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Abstract
Despite ongoing advances in stroke imaging and treatment, ischemic and hemorrhagic stroke
continue to debilitate patients with devastating outcomes at both the personal and societal
levels. While the ultimate goal of therapy in ischemic stroke is geared towards restoration of
blood flow, even when mitigation of initial tissue hypoxia is successful, exacerbation of tissue
injury may occur in the form of cell death, or alternatively, hemorrhagic transformation of re-
perfused tissue. Animal models have extensively demonstrated the concept of reperfusion
injury at the molecular and cellular levels, yet no study has quantified this effect in stroke pa-
tients. These preclinical models have also demonstrated the success of a wide array of neu-
roprotective strategies at lessening the deleterious effects of reperfusion injury. Serial multi-
modal imaging may provide a framework for developing therapies for reperfusion injury.

© 2013 S. Karger AG, Basel

Introduction

Reperfusion is characterized by initial restriction of blood supply followed by subse-
quent vascular restoration and concomitant reoxygenation of downstream tissue. In spite of
mitigating initial tissue hypoxia, exacerbation of tissue injury may occur. This transpires both
in global hypoxic injury as well as in focal ischemic injury secondary to stroke. In this article,
we review the extensive basic science research which has been conducted on the mechanism
and treatment of ischemia-reperfusion injury. Given that no study to date has systematically
detailed the dynamic course of reperfusion injury in humans and how this clinically manifests
in acute ischemic stroke, we also consider how the recent development of multimodal imaging
has allowed for studying the chronology of serial perfusion, allowing for the specific quanti-
fication of tissue-based changes. This may lend itself well to the development of protective
treatments for ischemia-reperfusion injury in humans.
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Cerebral Ischemia

Cerebral ischemia may be global, affecting numerous vascular territories as in the case of
cardiac arrest and cerebral hypoperfusion, or alternatively target a focal region or arterial
distribution as in the case of ischemic stroke. The end result in both of these cases is tissue
hypoxia, cellular dysfunction and cell death. Circulation in the central nervous system is
distinctive due to the fact that large vessels including those of the circle of Willis as well as the
extra- and intracranial vessels contribute to approximately half of cerebrovascular resistance
[1, 2]. Experiencing an episode of prolonged ischemic insult leads to fatal consequences for
neurons that extend beyond the failure of cellular energy resources. The cellular changes
associated with resultant death include nuclear fragmentation, chromatin condensation and
cell body shrinkage [3-5]. Changes also occur at the level of the membrane phospholipid
structure, which is comprised in part of phosphatidylethanolamine, phosphatidylcholine,
phosphatidylserine and sphingomyelin. Studies have proposed a regulatory role for the afore-
mentioned phosphatidylethanolamine in blebbing and in the formation of apoptotic bodies
[6]. This phospholipid also serves a role in mediation of cellular necrosis as its externalization
may serve in part to contribute to cytoskeletal organization [6].

