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Global cerebral ischemia occurs commonly in patients who have a variety
of clinical conditions including cardiac arrest (CA), shock, and asphyxia and
in patients undergoing complex cardiac surgery [1–4]. In addition to injury
to other organs from systemic hypoperfusion, neurologic sequelae from
brain injury are varied and constitute a spectrum that includes coma, sei-
zures, ischemic stroke, delirium, and neurocognitive impairment [5–7].
The commonest postulated mechanism for ischemic brain injury after CA
(with subsequent resuscitation) is global cerebral ischemia from systemic
hypoperfusion that can occur with or without pre-existing large-vessel
occlusive disease. Embolism that arises from the heart, from aortic arch ar-
theromas, or from extracorporeal circulation devices occurs more commonly
in the perioperative period following complex cardiac surgery and less com-
monly during resuscitation following CA [7]. Irrespective of the etiology of
cerebral ischemia, cellular and molecular processes trigger a cascade of
events that culminate in a ‘‘final common pathway,’’ resulting in ischemic
neuronal injury. Identification of these injury mediators and pathways in
a variety of experimental animal models of global cerebral ischemia has
led to investigation of target-specific cytoprotective strategies that are criti-
cal to clinical brain injury outcome. Although the authors have previously
published on this subject [8], this article expands on the translational sig-
nificance of many of the potential neuroprotective strategies that have
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provided important insights into the mechanism or mechanisms of ischemic
brain injury and might be of therapeutic benefit in the future.

Global versus focal cerebral ischemia

Ischemia is defined as diminution of cerebral blood flow (CBF) to a crit-
ical threshold that propagates brain damage involving the entire brain or
a selective region. Global cerebral ischemia entails diminution in CBF
over the entire brain, encountered clinically as sequelae during extracorpo-
real circulation following CA from ventricular fibrillation or asystole that
lasts 5 to 10 minutes. Global ischemia from CA results in a predictable pat-
tern of histologic injury in which specific neuronal populations are affected
(selective ischemic necrosis) [9–11] (discussed later). Although reperfusion
restores CBF, it can lead to secondary brain injury from influx of neutro-
phils and to increases in reactive oxygen species (ROS), cerebral edema,
and hemorrhage. Elevated levels of ROS may lead to damage of intracellu-
lar proteins and DNA by way of oxidation and by activating a number of
pathways that lead to cell death. Unlike global cerebral ischemia, focal ce-
rebral ischemia entails reduction in regional CBF in a specific vascular ter-
ritory and is usually encountered clinically as an ‘‘ischemic stroke’’ due to
thromboembolic or artherothrombotic vaso-occlusive disease. Normal
CBF ranges from 50 to 75 mL/100 g of brain tissue per minute and can differ
between the white and gray brain matter. Ischemic depolarization occurs
when CBF decreases to levels of approximately 18 mL/100 g of brain tissue
per minute, and neuronal cell death ensues if CBF is less than 10 mL/100 g
of brain tissue per minute. In focal ischemia, the ischemic vascular bed com-
prises an area with severe CBF reduction that consists of an ‘‘ischemic core’’
and a more distal ‘‘ischemic penumbra’’ and includes regions that are mar-
ginally perfused and might be served by collateral vascular channels. Histo-
pathologic outcome following focal ischemia largely depends on ischemic
severity and duration [8–10]. Increasing durations of depolarizing ischemia
are associated with a spectrum of histopathologic correlatesdfrom revers-
ible injury to irreversible cerebral infarction.

