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Preface

The current book gives an overview of basic science to translational and clinical sciences and
shows the broad spectrum of current stroke research. In its diversity, the book also indicates
that only a combination of existing concepts can push stroke research to great results.

We are in times where only the combination of different models helps us to overcome the
complexity of matter; ischemic stroke research is a good example for this. However, we
must first have these models and the proof of them showing how demanding and knowl-
edge-based today’s research has become. Applied or better translational research is needed
today: that means that basic researchers must understand the clinics of the stroke and clini-
cians must understand the cellular and molecular actions.

In such a context, the current book also shows how vibrant and exciting the current concepts
in ischemic stroke research are. It is a bouquet covering the major aspects of current stroke
research, giving an overview for the beginners in the field, but also streaks newer concepts,
so that everybody interested in ischemic stroke research finds interesting parts in this book!

Enjoy this multi-author book! We hope to read perhaps your chapter in the future.

Bernhard Schaller
University of Southampton, UK
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Chapter 1

Ischemic Postconditioning after Stroke: Another

Concept for the Trigeminocardiac Reflex?

Nora Sandu and Bernhard Schaller

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65201

Abstract

Ischemic postconditioning is a concept for preventing ischemia/reperfusion injury in
cerebral infarction. It has been evolved into experimental research by a broad range of
stimuli/triggers and has not yet found its place in translational research. This review,
therefore, first examines a potential clinical application of this concept and also provides
insight into the phenomenon of trigeminocardiac reflex (TCR) and its oxygen-conserv-
ing component as a pillar of the ischemic postconditioning concept in humans. This
concept serves as an example that only innovative therapeutic approach will substan-
tially improve the current stroke research.

Keywords: ischemic tolerance, stroke, treatment

1. Introduction

Extensive experimental studies have shown that the mechanisms of cerebral ischemia include
glutamate excitotoxicity, calcium toxicity, free radicals, nitric oxide, and inflammatory
reactions, as well as dysfunctions of endoplasmic reticulum and mitochondrion, and it is an
evolving topic from basic research to clinical applications during the past two to three decades
[1-5]. These injury cascades are interconnected in complex ways, suggesting that only a few
neuroprotective substances can offer therapeutic effects [6-10]. Thus, it is necessary to compare
the novel and innovative therapeutic approaches in ischemia models. All these tremendous
works have led to some substantial research in cellular and molecular pathways that have
spurred the studies in potential neuroprotection, mainly in pharmacological fields, such as
anti-excitotoxic treatment, calcium channel antagonist, approaches for inhibition of oxidation,
inflammation, and apoptosis. However, several decades of research have not led to a new

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X N
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breakthrough concept of stroke treatment [11-21]. Nevertheless, there are still the same topics
that we are dealing with our work. This chapter, therefore, shows the wide range of today’s
stroke research and also opens the door to the need for some innovative areas of studies in
this topic, such as ischemic postconditioning, a strategy that has emerged during the past
years.

Here, we present an innovative therapeutic approach covering several of the already known
concepts of ischemic stroke treatment, leading to an easy clinical application.

2. Trigeminocardiac reflex

The trigeminocardiac reflex (TCR) is defined as the sudden onset of parasympathetic dys-
rhythmia, sympathetic hypotension, apnea, and/or gastric hypermotility during mechanical/
thermic stimulation of any of the sensory branches of the trigeminal nerve [22-65]. The sensory
nerve endings of the trigeminal nerve send neuronal signals through the Gasserian ganglion
to the sensory nucleus of the trigeminal nerve, forming the afferent pathway of the reflex arc
(see Figure 1) [45, 48, 49]. This afferent reflex pathway continues along the short internuncial
nerve fibers in the reticular formation to connect with the efferent reflex pathway to the motor
nucleus of the vagus nerve [45, 49, 65]. Clinically, the TCR has been reported to occur during
nearly all skull base surgeries [22, 28, 53, 61]. Apart from these clinical reports, the physiological
function of this brainstem reflex has not yet been fully explored, but different connections to
the oxygen-conserving reflex are found [34-38, 55, 56, 63, 64].

Figure 1. Summary of the trigeminocardiac reflex.
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3. Oxygen-conserving reflex

From experimental findings, it may be suggested that the TCR represents an expression of a
central neurogenic reflex, leading to rapid cerebrovascular vasodilatation generated from
excitation of oxygen-sensitive neurons in the rostral ventrolateral medulla oblongata [39, 55,
56]. By this physiological response, the adjustments of the systemic and cerebral circulations
are initiated to divert blood to the brain or to increase blood flow to it (see Figure 2) [25, 39].
Asitis accepted that the diving reflex and ischemic tolerance appear to involve at least partially
similar physiological mechanisms, the existence of such endogenous neuroprotective strat-
egies may extend the known clinical appearance of the TCR and include the prevention of
other potential brain injury states as well [25]. This existence of an oxygen-conserving reflex
may be in line with the suggestion that the TCR is physiological, but not a pathophysiological
entity.
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Figure 2. Oxygen-conserving reflex (adapted with permission from Hiebert and Burch [66]).

4. Postconditioning

Brief interruption (10-60 s, depending on the model) of the blood flow, applied immediately
after the onset of reperfusion following an ischemic event, is observed to provide protection
[19-21]. In the initial study in an anesthetized canine model of coronary artery occlusion-
reperfusion, three cycles of coronary artery reperfusion alternating with 30 s of reocclusion
were associated with a significant reduction in both the infarct size and the endothelial
dysfunction [14-18]. Similar findings are now also demonstrated in the rat’s brain. This
“postconditioning” is so named because the stimulus is applied after the ischemia and is now
also conferred by other species.

The protective effect of postconditioning can be achieved by occluding the ipsilateral common
carotid artery (CCA), which is clinically relevant, for the ipsilateral CCA is accessible. Also,
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postconditioning can also be induced through volatile anesthetics. Isoflurane, for example,
reduces the infarct size by 50%, if administered early during reperfusion. Likely, this effect is
mediated through the PI3K pathway. Other pharmacological agents administered at the start
of reperfusion have been shown to be cardioprotective (see Figure 3). This includes the
following:

1. Adenosine
2. Nitric oxide
3. Cytokines

4. Complement inhibitors
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Figure 3. Postconditioning (adapted with permission from Esposito et al. [67]).

However, whether this approach should be described as “pharmacological postconditioning”
or as a “postreperfusion treatment” has been debated [20]. Since the mechanisms of postcon-
ditioning have not been fully elucidated and the importance of the alternating cycles of
ischemia-reperfusion has not been appreciated nor determined to be critical to protection,
direct association to “postconditioning’ (whatever ‘conditioning’ means at reperfusion) should
be debated.

Experimental studies support the neuroprotective potency of postconditioning to reduce the
infarct size, endothelial dysfunction, and neutrophil accumulation in the jeopardized area [21].
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These experimental results suggest that within the first minutes of reperfusion, endogenous
processes are initiated, which help to reduce reperfusion injury after a limited duration of
ischemia. The multiplicity of cell types that are affected by postconditioning (i.e., vascular
endothelial cells and inflammatory cells) reflects the complexity of reperfusion injury and
suggests a broad network of effects within this complex interactive web of responses. Also,
delayed postconditioning, which is clinically more relevant, also improved glucose uptake,
inhibited edema, and mitigated blood-brain barrier leakage in the penumbra, and finally,
attenuated the exacerbating effect of tissue plasminogen activator (t-PA).

5. Trigeminocardiac reflex and postconditioning in stroke

Some studies have shown that postconditioning reduces infarction in the period immediate
after a stroke [20]. However, more studies are needed to better understand this phenomenon
and to translate it into the clinic. Postconditioning seems to reduce the cerebral ischemic injury
by blocking the overproduction of ROS and lipid peroxidation, and by inhibiting apoptosis.
The initial inhibiting effect on ROS may lead to an improved activity of the Akt and Kypp
channels, which contributes to the protection of postconditioning. Also, the changes in the
MAPK pathways and the 0PKC and ¢PKC activities are also associated with the protection of
postconditioning.

However, what is the connection with the TCR? The TCR is, in our opinion, a specific example
of a group of related responses generically defined by Wolf as oxygen-conserving reflexes.
Within seconds after this TCR initiation, there is a vast and differentiated activation of
sympathetic nerves. The suggested effect of the TCR in the brain is a constant elevation in
cerebral blood flow (CBF) that is not associated with changes in the cerebral metabolic rate of
oxygen (CMRO2) or cerebral glucose metabolic rate (CMRglc) and hence represents a primary
cerebrovascular vasodilatation. The brain can protect itself from ischemia by distinct (endog-
enous) physiological mechanisms, which probably involve two separate systems of neurons
in the CNS. The one who mediates a reflexive neurogenic neuroprotection emanates from
oxygen-sensitive sympathoexcitatory reticulospinal neurons of the rostral ventrolateral
medulla (RVLM). These cells, excited within seconds by a reduction in CBF or CMRO?2, initiate
the systemic vascular components of the oxygen-conserving diving reflex. They profoundly
increase CBF without changing CMRO2 and CMRglc and, hence, rapidly and efficiently
provide the brain with oxygen [39]. Upon cessation of the stimulus, the systemic and cerebro-
vascular adjustments return to normal. The system mediating reflex protection projects
through as-yet-undefined projections from the RVLM to the upper brainstem and/or thalamus
to engage a small population of neurons in the cortex, which appear to be dedicated to
transducing a neuronal signal into vasodilation [39]. Two lines of evidence indicate that the
RVLM neurons are essential for the expression of the cerebrovascular vasodilation elicited by
hypoxia [55]. First, electrical stimulation of RVLM in intact or spinalized rats site-specifically
and dose-dependently elevates rCBF, but not CMRO2 or CMRglc [39]. In this manner, these
data replicate hypoxic vasodilatation. The response can only be attributed to stimulation of
the reticulospinal sympathoexcitatory neurons since these are the only neurons in the region

7
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excited by over 50% elevation of CBF produced by hypoxemia [39]. The fact that such lesions
do not affect the vasodilatation elicited by hypercarbia indicates that the response is stimulus
selective. Thus, much of the cerebrovascular vasodilatation elicited in the cerebral cortex by
hypoxemia is a reflex that results from excitation of oxygen-sensitive brainstem neurons, and
not by a direct effect of hypoxia on blood vessels nor by stimulation of arterial chemoreceptors
whose activity, while regulating blood flow to most vascular beds, is without force in the
cerebral circulation [55, 56]. It also appears to relay the central neurogenic vasodilatation
elicited from other brain regions, including excitation of axons innervating the fastigial
nucleus. This mode of protection would be initiated under conditions of global ischemia and/
or hypoxemia because the signal is detected by medullary neurons. The concept that the brain
may have neuronal systems dedicated to protecting itself from (ischemic) damage, at first
appearing to be a novel concept, is, upon reflection, not surprising since the brain is not injured
in naturalistic behaviors characterized by very low levels of rCBF, such as diving or hiberna-
tion.

