oxide
toxicity and anoxia. J Neurosci Res 1993, 36(1): 77-87.

Bano D, Nicotera P. Ca?" signals and neuronal death in brain



150

Neurosci Bull  June 1, 2009, 25(3): 139-152

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[54]

[55]

ischemia. Stroke 2007, 38(2 Suppl): 674-676.

Qin AP, Zhang HL, Qin ZH. Mechanisms of lysosomal pro-
teases participating in cerebral ischemia-induced neuronal death.
Neurosci Bull 2008, 24(2): 117-123.

Busch HJ, Buschmann IR, Mies G, Bode C, Hossmann KA.
Arteriogenesis in hypoperfused rat brain. J Cereb Blood Flow
Metab 2003, 23(5): 621-628.

Buschmann IR, Busch HJ, Mies G, Hossmann KA. Therapeutic
induction of arteriogenesis in hypoperfused rat brain via granu-
locyte-macrophage colony-stimulating factor. Circulation 2003,
108(5): 610-615.

Busch HJ, Buschmann I, Schneeloch E, Bode C, Mies G,
Hossmann KA. Therapeutically induced arteriogenesis in the
brain. A new approach for the prevention of cerebral ischemia
with vascular stenosis. Nervenarzt 2006, 77(2): 215-220.
Lees KR. Cerestat and other NMDA antagonists in ischemic
stroke. Neurology 1997, 49(5 Suppl 4): S66-69.

Muir KW, Lees KR. Clinical experience with excitatory amino
acid antagonist drugs. Stroke 1995, 26(3): 503-513.

Schachter SC, Tarsy D. Remacemide: current status and clinical
applications. Expert Opin Investig Drugs 2000, 9(4): 871-883.
Kato T. Role of magnesium ions on the regulation of NMDA
receptor—a pharmacopathology of memantine. Clin Calcium
2004, 14(8): 76-80.

Sun A, Cheng J. Novel targets for therapeutic intervention against
ischemic brain injury. Clin Neuropharmacol 1999, 22(3): 164-171.
Gill R. The pharmacology of alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionate (AMPA)/kainate antagonists and their
role in cerebral ischaemia. Cerebrovasc Brain Metab Rev 1994,
6(3): 225-256.

Hampson AJ, Grimaldi M, Axelrod J, Wink D. Cannabidiol and
(-)Delta9-tetrahydrocannabinol are neuroprotective antioxidants.
Proc Natl Acad Sci USA 1998, 95(14): 8268-8273.

Zhang Y, Deng P, Ruan Y, Xu ZC. Dopamine D1-like receptors
depress excitatory synaptic transmissions in striatal neurons af-
ter transient forebrain ischemia. Stroke 2008, 39(8): 2370-2376.
O’Neill MJ, Hicks CA, Ward MA, Cardwell GP, Reymann JM,
Allain H, et al. Dopamine D2 receptor agonists protect against
ischaemia-induced hippocampal neurodegeneration in global ce-
rebral ischaemia. Eur J Pharmacol 1998, 352(1): 37-46.
Kuhmonen J, Pokorny J, Miettinen R, Haapalinna A, Jolkkonen
J, Riekkinen P Sr, ef al. Neuroprotective effects of dexmedetomidine
in the gerbil hippocampus after transient global ischemia. Anes-
thesiology 1997, 87(2): 371-377.

Marcoli M, Cervetto C, Castagnetta M, Sbaffi P, Maura G. 5-HT
control of ischemia-evoked glutamate efflux from human
cerebrocortical slices. Neurochem Int 2004, 45(5): 687-691.
Zhou C, Li C, Yu HM, Zhang F, Han D, Zhang GY. Neuroprotection

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

of gamma-aminobutyric acid receptor agonists via enhancing
neuronal nitric oxide synthase (Ser847) phosphorylation through
increased neuronal nitric oxide synthase and PSD95 interaction
and inhibited protein phosphatase activity in cerebral ischemia.
J Neurosci Res 2008, 86(13): 2973-2983.

Zhang DJ, Xu GR, Li ZY, Li YZ, Xu LX, Lu FY, et al. The
effects of Shuxuetong on the pathology of cerebral ischemia-
reperfusion injury and GABA and TNF-alpha expression in ger-
bil models. Neurosci Bull 2006, 22(1): 41-46.

Stone TW. Purines and neuroprotection. Adv Exp Med Biol
2002, 513: 249-280.

Schurr A. Neuroprotection against ischemic/hypoxic brain
damage: blockers of ionotropic glutamate receptor and voltage
sensitive calcium channels. Curr Drug Targets 2004, 5(7): 603-
618.

Yenari MA, Palmer JT, Sun GH, de Crespigny A, Mosely ME,
Steinberg GK. Time-course and treatment response with SNX-
111, an N-type calcium channel blocker, in a rodent model of
focal cerebral ischemia using diffusion-weighted MRI. Brain Res
1996, 739(1-2): 36-45.

Campbell CA, Mackay KB, Patel S, King PD, Stretton JL,
Hadingham SJ, et al. Effects of isradipine, an L-type calcium
channel blocker on permanent and transient focal cerebral is-
chemia in spontaneously hypertensive rats. Exp Neurol 1997,
148(1): 45-50.