Experimental models of global cerebral ischemia

Several animal models have been developed to simulate complete human
global cerebral ischemia and have provided histologic evidence of and in-
sight into mechanisms of brain injury. Rodent models (gerbil, mouse, and
rat) provide the advantages of being inexpensive, of rendering consistent re-
producibility of injury because they possess consistent cerebral vasculature,
and of being homogeneous among strains, with transgenic counterparts al-
lowing targeted mechanistic studies for delineating effects of specific gene
deletion on ischemic brain injury. Monitoring of critical physiologic varia-
bles (pH, arterial blood pressure, arterial blood gases, core body and cranial
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temperature, plasma glucose levels) during the peri-ischemic period, how-
ever, is suboptimal. Furthermore, assessment of functional neurologic out-
comes with a comprehensive behavioral battery presents a challenge in small
animal models. Because 50% of Mongolian gerbils possess an incomplete
circle of Willis, bilateral carotid artery occlusion results in forebrain ische-
mia in these animals. The rat model of global cerebral ischemia includes
(1) four-vessel occlusion (4-VO) by electrocoagulation of both vertebral ar-
teries, with transient occlusion of both carotid arteries 24 hours later [12]; or
(2) ‘‘two-vessel occlusion’’ by transient occlusion of both carotid arteries
and accompanying reduction of arterial blood pressure to a level of 40 to
50 mm Hg by phlebotomy [13,14]. Both techniques yield high-grade ische-
mia of forebrain structures [15]. Larger animal models (rabbit, canine,
feline, swine, nonhuman primates) allow for monitoring of critical physio-
logic variables during and following the ischemic insult and allow for
a more accurate delineation of neurologic deficits following the insult; how-
ever, high cost and significant ethical concerns limit their use. The methods
of brain injury in these larger-animal models include ventricular fibrillation
[16], aortic occlusion [17], brachiocephalic or subclavian arterial occlusion in
combination with hypotension, elevated intracranial pressure by neck-cuff
insufflation, and intraventricular infusion [18]. In these animal models,
specific neuronal populations in the brain, including CA1 pyramidal
neurons of the hippocampus, medium-sized neurons of the striatum, and
the Purkinje cells of the cerebellum [19], are susceptible to injury. The sen-
sitivity of these neuronal populations is varied and dependent on duration
and severity of ischemia, and a typical temporal profile is observed following
CA. Neurons in the CA1 zone are the most sensitive to depolarizing ische-
mia (3–5 minutes), whereas the medium-sized neurons of the striatum are
more resistant (15–20 minutes) [20]. Following successful resuscitation and
cerebral recirculation, progression of irreversible neuronal injury also differs
in these selective neuronal populations (eg, neuronal injury is observed
within 3 hours of establishing recirculation in medium-sized neurons of
the striatum but delayed up to 48–72 hours in CA1 hippocampal neurons,
a phenomenon referred to as ‘‘delayed neuronal death’’) [20].

Neuronal injury mechanisms: apoptosis versus necrosis

Over the past decade, research has demonstrated that consequences of ce-
rebral ischemia result in two temporally distinct phases or processes of neu-
ronal cell death, which in turn affect surrounding brain tissue. Each phase
has characteristic defining morphologic and molecular features, and the dis-
tinction between the two processes is based on morphologic findings on elec-
tron microscopy [8,21]. Apoptosis or programmed cell death, a process
associated with genomic fragmentation, is characterized by cell shrinkage,
chromatin aggregation, and preservation of cell membrane integrity and mi-
tochondria without inflammation and injury to surrounding tissue [21–25].
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Conversely, necrosis, a process that is not ‘‘regulated or programmed,’’ is
typically observed as a consequence of severe cerebral ischemia and charac-
terized by disruption of cellular homeostasis from energy failure due to se-
vere mitochondrial injury, which leads to cellular swelling, membrane lysis,
inflammation, vascular damage, and edema formation. Although apoptosis
and necrosis characteristically represent distinct modes of cellular injury,
a large body of literature suggests that these processes represent a spectrum
that coexists in a spatial distribution within injured tissue (neurons in the
core being necrotics and neurons in the penumbra being apoptotic) and is
temporally related to duration and severity of the ischemic insult. The ac-
cepted tenet is that the excitotoxic cascade triggered by exposure to excitatory
amino acids (EAAs) plays a prominent role in neuronal necrosis. In vitro
exposure to glutamate, however, results in apoptosis in neurons that survive
the early necrotic phase and have partial recovery of mitochondrial function
[26]. Therefore, maintenance of mitochondrial function is possibly the crit-
ical factor in determining the degree and progression of neuronal injury
propagated by excitotoxicity [25]. A common pathway of stimuli leading
to apoptosis has not yet been identified; however, a mitochondrial-depen-
dent intrinsic pathway and a receptor-mediated extrinsic pathway are postu-
lated [27,28]. In the intrinsic pathway, cerebral ischemia results in generation
of a permeability transition pore in the inner mitochondrial membrane that
leads to disruption of the outer mitochondrial membrane due to release of
several proapoptotic factors (caspases, endonucleases, cytochrome c, and
other proteases related to interleukin-1b converting enzyme) [21,27,28].
These events ultimately lead to DNA fragmentation. The ‘‘mitochondrial-
independent’’ or extrinsic pathway of apoptosis involves several death re-
ceptor families such as Fas. Bypassing the inhibitory effects of Bcl2-related
proteins, which control proteolytic systems, has also been postulated to play
an important role in apoptotic cell death, whereas other family members,
such as Bax, augment apoptosis. Another family of protein-cleaving en-
zymes, caspases, is expressed at significant levels during cerebral ischemia,
and caspase inhibitors produce resistance to ischemic damage [29].