Such neuroprotective adaptations may also underlie preconditioning strategies. The diving
reflex, hibernation, and ischemic tolerance appear to involve at least partially similar physio-
logical mechanisms because most of the signals, transducers, and effectors that are well
established in ischemic tolerance have also been demonstrated in hypoxia-tolerant or hiber-
nating animals. A better and more detailed understanding of the pathways, transmitters, and
molecules engaged in such protection may provide new insights into novel therapies for a
range of disorders characterized by neuronal death. Recent clinical studies suggest such an
endogenous neuroprotective effect in the human brain.

6. Conclusions and take-home message

The TCR is certainly the most influential and most innovative concept in skull base surgery of
the past 20 years. In addition, the TCR steps out of this shadow and opens the door to significant
therapeutical options in neurological disorders.

The here presented concept is also exemplary for this book: to think out of the box is needed
to make further substantial improvements in today’s stroke research and its clinical applica-
tion. The time that simple systematic reviews with its not negligible bias lead to improved
therapeuticapproachesis over. Now the time of concepts integrating knowledge from different
sources has begun: the ischemic preconditioning by the TCR is one such approach, the use of
3-D-printing in neuroradiology aneurysm treatment another. However, this book also shows
that we have to prove these concepts in different ways.

“Tempora mutantur, et nos mutamur in illis” shows that stroke research has to make the next
step to overcome the standstill of the last years. This book is—if any—a subtle step in this
direction, but it shows that we need newer models to cover and explain all important aspect
of stroke and its treatment.
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Abstract

Excitotoxicity, defined as cell death resulting from the toxic actions of excitatory amino
acids, is actually considered as a major factor contributing to the early stage of ischemic
cell death in stroke. In stroke, once vessel occlusion is produced, the disruptions to the
blood flow in the affected areas decrease the delivery of oxygen and metabolic substrates
to neurons. Consequently, the lack of oxygen interrupts oxidative phosphorylation by
the mitochondria and drastically reduces cellular ATP production, which results in a
rapid decline in cellular ATP. After several minutes, inhibition of the Na"/K*-ATPase
function causes a profound loss of ionic gradients and depolarization of regulated
neurons, which leads to excessive release of excitatory amino acids—particularly
glutamate—to the extracellular compartment. The presence of excessive amounts of
glutamate into the synapses and extrasynaptic sites can lead eventually to neuronal
death. Excitotoxicity leads to a number of deleterious consequences, including
impairment of cellular calcium homeostasis, generation of free radicals and oxidative
stress, mitochondrial damage, and activation of several transcription factors and their
genes expression. All these mechanisms’ acting synergy can cause neuron death by
apoptosis. Oxidative stress induced by excitotoxicity is considered to be the main event
leading to brain damage after stroke. On the basis of experimental models, there is ample
evidence of the role of oxidative stress in ischemic brain damage.

Keywords: stroke, ischemia, excitotoxicity, NMDAR, calcium, oxidative stress, mito-
chondrial dysfunction, apoptosis

1. Introduction

Cerebral ischemia is defined as insufficient blood flow to the brain to supply an adequate
amount of oxygen and nutrients. Cerebral ischemia accounts for about 80% of all strokes; the
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other 20% are due to intracranial hemorrhage. Cerebral ischemia occurs when blood flow to
the brain or any of its areas is insufficient to supply the oxygen and glucose that the tissue
needs to maintain their metabolic activity. Ischemic stroke is the result of total or partial
interruption of cerebral arterial blood supply (ischemia) by a thrombus or embolism, which
leads to oxygen and glucose deprivation of the tissue that ultimately results in apoptotic and
necrotic cell death. Cerebral ischemia may be either permanent (the thrombus occluding the
vessel is not removed) or transient (followed by reperfusion). In all cases, a stroke causes
dysfunction and death of brain neurons and neurological damage that reflects the location and
size of the brain area affected [1, 2]. Brain tissue is very sensitive to ischemia because neurons
obtain almost all energy using oxidative metabolism via mitochondrial oxidative phosphory-
lation where oxygen is the final electron acceptor.

In stroke, once the vessel occlusion is produced, if cerebral arterial blood flow is not restored
within a short period, ischemic stroke is the usual result, with subsequent neuron death within
the perfusion territory of the vessels affected. Acute ischemic stroke results from acute
occlusion of cerebral arteries. Ischemic stroke is characterized by complex sequence of spatial
and temporal events evolving over hours and days [1, 2].

Focal ischemia is characterized by an ischemic core surrounded by a “penumbra” region that
has partial reduction in blood flow due to the presence of collateral arteries. Lesser reductions
in blood flow, which do not lead to apparent functional or metabolic disturbances, are called
benign oligemia and do not produce tissue injury [3]. In the ischemic core, a significant
reduction of blood flow causes severe deprivation of oxygen and glucose and consequent total
bioenergetics failure and neurons are unable to maintain the ionic gradients. As a result, a
number of mechanisms that cause altered lipid and protein structural component of cellular
membrane are triggered [4]. Neurons are killed rapidly within minutes and the tissue in the
ischemic core is irreversibly damaged even if blood flow is reestablished [5].

In the penumbra, neurons become functionally impaired because the ability to fire action
potentials is lost but remain metabolically active. Neurons in the penumbra maintain enough
energy to sustain their resting membrane potentials, and when collateral blood flow improves,
action potential and function are restored. Thus, ischemic penumbra refers to areas of the brain
that are damaged during stroke but not killed [6]. In the absence of early reperfusion, the death
of neurons in the ischemic penumbra due to ischemic injury progresses, leading to a reduction
in penumbra area and expansion of the infarcted core. Tissue injury in the penumbra is the
outcome of a complex series of genetic, molecular, and biochemical mechanisms, which
contribute either to protecting and repairing the penumbra tissue and recovery of the func-
tional activity or to damaging and then the penumbra area becomes necrotic. The ischemic
core is generally considered unsalvageable, whereas the penumbra may be rescued by timely
intervention and poses a target for the development of therapeutic treatment.

Results from the recent studies using imaging show that in the early minutes and hours after
ischemia onset, the core ischemic contains pockets of injury, which were characterized as
“minicores,” and surrounded by “minipenumbras” that are heterogeneously distributed. The
architecture and reversibility of the penumbra depend on time and location of rCBF reduction
in the ischemic brain territory. Depending on the rCBF time, “minicores” coalesce with
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“micropenumbras.” In this way, if unimpeded, the “minicores” can grow into their respective
“minipenumbras” to encompass a larger injury region [7].

2. Pathophysiology of neuron death in the stroke

In the last 20 years, experimental and clinical studies have allowed to identify and characterize
the multiple mechanisms that injure the brain tissue in a stroke [1, 2, 5, 8]. Brain damage in
ischemic stroke is the result of multiple mechanisms acting synergistically at physiological,
biochemical, molecular, and genetic level, which impair neurological functions and may cause
neuronal death[1, 8, 9] viamechanisms that promote rupture, lysis, phagocytosis or involution,
and shrinkage [10]. Knowledge of the molecular mechanisms that underlie neuron death
following a stroke is important if we are to devise effective neuroprotective strategies.

A severe transient or permanent reduction of CBF in a restricted vascular territory causes acute
ischemic injury. Physiological values of CBF are between 45 and 60 ml blood/100 g/min. It is
well documented that in response to reduced CBF time-dependent neuronal events are
triggered [11]. Oxygen supply to the brain below a critical level reduces and eventually blocks
the oxidative phosphorylation, drastically decreasing cellular ATP production leading to
dysfunction of ATPase pumps and to the collapse of ionic gradients. The neuron activity ceases
and if oxygen level is not restored quickly, cells die [12].

The brain is highly vulnerable to ischemia. In part, the vulnerability of brain tissue to ischemia
reflects its high metabolic demands. The brain has a relatively high energy consumption and
depends almost exclusively on the oxidative phosphorylation for energy production. Al-
though the weight of the human brain is only about 2% of the total body weight, it has high
metabolic activity and uses 20% of the oxygen and 25% of the glucose consumed by the entire
body [13].

Brain activity involves a high metabolic activity by brain neurons, which require to have large
amounts of oxygen and glucose. And since the brain has no oxygen storage capacity, the proper
functioning of the brain depends on an abundant and continuous supply of oxygen.

Energy in the brain is mainly formed when glucose is oxidized to CO, and water through
mitochondrial oxidative phosphorylation. The brain requires large amounts of oxygen to
generate sufficient ATP to maintain and restore ionic gradients, although demands due to the
activity of inhibitory interneurons [14], astrocytes [15], and other brain cells [16], just like the
constant rebuilding of each neuron from its constituent proteins, are also a significant factor
in the energy cost of brain function [17, 18].