Stroke

Stroke, whether ischemic or hemorrhagic in nature, has the ability to culminate in devas-
tating clinical outcomes. According to the American Heart Association update in 2012, in the USA
someone experiences a stroke every 40 s and, on average, a person dies from stroke every 4 min
[7]- The mechanisms of ischemic stroke are variable, complex and multifactorial in nature. These
include thromboembolic stroke secondary to atherosclerosis in the elderly patient population
and structural cardiac or vasculopathic/metabolic etiologies in younger patients. Atherosclerosis
in itself is one of the most common causes of vascular thrombosis and occlusion and is mediated
by atherogenesis [8]. Borderzone infarctions can lead to ischemia in the brain parenchyma, or
tissue, by hypoxia to areas in between principal arterial territories. They may occur between the
anterior and middle cerebral artery in the case of anterior cortical borderzone infarcts and
between the anterior, middle and posterior cerebral territories in the case of posterior borderzone
infarctions [9]. Lacunar infarcts, previously thought to result solely from lipohyalinosis, are now
thought to ensue from platelet or fibrin clots within an environment of diffuse atherosclerotic
small vessel disease [10]. While common causes of embolic stroke include arrhythmias (most
prominently atrial fibrillation), structural cardiac pathology such as persistent patent foramen
ovale or artery-to-artery thromboembolic phenomenon, another etiology for embolic infarction
is septic emboli. These occur typically in the context of systemic infection with seeding of heart
valves and more commonly in immunocompromised patients with atypical pathogens including
fungal infections and in immunocompetent patients with more common bacterial infections [11].
In these cases, parenchymal damage is mediated by pathogen-mediated inflammation (further
contributing to disturbance of the blood/brain barrier, BBB, with cerebral edema), resultant
reduction cerebral blood flow and, subsequently, cellular hypoxia and death [12-14]. The diag-
nosis of cerebral venous infarctions, which are less common than arterial infarctions, has become
more readily identified with the improvement of imaging techniques including multimodal CT
and MRI with venography. Pathophysiologically, it is believed that pressure changes in the
vascular beds largely contribute to the mechanism of infarct development and resultant paren-
chymal damage [15-17], and while it was once thought that little interplay existed between
venous and arterial infarction, recently there has been more data to suggest not only an associ-
ation but also an overlapping risk in developing arterial and venous conditions [18].
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Ischemia-Reperfusion Injury

Restoration of vascular supply to an organ temporarily deprived of blood flow, while
effective in providing oxygenation, often paradoxically results in injury of the affected tissue
bed [19, 20]. This concept has been demonstrated in a variety of organ systems including the
brain, heart and kidneys as in the cases of stroke, myocardial infarction and acute kidney
injury, respectively. It has also been seen in the setting of multiorgan ischemia-reperfusion
during trauma, cardiac arrest and sleep apnea as well as during surgical procedures including
solid organ transplant where acute graft failure and early rejection may be the resultant
outcome. Eltzschig and Eckle [20],in 2011, provided a schematic overview of the cellular and
molecular mechanisms believed to be involved in reperfusion injury involving both innate
and adaptive immune systems as well as the complement system, platelets and coagulation
factors. Subsequent to activation of these systems, cell death can occur through a number
of mechanisms including both necrosis with a hallmark of cellular swelling and apoptosis
involving intricate cell signaling mechanisms for cellular demise [21]. Both processes have
been linked to further stimulation of the inflammatory system to include the release of nucle-
otides acting as signals to promote phagocytosis in the apoptotic tissue bed, leading to more
extensive reperfusion injury [19, 22]. Additional injury to reperfused tissue has been exten-
sively shown to be mediated by reactive radical oxide species in the brain as well as in other
tissues [23-28]. The mechanism of tissue damage occurs at both the cellular and molecular
levels. The activity of inducible nitric oxide synthase is incurred by cerebral ischemia. Subse-
quently, this leads to the production of nitric oxide which, after forming peroxynitrite, acts as
one of the main reactive oxide species leading to both necrosis and apoptosis. It does so by
mediating lipid peroxidation, DNA damage and disruption of ATP production in the case of
necrosis and by the upregulation of p53 protein and downregulation of Bcl-2 protein in turn,
leading to apoptotic cell death [29, 30]. Additionally, studies have shown a role of NADPH
oxidases as some of the most well-studied molecules involved in the generation of reactive
oxygen species [31]. The vascular consequences of injury extend beyond the outcome of cell
death to also include a change in the nature of the vascular system as a whole. As a result of
the general dysfunction in the cellular metabolic milieu, proinflammatory cytokines lead to
endothelial cell inflammation and increased permeability of the vascular system. This injury
lasts beyond the period of ischemia, as animal studies have shown the sustained effect of
oxidative stress on pericytes in the microvasculature of a middle cerebral artery occlusion
murine model, despite arterial recanalization [32].