Excitotoxic brain injury

The concept of excitotoxicity, introduced by Olney in 1969 [30], was based
on a set of observations that included neuronal injurywith local application of
glutamate and other acidic amino acids (aspartate, N-methyl-D-aspartate
[NMDA], homocysteine, cysteine). Since this descriptionwas published, other
excitotoxic mediators have been delineated, including catecholamines (dopa-
mine, norepinephrine), nitric oxide (NO), and related species. Glutamate, the
most abundant EAA in the brain, serves a variety of important functions
(metabolic, neurotrophic, and neurotransmitter) and is compartmentalized
in neurons [19,31]. The healthy adult brain has the ability to clear extracellular
glutamate by rapid uptake; however, under conditions in which energy stores
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are depleted, such as in hypoxia-ischemia, glutamate efflux into the extracel-
lular compartment due to cellular depolarization [32], coupled with its im-
paired uptake, results in increases in intracellular Ca2þ. Interference with
cysteine uptake (causing depletion of cellular glutathione stores responsible
for protecting against oxidative stress) results in neuronal injury [30,33]. Ex-
citotoxic injury is characterized by its maximal effects on neuronal dendrites
and soma, with relative sparing of axons, glia, and ependymal and endothelial
cells, possibly due to differences in synaptic input, density, distribution of
membrane glutamate receptors, and intrinsic defensemechanisms.Glutamate
activates three major families of ionophore-linked receptors (NMDA, a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA], and kainate)
and metabotropic receptors that activate second messenger systems [34]. Al-
though glutamate release simultaneously stimulates NMDA and AMPA re-
ceptors, in vitro studies demonstrate that glutamate toxicity occurs in two
distinct phases: (1) excitotoxicity is rapidly triggered by brief intense stimula-
tion of NMDA receptors, which is critically dependent on the presence and
influx of extracellular Ca2þ through the NMDA-gated receptor channel com-
plex; and (2) a slowly triggered process by the prolonged stimulation of
AMPA/kainate receptors that have limited Ca2þ channels [33]. Metabotropic
glutamate receptors modify excitotoxic injury, rather than directly mediate
the deleterious process.

The cascade of events responsible for glutamate excitotoxicity includes
three distinct processes: (1) induction, whereby extracellular glutamate efflux
is transduced by receptors on the neuronal membrane to cause intracellular
Ca2þ overload, which leads to lethal intracellular derangements; (2) ampli-
fication of the derangement, with an increase in intensity and involvement of
other neurons; and (3) expression of cell death triggered by cytotoxic cas-
cades [33]. Excess release of Ca2þ and its intracellular influx is thought to
be the primary trigger for a variety of complex, deleterious intracellular pro-
cesses that result from activation of catabolic enzymes such as phospholi-
pases (which lead to cell membrane breakdown, arachidonic acid, and free
radical formation) and endonucleases (which lead to fragmentation of geno-
mic DNA and energy failure due to mitochondrial dysfunction) (Fig. 1).
Distinct neuronal populations are selectively vulnerable to excitotoxic
injury, possibly from differences in excitatory synaptic inputs, density of
glutamate receptors, or intrinsic defense mechanisms. Perhaps the most com-
pelling evidence for the role of glutamate excitoxicity following focal ische-
mia and hypoxic-ischemic brain injury from CA is the neuroprotection
observedwith antiexcitotoxic strategies includingNMDA-orAMPA-receptor
antagonists [35].

Acute efflux of dopamine and norepinephrine into the extracellular space
following cerebral ischemia [36–39] possibly plays a role in the propagation of
brain injury. Indirect evidence of the importance of their role in cerebral is-
chemia stems from amelioration of histopathologic injury following attenua-
tion of ischemia-induced surges in extracellular dopamine pharmacologically
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with barbiturates, isoflurane, and etomidate [40,41]. Furthermore, several
lines of evidence suggest that catecholamine release andmetabolismmight un-
derlie the selective vulnerability of striatal neurons to an ischemic insult
[42,43]. For example, depletion of catecholamine stores by a-methyl-para-
tyrosine exerts a strong protective effect on ischemic damage to nerve
terminals [43], and reduction of striatal dopamine content by lesioning
the nigrostriatal tract protects intrinsic striatal neurons from injury follow-
ing global cerebral ischemia [44]. Although the precise mechanism of neuro-
nal injury by dopamine is unclear, by-products of its metabolism, such as
hydrogen peroxide, superoxide ion, and hydrogen radicals, have been impli-
cated in this deleterious process [45].