3. Basic mechanisms of ischemic cell injury

Since the severity of ischemia is heterogeneous, the mechanisms involved in ischemic neuronal
damage differ according to the severity of ischemia. Thus, in neurons located in the ischemic
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“core” the ischemia leads to the inability of neuron to generate the energy needed to maintain
the cell structure with the activation of mechanisms that cause cell death by necrosis, whereas
neurons of the ischemic penumbra are able to maintain cell structure and the possibility of
recovering the function. The brain injury in acute ischemic stroke is the result of multiple
mechanisms acting synergistically [1, 5, 8].

After the onset of a stroke, ischemic stroke begins with the occlusion of a brain artery, with the
consequent restriction in the delivery of basic nutrients to a cerebral region. The affected area
of the brain receives insufficient oxygen and glucose. Severe deficit of oxygen and glucose due
to disruption of blood flow leads to dysfunction in mitochondrial oxidative phosphorylation
resulting in insufficient production of ATP and irreversible failure of energy metabolism [19]
and an increase in the formation of superoxide radical [4]. Insufficient ATP leads to the inability
of the neuron to maintain the ionic homeostasis; the increase in the formation of superoxide
radical attached to a decrease in antioxidant activity can lead to an oxidative stress. The rise
of the free radicals leads the mitochondria to increase the production of free radicals and an
oxidative stress in the cell, resulting in the oxidation of proteins and lipids components of the
structure of the cell membrane and DNA fragmentation. The result is necrotic cell death [20,
21]. It could be said that under these conditions of severe ischemia, neurons die by the direct
action of the lack of oxygen and glucose, independently of the influence of neighboring cells.
The situation is more complex when it comes to the penumbra zone.

Within the ischemic penumbra, multiple mechanisms have been identified that irreversibly
damage brain tissue. After ischemic onset, while there are potential reserves of alternative
substrates to glucose, such as glycogen, lactate, and fatty acids, for both glycolysis and
respiration, there is no alternative capable of assuming the lack of oxygen and maintain
mitochondrial oxidative phosphorylation, the main source of ATP in neurons. Consequently,
in situations of severe oxygen deficit, as in the ischemic penumbra, ATP production by
mitochondria is insufficient to maintain the activity of ATPase responsible for maintaining
ionic gradients. Reduced ATP stimulates the glycolytic metabolism of residual glucose and
glycogen, causing an accumulation of protons and lactate, which leads to rapid intracellular
acidification and increases the depletion of ATP [4]. After several minutes, inhibition of the Na
*/K*-ATPase function causes a profound loss of ionic gradients and the depolarization of
neurons and astrocytes [1]. This leads to an uncontrolled depolarization of neurons affected
in the penumbra, activation of voltage-gated calcium channels and to excessive release of
neurotransmitters excitatory amino acids—particularly glutamate—in the presynaptic
terminal (Figure 1). Simultaneously, neurotransmitter reuptake from the extracellular space is
reduced [22, 23]. The presence of excessive amounts of excitatory amino acids into the synapses
and extrasynaptic sites can eventually lead to neuronal death, in a process known as excito-
toxicity [24], and it is defined as cell death resulting from the toxic actions of excitatory amino
acids. Because glutamate is the major excitatory neurotransmitter in the mammalian central
nervous system (CNS) where it plays important roles in neuronal growth and axon guidance,
in brain development and maturation, and in synaptic plasticity, and constitutes the basis of
synaptic transmission in about 10" synapses in the human brain, excitotoxicity usually refers
to the injury and death of neurons arising from prolonged intense exposure to glutamate [25-
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Figure 1. Excessive glutamate release by neurons in stroke. In neuron, the lack of oxygen and glucose due at reduced
cerebral blood flow interrupts oxidative phosphorylation by mitochondria and reduces the cellular ATP production.
Low ATP levels cause inhibition of the ATPase pump leading to profound loss of cellular membrane ionic gradient,
cellular membrane depolarization, and the excessive glutamate release.

27], although other cells such as astrocytes may also suffer damage as a result of excessive
levels of glutamate [28].

4. Excitotoxicity and acute ischemic stroke

Excitotoxicity is actually considered as a major factor contributing to the early stage of ischemic
cell death in stroke [27, 29-31]. Excitotoxic death requires the excessive influx of the extracel-
lular Ca®" via receptor-operated channels or voltage-sensitive Ca* channels [32, 33]. The
excessive intracellular Ca* initiates a series of molecular events that culminate in neuronal
death [25, 34].
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The rise in the extracellular glutamate concentration initiates a positive feedback loop, with
further activation of glutamate receptors in neighboring neurons, and as a result, more Na*
inflow to neurons via monovalent ion channels that decrease ionic gradients and consume ATP,
both of which promote further release of glutamate [30]. A marked and prolonged rise in the
extracellular glutamate concentration kills central neurons [2, 10]. Excessive glutamate in the
synapses leads to glutamate receptors, at a pathophysiological level, triggering a cascade of
events that can result in neuronal dysfunction and death.

Excitotoxicity leads to a number of deleterious consequences, including impairment of cellular
calcium homeostasis, generation of free radicals and oxidative stress, activation of the mito-
chondrial permeability transition, secondary excitotoxicity, and activation of several transcrip-
tion factors and their genes expression.

4.1. Overactivation of glutamate receptors and calcium overload by excitotoxicity

The excitatory effects of glutamate are mediated through two kinds of glutamate receptors:
ionotropic receptors, the ligand and the ion channel are part of the same molecular receptor
complex, and metabotropic receptors linked to G-protein [35]. They are located in the pre- and
postsynaptic neuron membranes of the central nervous system. Glutamate ionotropic recep-
tors are ligand-gated cation channels permeable to Ca*". Although practically all glutamate
receptors are involved in excitotoxic processes, the N-methyl-D-aspartate receptor (NMDAR)
is the key initiator of excitotoxic damage [36]. The glutamate overload leads to prolonged
stimulation of AMPA and NMDA ionotropic receptor subtypes, which enhance the excessive
influx of calcium, sodium, and water into neurons.

NMDAR consist of four subunits: two GluN1 (NR1) and two regulatory subunits that can be
GIluN2A (NR2A) through GluN2D (NR2D) and GIuN3A (NR3A) or GIluN3B (NR3B) [37, 38].
Subunit NR1 contains the site where the glutamate is united to the receptor, whereas subunit
NR2 contains the site where the glycine is united [39]. The subunit combination and alternative
splicing determine the functional properties of the receptors. The pharmacological and
biochemical properties mediated by NMDA receptors are largely determined by the type of
NR2 subunits incorporated into the heteromeric NR1/NR2 complex [40, 41]. Specific NR2
subtypes appear to play a pivotal role in strokes [42].

The blocking NMDARs containing NR2A enhanced neuron death and prevented the induction
of ischemic tolerance, whereas inhibiting NMDARs that contained NR2B attenuated ischemic
cell death and enhanced preconditioning-induced neuroprotection in an occlusion model of
transient global ischemia in rats [43]. It has been suggested that excitotoxicity is triggered by
the selective activation of NMDARs containing the NR2B subunit [43, 44].

Because NR2A and NR2B are the predominant NR2 subunits in the adult forebrain, NMDA
receptors that contain NR2A and NR2B may play different roles. NMDARs that contain NR2A
subunit would be involved in supporting neuronal survival, whereas NMDAR containing
NR2B subunit would be involved in neuron death, and hence have opposing impacts on
excitotoxic brain damage after acute brain insults, such as a stroke or brain trauma [42, 43].
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NMDARs are found at synaptic or extrasynaptic sites [45, 46]. NMDARs are trafficked to the
synapse throughout development and in adulthood, but a significant proportion remain
extrasynaptic. The locations of NMDARSs in different parts on cellular membrane of neurons
that perform different functions suggest that it could be a determining factor in excitotoxicity
after a stroke [45, 47]. Thus, participation of NMDARs in synaptic activity plays an important
role in neuron survival, whereas activation of NMDARs in extrasynaptic activity appears to
be associated with neuronal death [42]. In this regard, it has been observed that stimulation of
synaptic NMDAR induces the expression of prosurvival proteins, such as brain-derived
neurotrophic factor (BDNF), whereas activation of extrasynaptic NMDAR leads to expression
of proapoptotic proteins and suppression of survival pathways [46, 48]. However, it has also
been suggested that the apparent differences in excitotoxicity mediated by NMDARs could be
due to differences in molecular composition between synaptic/extrasynaptic NMDARs as
opposed to the location of the receptors per se. In adult brain, NMDARs located in synapses
predominantly contain the NR2A subtype while extrasynaptic NMDARs predominantly
contain NR2B [49, 50]. Although there is little evidence that differences in subunit composition
explain the different effects of glutamate in the functioning of the synaptic or extrasynaptic
location of the NMDAR, the activation of NMDARs containing NR2B subunits tends to
promote neuron death, irrespective of the location, whereas activation of NMDARs containing
NR2A subunits promotes survival [42]. However, NR2A-NMDARs are capable of mediating
excitotoxicity [51] and NR2B-NMDARs are capable of mediating both prosurvival and
prodeath signaling, depending on the stimulation paradigm [49]. In older neurons expressing
comparable levels of NR2A- and NR2B-containing NMDARs, amelioration of Ca* overload
required the inhibition of extrasynaptic receptors containing both NR2 subunits [52].

