
FORUM REVIEW ARTICLE

Therapeutic Targets for Neuroprotection
in Acute Ischemic Stroke:

Lost in Translation?
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Abstract

The development of a suitable neuroprotective agent to treat ischemic stroke has failed when transitioned to the
clinical setting. An understanding of the molecular mechanisms involved in neuronal injury during ischemic
stroke is important, but must be placed in the clinical context. Current therapeutic targets have focused on the
preservation of the ischemic penumbra in the hope of improving clinical outcomes. Unfortunately, most patients
in the ultra-early time windows harbor penumbra but have tremendous variability in the size of the core infarct,
the ultimate predictor of prognosis. Understanding this variability may allow for proper patient selection that
may better correlate to bench models. Reperfusion therapies are rapidly evolving and have been shown to
improve clinical outcomes. The use of neuroprotective agents to prolong time windows prior to reperfusion or
to prevent reperfusion injury may present future therapeutic targets for the treatment of ischemic stroke.
We review the molecular pathways and the clinical context from which future targets may be identified.
Antioxid. Redox Signal. 14, 1841–1851.

Stroke remains the most serious and debilitating

neurological disorder in the United States, making it the
third leading cause of death in this country after cancer and
heart disease (42). Moreover, stroke is the leading cause of
serious, long-term adult disability, accounting for $68.9 billion
in health care costs and loss of economic efficiency in 2009
alone (42). The most recent statistical update by the American
Heart Association Statistics Committee and Stroke Statistics
Subcommittee states that approximately 795,000 people in the
US experience a new or recurrent stroke, of which 610,000 cases
are first attacks and the remaining 185,000 cases are recurrent
in nature (42). Statistical analyses demonstrate that 87% of all
strokes are ischemic in nature (42), indicating that the presence
of a thrombosis, an embolism, or a systemic hypoperfusion can
all lead to the obstruction of blood flow to the brain, thereby
decreasing the amounts of oxygen and glucose reaching this
organ (17). Research aimed at understanding and identifying
molecular pathways involved in neuronal death following is-
chemic stroke has uncovered a myriad of cellular processes
that lead to neuronal death, rendering it a highly heteroge-
neous neurological disorder. Processes leading to neuronal
death include, amongst others, ionic imbalance, peri-infarct
depolarization, glutamate-mediated excitotoxicity, oxidative
stress, and apoptosis (17, 48, 51) (Fig. 1).

Despite our wealth of knowledge regarding the cellular
and molecular processes underlying neuronal death follow-
ing ischemic stroke, we have yet failed to develop a safe and
effective neurotherapeutic that can prevent stroke-induced
cell death. The only pharmacological agent that has been
approved by the Food and Drug Administration for use in
acute ischemic stroke is the thrombolytic tissue-plasminogen
activator (t-PA), which, if administered intravenously within
the first 3 hours of stroke onset, can improve clinical outcome
3 months after treatment (40, 44). More recently, the time
window has been expanded to 4.5 hours with intravenous
t-PA (30). This strategy is aimed toward clot lysis and ulti-
mately reperfusion of the tissue downstream of the occluded
cerebral artery. In spite of the benefits of t-PA, studies have
shown that the administration of this thrombolytic agent is
associated with a 6% risk of intracranial hemorrhage. Notably,
less than 2% of patients in the community receive thrombolysis
as they do not arrive at hospitals within the therapeutic
window. Exogenously applied t-PA can cross the blood–brain
barrier and ultimately reach and destroy the brain paren-
chyma via its activity as a serine protease (40, 44). More re-
cently, it has become evident that the administration of t-PA
may also enhance neurodegeneration due to t-PA’s ability to
interact with the NR1 subunit of N-methyl-D-aspartate
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FIG. 1. Approximate timeline of molecular pathway onsets following ischemic stroke. Obstruction of blood flow to the
brain via the presence of a thrombosis, embolism, or systemic hypoperfusion results in ischemic stroke. The subsequent lack
of oxygen and glucose results in the initiation of the depicted ischemic cascade that ultimately results in neuronal death. (To
see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com=ars).