Additional Consequences of Reperfusion Injury in the Brain

Brain parenchymal damage in the setting of ischemia followed by reperfusion injury (as
in other organ systems) occurs as a result of a complex series of events. These events at initi-
ation include an interruption in blood flow to the affected tissue followed by depletion of
cellularenergyresources and glycolysis atan anaerobic substrate level, subsequently followed
by lactic acidosis, failure of sodium potassium pump, release of glutamate, cytotoxic edema,
free radical formation and activation of both innate and adaptive immune responses [33, 34].
The excessive generation of free radicals overwhelms the system, which then is thought to
become inefficient in scavenging these molecules, leading to cellular demise. While ischemic
stroke resulting from vascular occlusion by nature limits tissue bed oxygenation, itis believed
that cerebral ischemia and hypoxia occur even in the setting of primary hemorrhagic stroke.
The mechanism by which this is proposed to occur happens through a ‘multihit theory’. In
essence, it is believed that in patients with predisposing factors such as microangiopathy
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secondary to atherosclerotic disease or amyloid angiopathy, the threshold for tolerance of
ischemia is lower and, in the presence of a prothrombotic environment subsequent to hemor-
rhage, the failure of autoregulation, the increase in intracranial pressure or iatrogenic hypo-
tensive therapy may all act as factors contributing to tissue hypoxia and ischemia [35].

The BBB, due to its unique nature, provides the ability to achieve and maintain cerebral
homeostasis. The BBB is constituted by endothelial cells, basement membrane and pericytes,
as well as the end feet of astrocytes. Unlike elsewhere in the body, endothelial cells which
contribute to the BBB connect via both adherent and tight junctions and lack fenestration. It
does, however, afford low permeability due to pinocytic activity [36]. Vascular perfusion
pressure and capillary blood flow surrounding the barrier is afforded by contractile elements
of pericytes [37]. Finally, extracellular matrix proteins contribute to the formation of the
basal lamina that connects to endothelial cells by virtue of integrin molecules. Astrocytic end
feet help regulate cerebral capillary blood flow, contributing to both the creation and main-
tenance of the BBB environment [38]. As in the case of reactive oxygen species mediating
their long-lasting effects on endothelium and altering the permeability of the vascular system,
they are also thought to play arole in altering the permeability of the BBB. Kahles and Brandes
[39] review the targets of reperfusion injury on the neurovascular unit, outlining the effects
of matrix metalloprotease activation on basal lamina leading to the following: degradation
(expression of cell adhesion molecules and stress fiber formation on endothelial cells),
followed by contraction (altered expression/distribution/phosphorylation on tight junc-
tions), leading to disassembly and the effect of lipid oxidation (changes in DNA and protein
expression in all of the cells of the neurovascular unit) and, finally, oxidative cell damage [39].
Not only can damage related to ischemia-reperfusion occur at the molecular and cellular
levels, but a disruption in the BBB contributes to further damage as an increase in vascular
permeability causes edema which contributes to impedance in adequate perfusion to the
affected tissue bed [40]. In addition to the effects of reactive oxygen species on the neurovas-
cular unit and in altering BBB endothelial cells, excitotoxicity also deleteriously influences
astrocyte function, leading in part to inhibition of astrocytic repair as well as end feet
detachment, which together disable the BBB [13]. The functional outcome of these events is
noted clinically, as studies have shown that the degree of disruption in BBB also correlates
with severity of patient outcomes. Using CT perfusion as a reflection of BBB permeability,
increased infarct permeability area was proposed as a predictor of poor outcome associated
with increased likelihood for undergoing hemicraniectomy in patients with malignant middle
cerebral artery infarction [40]. The permeability of the BBB can also be readily quantified
using dynamic contrast-enhanced MRI protocols [41, 42].

The unique cerebral autoregulatory mechanisms which the brain possesses may also be
deleteriously affected as a result of reperfusion injury and result in a loss of adequate control
of cerebral blood flow, contributing to further damage [43-47]. From a purely hemodynamic
perspective, cerebral perfusion pressure in an adult with normal blood pressure ranges
between 60 and 150 mm Hg [48]. Beyond the lower and upper limits of these ranges cerebral
autoregulation is disrupted, resulting in the dependence of cerebral blood flow on mean
arterial pressure [49]. Given that vasodilation occurs in the context of cerebral ischemia,
reperfusion may lead to hyperemia, which exacerbates neuronal damage by virtue of reper-
fusion as well as in response to increased perfusion pressures [50-54].