NMDARs interact with multiple intracellular synaptic and cytoskeletal proteins, mainly
through the cytoplasmatic C-termini of the NR1 and NR2 subunits [53, 54]. NMDARs exit in
multiprotein complexes that determine the efficiency with which their activation leads to
specific signaling events into neuron. It has further been proposed that lethal Ca*" signaling
trough NMDARs is determined by interacting between the molecular complex and the
NMDARs [55]. At the synapse, NMDAR receptors are found localized within electron-dense
structures known as the postsynaptic densities (PSDs) where they form large and dynamic
multiprotein signaling complexes [56, 57]. The PSD is a multiprotein complex that includes a
group of proteins called membrane-associated guanylate kinases (MAGUKS) [53, 54]. The
MAGUK proteins contain several PDZ (postsynaptic density-95/large/area occludens-1 disks)
domains. These domains consist of 80-90 amino acids, which involved in the formation of large
protein complexes in cells [57]. One PDZ domain, the PSD-95 (postsynaptic density-95), is
involved in the formation of NMDAR complex intracellular signaling proteins and enzymes
[53, 54]. The scaffolding of protein PSD-95 causes the translocation of nNOS from cytosol to
membrane where it is linked to NMDAR through the complex NMDAR-PSD95-nNOS [58]. In
ischemic brain, excessive Ca*" influx through NMDAR activates nNOS, which leads to the
production of excessive levels of nitric oxide (NO) [56]. This excessive NO together with the
hydrogen peroxide produced from Superoxide dismutase (SOD) enzyme cause the production
of the highly reactive free radicals peroxynitrites, which promote cellular damage and
ultimately neuron death [59, 60]. Thus, during ischemia, Ca* influx through NMDARs
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promotes cell death more efficiently than through other Ca* channels [61], suggesting that
NMDAR ion channel is involved in excitotoxicity. The efficiency by which calcium ions activate
excitotoxic signals through molecules such as nNOS can be reduced by disruption of the
NMDAR-PSD-95 or nNOS-PSD-95 complexes. Suppression of PSD-95 selectively blocks NO
production induced by glutamate in NMDARs without affecting NOS expression in cortical
neurons [56]. In experimental animals, the use of small peptides that disrupted the interaction
of NMDARs with PSD-95 improves the resistance of neurons to focal cerebral ischemia [62].
The importance of the interaction of NMDAR/PSD-95 complex in cerebral ischemia is rein-
forced by results showing that the inhibition of binding of PSD-95 with NMDAR prevents
ischemic brain damage, while the physiological function of the NMDAR remains intact [63].
In neuron cultures, the block of protein-protein interactions of NMDAR/PSD-95 using small
peptides that bind to the PDZ domains of PSD-95 modifying their molecular structure
protected neurons from excitotoxicity. When these small peptides are used in rats subjected to
transient focal cerebral ischemia, a dramatically reduced cerebral infarction and effectively
improved their neurological function in rats was observed. The treatment was effective when
applied either before or 1 h after the onset of excitotoxicity both in vitro as in vivo cerebral
ischemia [63]. The vulnerability of neurons to excitotoxicity and ischemia was reduced when
the NMDAR/PSD-95 interactions were disturbed using small peptides that comprise the NR2B
subunit. Proteomic and biochemical analysis of all the human PDZs examined shows that only
neurons lacking PSD-95 or nNOS exhibited reduced excitotoxic vulnerability. Only PSD-95
and nNOS participated significantly in excitotoxicity signaling. Thus, it has been shown that
despite the ubiquity of proteins that contain the PDZ domain, PSD-95 and nNOS play a more
important role in mediating NMDAR-dependent excitotoxicity than any other PDZ proteins
[51, 64].

The consideration of the activation of NMDARs, regardless of whether their participation in
excitotoxic mechanisms is based on the type of subunit [42, 50] or by their different location
[45, 46], as the main responsible mechanism of the disruption of calcium homeostasis in
ischemic neurons is perhaps oversimplistic since others mechanisms may be involved [65].
TRP channels inhibitors reduce calcium entry into neurons exposed to excitotoxicity. Members
of the TRP family [66], TRPM7 and TRPM2 are membrane channels that are activated during
ischemia and contribute to the rise in intracellular calcium [65, 67]. Also, cerebral ischemia
increases the calcium permeability about 18-folds in the AMPA glutamate receptors, contri-
buting to the increase in the cytosol Ca* levels [68]. Other pathways involved in calcium influx
into neurons that contribute to the accumulation of calcium in the cytosol of ischemic neurons
include Ca* entry through gated voltage-channels, Ca*-permeable acid-sensing ion channels
[69], activation of metabotropic glutamate receptors via the release of Ca*" from endoplasmic
reticulum, and via a cleavage of Na*/ Ca* exchangers [70]. These data suggest that the main
factor involved in the neuron death in stroke is the disruption of Ca* homeostasis leading to
the accumulation of free cytosolic Ca® and not the route of entry.

In short, the main effect of excessive extracellular glutamate accumulation on the membrane
of the neuron is caused by excessive accumulation of calcium in the cytosol and increased NOS
activity leading to an increase in intracellular levels of NO.
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4.2. The role of the cytoplasmic calcium overload in excitotoxicity

Calcium plays a critical role in the excitotoxic cascade. Thus, excitotoxic cascade does not occur
when the Ca” is removed from extracellular medium [71] or preventing Ca* release from
mitochondria by uncouplers [72]. It is now widely accepted that disturbance of cellular Ca*"
homeostasis is key in the death of neurons following a stroke [61, 64, 73]. It is well established
that there is a close relationship between the neuronal damage initiated by the excessive release
of glutamate during stroke with an excessive calcium influx into the injured neurons [2, 8, 74].
After ischemia, cytoplasmic Ca* levels in the ischemic neurons rise to 50-100 uM. Such
excessive Ca?" levels can trigger many downstream neurotoxic cascades, including the
activation and overstimulation of proteases, lipases, phosphatases, and endonucleases [71, 73,
74]. The results include the activation of several signaling pathways, mainly causing an
overproduction of free radicals, mitochondrial damage, cell membrane disruption, and DNA
fragmentation, which synergistically cause neuron death [1, 2, 64, 75] (Figure 2).

Ischemia
? Ca?*

: ]

Calpains, phospholipase A,, protein kinases, endonucleases, NOS, mitochondrial dysfunction

| T

Mitochondrial Cell membrane Production of Cytoskeletal DNA
damage disruption free radicals breakdown fragmentation

! 1

APOPTOTIC OR NECROTIC NEURON DEATH

Figure 2. Effects of excessive accumulation of free cytosolic calcium in neurons. Calcium overload induced by excito-
toxicity leads to the activation and overstimulation of proteases, lipases, phosphatases, and endonucleases that mainly
results in mitochondrial damage, cell membrane disruption, and excessive production of free radicals, which act syn-
ergistically causing apoptotic or necrotic neuron death.

4.3. Oxidative stress in acute ischemia damage

Major excitotoxic events promoted by cytoplasmic Ca* overload due to massively activated
glutamate receptors include oxidative/nitrosative stress, calpain activation, and mitochondrial
damage, although each of these may individually cause cell death, in ischemia they act
synergistically (Figure 3).
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Figure 3. Major cellular mechanisms induced by overstimulation of glutamate receptors in neurons. As a result of ex-
cessive activation of glutamate receptors, there is an excessive Ca* accumulation in the cytosol of neurons leading to
oxidative stress and mitochondrial dysfunction. Both situations trigger processes that ultimately cause the death of the
neuron.

Oxidative stress is generally defined as an imbalance that favors the production of free radicals
over their inactivation by antioxidant defense systems [76, 77]. Oxidative stress describes a
condition in which cellular antioxidant defense are insufficient to keep the levels of free radicals
below a toxic threshold. This may be either due to excessive production of “free radicals,” loss
of antioxidant defenses, or both. A “free radical” is any chemical species (atom, molecule)
capable of independent existence having one or more unpaired electrons. Free radicals are
highly reactive and can directly oxidize and damage macromolecules such as proteins [78],
lipids [79], and DNA [80]. Through such interactions, free radicals may irreversibly destroy or
alter the function of the target molecule and to worsen the cellular structural architecture and
ultimately to cell death. Indirectly, free radicals may also initiate reactions, which may finally
lead to neuron death. These reactions include mainly mitochondrial dysfunction [81], cascade
apoptotic activation [82], and signal transduction pathways activation [83].
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Many lines of evidence demonstrate that free radicals play a pivotal role in excitotoxic death
in the brain after stroke [1, 81, 84-86]. The most common free radicals induced by excitotoxicity
are molecular derived from oxygen and nitric oxide, called reactive oxygen species (ROS) and
reactive nitrogen species (RNS), respectively. Several ROS, including the superoxide radical
(O,°-), hydroxyl radical (OH"), and certain nonradicals that are either oxidizing agents or easily
converted into radicals, such as hydrogen peroxide (H,0,) and RNS nitrogen-derived mole-
cules, such as nitric oxide (NO®) and peroxynitrite (ONOQO"), are generated after stroke.
Although NO itself is not a radical, it has not been reported that high levels of NO are toxic;
however, in the presence of H,0, and O,’-, NO reacts spontaneously leading to the formation
of OH* and peroxynitrite acid, which are very cytotoxic.

Although initially free radicals have been identified as major contributors to damage in
biological organisms, under physiology conditions free radicals are continuously generated
during oxidative metabolism and homeostatic levels are maintained because they play an
important role in physiological control of the cell function [87-89]. Intracellular sources of ROS
include the mitochondrial electron transport chain (ETC), NADPH oxidases, xanthine oxidase,
and arachidonic acid.

Healthy mitochondria use oxygen to generate ATP by oxidative phosphorylation at the
mitochondrial respiratory chain. While passing through the mitochondrial electron transport
chain, some electrons escape from the mitochondrial ETC, especially from complexes I and III,
and react with O, to form superoxide anion radicals (O,*-) in the mitochondrial matrix [90-
93]. O,*- is rapidly converted to H,O, either spontaneously, particularly at low pH, or by the
superoxide dismutase [90]. In normally respiring (uninhibited) mitochondria, the formation
of superoxide and hydrogen peroxide is barely detectable [94-96].