FIG. 2. Example of clinical progression of ischemic stroke in the setting of a large artery occlusion. A 50-year-old patient
presents at 15 h from symptom onset with a left-sided weakness and was found to have (A) occlusion of the right internal
carotid artery (black arrow) on CT angiography. A CT perfusion was performed to estimate penumbra and showed (B)
reduction of the cerebral blood flow to the right middle cerebral artery territory, and (C) prolongation of the mean transit time
to the right hemisphere. MRI of the brain was performed to determine the core infarct size; in (D) and (E) the diffusion
weighted sequence reveals a small core (white arrows) relative to the perfusion defect noted on CT perfusion imaging. The
patient was admitted to the neuro intensive care unit and his blood pressure was raised with vasopressor agents to attempt to
maintain perfusion to the right hemisphere. At 24 h from symptom onset, his weakness worsened and a repeat MRI of the
brain revealed (F) and (G) extension of the infarct on diffusion weighted sequences (white arrows). (To see this illustration in
color the reader is referred to the web version of this article at www.liebertonline.com=ars).
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(NMDA) glutamate receptors, thereby promoting calcium
influx which can subsequently reach neurotoxic levels (18, 40,
44). Results such as these underline the difficulties and chal-
lenges researchers and clinicians are confronted with in the
quest of developing effective and safe therapeutics for the
treatment of ischemic stroke.

Despite the challenges surrounding t-PA, a recent meta-
analysis of clinical trials showed that successful vessel re-
canalization is the most robust predictor of improved clinical
outcomes (54). Due to the challenges of treating patients in a
timely manner, an extension of the therapeutic window is
necessary to allow for broader appeal to clinicians treating
ischemic stroke victims. Advances in radiographic imaging
has allowed for a potential opportunity to treat patients based
on physiology as opposed to rigid time windows (Figs. 2 and
3). The time concept has been recently challenged by clinical
researchers as patients have different cerebral collaterals via
the Circle of Willis (21). Quantification of cerebral blood flow
(CBF) can be performed using positron emission tomography
(PET) imaging. Based on PET quantification methods, the core
infarct, which is the territory that is irreversibly injured and
can no longer be salvaged, is defined as a CBF of less than
12 cc=100 g=min. The penumbra is tissue that is structurally
intact but functionally impaired due to the reduction of blood
flow. This is defined as a CBF of 12–20 cc=100 g=min (2).
Mismatch defined as a larger penumbra compared to the core
has been the focus of clinical research in reperfusion therapy
(1, 15) and may be a potential marker of determining patients
suited for neuroprotection. Unfortunately, PET imaging is not

readily available in the clinical setting and thus is not a
practical tool for stroke patients. Xenon CT imaging is the only
technology available that can quantify CBF in a clinical set-
ting. CT and MRI perfusion are qualitative estimates and
cannot precisely define the penumbra, but can broadly define
populations with mismatch (37). Although MRI and CT are
not precise tools to quantify penumbra, thresholds are being
developed to better identify patients with more potential for
tissue salvage during reperfusion treatments and this may be
beneficial to future neuroprotection trials.

Patients presenting with a cerebral artery occlusion com-
prise 70% of ischemic stroke patients. Mismatch is present on
CT and MRI in up to 45% of patients at 24 hours from
symptom onset (35). A recent meta-analysis (49) of patients
treated with thrombolytics in the presence of mismatch was
found to have a higher rate of reperfusion, but also higher
rates of mortality. The penumbra appears to be consistently
present, but it is the size of the core prior to reperfusion
treatment that seems to predict hemorrhagic complications
(6, 29) and clinical outcomes (34). Thus, clinical trial designs
based on rigid time windows or on pre-determined mismatch
percentages may poorly select the patients most likely to
benefit from neuroprotective therapeutics and moreover test
the pathophysiology of the therapy being given. Identifying
the core infarct threshold destined to a poor clinical outcome
is crucial in determining the patients most likely to profit from
reperfusion and neuroprotection trials.