Hemorrhagic transformation of ischemic infarction is perhaps the most well-recognized
consequence of ischemia, followed by reperfusion. The disruption of BBB and subsequent
edema, neuroinflammation and continued damage mediated by free radical oxides contribute
to the hemorrhagic transformation of ischemic tissue beds following the return of blood flow
to the area which once experienced restriction [55]. The concern for this complication, which
can lead to worsening of already devastating outcomes of ischemic stroke, influences clini-
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Fig. 1. The outcomes of recanalization following vessel occlusion. In a percentage of patients, both recan-
alization and reperfusion are successful and lead to tissue salvage and recovery. The no-reflow phenom-
enon occurs when, in spite of successful mechanical recanalization, no flow is restored to the ischemic tis-
sue bed and is thought in part to be a result of downstream vascular resistance. The third scenario, which
has been demonstrated widely in animal models of stroke, is the instance where recanalization and reper-
fusion are both successful. However, the outcome is cell death or hemorrhagic transformation rather than
tissue salvage.

cian treatment decisions for aggressive intervention at initial patient presentation. As with
the pathophysiology of primary hemorrhagic stroke, subsequent to hemorrhagic transfor-
mation, parenchymal injury occurs at multiple levels. It is thought that one of the ways by
which this occurs is due to a mechanism akin to traumatic brain injury, given increased
pressure and tissue compression following hemorrhage [56]. Furthermore, activated blood
may contain factors which are toxic to the parenchymal milieu and have been proposed to
include excess glutamate, proapoptotic mediators (TNFa and Fas ligand), thrombin, hemo-
globin and iron sulfate [57-63]. The question becomes whether, in addition to the tissue
directly impacted by sheer pressure associated with hemorrhage, the cytotoxic nature of
these blood products also contributes to damage. Additionally, ischemia of borders surround-
ing the zone of hemorrhage has been reported with mixed evidence [64, 65]. Figure 1 provides
an overall summary demonstrating the possible outcomes of vessel recanalization following
acute ischemic stroke, whether that becomes successful and salvages tissue, leads to no-reflow
or results in the deleterious outcome of reperfusion injury.

Imaging of Injury in Stroke

Brain imaging techniques have undergone substantial advancements in the past 2
decades, providing more efficient, precise and reproducible assessments of brain paren-
chyma and vessels [66]. Neuroimaging in stroke extends beyond its role in diagnosis to reveal
underlying pathophysiological mechanisms as well as to guiding clinical treatment decisions.
Permutations of CT technology using multimodal CT which includes CT angiography and
perfusion is more sensitive and informative than noncontrast CT in early stroke. In the acute
stroke setting, multimodal CT typically includes noncontrast head CT and CT angiogram of
the head and neck, as well as CT perfusion which offers crucial information regarding cerebral
blood flow, cerebral blood volume and mean transient time.

Despite its higher cost and relatively longer acquisition time, MRI has shown itself to be
extremely valuable as a first-line modality in the assessment of stroke [67], even in the hyper-
acute setting. The choice between multimodal CT and MRI is typically made on a patient-by-
patient basis, preferring CT in patients for whom MRI is contraindicated. MRI sequences typi-
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cally acquired in the acute stroke setting include diffusion-weighted imaging, apparent
diffusion coefficient, perfusion-weighted imaging, fluid-attenuated inversion recovery
(FLAIR) and gradient-recalled echocardiogram (GRE), as well as MR angiography of the head
and neck.