NO, a free radical gas synthesized from the amino acid L-arginine by the
enzyme NO synthase (NOS), is produced by a variety of sources (vascular
endothelium, neurons, glia, macrophages, white blood cells) [46,47]. NO
has several functions in the brain, including regulation of CBF, neurotrans-
mission, and modification of inflammation [46,47]. At least three isoforms of
NOS have been identified: the constitutively expressed neuronal and endo-
thelial isoforms (encoded on chromosome 12 and 7) and the inducible iso-
form (encoded on chromosome 17) [48,49]. Neuronal NOS–containing
neurons are widespread in the brain, including in the cerebral cortex, hippo-
campus, and striatum [47]. NO plays a dual role in ischemic neuropathol-
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Fig. 1. Schematic diagram representing events leading to ischemic brain injury.



7BRAIN INJURY AFTER GLOBAL CEREBRAL ISCHEMIA
ogydbeneficial, in that it is a potent vasodilator, and cytotoxic, in that it
inhibits important enzyme systems such as complexes I and II of the mito-
chondrial transport chain (Fig. 2). Formation of the oxidant perioxynitrite
by combination of NO and superoxide anion is considered to be an impor-
tant trigger in cytotoxicity. Perioxynitrite generation leads to formation of
other ROS, hydroxyl free radicals, and nitrogen dioxide, resulting in ni-
trosylation of tyrosine residues in proteins. One way by which NO is
thought to kill neurons is energy-dependent activation of the DNA repair
enzyme poly(ADP-ribose) polymerase, leading to consumption of ATP,
nicotinamide, and cell death [50].

In cerebral ischemia, constitutive NO activity (endothelial and neuronal
isoforms) markedly increases as a consequence of NMDA, AMPA, and me-
tabotropic glutamate receptor stimulation [51,52] culminating in a rise in in-
tracellular Ca2þ, whereas more sustained levels of NO are expressed by the
microglia and other inflammatory cells (Ca2þ-independent inducible isoform)
24 hours following the ischemic event [8,48]. Consequently, administration of
NO donors and specific NOS inhibitors has yielded mixed results in experi-
mental models of cerebral ischemia. Such varied results are explained by non-
selectivity of NOS inhibitors and timing of such interventions in relation to
ischemia. For example, infusion of the NO precursor and substrate L-arginine
in the immediate period following experimental focal ischemia attenuates in-
farct volume by accentuating CBF byway of dilation of pial vessels [48,53]. In
line with this evidence, male mutant mice that lack the endothelial isoform of
NOS sustain larger ischemic injury than their wild-type counterparts follow-
ing focal ischemia [54]. Infarct volume and functional outcomes are improved
in wild-type mice following selective pharmacologic inhibition of neuronal
NOS and in mutant mice that do not express genes for the neuronal or induc-
ible isoforms [48,55]. Because vascularNOmight favorably affect outcome and
the neuronal isoform might adversely affect outcome, selective pharmacologic

Nitric Oxide

Beneficial Role (Endothelial) Deleterious Role (Neuronal and Inducible)

Direct Cytotoxic Effects
Binding to iron-sulfur complexes
Decreased mitochondrial respiratory enzymes
Decreased ribonucleotide reductase
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Increased hydroxyl radical
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Decreased NMDA current

Decreased platelet aggregation
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Fig. 2. Beneficial and deleterious effects of nitric oxide in cerebral ischemia. (Reproduced from

Bhardwaj et al. [8] and adapted from Dalkara and Moskowitz [49], with permission.)
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inhibitionof theneuronal and inducible isoformsofNOSmightprovide aviable
therapeutic strategy in cerebral ischemia.