While the use of t-PA is aimed at re-establishing circulation to
an ischemic area, a myriad of studies have been conducted with

FIG. 3. Example of reperfusion therapy beyond traditional time window. A 75-year-old patient presented with left sided
weakness 3 days earlier and was noted to have (A) and (B) a small diffusion weighted core (white arrows) infarct on MRI. (C) CT
perfusion imaging showed prolongation of the mean transit time to the right hemisphere and provided an estimate of penumbra.
(D) A cerebral angiogram revealed the presence of a right middle cerebral artery occlusion (black arrow) that was the culprit for the
mismatch. (E) A stent was successfully implanted (dashed black arrow) and revealed marked improvement in the (F) mean transit
time to the right hemisphere. The patient had marked improvement in his weakness and returned to near baseline function at 30
day follow up. (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com=ars).
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the goal to identify neuroprotective agents that can halt neuronal
death in ischemic stroke. Despite the fact that many of these
neuroprotective agents were successful in preclinical stroke
models involving cell lines and animal models, not a single one
has proven to be advantageous for clinical outcome in patients
who suffered from ischemic stroke (18). Lack of success may be
explained by the fact that many preclinical trials focus on the role
of only one molecular pathway involved in cell fate following
ischemic stroke, as opposed to the myriad of events elicited in
this heterogeneous disease (Fig. 1). Moreover, there is a lack of
model systems aside from rodents, and within rodent systems
themselves, there is a deficiency in data from aging and diseased
animals (56). Data evaluating long-term neurological outcomes
as well as the lasting benefits of given treatments following is-
chemic stroke are also absent from current stroke models (56).
Another concern is the insufficient collection of data on the
pharmacokinetics of various drugs in preclinical settings in-
volving rodent models, which may account for why failures of
these drugs have been observed in human clinical trials (10, 56).
Notably, although the use of cell culture models has allowed
scientists to identify and understand complex cellular and mo-
lecular pathways involved in ischemic stroke and reperfusion
(Figs. 1 and 4), they do not represent the intricate physiology of
the human brain, thereby posing yet another challenge for the
translation of basic science work to the clinical setting (56).

For the proper development of effective and safe neuro-
protective agents, it is of utmost importance to understand the

molecular processes activated upon ischemic stroke (Fig. 1), as
well as the appropriate clinical settings to which they may
apply. Given the heterogeneity of this neurological disorder, it
is currently speculated that a successful neurotherapeutic will
not only target one molecular mechanism, but instead several
of these highly complex pathways at once. Additionally, it is
important to understand that neuroprotection may delay the
process of neuronal death, but without definitive reperfusion
therapy the tissue will continue to undergo infarction.

During ischemic stroke, the obstruction of CBF to the brain
results in a drastic decrease in glucose and oxygen levels to the
affected brain region. Prototypic brain damage following is-
chemic stroke is characterized by two main areas: the inner
core and the surrounding penumbra. The core is a brain re-
gion of maximum and irreversible damage, where ATP levels
are completely depleted and neurons undergo necrotic cell
death (48). In contrast, neurons located in the surrounding
ischemic penumbra are functionally impaired, unlike those of
the ischemic core, and are potentially salvageable if appro-
priate neurotherapeutics are administered during the thera-
peutic window of opportunity, which is the critical time
period during which the brain surrounding the core is at risk.
Within the ischemic penumbra, ATP levels are decreased, but
not fully depleted, and neurons within this region are prone to
undergo apoptosis (46). Consequently, the penumbra is con-
sidered to be an essential target for therapeutic intervention
with the ultimate goal of improving functional outcome and

FIG. 4. Approximate timeline of molecular pathway onsets following reperfusion. The restoration of blood flow to the
brain after ischemic stroke allows the reestablishment of glucose and oxygen supply to the damaged area. Despite the benefits
of restoring blood flow to the brain, reperfusion injury has become an intensive area of study, as this process results in the
activation of many molecular pathways that enhance neuronal death. The approximate timing of these events is shown
above. (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com=ars).
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recovery following ischemic stroke (48, 51). As discussed
earlier, this target must be considered in the context of the size
of the core infarct prior to initiation of treatment, as the extent
of the core correlates to clinical outcomes.