Other novel techniques have been described in the literature, which include *°™Tc-dura-
mycin with SPECT imaging. As a modality, this was shown to be useful for both the detection
and quantification of apoptotic neuronal cell death induced by ischemia-reperfusion injury in
rats [6]. Innonhuman primates, diffusion tensor imaging was used in animal models of middle
cerebral artery occlusion and provided temporal insight into the evolution of cerebral reper-
fusion injury and infarction growth [68]. Despite the valuable information provided by animal
studies, the analysis of reperfusion injury in humans is still at its early stages, yet under-
standing it is instrumental to improving patient outcomes [69]. Although there has been an
interesting report of 4 cases with early reperfusion and observed reperfusion injury with
corresponding long-term effects [70], identifying ischemic reperfusion injury from a large
cohort of images can be challenging. We recently introduced a framework [71] using serial
imaging which allows for the identification and quantification of reperfusion injury using a
voxel-based analysis of tissue fate. Serial acquisition of MR perfusion images were obtained
at patient presentation and 3-6 h following recanalization therapy and were then processed
to extract Ty,,x parameters. These images were coregistered serially at the voxel level with
tissue fate outcomes evaluated by both FLAIR and GRE sequences 4-5 days following presen-
tation (fig. 2). Reperfusion was defined by serial changes observed in T, ., voxels after which
time volumes of reperfusion-injury as well as tissue fate relative to initial perfusion profile
were calculated. Our preliminary results in 58 middle cerebral artery stroke patients demon-
strated that nonhemorrhagic forms of reperfusion injury are common in acute stroke patients
treated with standard thrombolytic therapies. Figure 3a and b demonstrates the use of this
imaging methodology for capturing the extent and heterogeneity of reperfusion injury
following ischemic stroke in 2 affected patients.

Reperfusion Strategies

The role of intravenous tPA in the treatment of acute stroke and the current extended
guidelines for treatment stem from the Third European Cooperative Acute Stroke Study
(ECASS-3) [72]. This study was able to demonstrate the clinical benefit of tPA for a time
period of up to 4.5 h, given that patients do not meet the exclusion criteria of age above 80,
stroke with NIH stroke scale greater than 25 and history of diabetes and stroke [72]. Other
thrombolytic therapies that have been under investigation for extended treatment (3-9 h
from symptom onset) include desmoteplase. Although the trial assessing this therapy,
Desmoteplase in Acute Ischemic Stroke (DIAS-2) [73], did not show favorable outcomes, the
lack of evidence for successful treatment effect was confounded by a number of variables
limiting study design. The same applied in the case of other thrombolytic therapies including
tenecteplase, which was piloted in a limited number of patients (n = 15) and demonstrated
high rates of successful recanalization and reperfusion, although the data remained largely
inconclusive when taken together as a result of incongruities in imaging-based selection [74].
Aside from pharmacological means of clot lysis, ultrasound therapy aimed at mechanical clot
disruption has been investigated as a potential treatment. In these studies, although patients
receiving sonothrombolysis with microbubbles showed early clinical improvement and rates
of recanalization, this was found to be associated with higher rates of hemorrhage, whether
petechial or frank infarction/transformation [75, 76]. This certainly invokes the delicate
balance that is recanalization with beneficial versus deleterious reperfusion. Other pharma-
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Fig. 2. Schematic drawing of method for assessment of reperfusion injury in stroke patients. PWI = Perfusion-
weighted images. Perfusion-weighted MRI images are acquired during the acute phase and after revascular-
ization attempts. Reperfusion injury assessed by voxel-based comparison of the reperfused area and then
subsequently undergoing irreversible cell death as measured by FLAIR sequence and/or hemorrhage as
demonstrated by GRE sequence.
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Fig. 3. Demonstration of ischemia-reperfusion injury using serial multimodal MRI. a A 68-year-old woman
with untreated atrial fibrillation presenting with aphasia, hemianopsia, right-sided weakness and sensory
loss. The patient was treated with intravenous tPA followed by mechanical recanalization with MERCI device
(AOL 3, TICI 2a). Serial change in T, shows improved perfusion; the perfusion deficit (T >6 s) changed
from 17.9 to 7.1 ml with resultant cell death (FLAIR) in spite of improved perfusion at follow-up day 5.
b A 78-year-old woman with untreated paroxysmal atrial fibrillation presenting with left-sided hemiparesis,
neglect and dysarthria. The patient was treated with intravenous tPA followed by mechanical recanalization
with Penumbra device (AOL 2, TICI 2b). Serial change in T .« shows improved perfusion; the perfusion defi-
cit (Tyax >6 s) changed from 16.5 to 3.4 ml with resultant hemorrhagic transformation (GRE) in spite of im-
proved perfusion at follow-up day 5.
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cological and mechanical, direct treatments of large artery recanalization include endovas-
cular methods of targeting the occlusive clot. Aside from concomitant use of intravenous and
intra-arterial tPA for clot thrombolysis, many devices exist for mechanical recanalization of
occlusion. The combination of intravenous and potentially subsequent intra-arterial or clot
retrieval treatments may prove to be very effective in the continued improvement of recana-
lization rates [77]. Current device options which have been closely studied for mechanical
retrieval include the MERCI retrieval system, Penumbra aspiration system, SOLITAIRE flow
restoration device and TREVO stent-like retriever [78-81], which allow for treatment in an
extended time window typically under 8 h following symptom onset. When taken together,
these treatments collectively aim at recanalization and subsequent reperfusion by treatment
of the occlusive lesion responsible for initial parenchymal ischemia.