Other important source of ROS is through NADPH oxidase (NOX), an enzyme that uses
NADPH to reduce O,, thus generating large amounts of O,"-. NOX was originally discovered
in neutrophils, and subsequently identified in many other cell types including neurons [97].
NOX is a multisubunit complex composed of membrane-associated subunits, cytosolic
subunits, and one small rho GTP-binding proteins. In its active form, the NOX transports
electrons from NADPH complex in cytosol to the extracellular space. In general, the electron
acceptor is oxygen and the product of the electron transfer reaction is O, -. Thus, overactivation
of NOX is a main source of O,*- in stroke [97]. NOX behaves as an important pro-oxidant
enzyme. Protein expression and NOX activity rise after ischemia increasing oxidative stress in
the brain tissue in the mice [98]. The postischemic O,*- generation in neurons was reduced
when NOX is inhibited. This reduction of the O,*-levels due to NOX inhibition was associated
with a decrease in the amount of lipid peroxidation or DNA fragmentation [98].

RNS are molecules derived from the nitric oxide (NO*). It is now well established that NO is
aphysiological messenger in the central nervous system and is synthesized by the NO synthase
(NOS)-catalyzed reaction [99]. At least three isoforms of NOS have been characterized in brain
cells. Neurons produce NO* mainly by Ca*-dependent activation of neuronal NOS (nNOS or
NOS1), which is constitutively expressed in these cells [100]. NO* has a relatively long half-
life (approx. 1 s) and whose reactions with biological molecules are slow due to its very rapid
diffusion into the blood and consequent removing by reacting with oxyhemoglobin to form
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nitrate. Along with its important physiological functions, excessive production of NO* is an
important pro-oxidant radical because of its ability to combine with O,’- and H,O, to form
OH* and peroxynitrite (ONOO"). The latter is readily protonated at cellular pH to peroxyni-
trous acid (ONOOH), which is very cytotoxic [99, 101].

Electron
transport
02 T H20
GSSG 0" Fe3* -protein -
SOD bound
0,
0, Oxidative stress
Peroxidases Fenton Lipid peroxidation
reaction

H,0, + Fe2* —— Fe3* + OH*+ OH- E=)| Protein oxidation

o5 NADH == NADPH | DNA damage

NADe
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Figure 4. Endogenous antioxidant enzyme systems. Cellular reactions that cause oxidative damage to lipids, proteins,
and DNA via Fenton reaction and cell protection by the endogenous antioxidant enzymes principles (SOD, catalases,
and peroxidases). Homeostatic level of O,*- is regulated by SOD isoforms to O, and H,O, The latter is a potential
source of OH* via Fenton reaction. Catalases and peroxidases regulate the levels of H,O,.

To maintain the homeostatic balance and cope with the continuous production of free radicals,
cells are equipped with a sophisticated system of enzymes and nonenzymatic antioxidants
[76]. Enzymatic components mainly comprise superoxide dismutase (SOD) [102] that con-
verts O,*- to H,O,, the catalase [67] that converts H,O, to H,O and O,, and the glutathione
peroxidases (GPX) that converts H,O, to H,O in a reaction that oxidizes glutathione (GSH) to
its disulphide form (GSSG). In turn, GSH is regenerated from GSSG by glutathione reductase
[103, 104] (Figure 4). Also, small molecular nonenzymatic antioxidants, including ascorbic
acid, pyruvate, a-tocopherol, and glutathione (GSH), are important in the detoxification of free
radicals, provision of antioxidant defense, and prevention of tissue damage [76, 77]. The cell
can also combat oxidative stress by regulating ROS generation by eliminating ROS with the
help of neutralizing enzymes and scavenger molecules [105], and by repairing those lipids,
proteins, or DNA that have been affected by oxidative stress [106].

Oxidative stress induced by excitotoxicity is considered the main event leading to brain
damage after cerebral ischemia [73, 81, 82, 107]. Several lines of research indicate that oxidative
stress is a primary mediator of neurologic injury following cerebral ischemia [84, 85, 107]. After
cerebral ischemia and particularly reperfusion, robust oxidants are generated including
superoxide and hydroxyl radicals, which overwhelm endogenous scavenging mechanisms
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[108, 109] and are directly involved in the damage of cellular macromolecules, such as lipids,
proteins, and nucleic acids, eventually leading to cell death [1, 2, 110] (Figure 5). Reperfusion
provides oxygen to sustain neuronal viability and also as a substrate for numerous enzymatic
oxidation reactions that produce reactive oxidants. During reperfusion to the vessel, oxygen
replenished is crucial for neuron survival in the ischemic tissue. However, oxygen can also be
used by the mitochondria and by pro-oxidant enzymes to produce more free radicals. The
presence of a situation of oxidative stress in the perfused ischemic brain tissue results in several
detrimental processes, including overproduction of oxygen radicals, and consumption and
failure to adequately replenish the antioxidant systems [108-110].
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Figure 5. Major sources of ROS and RNS and antioxidant systems during cerebral ischemia and reperfusion. Generated
reactive oxygen species by mitochondria and reactive nitrogen species by nitric oxide synthase. SOD converts superox-
ide radical to H,O, which is converted to H,O by catalase or GSHPx. Formation of peroxynitrite (ONOO") and subse-
quent hydroxyl radical production can directly damage lipids, proteins, and DNA and lead to cell death.

During the ischemic phase, some Ca*-dependent enzymes, such as phospholipase A, (PLA,)
and cyclooxygenase (COX), produce oxygen-free radicals. The activation of PLA, by Ca*
results in the generation of arachidonic acid from the phospholipids, which are metabolized
by cyclooxygenase to thromboxane and leukotrienes. Both eicosanoids activate NOX and thus
contribute to increased free radical formation [111]. COX induces the prostaglandin PGG,
production from arachidonic acid, which in turn is rapidly peroxidized to PGH, with a
simultaneous release of O, . In the ischemic tissue, activation of PLA, and cyclooxygenase
generates free radical species, which contribute to lipid peroxidation and membrane damage
[111]. However, mitochondrial dysfunction and NOX as sources of RNS are considered the
main source of free radical production causing oxidative stress during ischemia/perfusion
(107, 112].
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4.4. The role of calpains in excitotoxicity

It is now well established that the induced Ca*" overload in neurons after ischemia causes a
massive activation of calpains, proteins belonging to the family of calcium-dependent, cysteine
proteases, which contribute to excitotoxic cell death [47]. All calpains can act in two modes:
under physiological conditions they undergo controlled activation (involving only a few
molecules of calpain), whereas during sustained calcium overload under pathological
conditions they undergo hyperactivation (involving all the available calpain molecules) [47].
Calpains in the CNS play an important role in the synaptic function and memory formation
[47]. In models of stroke in animals, the use of Ca*-dependent calpain protease inhibitors
showed neuroprotective effect [113, 114]. The main mechanism by which calpains contribute
to excitotoxic damage is by their ability to cleavage the Na*/Ca?" exchangers (NCX), which is
critical to regulate the concentration of calcium into neurons [115]. Thus, calpains contribute
to the accumulation of calcium during ischemia [70, 116].

4.5. Mitochondrial dysfunction

The excitotoxicity can contribute to neuron death by altering the functions of mitochondria.
Mitochondrial disturbance is the result of both oxidative-nitrosative stress and a direct effect
of excessive Ca* intracellular levels [75, 117, 118]. In ischemia, the excess of cytosolic-free Ca*"
caused by overstimulation of glutamate receptors may overload the mitochondrial proton
circuit, which leads to the failure in oxidation and an increase in ROS into mitochondria [81,
91]. In mitochondria, surpassed antioxidant protection and oxidative stress ROS can lead to

Oxidative
damage

Figure 6. Excessive ROS production by mitochondria leads to direct oxidative damage of mitochondrial proteins,
membranes, and DNA, causing mitochondrial dysfunction and finally death neuron by apoptosis or necrosis. Exces-
sive ROS within mitochondria can also induce changes in the mitochondrial permeability transition pore mPTP, which
renders the inner membrane permeable to small molecules including cytochrome c (cyt c). Activation of proapoptotic
proteins Bcl-2 produces a pore in the outer membrane of mitochondria that allows the release of cytochrome c to the
cytosol where it triggers the apoptotic cascade of caspases (modified from Ref. [91]).
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oxidative damage to mitochondrial proteins, membranes, and DNA, impairing the ability of
mitochondria to synthesize ATP and to carry out their wide range of metabolic functions.
Mitochondrial oxidative damage can also enhance the release of proteins located in the
mitochondrial inner membrane, including cytochrome ¢, to the intermembrane space. Activa-
tion of proapoptotic proteins Bcl-2 enhance the formation of permeability pore in the outer
membrane of mitochondria that allows the release of cytochrome c to the cytosol where it
activates the apoptotic machinery of the cell [91] (Figure 6).

During stroke, electron microscope analyses show that Ca*" accumulates in mitochondria very
soon after global ischemia and this state persists for several hours [119]. Two events seem to
play an important role in the death of neurons in the brain stroke due to the mitochondrial
dysfunction induced by the cytosol-free Ca* accumulation: The oxidative stress due to
antioxidant/pro-oxidant imbalance in favor of the second [107, 112], and the activation of the
intrinsic apoptotic pathway of caspases [120, 121].

5. Apoptosis

In stroke, neuron death is the result of apoptosis or necrosis [82, 122]. That neuronal death
occurs by one or another mechanism depending mainly on the time elapse since the onset of
stroke, the severity of blood flow reduction, and the level of metabolic activity that produce
the energy in the neuron.