Under normoxic conditions, the main function of the neu-
ron is to conduct electrical impulses in form of action poten-
tials. In order to process and transmit these impulses
successfully, ions such Naþ, Kþ, and Ca2þ have to be main-
tained at different concentrations across the neuronal plasma
membrane. As a result, 50%–60% of the total ATP synthesized
in the brain is used for the activity of energy-dependent ionic
pumps that are responsible for the maintenance of these
electrochemical concentration gradients (19). In the case of
ischemic stroke, obstruction of CBF to the brain, and subse-
quent lack of oxygen and glucose supply to the brain, results
in a drastic reduction in ATP production via oxidative phos-
phorylation in the mitochondria, which consequently leads to
decreased total ATP levels within 2 minutes following the
insult (17, 19, 51). This lack of ATP affects the ability of the
ATP-dependent ionic pumps to function properly, resulting
in the inability of neurons to maintain their ionic homeostasis
(16). The subsequent cytosolic increase in Naþ and decrease in
Kþ concentrations leads to the depolarization of neuronal
membranes (51). In the ischemic core, this sudden and pro-
found loss of membrane potential is termed anoxic depolar-
ization (AD), an event which is characterized by the death of
neurons in this brain region along with the opening of voltage
gated Ca2þ channels, allowing rapid influx of Ca2þ into
neurons (32, 33, 48, 51). Moreover, the core propagates
spontaneous electrical waves known as peri-infarct depolar-
izations (PID) to the ischemic penumbra, leading to rapid de-
and repolarizations of these neurons (20, 48, 51). Studies have
demonstrated a direct correlation between the number of
PIDs and the extent of infarction in brain regions adjacent to
the ischemic core (33, 48). While AD occurs within minutes
following the initial insult, recurring PIDs have been shown to
arise in the brain region surrounding the ischemic core within
the first 3–4 hours following stroke (33, 51). Given the rapidity
of ADs, the ischemic core is beyond therapeutic reach. How-
ever, the ischemic penumbra serves as a potential target for
therapeutic intervention with the goal of reducing the fre-
quency of PIDs in this area, thereby decreasing the number of
‘‘at-risk’’ neurons and preventing a further expansion of the
ischemic core into the surrounding tissue (32, 48). Studies
have demonstrated that therapeutic agents that block Naþ

channels counteract the primary events in stroke. Drugs such
as lidocaine, tetrodotoxin, lamotrigine, BW-1003C87, and BW-
619C89 have all been shown to provide protection against
ischemic stroke via their ability to decrease the rate of ATP
depletion and to reduce the ischemia-induced release of glu-
tamate in animal models of stroke (12, 22, 26, 38, 46, 58). Un-
fortunately, none of these drugs have shown to be beneficial for
clinical outcome in human stroke (51). Given the failure of the
use of Naþ channel blockers as a means of therapeutic inter-
vention, Chen et al. investigated the potential of hypothermia as
a therapeutic target. Using animal models to study acute is-
chemic stroke, they demonstrate that the number of depolar-
izations as well as the extent and size of infarction significantly
decreased in animals that were kept at hypothermic tempera-
tures (308C) (11). As a result, the use of hypothermia could
prove to be a suitable intervention for the treatment of ischemic
stroke and the improvement of clinical outcome.

The loss of ATP and the resulting inability of molecular
pumps to maintain ionic gradients across the neuronal mem-
brane ultimately results in the depolarization of neurons, an
event that is accompanied by the influx of Ca2þ into neurons
via voltage-gated Ca2þ channels (48). The presence of Ca2þ in
synaptic boutons triggers the release of neurotransmitters into
the synaptic cleft. The neurotransmitter of particular interest
for the pathology associated with ischemic stroke is the major
excitatory neurotransmitter glutamate. Under physiological
conditions, cytosolic glutamate concentrations are approxi-
mately 10 mM, while synaptic glutamate concentrations are in
the micromolar range (17, 48). The main task of this excitatory
neurotransmitter is the initiation of action potentials in the
postsynaptic neuron, an event that is governed via the inter-
action of glutamate with ionotropic and metabotropic gluta-
mate receptors. The presence of sodium-dependent glutamate
transporters in pre- and postsynaptic membranes assures
the maintenance of appropriate glutamate gradients across the
plasma membrane as well as proper clearing of glutamate
from the synaptic cleft and is thereby directly involved in the
regulation of cellular signaling (17, 29).