Although mechanical and pharmacological revascularization therapies generally aim at
complete recanalization, downstream reperfusion is not always achieved. This concept has
beendescribed atlengthinthe cardiacliterature and referred to asthe no-reflow phenomenon.
It is believed that, in spite of clot removal, it is likely that the inability to then reperfuse tissue
parenchyma is related to microvascular obstruction [82].

Role of Collateral Circulation in Reperfusion Therapy

While reperfusion is typically thought solely to be the result of recanalization of an arterial
blockage in the setting of ischemic stroke, in recent years attention has been increasingly
focusing on the role of collateral circulation in the reperfusion of ischemic tissue. Imaging
playsacrucial role in defining the mechanism by which stroke debilitates patients and provides
informative guidance as to the predicted evolution of damage as well as lending itselfto guiding
treatment options. Whether treatment consists of arterial recanalization due to direct clot
lysis/retrieval or whether reperfusion is stimulated by augmentation of downstream collat-
erals, both strategies, alone or in combination, should theoretically contribute to the reversal
of the effects of tissue hypoxia. Many methods have been used in an effort to promote collat-
erals in the setting of cerebral ischemia. These methods include induced hypertension, the
results of which have been efficacious, mostly on a patient-by-patient situation, but with no
clear supportive clinical evidence when systematically studied [83]. A number of other
methods have been studied as mediators of supporting collaterals, including external counter-
pulsation. This is a technique which titrates pressure in the extremities in a synchronized
manner and has been shown to support collaterals in the coronary circulation [84]. In the
cerebral circulation, this technique was demonstrated to elevate arterial blood flow velocities
as measured by transcranial Doppler ultrasonography [85]. In a study systematically evalu-
ating the effect of this therapy in a randomized, crossover study, it was found that in spite of
no significant differences in velocity seen between early (weeks 1-7) and late (weeks 8-14)
treatment groups, clinical and functional outcome improvement correlated with earlier
external counterpulsation treatment [86]. Modulation of blood flow and cerebral vascular
collaterals has also been investigated in the context of partial aortic occlusion, showing that at
least in animal studies and early human reports this treatment may be beneficial in increasing
blood flow downstream from the occlusion and enhance cerebral perfusion [87-91].
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Neuroprotective Strategies

Therapeutic strategies aimed at protecting from the deleterious effects of ischemia-
reperfusion after vascular recanalization have been varied. Treatments in clinical trials range
from those aimed at inhibition of apoptosis to promotion of angiogenesis, targeting the t cells
of the immune system, inhibiting reactive oxygen species and modulating the metabolic
processing systems [20]. Additionally, in an animal model of cerebral ischemia, the inhalation
of hydrogen gas proved to serve as a neuroprotectant through its role in reducing oxidative
stress under conditions where reperfusion injury was shown to lead to apoptotic cell death
[92, 93]. Other gases used therapeutically across tissue models of ischemia-reperfusion
include nitric oxide, hydrogen sulfide and carbon monoxide [29, 94-96].