Role of inflammation

Cerebral ischemia leads to inflammatory cell infiltrates from nonspecific
immunologic reaction, migration of peripheral leukocytes into the brain,
and activation of microglia [56]. Release of inflammatory cytokines (inter-
leukin [IL]-1, tumor necrosis factor a [TNF-a]) by ischemic neurons and
glia leads to generation of adhesion molecules (selectins, integrins, intercel-
lular adhesion molecule 1) in the cerebral vasculature, which results in
breakdown of the blood-brain barrier (BBB), culminating in edema forma-
tion [57,58]. Enhanced secretion of cytokines and proteases such as metallo-
proteinases causes further disruption of the extracellular matrix and the
BBB. Although IL-1 is detrimental to ischemic brain injury, roles for IL-6,
a proinflammatory cytokine, and IL-10, an anti-inflammatory cytokine,
are less clear. TNF-a appears to have a dual role in the ischemic brain, in
that it is involved in ischemic tolerance [59] and plays a role in propagating
ischemic brain injury [60,61].

Glycemic control

A number of studies in animal models of traumatic brain injury [62], focal
cerebral ischemia [63], and global cerebral ischemia [64] demonstrate that gly-
cemic control is a critical factor in terms of outcome. Postulated mechanisms
include accentuation of release of EAAs, attenuation of neuroinhibitory neu-
rotransmitters [65], massive deposition of neutrophils [66], and early mito-
chondrial damage by way of activation of cytochrome c, caspase-9, and
caspase-3 cleavage [67]. Thesemechanistic studies have led to clinical observa-
tions that poor glycemic control accentuates brain injury in ischemic stroke
[68] and following cardiac surgery [69]. Glycemic control with insulin treat-
ment has been demonstrated to improve neurologic outcome in critically ill
patients [70] and in patients who undergo cardiac surgery [69]. Although insu-
lin therapy has been shown to ameliorate damage in animal models of global
cerebral ischemia [71], further clinical trials are warranted in the setting of
aggressive glycemic control with insulin therapy in patients following CA.

Role of temperature

Experimental studies using animal models of focal and global cerebral is-
chemia have provided evidence for the importance of brain temperature on
functional and histopathologic outcome [72]. Following cerebral ischemia,
intraischemic hyperthermia leads to incomplete normalization of high-
energy phosphate metabolites and the conversion of selective neuronal ne-
crosis to infarction, increased microvascular injury, and edema, resulting
in increased mortality [72]. Spontaneous elevations in body temperature
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have been reported following experimental global and focal ischemia and
are thought to be a consequence of brain injury [73]. Mild (34�C) to
moderate (30�C) induced systemic hypothermia markedly attenuates ische-
mic brain injury following experimental CA [74]. Mechanisms of hypother-
mia-induced ischemic brain protection may be multifactorial and include
mitigation of pre- and postsynaptic excitotoxic processes (attenuation of
biosynthesis, release and uptake of EAAs), diminished hydroxyl radical pro-
duction, protection of lipoprotein membranes, attenuation of intracellular
acidosis, and reduction of oxygen demand by the injured brain [2]. Recent
clinical trials have demonstrated improved neurologic outcome and de-
creased mortality in patients subjected to mild-to-moderate therapeutic
hypothermia [1,2]. Future clinical trials should incorporate other pharmaco-
logic neuroprotective strategies in combination with hypothermia to further
enhance outcomes.

Ischemic tolerance and preconditioning

The concept of ischemic tolerance, introduced 2 decades ago and based on
observations in the myocardium [75], was extended to ischemic brain injury,
whereby brief ischemic insults protected the brain from subsequent and
more severe ischemia [76]. Further experiments in a variety of animal models
of focal and global cerebral ischemia confirmed these observations [77,78]. In
addition to sublethal ischemia, other conditions such as hyperthermia [79], hy-
pothermia [80], hypoglycemia [81], and pharmacologic agents (eg, antibiotics,
erythropoietin, acetylsalicylic acid, volatile anesthetics) [82–85] have been
shown to induce ischemic tolerance. The early phase of ischemic tolerance
(within 30minutes following sublethal insult) is thought to be due to flow-me-
tabolism–mediated events, whereas delayed tolerance (O24 hours) involves
new gene induction and protein synthesis [86,87]. Molecules such as adeno-
sine, hypoxia inducible factor 1a, TNF-a, ROS, NO, and other receptor-
linked events involving NMDA-receptor activation and downstream effects
of intracellular calcium influx have been implicated in ischemic tolerance. Al-
though the precisemechanisms of ischemic tolerance have not been elucidated
completely, ischemic preconditioning provides a possible venue and therapeu-
tic strategy in ameliorating brain injury in a few, select high-risk patients sus-
ceptible to ischemic brain injury.