The rise in cytosolic Naþ concentrations following ischemic
stroke results in the reversal of glutamate transporters, al-
lowing glutamate to flow from the cytosol into the synaptic
cleft down its concentration gradient (17). Given the lack of
evidence for extracellular metabolism of glutamate, the re-
versal of the activity of the glutamate transporters prevents
the reuptake of glutamate into the cell, thereby allowing ex-
tracellular glutamate concentrations to reach neurotoxic lev-
els (55). Specifically, studies have shown that extracellular
glutamate levels can rise up to 80mM and remain at these
highly neurotoxic concentrations for several hours (51). The
subsequent effect of the presence of high levels of glutamate
within the synaptic cleft is the activation of N-methyl-D-
aspartate (NMDA) as well as alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors, both of
which belong to the ionotropic glutamate receptor family (17,
51). Given that NMDA receptors are the prominent route of
Ca2þ influx during glutamatergic transmission, their opening
results in a drastic increase in cytosolic Ca2þ levels (48). While
Ca2þ is involved in the regulation of a variety of cellular
processes including cell growth, differentiation, and enzyme
function, high cytosolic Ca2þ levels also promote the activa-
tion of cellular cascades, leading to cell death (48, 51). In cell
culture and animal models of stroke, modifications of gluta-
matergic signaling via the use of NMDA antagonists as well
as the blockage of presynaptic glutamate release have been
found to be neuroprotective; however, these results failed to
translate to the clinical setting (24, 48, 51).

In contrast to NMDA receptors, AMPA receptors are im-
permeable to Ca2þ by virtue of their GluR2 subunit. Inter-
estingly, by using the oxygen–glucose deprivation (OGD)
paradigm as an in vitro model to study brain ischemia, several
studies have shown that both mRNA and protein levels of the
GluR2 subunit are substantially reduced following ischemia
(25, 41, 50, 52). Moreover, Liu and colleagues demonstrate
that neuronal exposure to OGD promotes the internalization
of GluR2 containing AMPA receptors, while promoting the
insertion of AMPA receptors lacking the GluR2 subunit into
the postsynaptic membrane (41). This change in subunit
composition of AMPA receptors renders these receptors per-
meable to Ca2þ, thereby further increasing Ca2þ influx. The
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final outcome of this subunit change is the initiation of delayed
neuronal cell death mediated by AMPA receptors (17, 41), sug-
gesting that AMPA receptors which lack GluR2 subunits present
another suitable target for the development of neurotherapeutics.

While NMDA and AMPA receptors can directly influence
Ca2þ influx into neurons, metabotropic glutamate receptors
(mGluRs) have been shown to indirectly govern Ca2þ influx (7).
Metabotropic glutamate receptors belong to the family of G-
protein coupled receptors, indicating that the binding of glu-
tamate to these receptors results in the initiation of various
downstream signaling cascades (7). Nevertheless, it has been
shown that metabotropic glutamate receptors can also con-
tribute to excitotoxicity, specifically via the activity of mGluRs
belonging to group 1 of the metabotropic glutamate receptor
family, including mGluR1 and mGluR5. These receptors are
predominantly located at the postsynaptic membrane, and it
has been shown that mGluR5 is functionally and physically
associated with NMDA receptors, thereby enhancing Ca2þ in-
flux into neurons (7, 17). As a result, decreasing excitotoxicity
via the use of mGluR5 antagonist may present another potential
target for the development of neurotherapeutics (17, 52).