Xiong ZG, Zhu XM, Chu XP, Minami M, Hey J, Wei WL, et al.
Neuroprotection in ischemia: blocking calcium-permeable acid-
sensing ion channels. Cell 2004, 118(6): 687-698.

Zhang H, Song LC, Liu YY, Ma Y, Lu YL. Pinacidil reduces
neuronal apoptosis following cerebral ischemia-reperfusion in
rats through both mitochondrial and death-receptor signal
pathways. Neurosci Bull 2007, 23(3): 145-150.

Sharma SS, Gupta S. Neuroprotective effect of MnTMPyP, a
superoxide dismutase/catalase mimetic in global cerebral ischemia
is mediated through reduction of oxidative stress and DNA
fragmentation. Eur J Pharmacol 2007, 561(1-3): 72-79.

Park CK, Hall ED. Dose-response analysis of the effect of 21-
aminosteroid tirilazad mesylate (U-74006F) upon neurological
outcome and ischemic brain damage in permanent focal cerebral
ischemia. Brain Res 1994, 645(1-2): 157-163.

Villa RF, Gorini A. Pharmacology of lazaroids and brain energy
metabolism: a review. Pharmacol Rev 1997, 49(1): 99-136.
Yoshida H, Yanai H, Namiki Y, Fukatsu-Sasaki K, Furutani N,
Tada N. Neuroprotective effects of edaravone: a novel free radi-
cal scavenger in cerebrovascular injury. CNS Drug Rev 2006, 12
(1): 9-20.

MacGregor DG, Avshalumov MV, Rice ME. Brain edema induced

by in vitro ischemia: causal factors and neuroprotection. J



Zhao-Hui GUO, et al.

The mechanisms of brain ischemic insult and potential protective interventions

151

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[80]

Neurochem 2003, 85(6): 1402-1411.

Lapchak PA, Araujo DM, Song D, Wei J, Zivin JA. Neuroprotective
effects of the spin trap agent disodium-[(tert-butylimino)methyl]
benzene-1,3-disulfonate N-oxide (generic NXY-059) in a rabbit
small clot embolic stroke model: combination studies with the
thrombolytic tissue plasminogen activator. Stroke 2002, 33(5):
1411-1415.

Vaughan CJ, Delanty N. Neuroprotective properties of statins in
cerebral ischemia and stroke. Stroke 1999, 30(9): 1969-1973.
Cai ZY, Yan Y, Sun SQ, Zhang J, Huang LG, Yan N, et al.
Minocycline attenuates cognitive impairment and restrains oxi-
dative stress in the hippocampus of rats with chronic cerebral
hypoperfusion. Neurosci Bull 2008, 24(5): 305-313.

Bartus RT, Baker KL, Heiser AD, Sawyer SD, Dean RL, Elliott
PJ, et al. Postischemic administration of AK275, a calpain
inhibitor, provides substantial protection against focal ischemic
brain damage. J Cereb Blood Flow Metab 1994, 14(4): 537-544.
Liao SL, Chen WY, Raung SL, Chen CJ. Neuroprotection of
naloxone against ischemic injury in rats: role of mu receptor
antagonism. Neurosci Lett 2003, 345(3): 169-172.

Yenari MA, Kunis D, Sun GH, Onley D, Watson L, Turner S, et
al. Hu23F2G, an antibody recognizing the leukocyte CD11/CD18
integrin, reduces injury in a rabbit model of transient focal cere-
bral ischemia. Exp Neurol 1998, 153(2): 223-233.

Morales JR, Ballesteros I, Deniz JM, Hurtado O, Vivancos J,
Nombela F, et al. Activation of liver X receptors promotes
neuroprotection and reduces brain inflammation in experimen-
tal stroke. Circulation 2008, 118(14): 1450-1459.

Szydlowska K, Zawadzka M, Kaminska B. Neuroprotectant FK506
inhibits glutamate-induced apoptosis of astrocytes in vitro and in
vivo. J Neurochem 2006, 99(3): 965-975.

Ebisu T, Mori Y, Katsuta K, Fujikawa A, Matsuoka N, Aoki I, et
al. Neuroprotective effects of an immunosuppressant agent on
diffusion/perfusion mismatch in transient focal ischemia. Magn
Reson Med 2004, 51(6): 1173-1180.

Uchino H, Morota S, Takahashi T, Tkeda Y, Kudo Y, Ishii N, et
al. A novel neuroprotective compound FR901459 with dual in-
hibition of calcineurin and cyclophilins. Acta Neurochir Suppl
2006, 96: 157-162.

Kaminska B, Gaweda-Walerych K, Zawadzka M. Molecular
mechanisms of neuroprotective action of immunosuppressants—
facts and hypotheses. J Cell Mol Med 2004, 8(1): 45-58.
Pedata F, Gianfriddo M, Turchi D, Melani A. The protective
effect of adenosine A2A receptor antagonism in cerebral
ischemia. Neurol Res 2005, 27(2): 169-174.