Neuronal cell death by necrosis occurs mainly when the decrease or absence of blood flow
implies a severe deficit or absence of oxygen and glucose (OGD) in ischemic brain area and
leads to the formation of the ischemic core [20, 21, 123]. Death of neurons by apoptosis occurs
mainly in ischemic areas when the existence of a certain level of blood flow provides insuffi-
cient oxygen and glucose to maintain the functional activity in the neuron but sufficient to
maintain the survival of neurons and leads to the formation of ischemic penumbra. If the blood
flow is not restored in this area, excitotoxicity may induce neuronal death by apoptosis [120].

Apoptosis is one of the fundamental mechanisms of cell death that occur during ischemic brain
injury [2, 120, 124]. There are two general pathways for activation of apoptosis: the “extrinsic
apoptosis,” initiated by the ligation of cell surface death receptors such as tumor necrosis factor
receptors and FAS receptor, and “intrinsic/mitochondrial apoptosis” pathways [125]. The
mitochondrial dysfunction plays a central role in the apoptotic pathway in stroke [120, 126,
127]. Studies of tissue from patients and of animal models have shown that mitochondria-
mediated apoptosis is the mode by which many neurons die after an acute stroke [121, 127].
Oxidative stress and cytotoxic accumulation of intracellular Ca* initiate a series of cytoplasmic
and cellular events, including the triggering of the intrinsic apoptotic pathway [2, 34, 115,
121]. Increased ROS/RNS and intracellular-free Ca? levels mediate induction/activation of
proapoptotic proteins leading to changes in the mitochondrial membrane permeability
(MMP) [128]. The family Bcl-2 proteins determine the integrity of mitochondria in the face of
apoptotic insult [127]. The complex interplay between Bcl-2 proteins regulates the integrity of
the mitochondrial outer membrane. Thus, the mitochondrial integrity may be protected by
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antiapoptotic members of the Bcl-2 family (Bcl-2 and Bcl-xl) together with antiapoptotic
kinases Akt and ERK, which inhibit the proapoptotic members of the Bcl-2 family (Bid, Bim,
Bax, Bak, and Bad). In cerebral ischemia, proapoptotic stimuli activate the intrinsic apoptotic
pathway breaking the antiapoptotic/proapoptotic balance leading to mitochondrial network
damage in the neuron [127, 129].

Two members of Bcl-2 family, Bcl-2-associated X protein (BAX) or Bcl-2-associated killer (BAK)
seem crucial to cell death. Without them, cells are resistant to majority of apoptotic stimuli
[130]. BAXis a cytosolic protein that actively translocates to the mitochondrial outer membrane
during apoptosis to participate in membrane damage while that BAK is constitutively
expressed at the mitochondrial outer membrane [131]. More recent studies propose that BAX
is actively trafficked to the cytosol, a process termed “retrotranslocation” [132, 133]. A
differential mitochondrial retrotranslocation has also been proposed by BAK [134].
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Figure 7. Schematic overview of excitotoxic events during ischemic stroke in the neurons. Overstimulation of NMDAR
by glutamate causes excessive increase in calcium concentration in the cytosol. Disruption of intracellular calcium ho-
meostasis leads to calpain and nNOS activation, and mitochondrial dysfunction. Activation of these mechanisms caus-
es a state of oxidative stress. The presence of excess ROS and RNS directly damages essential macromolecules of the
cell membrane and otherwise contribute to produce mitochondrial dysfunction. This, in turn, leads to increase oxida-
tive stress and trigger the chain apoptotic events causing neuronal death and contribute to ischemic brain damage.

One of the decisive steps of the apoptotic cascade involves the mitochondrial permeability
transition pores (mPTPs) [135, 136]. Under oxidative stress conditions, transient opening of
mPTPs in the mitochondrial inner membrane produces the fall of the mitochondrial trans-
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membrane potential and elicits the release of cytochrome c as well as other proapoptotic
molecules that together initiate the apoptotic cascade. Once released into the cytosol from the
mitochondrial intermembrane space, cytochrome ¢ binds with apoptotic protease-activating
factor-1 (Apaf-1) and procaspase-9 to form an “apoptosome,” which actives caspase-9 and
subsequently caspase-3. There is a large body of evidence suggesting that cerebral ischemia
can cause activation of aspartate-specific proteases, the caspases, which can cleave a larger
number of cellular substrates [120, 121]. Caspases are cysteine proteases constitutively presents
in cells as zymogens and require proteolytic cleavage into the catalytic active heterodimer.
Inhibiting the activation of caspases suppresses the ability of cells to undergo apoptosis or
causes a switch from apoptosis to necrosis [137]. Upregulation and activation of caspase-3 have
been found to precede neuron death in focal and global cerebral ischemia [120]. Activated
caspase-3 cleavage the endonuclease inhibitor ICAD freeing CAD (caspase-activated
DNAase), which can cleave the nuclear DNA causing DNA damage and the neuron death
[138].

In summary, numerous studies report the important involvement of excitotoxicity and
oxidative stress in the complex processes that cause neuronal death in acute ischemic stroke
[139]. The hypoxia and the low glucose levels caused by the blood flow reduction in the
penumbra zone lead to oxidative stress and excessive release of glutamate. Oxidative stress
can cause death of neurons by oxidation of structural macromolecules of the membranes, such
aslipids and proteins, and DNA. Mediated by NMDA receptor and by the homeostasis calcium
deregulation, excitotoxicity contributes not only to injury of neuron death, but also to trans-
duction of apoptotic signals. Mitochondrial dysfunctions occur as a consequence of cerebral
ischemia and promote ischemia-induced neuronal cell death, especially by apoptotic intrinsic
pathway (Figure 7).
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Abstract

Stroke-prone spontaneously hypertensive (SHRSP) rats develop severe hypertension,
and more than 95% of them die of cerebral stroke. Cerebral ischemia or hypoxia and/or
subsequent oxygen reperfusion strongly induces neuronal damage in SHRSP rats. The
biochemical features of brain cells such as neuronal cells and astrocytes of SHRSP rats
might contribute to the strong tendency of SHRSP rats to suffer strokes. In SHRSP rats,
the production of hydroxyl radicals was strongly elevated after reperfusion. Neuronal
expression of thioredoxin (Txn1) and Bcl2 genes was significantly reduced in SHRSP rats
compared with Wistar Kyoto (WKY) rats. In SHRSP rats, the susceptibility of neuronal
cells to death is partly due to an insufficiency of mitochondrial redox regulation and a
deficiency of the apoptosis-inhibitory protein Bcl-2. Antioxidant vitamin E may regulate
the expression of redox and apoptosis-related proteins in neuronal damage. In
astrocytes isolated from SHRSP rats, the cells” proliferative ability and expression of
vascular cell adhesion molecule-1 (VCAM-1) and high-mobility group box 1 (HMGB1)
are strongly increased compared with those in the WKY rat strain. Astrocytic lactate
production, an energy source for neuronal cells, was reduced in SHRSP rats in
comparison with the WKY rat strain. SHRSP astrocytes reduced their production of glial
cell line—derived neurotrophic factor (GDNF) and L-serine compared to WKY astrocytes
during hypoxia and reoxygenation (H/R). Furthermore, sphingosine-1-phosphate (S1P)
reduced the expression of GDNF in primary SHRSP rat astrocytes. On the other hand,
production of r-serine and the expression of alanine/serine/cysteine/threonine trans-
porter (ASCT1) were lower in SHRSP than in WKY rat astrocytes after exposure to
arginine vasopressin (AVP). In this chapter, we describe the neuronal vulnerabilities and
astrocytic dysfunctions of SHRSP rats induced by cerebral ischemia.

Keywords: astrocyte, apoptosis, GDNF, neuronal cell death, SHRSP
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1. Introduction

Stroke involves cerebral infarction and hemorrhaging and is associated with very high
mortality. Stroke causes a loss of brain function due to an insufficient blood supply to the brain.
The stroke-prone spontaneously hypertensive (SHRSP) rat is an experimental model of human
malignant hypertension (>200 mm Hg), and this rat strain has a high incidence of cerebrovas-
cular disease [1, 2]. Namely, SHRSP rats develop severe hypertension of more than 200 mm Hg,
and more than 95% die of stroke [1, 2]. In SHRSP rats, the increase of sodium intake accelerates
the rise of blood pressure (BP), and cerebral ischemia induces the appearance of cerebral
vasogenic edema [3]. Therefore, SHRSP rats are widely used as a model of human stroke [2].

Studies of SHRSP rats may provide considerable useful information regarding human strokes
and should indicate genetic susceptibility of particular types of cerebrovascular diseases [4].
Indeed, this strain shares features with human lacunar stroke [5]. Twenty minutes of cerebral
ischemia in SHRSP rats induced a large efflux of glutamate, causing strong delayed neuronal
death in region CA1 of the hippocampus, whereas the parental strain of SHRSP rats, Wistar
Kyoto (WKY) rats, lacked these characteristics under the same conditions [6]. The hippocampal
neurons of SHRSP rats were innately vulnerable to ischemic stimulation, and the Ca** channel
blockers prevented neuronal cell death in SHRSP rats [7]. The production of hydroxyl radicals
by neurons was strongly elevated after reperfusion of SHRSP rats. In neuronal cells, expression
of the thioredoxin gene (Txnl) and the Bcl2 gene was significantly reduced in SHRSP rats
compared with WKY rats [8]. We showed that SHRSP rat neurons were more vulnerable than
WHKY rat neurons during cerebral ischemia-hypoxia [9, 10]. In these findings, we noticed that
unknown factors other than a hereditary weakness in the neurons themselves played addi-
tional roles in accelerating cell death in SHRSP rats during cerebral ischemia [9, 10]. On the
other hand, lactate production from astrocytes (an energy source for neuronal cells) was
reduced in SHRSP rat cells in comparison with the WKY rat strain [11]. Moreover, astrocytes
from SHRSP rats reduced lactate production, glial cell line-derived neurotrophic factor
(GDNFEF), and r-serine in comparison with WKY rat astrocytes during hypoxia and reoxyge-
nation (H/R) [12]. In addition, the release of L-serine and the expression of lactate transporter
were lower in SHRSP rats than in WKY rat astrocytes after exposure to arginine vasopressin
(AVP) [13].