Recent studies have demonstrated a link between excess in-
tracellular Ca2þ levels and the activation of neuronal nitric oxide
synthase (nNOS), resulting in increased levels of intracellular
nitric oxide (NO˙), which, due to its unpaired electron, is con-

sidered a free radical and can therefore ‘steal’ electrons from
other molecules (24, 48). NO˙ enhances the formation of reactive
oxygen species (ROS), including superoxide (O2˙

�), hydroxyl
radicals (OH˙), and peroxynitrites (ONOO�), all of which can
ultimately damage major cellular macromolecules, such as nu-
cleic acids, proteins, and lipids (24). Given the high lipid content
of the brain, this organ is particularly susceptible to attack by
ROS. Lipid peroxidation has been shown to result in the for-
mation of a variety of by-products, including toxic aldehydes
such as 4-hydroxy-2-nonenal (4-HNE) and isoprostanes that can
subsequently damage other cellular components (48).

Under physiological conditions, cells are equipped with
antioxidants that act as a cellular defense mechanism to aid in
the scavenging and removal of ROS, thereby decreasing the
damaging effects of ROS on cellular integrity. Antioxidants,
including the main intracellular low molecular weight anti-
oxidant glutathione, as well as catalase and superoxide dis-
mutase, aid in the cellular detoxification of ROS (48). During
ischemic stroke, however, the balance between ROS and an-
tioxidants becomes disturbed due to the rapid and excessive
generation of ROS and the inability of antioxidants to reduce
these levels. This imbalance is collectively referred to as oxi-
dative stress, and it has been identified as a common theme in
a myriad of acute and chronic neurological diseases (14, 17,
24, 48, 51). Given the damaging effects of ROS on cellular

FIG. 5. Clinical example of reperfusion injury in the setting of reperfusion therapy. A 65-year-old woman presented with
recurring episodes of right sided weakness and speech difficulties. (A) A CT perfusion image showed a large area of reduced
perfusion to the left hemisphere (white arrow). (B) Cerebral angiography was performed and showed a severe stenosis of the
left internal carotid artery (black arrow). (C) A carotid stent (dashed black arrow) was placed to revascularize the severe
narrowing but was complicated with (D) an embolus to the left middle cerebral artery (black arrow). (E) A stent was implanted
in the left middle cerebral artery (dashed black arrow) with successful reperfusion achieved at 60 min from the initial time of the
embolus. (F) A large hemorrhage (dashed white arrow) was noted within a sizeable infarct despite rapid reperfusion of the
iatrogenic embolus. The mechanism was likely reperfusion injury. (To see this illustration in color the reader is referred to the
web version of this article at www.liebertonline.com=ars).
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integrity and survival, the removal of ROS by increasing an-
tioxidant levels has been a focus of interest and may present a
suitable target for the development of neurotherapeutics (24,
48, 51). While the addition or overexpression of antioxidants
has been shown to result in neuroprotection in vitro, the use of
antioxidants in human stroke has not provided the same
positive results (51). For instance, the use of Bilobalide (EGB
761), an extract from Gingko biloba leaves, is neuroprotective
in transient ischemia, yet its use in stroke is not recommended
due to increases in intracerebral hemorrhage (51). Studies
using the NOS inhibitor Lubeluzole have shown to be inef-
fective in stroke (16), while recent studies using BN 80933, an
agent that affects both nNOS and lipid peroxidation, have
shown more promising results (8). Given that ROS are gen-
erated under physiological conditions, such as during oxi-
dative phosphorylation in mitochondria or as by-products of
enzyme activities such as tyrosine hydroxylase and mono-
amine oxidase (24, 48), the development of a safe and effective
therapeutic targeted at the reduction of ROS poses another
challenge for researchers and clinicians.