Experimental pharmacologic neuroprotection and its translational

significance

A comprehensive review of this topic is beyond the scope of this article;
however, the interested reader is referred to a recent monograph by Weigl
and colleagues [88]. Several pharmacologic agents have undergone investiga-
tion in animal models of global cerebral ischemia to directly or indirectly
determine efficacy. Methods used to evaluate postischemic hyperemia or hy-
poperfusion include recovery of somatosensory-evoked potentials, recovery



10 HARUKUNI & BHARDWAJ
of high-energy phosphates, functional neurologic recovery, and histologic
injury [29,88]. The basis for the study of these agents is a logical extension of
mechanistic studies in a variety of in vitro and in vivo systems of cerebral is-
chemia. In addition, results from neuroprotective studies with pharmacologic
agents provide important insights into mechanisms because they entail dis-
ruption of a specific pathway or receptor blockade in the propagation of ische-
mic neuronal injury. Although many of these agents are still under
investigation, data predominantly from studies using the focal ischemia par-
adigm underscore the future use of pharmacologic therapies following global
cerebral ischemia.

N-methyl-D-aspartate–receptor antagonists

Pre- and post-treatment with dextrorphan, an NMDA-receptor antago-
nist, improves histologic injury in the hippocampus and the cortex in a
4-VO rat model and attenuates the reduction in loss of activity of calcium-
dependent protein kinases (protein kinase C and calcium-dependent protein
kinase II) [89]. Although the NMDA-receptor antagonist dizoclipine
(MK801) has been shown to provide significant histologic neuroprotection
in animal models of global cerebral ischemia [90,91], its clinical use in ische-
mic stroke has been shown to produce significant undesirable side effects
(delirium, psychosis, hallucinations, and so forth) [29].

Calcium channel antagonists

Because Ca2þ is the final common pathway in excitotoxic neuronal
injury, nimodipine, a blocker of Ca2þ influx, has been studied in the exper-
imental paradigm of global cerebral ischemia. Subcutaneous administra-
tion of nimodipine failed to demonstrate any histologic or functional
neurologic improvement in the 4-VO rat model of global cerebral ischemia
[92,93]; however, in a rabbit model, intravenous treatment with nimodipine
reduced time of EEG recovery and attenuated the decrement in extracellu-
lar Ca2þ and disruption of the BBB. In this study, arterial blood pressure
was maintained at 100 mm Hg following the ischemic insult, thereby off-
setting the detrimental hypotensive effects of nimodipine. A prospective,
randomized, double-blinded trial with nimodipine in patients who had
out-of-hospital ventricular fibrillation failed to demonstrate any improve-
ment in 1-year survival rate; however, it demonstrated some benefit in pa-
tients who had delayed resuscitation (O10 minutes) [94].

g-Aminobutyric acid and g-aminobutyric acid agonists

The premise of using g-aminobutyric acid (GABA) or its agonists as neu-
roprotectants is based on their inhibitory properties by way of opening of
the Cl� channels [88]. Pretreatment with GABA attenuated histologic injury
and improved neurobehavior in a gerbil model of global cerebral ischemia
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[95]. Treatment following the insult failed to demonstrate any improvement
in these parameters. Chlormethiazole, a GABA agonist with anticonvulsant,
hypnotic, and sedative properties, failed to demonstrate any improvement in
histologic injury or neurobehavior in a rat model of global cerebral ischemia
[96]. Furthermore, local infusion of chlormethiazole by way of microdialysis
did not alter ischemia-evoked release of dopamine, serotonin, or their me-
tabolites in the ischemic striatum [96]. Intraperitoneal administration of
g-hydroxybutyrate improved histologic injury and neurobehavioral out-
comes in a 4-VO rat model of global cerebral ischemia [97]. Tiagabine, a se-
lective inhibitor of GABA reuptake, failed to demonstrate any improvement
in histologic outcome in the gerbil model when given as a pretreatment [98].

Anticonvulsants

The basis for the use of anticonvulsants in ischemic neuroprotection is
their ability to stabilize neurons by way of hyperpolarization of the mem-
brane potential by blocking voltage-gated Naþ channels [88]. Treatment
with phenytoin attenuates accumulation of Kþ in cerebrospinal fluid in an-
imals subjected to circulatory arrest. Some studies of phenytoin treatment
have demonstrated attenuation of brain edema, increased Naþ/Kþ-ATPase
activity, decreased intracellular Naþ concentration, and attenuated accumu-
lation of lactate and free fatty acids [99]. Lamotrigine attenuates ischemia-
induced increases in extracellular glutamate levels and improves histologic
outcomes in the gerbil and rat models of global cerebral ischemia [100].