Cerebral ischemia promotes blood-brain barrier (BBB) destruction, increases edema, and
increases nervous system cell death. In particular, the reperfusion after cerebral ischemia
rapidly generates a large quantity of reactive oxygen species (ROS), but the pathogenic
mechanism of SHRSP rats in stroke is not well understood. In SHRSP rats, endothelial injury
isinduced at multiple sites following BBB leakage. Ultimately, this results in vessel rupture [14,
15]. Thus, we asked whether there were significant differences between the functions of WKY
and SHRSP rat neurons and astrocytes during cerebral ischemia. Here, we present an overview
of the cellular characteristic of SHRSP rat and WKY rat neurons and astrocytes during cerebral
ischemia.
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2. Cerebral ischemic stress induces neuronal vulnerability in SHRSP rats

2.1. Cell death of neuronal cells isolated from SHRSP rats during ischemia

In SHRSP rats, cerebral ischemia of 20 min duration enhances the production of large amounts
of glutamate, causing delayed neuronal cell death in the CA1 region of the hippocampus [6].
Briefly, the neurons of SHRSP rats are more susceptible to H/R states than those of WKY rats
[7, 9, 10]. We examined cultured neuronal cells isolated from the brains of SHRSP rats and
WKY rats. The cells were cultured for 6-24 h under hypoxic conditions (1% O,) and subse-
quently for 1.5-5 h in a reoxygenated state to assess cell viability [9]. None of the neuronal cells
were stainable by trypan blue, indicating the absence of cell death in both strains. The majority
(65-85%) of neuronal cells survived even after 36 h of hypoxic culture. Following hypoxia, after
1.5 h of reoxygenation, only 10-30% of neurons survived. The percentages of neuronal cell
deaths in WKY rats and SHRSP rats were 41% (necrosis, 12%; apoptosis, 29%) and 78%
(necrosis, 15%; apoptosis, 63%), respectively. Following hypoxia, 3 h of reoxygenation led to
68% cell death in WKY rats, whereas 99% of the neuronal cells from SHRSP rats were dead.
Using the TdT-mediated dUTP nick end labeling (TUNEL) method, we found little or no DNA
fragmentation in SHRSP rat neuronal cells after culture in 20% oxygen. In contrast, following
36 h of hypoxia and 3 h of reoxygenation, we noted a markedly increased fragmentation of
DNA that was generally localized to areas containing many lipid droplets [9]. We classified
the levels of apoptosis in H/R status by a morphological analysis of neuronal cell death [9, 10].
Briefly, we showed the characteristics of neuronal apoptosis in SHRSP rats in Figure 1. In the
initial stage of apoptosis, neuronal cell axons and dendrites were lost, and many lipid droplets
appeared in the neuronal cell body (A). In the next stage of apoptosis, cell shrinkage was

Stage Final stage

*Electron-lucent, organelles decrease in number.
*Nuclei contain abnormal clusters of chromatin.

Advanced stage

*Lose cytoplasm and cell membrane.
*Nuclei become small, dark before disappearing.

Second stage

*Round, small, and electron-dense.

. *Nuclei demonstrate prominent invagination.

Initial stage
*Lose axons and dendrites.
*Numerous lipid droplets appear in the cell bodies.
* Although cell organelles remain intact.

)

Neuronal apoptosis

Figure 1. Characteristics of apoptosis in neuronal cells during H/R in SHRSP rats.
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observed (B) and, next, continued development of apoptotic morphology (C). Finally, the
neuronal cell membrane was lost and the nucleus disappeared (D). These processes eventually
led to neuronal cell death. In SHRSP rats, a report demonstrated that the angiotensin II type 1
receptor-activated caspase-3 in the rostral ventrolateral medulla and was involved in sympa-
thoexcitation [16]. These features may be associated with stroke pathogenic mechanisms of
SHRSP rats.

2.2. Oxidative stress-induced neuronal cell death and redox changes in SHRSP rats

In the brain, ischemia leads to the rapid generation of a large amount of ROS and induces
neuronal cell injury through self-perpetuating reactions. Cerebral ischemia increases the
intracellular level of calcium ions and activates calcium-dependent proteases. These reactions
activate xanthine dehydrogenase (XDH) and generate xanthine oxidase (XOD). The superox-
ide anion radicals generated via this pathway cause neuronal cell death in the brain [17]. Free
radicals are generated by reoxygenation after cerebral ischemia, and they enhance the injury
of brain neuronal cells [18]. These findings suggest that reducing the ROS (such as hydroxyl
radicals produced during H/R) would be beneficial for preventing neuronal injury [19]. This
might be achieved by increasing the level of antioxidant substances such as vitamin E.

Ischemic stimulation is considered to be the process that most strongly enhances cell death in
cerebral ischemia in the SHRSP rat stroke model. In SHRSP rats, ischemic stimulation, i.e., the
reoxygenation that occurs after hypoxia, generates a large amount of ROS that lead directly to
neuronal death [20]. The expression of the thioredoxin gene (Txn1) was significantly reduced
in neurons isolated from SHRSP rats compared with WKY rats [8]. Txn protein acts against
ROS via its SH group. Furthermore, Txn proteins have many functions that are involved in
intracellular signal transduction. For that reason, reduced expression of Txn1 is associated with
an attenuation of the defense system during oxidative stress in SHRSP rats. This in turn causes
H/R-induced neuronal cell death. These findings indicated that redox regulatory functions in
SHRSP rat neurons were markedly reduced by oxygen stimulation after hypoxia, and such
changes may be involved in neuronal vulnerability. From these results, we suggested that the
susceptibility of neurons to apoptosis in SHRSP rats is partly due to an insufficiency of
mitochondrial thioredoxin and apoptosis-inhibitory proteins.

2.3. Protective effects of antioxidant vitamin E in neuronal cell death of SHRSP rats

Vitamin E, which is present in biological membranes, contains a hydroxyl group that reacts
with unpaired electrons and can be reduced to form peroxyl radicals. The main antioxidant
effect of vitamin E is to rapidly add alkoxy radicals (RO-) and hydrogen to peroxy radicals
(ROO:). This is the mechanism of a chain-breaking antioxidant that blocks reactive oxygen
metabolic cascades [21, 22].

We demonstrated the preventive effects of vitamin E against neuronal cell death associated
with cerebral ischemia-reperfusion, particularly apoptosis, in WKY and SHRSP rat strains [9,
19]. Hypoxic stimuli followed by oxygen reperfusion induced strong neuronal damage in both
WKY and SHRSP rats [9, 10]. The rate of neuronal cell death (mainly apoptosis) occurring
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during H/R was markedly higher in the neurons of SHRSP rats than in those of WKY rats.
Vitamin E is mostly enriched in microsomal cell membranes of mitochondria of the liver and
heart. Transport of vitamin E to mitochondria or the microsomes is achieved by vitamin E
binding to proteins [23]. Reports demonstrated that the a-tocopherol-binding protein, afamin,
transported a-tocopherol across an in vitro model of the BBB. The model consisted of porcine
brain capillary endothelial cells and cultured astrocytoma cells [24]. Thus, afamin might
function to maintain a-tocopherol homeostasis at the BBB in vivo. Furthermore, scavenger
receptor class B type I (SR-BI) facilitates selective uptake of HDL-related a-tocopherol at the
BBB [25]. Damage related to oxidative stress alters traffic to neuronal cells and changes the
levels of vitamin E in mitochondria. The addition of vitamin E almost completely inhibited
neuronal death in SHRSP and WKY rat lines. Vitamin E decreased neuronal cell death in a
dose-dependent manner over the range of 10-50 pug/mL. With vitamin E at 50-300 pg/mL,
neuronal death was almost completely prevented [9]. In SHRSP rat neurons, we used HPLC
to investigate the vitamin E levels in neuronal mitochondria after vitamin E supplementation
(20-300 pig/mL) [9]. The accumulation of vitamin E in mitochondria of neuronal cells after 36 h
of hypoxia was confirmed. Vitamin E accumulated most effectively into the mitochondria of
neuronal cells at 50 pg/mL. When neuronal cell death was induced by reoxygenation for 3 h
after 36 h of hypoxia, vitamin E prevented neuronal cell death at 50 pg/mL. Vitamin E
prevented stroke and loss of both memory and cognition functions [26]. Vitamin E might have
a marked inhibitory effect against neuronal damage after being incorporated into biological
membranes, particularly mitochondrial membranes, and capturing the reactive oxygen and
free radicals formed.

2.4. Regulation of the Bcl-2 family proteins in neuronal cell death

We pointed out that apoptosis is the likely mechanism responsible for ischemic neuronal death
in SHRSP rats [9, 27]. The expression of apoptosis-inducing molecules such as Bax was

Cerebral ischemia stress
(e.g. Hypoxia and reoxygenation)

‘ SHRSP rat Neuror
/ T ROS < Thioredoxin \

‘ J Bcl-2/Bax ratio ‘

| ‘1 Neuronal apoptosis |

\ Neuronal cell death /

Figure 2. Apoptosis of neuron in SHRSP rats by cerebral ischemia stimulation.