In order to identify an effective therapeutic agent for is-
chemic stroke, a precise understanding of the cell death
pathways associated with this neurological disorder is re-
quired. As a result, an area of intense research has been de-
voted to cell death pathways activated during ischemic
stroke. Due to the rapid loss of ATP in the ischemic core,
neurons in this brain region undergo necrosis. In contrast, low
levels of ATP present in the ischemic penumbra activate cell
death pathways that ultimately lead to programmed cell
death (apoptosis) (17, 48). While neurons in the ischemic core
are beyond therapeutic reach, research has predominantly
focused on identifying agents that can block neuronal death in
the ischemic penumbra by interfering with a variety of mo-
lecular players involved in apoptosis, including cytochrome c,
Bcl-2-related proteins, and caspases (17, 48, 51).

During the first few hours after ischemic stroke, a range of
signals such as ionic imbalance, ROS generation, DNA dam-
age, caspase activation, and mitochondrial swelling can trig-
ger apoptosis in the ischemic penumbra, rendering these
initial hours a suitable opportunity for intervention (17, 48).
From a biochemical perspective, apoptosis is primarily char-
acterized by the activation of cysteine proteases, known as
caspases, which cleave substrates specifically after aspartate
residues. One way caspases can be activated following is-
chemic stroke is via the release of cytochrome c from mito-
chondria in response to ionic imbalance and mitochondrial
swelling. Once in the cytosol, cytochrome c associates with
Apaf-1 and procaspase-9 to form a structure known as the
apoptosome (4). The apoptosome then cleaves and activates
executioner caspases, such as caspase-3, -6, and -7. Execu-
tioner caspases then continue to cleave their substrates in-
cluding iCAD, PARP, actin, and p75, resulting in the
characteristic morphological changes observed in apoptosis,
including membrane blebbing, DNA condensation, and nu-
clear fragmentation, as well as the redistribution of phos-
phatidylserine residues to the outer plasma membrane that
ultimately prevent the leakage of potentially harmful cellular
contents into the surrounding tissue (3, 4, 48). Research in the
field of programmed cell death has identified several signal-
ing pathways that can result in cell death, including the ex-
trinsic and intrinsic pathways of apoptosis, death receptor
mediated apoptosis, and caspase-independent apoptotic cell

death. While a detailed analysis of all pathways is beyond the
scope of this article, it is important to know that research
aimed at the identification of effective neurotherapeutics has
targeted a variety of molecules involved in apoptosis, in-
cluding caspases, Bcl-2 family members, and poly(ADP-
ribose) polymerase (PARP) (48).

Several studies have shown that the administration of
caspase inhibitors can reduce infarct volumes in models of
stroke (43, 51, 53). Zhao et al. demonstrate that the over-
expression of the Bcl-2 protein protects against apoptotic cell
death, resulting in increased neuronal survival following the
ischemic insult (65). Given that one of the characteristic
morphological changes seen in apoptosis is DNA fragmen-
tation, several groups have investigated the effect of inhibit-
ing PARP following ischemic stroke (64, 66). While PARP is
involved in mediating poly(ADP-ribosylation) under physi-
ological conditions, ensuring the maintenance of genomic
integrity, research has shown that under conditions of cell
stress, poly(ADP-ribosylation) actually governs mitochon-
drial failure and promotes cell death (64,66). Studies investi-
gating the effect of PARP on neuronal death following
ischemic stroke demonstrate that the inhibition of PARP ac-
tivity reduces neuronal death by preventing the translocation
of apoptosis inducing factor (AIF) from the mitochondria into
the nucleus (64, 66).

Another area of intense research in the field of ischemic
stroke is reperfusion injury, which may occur in patients fol-
lowing successful restoration of blood flow to an ischemic
brain region (59) (Fig. 5). Although rapid reperfusion of an
ischemic brain region is of utmost importance in order to
salvage brain tissue, this process also harbors a variety of
dangers that can worsen outcome if complications occur.
While the initial ischemic stroke leads to the activation of a
myriad of cellular and molecular cascades that ultimately
result in neuronal death (Fig. 1) (31, 48, 51), reperfusion of the
damaged brain area adds to the degree of brain injury due to
the activation of additional signaling pathways (Fig. 4). Given
that a detailed analysis of all pathways implicated in re-
perfusion injury is beyond the scope of this review, a focus on
oxidative stress, a major and early event elicited following
reperfusion injury, is presented here (31, 63).