Aside from gases, other attempts at providing neuroprotective effects include a number
of pharmacologic agents. Sphingosine-1 phosphate receptor agonist, fingolimod, while cur-
rently well known for its therapeutic benefit in multiple sclerosis patients, has been previ-
ously described to act as a protecting agent from ischemia-reperfusion in the liver [97, 98]
and kidney [99, 100] and, most recently, in murine models of ischemic stroke, demonstrating
a reduction in infarct size, better functional neurological outcomes, decreased edema and a
decreased number of activated immune cells [101]. Its mechanism of protection is thought to
be mediated through its effects on the regulation of cytoskeletal organization, adhesion and
migration, proliferation, inflammation and, finally, apoptosis, doing so through its ability to
act as an agonist of 5 G-protein-coupled receptors termed S1P;_5 [102] . These receptors,
when activated, have been shown to reduce both hypoxic damage as well as ischemia-reper-
fusion injury in the cardiac system [103, 104].

Taking advantage of the knowledge that reactive oxygen species play a big role in the
cellular damage associated with ischemia-reperfusion, many studies have aimed at tailoring
neuroprotective therapies to target these players. These most notably include therapy using
superoxide dismutase and NADPH oxidase as agents, which have been shown in animal models
of ischemia-reperfusion to lessen injury and improve function in multiple organ systems [39,
105-108]. Multiple isoforms of NADPH oxidase have been identified with a variable pattern
of expression across the central nervous system. Of these Nox genes, Nox 4 is highlighted as
one which is highly expressed in endothelial cells of the brain, as seen in rat basilar artery
endothelial cells, but also ubiquitously expressed elsewhere in the body [109, 110].

HMG-CoA reductase, atorvastatin, one of the commonly utilized antihyperlipidemics
used in patients with vascular risk factors, has also been proposed to play a role in protection
against ischemia-reperfusion injury. Its protective effects were shown to be mediated by
protein gp19phox in a rat model of ischemia-reperfusion and were also shown to diminish
BBB disruption [111, 112]. In patients, preliminary studies using MR perfusion in a group of
31 patients, 12 of whom had prior use of statins, was found to be associated with greater early
reperfusion and clinical improvements both in patients who received tPA as well as those
who did not [113]. This study did not, however, specifically address the effects of reperfusion
injury in these patients.

Other strategies of neuroprotection have focused on modulating vascular mitogens. Of
the classes of proteins thought to be very important in both vascular and neural development,
netrins, specifically netrin-1, have been implicated in their role in promoting bidirectional
axonal guidance as well as stimulation of vasculature through its actions on endothelial cells
[114-116]. Animal studies of middle cerebral artery occlusion demonstrated the potential for
this therapeutic target as adeno-associated viral overexpression of netrin-1-enhanced post-
stroke locomotor activity by postulated improvement in periinfarct vascular density, even
though it did not significantly reduce infarct size per se [117].