Magnesium

Magnesium sulfate has multimodal actions. It is an NMDA receptor,
a calcium antagonist, and a vasodilator. In a rat model of global cerebral
ischemia, pre- and post-treatment with bolus intravenous magnesium sulfate
followed by a continuous intravenous infusion attenuated injury to CA1
hippocampal neurons [101]. Other investigators have reported that neuro-
protection is demonstrated only when magnesium sulfate is administered
in combination with mild hypothermia [102].

Anesthetic agents

Barbiturates have long been known to exert neuroprotection by coupled
decreases in cerebral metabolic rate of oxygen (CMRO2) with CBF and by in-
hibiting agonist-induced cerebral vasoconstrictor responses, protein kinaseC,
ischemia-induced increases in free fatty acids, and EAA release [29]. In exper-
imental global cerebral ischemia, however, results have been disappointing.
Treatment with pentobarbital failed to improve survival in a dog model of
global cerebral ischemia [103]. Clinical investigation with barbiturates
has also proved to be disappointing, with lack of therapeutic benefit in the
hypoxic-ischemic brain injury from CA and near-drowning [29]. Inhalational
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anesthetics (halothane, isoflurane) have not been thoroughly investigated in
the setting of global cerebral ischemia. The premise for their use is their ability
to attenuate cerebral metabolic demand, enhance regional CBF, attenuate
ischemia-evoked EAA and catecholamine efflux, and attenuate calcium
influxes [29].

Cyclooxygenase inhibitors

Nimesulide, a cyclooxygenase-2 inhibitor, attenuated injury to the CA1
region of the hippocampus in a gerbil model when administered orally or
intraperitoneally as a pre- or post-treatment (up to 24 hours) [104]. Further
experimental studies in other animal models are needed to confirm these
findings and bring these agents into the clinical paradigm.

Immunosuppressants

Tacrolimus (FK506) and cyclosporine are immunophilin and calcineurin
inhibitors that attenuate apoptotic cell death. Chronic administration of
both agents (for 3 days) before the ischemic insult demonstrated neuropro-
tection in the CA1 region at 7 days of reperfusion in a rat model of global
cerebral ischemia [105]. These agents also attenuated calcineurin activity in
the CA1, CA3, and dentate gyrus regions of the hippocampus up to 24
hours following the ischemic insult. Pretreatment with cyclosporin and
FK506 inhibits dephosphorylation of the proapoptotic protein Bad. The in-
ability of cyclosporine to cross an intact BBB is a significant therapeutic
concern. These agents require more rigorous testing with treatment in the
postischemia paradigm across different species and animal models of global
cerebral ischemia [88].

Potential future of neuroprotective agents

Hormonal sex steroids

Evidence is mounting that outcome from cerebral ischemia is quantitative-
ly different in adult male and female animals, reflecting patterns of some
forms of human cerebrovascular disease [8,106]. Accordingly, it has become
increasingly apparent that biologic sex is an important factor in pathophysi-
ology and outcome following cerebral ischemia [107]. For example, when
both sexes are studied, ischemic outcome in transgenic mice can be overtly
sex dependent, even when the gene of interest (eg, inducible or neuronal
NO) is not linked to sexual development [108–111]. These data suggest that
molecular mechanisms of cell injury may not be the same or have the same
impact in the male and the female brain. Furthermore, most experimental
studies underscore the importance of sex steroids (predominantly estrogen)
to outcome from focal ischemia [107,112]; recent studies have reported signif-
icant neuroprotection in the global cerebral ischemia paradigm [113].
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Opioid-receptor agonists