Oxidative stress is characterized by a rapid and excessive
increase in ROS and a decrease in the detoxifying activities of
intracellular antioxidants (31, 48, 63). While ischemia results
in the accumulation of free fatty acids, and specifically ara-
chidonic acid, through the breakdown of lipid membranes,
reperfusion leads to the generation of ROS via the metabolism
of these same fatty acids (60). Specifically, arachidonic acid is
metabolized via both the lipoxygenase and cyclooxygenase
pathways leading to the generation of prostaglandins and
superoxides (60). At this point, an imbalance exists between
pro- and antioxidants, posing the brain at a higher risk for
subsequent damage. ROS produced during dysregulated
antioxidant homeostasis not only injure other cellular mac-
romolecules, thereby enhancing neuronal death, but also ac-
tivate molecular signaling cascades leading to the recruitment
of inflammatory cells to the site of injury (31, 48). As a result,
identifying treatments that can scavenge ROS, and thereby
decrease the deleterious effects of ROS on other macromo-
lecular structures, would present a potential avenue for the
development of safe and effective neurotherapeutics that can
decrease neuronal death following reperfusion injury.
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Given the heterogeneity of ischemic stroke, one can assume
that a successful neurotherapeutic will be able to interfere with
several cellular and molecular processes triggered as a result of
ischemic stroke at once. Identifying a therapeutic agent, or
combination of therapeutic agents, that can block neuronal
death while preventing devastating side effects, including ex-
citotoxicity and cerebral hemorrhages proves to be a challenge
for researchers and clinicians studying ischemic stroke.

Future Directions

Understanding the clinical context in which these neuro-
protective strategies may be incorporated is essential as pre-
viously tested agents may have clinical impact if tested in the
appropriate set of patients. A neuroprotective agent that im-
pacts multiple molecular pathways administered early in the
clinical course in a patient with a small core infarct and a large
area of penumbra may be the ideal target. This strategy may
afford a delay in the transition of penumbra to core while
definitive reperfusion strategies are considered. The combi-
nation or multimodal approach may allow for treatment of a
larger proportion of patients by extending the time window.
A second use of neuroprotection may be to deliver the agent in
the hopes of preventing reperfusion hemorrhage (Table 1).
Successful reperfusion strategies are hampered by hemor-
rhagic complications that are partially due to reperfusion in-
jury (Figs. 4 and 5). Removal of hemorrhagic risks may help to
benefit a larger population with reperfusion techniques.
Treatment paradigms surrounding reperfusion will likely
provide the best therapeutic targets going forward.
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AIF¼ apoptosis inducing factor

AMPA¼ alpha-amino-3-hydroxy-5-methyl-4-
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Apaf-1¼ apoptotic protease activating factor 1
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CBF¼ cerebral blood flow
COOL AID¼ cooling for Acute Ischemic Brain Damage

eIF1a¼ eukaryotic initiation factor 1 alpha
ER¼ endoplasmic reticulum

EtOH-PC¼ ethanol preconditioning
GPx¼ glutathione peroxidase

HBO¼hyperbaric oxygen preconditioning
HIF1a¼hypoxia-inducible factor 1

HSP¼heat shock protein
iCAD¼ inhibitor of caspase-3-activated DNase

ICTUS¼ Invasive versus Conservative Treatment in
Unstable Coronary Syndromes

IEG¼ immediate early genes
mGluR¼metabotropic glutamate receptors
MMP-9¼matrix metalloproteinase-9

NBO¼normobaric oxygen therapy
NMDA¼N-methyl-D-aspartate

nNOS¼neuronal nitric oxide synthase
NO˙¼nitric oxide
O2˙� ¼ superoxide

OGD¼ oxygen glucose deprivation
OH˙¼hydroxyl radical

ONOO� ¼peroxinitrate
PARP¼poly(ADP-ribose) polymerase

PID¼peri-infarct depolarization
ROS¼ reactive oxygen species
t-PA¼ tissue-plasminogen activator
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