KARGER

193



Intervent Neurol 2012;1:185-199

DOI: 10.1159/000353125 © 2013 S. Karger AG, Basel
www.karger.com/ine

Nour et al.: Ischemia-Reperfusion Injury in Stroke

Despite a wealth of basic science and animal studies showing the benefit of molecules
acting as neuroprotective agents, in clinical practice the concept of oxidative stress mediating
neuronal injury in the setting of ischemia-reperfusion and efficacy in targeting these molecules
with clinically relevant benefit has been difficult to show or interpret at best. In heterogeneous
patient populations and clinically varied ischemic tissue beds, Kahles and Brandes [39],in 2012,
proposed a number of possible reasons to explain the disparity in beneficial outcomes seen in
preclinical versus clinical studies of treatment with molecular antioxidants and free radical
scavengers. These reasons include nontherapeutic compound dosing, an imbalance in the
detoxification system (giving supplementation with only one type of antioxidant), the unequal
competition for affinity of the reactive oxygen species with the therapeutic scavenger versus
damaged tissue bed, site targeting of therapy and, finally, adverse effects of therapeutic agent
[39]. In 1999, the initial Stroke Therapy Academic Industry Roundtable (STAIR) made one of
its goals to improve the quality of preclinical studies for acute stroke treatments. However,
reflecting back 10 years later, in 2009, an update to these recommendations found that
adherence to the recommendations still lags behind and it was encouraged that more be done
in order to truly achieve success with an agent from benchside to bedside [118]. Therefore, a
strong need exists for careful, detailed, nonbiased and clinically relevant design of these thera-
peutic trials, testing them in appropriate animal models and, when shown to be initially safe
and effective, in their human counterparts. In addition to the aforementioned explanations for
disagreement in therapeutic success rates in preclinical versus clinical studies, evaluation of
outcome measures is also essential. Monitoring success rates in patients may be done using
clinical behavioral examination outcomes such as Rankin scores measured at intervals during
recovery from stroke, although these outcome measures are clouded by many factors and do
not serve well in providing a direct measure of experimental treatment success. Neuroimaging
on the other hand, when used in a tailored fashion, may be very effective in providing clear,
noninvasive, easily reproducible measures of success outcome monitored over time.

Ischemic Conditioning

Another valuable strategy which offers promise in mitigating the harmful effects of reper-
fusion injury is ischemic conditioning. The concept of ischemic conditioning, whether applied
as preconditioning or postconditioning (or applied remotely from the event), is one where
exposure to ischemia in short durations (which are nonpathological in themselves) offers a
downstream protective effect against prolonged ischemia. Studies proposing the beneficial
role for ischemic conditioning in stroke have attributed the benefit to a number of possible
downstream consequences including the regulation of endothelial cells, histamine, inflam-
matory modulators and reactive oxygen species and the promotion of angiogenesis, partly
through promoting VEGF and erythropoietin [119-125]. Hypoxia in oxygen-dependent sig-
naling pathways has been shown to increase hypoxia-inducible factor, HIF-1a, which when
dimerized acts to stimulate hypoxia response genes [126]. As a pharmacological target,
modulation of HIF-a has also been shown to increase both VEGF and endothelial nitric oxide
synthase and to be associated with improvement of cerebral blood flow in animal models of
middle cerebral artery occlusion [127]. Again, while this concept has had very positive results
in animal and tissue-based studies, the clinical benefits have not been shown to be as robust,
again perhaps limited by therapeutic end points for the detection of these benefits. In the
heart, however, a randomized, controlled study demonstrated the concept of postcondi-
tioning in a group of 30 patients who underwent short episodes of ischemia during the ther-
apeutic reperfusion procedure. This was done by the application of four episodes, 1 min each,
of limitation in flow by the inflation and subsequent deflation of the balloon catheter. In doing
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so, they found clinical benefit in the patients who underwent postconditioning versus their
counterparts who did not [128]. Thibault et al. [129] also showed the benefit of postcondi-
tioning to last for up to 1 year following the treatment in cardiac disease. While this concept
has been breached clinically in the cardiovascular setting, it has been investigated clinically
to a lesser extent in the realm of neurological disease.

Summary and Future Considerations

Although an expansive body of literature has detailed the numerous molecular and
cellular pathophysiological mechanisms associated with reperfusion injury in animal models,
the impact of reperfusion injury in routinely treated clinical stroke cases remains unquan-
tified. As current revascularization approaches have become highly successful and continue
to improve, the concept of reperfusion injury will become more prominent with respect to
patient treatment and supportive care. The future of acute stroke therapy will lay in the
advancement of our understanding of revascularization beyond the concept of recanalization
alone. The systematic use of imaging as a tool in stroke management and treatment will allow
for a better understanding of the no-reflow phenomenon in the brain, the contribution of
collaterals, the incidence of hyperperfusion and, most importantly, the heterogeneity of tissue
fate. The need, therefore, exists for the use of combined approaches for stroke treatment that
employ concomitant use of neuroprotective and vasoprotective agents with revascularization
treatments. The use of serial multimodal imaging will serve well in providing a framework
for the development and testing of therapies targeted at the prevention of ischemia-reper-
fusion injury in patients.
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