Experimental research over the last 3 decades has implicated the opioi-
dergic receptors in the brain to play an important pathophysiologic role
in cerebral ischemia [114,115]. Opiate receptors in the central nervous sys-
tem have been divided into three subtypes: mu (m), kappa (k), and delta
(d). Although the m- and d-receptor subtypes have been shown to play
a role predominantly in antinociception, several experimental studies have
demonstrated neuroprotective effects of k–opioid-receptor agonists in mod-
els of global [116] and focal ischemia [117,118]. Differential time course and
alterations in opioid-receptor binding after focal cerebral ischemia in mice
indicate that k–opioid-receptor binding sites are preserved much longer
(12–48 hours) than other subtypes [119], suggesting a potentially longer
therapeutic window with k–opioid-receptor agonists. In vitro studies suggest
that k–opioid-receptor agonists modulate the excitotoxic action of gluta-
mate, possibly by the presynaptic inhibition of its release by decreasing
the entry of 45Ca2þ into rat cortical synaptosomes [120,121]. It has been
demonstrated that the selective k–opioid-receptor agonist BRL 52,537
attenuates in situ NO production at doses that provide ischemic neuropro-
tection [122] that is receptor selective [123] but does not attenuate ischemia-
evoked dopamine release in the ischemic striatum [124]. Furthermore, BRL
52537 provides significant ischemic neuroprotection when administered for
up to 6 hours after the onset of focal cerebral ischemia [125], confirming
a long therapeutic opportunity to afford ischemic neuroprotection with
these compounds. It has recently been demonstrated that ischemic neuro-
protection with BRL 52537 is sex specific; it confers neuroprotection only
in male animals [126]. Thus, highly selective k–opioid-receptor agonists
might hold promise as neuroprotective agents in the future in the global ce-
rebral ischemia paradigm.

Sigma-receptor agonists

Over the past 2 decades, nonopioid sigma (s)-receptors have been consid-
ered to serve an important physiologic function [127]. A number of ‘‘atypi-
cal’’ antipsychotics are potent s-receptor ligandsdatypical, in that they
are effective antipsychotic agents but have low propensity to induce extrapy-
ramidal side effects [28]. Naturally occurring s-receptor ligands include pro-
gesterone and neuropeptide Y [128]. Purification, molecular cloning, and
high levels of expression of s1-receptor binding sites in sterol-producing
tissues have been demonstrated [129]. Subtyping of the s-receptor into a
s1-receptor and s2-receptor is based on important differences in regional dis-
tribution, enantomeric selectivity, molecular weights, and second messengers
employed in signaling [130,131]. Until recently, specific s1-receptor ligands or
antagonists have been lacking. During evaluation as antipsychotic agents,
several drugs known to be s-receptor ligands were demonstrated to alter
NMDA-receptor function [132]; however, it now appears that the effect
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might be directly mediated through activity at the s-receptor. The authors
have demonstrated that the potent s1-receptor ligand 4-phenyl-1-(4-phenyl-
butyl) piperidine (PPBP) provides robust ischemic neuroprotection in animal
models of cerebral is chemia [133–135]. Although the exact in vivo mecha-
nisms of neuroprotection bys1-receptor ligands are not completely elucidated,
several antiexcitotoxic mechanisms have been postulated, including inhibi-
tion of ischemia-induced presynaptic glutamate release, attenuation of post-
synaptic glutamate-evoked Ca2þ influx, modulation of neuronal responses to
NMDA-receptor stimulation, inhibition of dopamine neurotransmission,
and prevention of cortical-spreading depression [133–135]. Recently, it was
demonstrated that PPBP provides ischemic neuroprotection in vivo by way
of attenuation of ischemia-evoked NO production [134] but does not alter is-
chemia-evoked dopamine efflux in the ischemic striatum [135]. Based on these
data, s1-receptor ligands hold promise for the future as neuroprotectants in
the treatment of cerebral ischemia.

In addition to the above agents, a number of others that have been stud-
ied in the experimental paradigm of global cerebral ischemia hold promise
for the future. These agents include anesthetics (etomidate, ketamine, pro-
pofol), sodium channel blockers (mexitine, lidocaine), a-receptor agonists
(dexmedetomidine), and xanthine oxidase inhibitors (allopurinol). For
a complete review of this subject, the reader is referred to the monograph
by Weigl and colleagues [88].

Summary

Cerebral ischemia results in a rapid depletion of energy stores that trig-
gers a complex cascade of cellular events such as cellular depolarization
and Ca2þ influx, resulting in excitotoxic cell death. The critical determinant
of severity of brain injury is the duration and severity of the ischemic insult
and early restoration of CBF. Induced therapeutic hypothermia following
CA is the only strategy that has demonstrated improvement in outcomes
in prospective, randomized clinical trials. Although pharmacologic neuro-
protection has been disappointing thus far in a variety of experimental an-
imal models, further research efforts are directed at using some agents that
demonstrate marginal or moderate efficacy in combination with hypother-
mia. Although the signal transduction pathways and intracellular molecular
events during cerebral ischemia and reperfusion are complex, potential ther-
apeutic neuroprotective strategies hold promise for the future.
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