Brambilla R, Cottini L, Fumagalli M, Ceruti S, Abbracchio MP.
Blockade of A2A adenosine receptors prevents basic fibroblast

growth factor-induced reactive astrogliosis in rat striatal pri-

[81]

[82]

(83

—

[84

—

[85]

(86

—

[87]

[88]

[89]

[90

—

[91

—

[92

—

[93]

[94]

[95]

mary astrocytes. Glia 2003, 43(2): 190-194.

Han BH, Holtzman DM. BDNF protects the neonatal brain from
hypoxic-ischemic injury in vivo via the ERK pathway. J Neurosci
2000, 20(15): 5775-5781.

Robertson GS, Crocker SJ, Nicholson DW, Schulz JB.
Neuroprotection by the inhibition of apoptosis. Brain Pathol
2000, 10(2): 283-292.

Hoffman GE, Merchenthaler I, Zup SL. Neuroprotection by
ovarian hormones in animal models of neurological disease.
Endocrine 2006, 29(2): 217-231.

Kotani Y, Shimazawa M, Yoshimura S, Iwama T, Hara H. The
experimental and clinical pharmacology of propofol, an anes-
thetic agent with neuroprotective properties. CNS Neurosci Ther
2008, 14(2): 95-106.

Luo Y, Ma D, Ieong E, Sanders RD, Yu B, Hossain M, et al.
Xenon and sevoflurane protect against brain injury in a neonatal
asphyxia model. Anesthesiology 2008, 109(5): 782-789.
Schmid-Elsaesser R, Hungerhuber E, Zausinger S, Bacthmann A,
Reulen HJ. Combination drug therapy and mild hypothermia: a
promising treatment strategy for reversible, focal cerebral
ischemia. Stroke 1999, 30(9): 1891-1899.

Wang XS, Ruan XZ, Wang W. Protective Effect of Ginkgo Biloba
Extract on Brain Injury Induced by Ischemia/Reperfusion in Rats.
J Huazhong Univ Sci Tech[Health Sci] 2003, 32(5): 500-502.
Hu XS, Zhou D, Zhou DM. Protective effects of PTS on cerebral
ischemia—reperfusion injury in rat. J Apoplexy and Nervous
Disease 2004, 21(4): 354-356.

Wu HQ, Chang MZ, Zhang GL, Zhao YX. The mechanism of
protective effects of puerarin on learning—memory disorder
after global cerebral ischemic reperfusive injury in rats. J Apo-
plexy and Nervous Disease 2004, 21(4): 350-353.

Kirino T. Ischemic tolerance. J Cereb Blood Flow Metab. 2002,
22(11): 1283-1296.

Stagliano NE, Pérez-Pinzon MA, Moskowitz MA, Huang PL.
Focal ischemic preconditioning induces rapid tolerance to middle
cerebral artery occlusion in mice. J Cereb Blood Flow Metab
1999, 19(7): 757-761.

Dirnagl U, Simon RP, Hallenbeck JM. Ischemic tolerance and
endogenous neuroprotection. Trends Neurosci 2003, 26(5): 248-
254.

Ge PF, Luo TF, Zhang JZ, Chen DW, Luan YX, Fu SL. Ischemic
preconditioning induces chaperone hsp70 expression and inhib-
its protein aggregation in the CA1 neurons of rats. Neurosci Bull
2008, 24(5): 288-296.

Obrenovitch TP. Molecular physiology of preconditioning-in-
duced brain tolerance to ischemia. Physiol Rev 2008, 88(1):
211-247.

Xing B, Chen H, Zhang M, Zhao D, Jiang R, Liu X, et al. Is-



152 Neurosci Bull - June 1, 2009, 25(3): 139-152

chemic postconditioning inhibits apoptosis after focal cerebral chemia/reperfusion-induced injury in rats. Stroke 2008, 39(3):

ischemia/reperfusion injury in the rat. Stroke 2008, 39(8): 2362- 983-990.

2369. [97] Faden Al Stoica B. Neuroprotection: challenges and opportunities.
[96] Wang JY, Shen J, Gao Q, Ye ZG, Yang SY, Liang HW, et al. Arch Neurol 2007, 64(6): 794-800.

Ischemic postconditioning protects against global cerebral is-

g R I B9 453 45 WL ) B B AR 4P 1 T 7

FRHRE, A&, T4
W R BE AR R 27 5 — M s B Bt e 2 R

. sk AR Nl RS 2R A REE . PS5 PE. B, AR RIE RN BA K N R MR A4 T
RERRRGSE o IX LRI PEGUB S WA LR R, B SR, ARMELEBCE TR AN AR rp (g 32k A o R (1% 4
MRSy TR IR T, 2 T X ARG BT BT 164k, ety L2ty b 3, i,
PUXaraptbiny . PREIEME . PUEAL. PUR. PURTIRIT . BUAN e s e . kA oR £ oo
PR, DR it iy 3 AT R L) 3 N 5% o B AROREIX U 5 R Y, T e RIS A AE VR 22 N AE, (EDR A gt sh s
WA RS 30, FRAT A B b X o ORAP Y07 15 SR RIS

KB Miskin, RS2 PRk AR NG R




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