47



48

Ischemic Stroke - Updates

enhanced in injured neuronal cells [8]. On the other hand, in surviving neurons, expression of
apoptosis-inhibiting molecules such as Bcl-2 and Bcl-XL was elevated in rat brains following
global ischemia [28]. The expression of BcI2 mRNA after H/R was investigated by quantitative
reverse transcriptase-polymerase chain reaction (RT-PCR) using cultured neuronal cells
isolated from SHRSP and WKY rats [8]. An analysis of BcI2 mRNA expression in SHRSP and
WKY rats showed that the most remarkable difference occurred after 30 min of reoxygenation.
The expression of Bcl2 mRNA was significantly decreased in SHRSP compared to WKY rats.
The vulnerability of neuronal cells to ischemic stress promotes neuronal cell death during
stroke in SHRSP rats (Figure 2) [8].

3. Characteristics of astrocytes in SHRSP rats during stroke

3.1. Gliosis and the proliferation rate of astrocytes in SHRSP rats

After brain injury, the number of reactive astrocytes increases [29]. These reactive astrocytes
have prominent characteristics of growing cells [30]. The growth state of astrocytes in vitro
reflects the physiological abnormalities occurring in brain damage. In astrocytes cultured from
SHRSP rat brains in 10% fetal bovine serum (FBS), the cell growth rate was faster than
astrocytes from WKY rats. For example, the doubling time of cultured astrocytes isolated from
SHRSP rats was 21 h, whereas that of WKY rat astrocytes was 30 h [31]. These results indicated
the elevated growth capacity of SHRSP rat astrocytes. The greater increase in the numbers of
reactive astrocytes in SHRSP rats may have pathological consequences. In addition, reports
have indicated enhanced astrocytic reactivity to epidermal growth factor (EGF). SHRSP rat
astrocytes responded more strongly to EGF than WKY rat astrocytes, with larger increases in
cell number. In the ischemic brain, proliferative astrocytes were found around the infarcted
tissue [32]. Likewise, these proliferating astrocytes were immunoreactive for the EGF receptor
(EGFR). The increased growth activity of SHRSP rat astrocytes suggests that cerebral vascular
lesions in cerebral ischemia may be due to dysfunctional responses to EGF [32].

3.2. Production of neurotrophic factor by SHRSP astrocytes

Astrocytes modulate several functions such as the uptake of glutamate [33] and the induction
of the blood-brain barrier (BBB) [34] and induce production of cytokines [35] and neurotrophic
factors [36]. In SHRSP rat strain, astrocytic properties relate to the development of brain
disorders [37-39]. For example, neuron regeneration is controlled through the production of
neurotrophic factors from astrocytes after brain injury [32].

Neuronal vulnerability of SHRSP rats under ischemic conditions was correlated with reduced
GDNF production by SHRSP rat astrocytes [13]. The study focused on the production of GDNF
under normal conditions and H/R in cultured astrocytes from WKY and SHRSP rat strains.
SHRSP rat astrocytes released higher levels of GDNF than did WKY rats under normal oxygen
concentrations [13] (Figure 3). On the other hand, after hypoxia and 1.5 or 6 h reoxygenation,
the expression of GDNF was significantly lower in astrocytes from the SHRSP rat strain than
the WKY rat strain [13]. Furthermore, sphingosine-1-phosphate (S51P) [40] and adenosine [41]
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reduced the expression of GDNF in primary SHRSP rat astrocytes. S1P is a lysophospholipid
released by activated platelets [42, 43], and it enhances the apoptosis of neuronal cells in the
central nervous system (CNS) [44]. A report demonstrated that GDNF is a potent factor for the
survival of neuronal cells [45]. Thus, in SHRSP rats, upregulation of SI1P attenuates GDNF
production by astrocytes (Figure 4). This reduces neuronal protection mediated by the
neurotrophic factor, GDNF. In traumatic injury of the CNS, the attenuated release of GDNF
by astrocytes may be involved in neuronal vulnerability in the SHRSP rat strain. Adenosine
enhances the levels of several growth factors in ischemic brain tissues, likely as part of a
preventive response. In the CNS, adenosine in the extracellular space acts as an intercellular
signaling molecule, and at high levels, it induces apoptosis [46]. Briefly, adenosine has both
immediate effects such as neurotransmission and neurotrophic effects that enhance changes
in cell metabolism and structure and has neuroprotective function [47, 48]. The expression of
GDNF was regulated differently in cultured astrocytes from SHRSP compared to WKY rats.
The amount of GDNF produced was lower in astrocytes of adenosine-treated SHRSP rats
compared with WKY rats. These results indicate that GDNF production is regulated dynam-
ically during reoxygenation and ischemic conditions by S1P and adenosine. Under postische-
mic reoxygenation conditions, the production of GDNF, neurturin (NTN), and its receptor
increases in the brain tissue [49]. The pathogenesis of GDNF released by SHRSP rats is
unknown. However, the specific metabolic properties of SHRSP rats may be associated with
increased expression of GDNF [13].

Cerebral ischemia stress
(e.g. Hypoxia and reoxygenation)

SHRSP rats astrocytes

_ J, Lactate ‘ I\l, L-Serine | ‘\LGDNF ‘

<

N ‘ Decreased neuronal support

Figure 3. Alteration of astrocytes in SHRSP rats by cerebral ischemia stimulation.
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Figure 4. Regulation of GDNF in astrocytes of SHRSP rats by cerebral ischemia status.

49



50

Ischemic Stroke - Updates

3.3. Hypoxia and arginine vasopressin (AVP) induce astrocytic dysfunction in SHRSP rats

3.3.1. Altered regulation of L-serine in SHRSP astrocytes

In the CNS, 1-serine is generated by astrocytes, and it accelerates neurite outgrowth from
ganglion neurons and enhances neuronal survival [50]. L-Serine is synthesized by 3-phospho-
glycerate dehydrogenase (3-PGDH) in glial cells but not in neurons [51]. L-Serine released from
astrocytes is transported to the extracellular space by neural amino acid transporter alanine/
serine/cysteine/threonine transporter (ASCT1) proteins and becomes available to neuronal
cells [52]. Induces outgrowth of ganglion neurons and neuronal survival by L-serine from
astrocytes. Hence, L-serine synthesis and the expression of ASCT1 protein were essential for
neuronal survival and differentiation [53]. On the other hand, the expression of 3-PGDH and
ASCT1 proteins is enhanced by excitotoxic damage in the mouse brain hippocampus [54]. In
astrocytes isolated from SHRSP rats, glutamate-induced stimulation of r-serine production
was reduced [55]. The production of 1-serine was regulated by astrocytes in response to
molecules such as glutamate, kainic acid (KA), and free radicals and others that induced
neurodegenerative disorders [54, 56, 57].

Arginine vasopressin (AVP) induced the effects of inflammatory molecules in traumatic
neuronal injury [58]. Furthermore, ischemic conditions such as hypoxia and AVP affect cere-
bral cell volume [59, 60], ion uptake by cerebral cells via Na/H exchange (NHE) [61], and
Na-K-Cl cotransporter (NKCC) activities [62, 63]. AVP and hypoxia contribute to ischemia-
induced astrocyte swelling [64]. During cerebral ischemia, astrocyte swelling leads to ische-
mic neuronal cell death. AVP might contribute to astrocyte swelling induced by hypoxia
and reperfusion in SHRSP rats. On the other hand, r-serine generation might be regulated
by astrocytes in response to a variety of molecules such as AVP that enhance brain edema in
SHRSP rats [12].

3.3.2. Inflammatory requlation and expression of HMGB1 and adhesion molecules in SHRSP astrocytes

High-mobility group box 1 (HMGB1) regulates nucleosomal structure stabilization, modulates
inflammation, and is involved in recovery after stroke [65-67]. Hypoxia induces HMGB1
expression in neurons and astrocytes [68]. Furthermore, after hypoxia, HMGB1 enhances
breakdown of the blood-brain barrier (BBB) during ischemic injury [69]. These results indicate
that HMGB1 is involved in inflammatory responses associated with stroke after ischemia [70].
One report demonstrated that HMGBI1 is produced by neuronal cells and glial cells and
aggravates ischemic neurodegeneration [68]. In reactive astrocytes, production of HMGB1
accelerates endothelial progenitor cell-mediated neurovascular remodeling during stroke
recovery [71]. On the other hand, in oxygen-glucose deprivation or reperfusion, HMGB1
produced from astrocytes induces endogenous neural stem or progenitor cell proliferation [67,
72]. One study examined the expression of AVP-induced HMGBI1 in cultured primary
astrocytes isolated from WKY, SHR, SHRSP, and SHRpch1_18 rats [12]. AVP induced HMGB1
expression at 50 and 100 nM, and it was significantly higher in SHR, SHRSP, and SHRpch1_18
rat astrocytes than in WKY rat astrocytes. HMGB1 may relate to early stages of the inflamma-
tory response [69]. Reports have indicated that myelin loss is associated with neuroinflamma-
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tion [73] and that it induces inflammation after MCA occlusion [74] in the SHRSP rat strain.
This characteristic of SHRSP, SHR, and SHRpch1_18 rats is likely an important contributor to
enhanced inflammation in astrocytes and could explain how AVP augments the inflammatory
reaction and induces neuronal cell death [12].

Following exposure to tumor necrosis factor-alpha (TNF-a), the expression of vascular cell
adhesion molecule-1 (VCAM-1) by SHRSP rat astrocytes was increased compared with
those from WKY rats. Expression of TNF-a and adhesion molecules are related to the
presence of early neurological exacerbation and infarct volume in stroke [75, 76]. TNF-a is
generated by microglial cells and infiltrating macrophages following ischemic stroke [77].
In H/R treatment of SHRSP rat astrocytes, the expression of monocyte chemotactic pro-
tein-1 (MCP-1) was increased compared with that under normal oxygen. Inhibition or ge-
netic lack of these adhesion molecules decreased infarct volume, edema, and/or mortality
in different animal models of ischemic stroke [78]. These enhanced levels of adhesion mol-
ecules in H/R and TNF-a treatment may be induced by stroke in SHRSP rats. In SHRSP
rats, alteration and attenuation of astrocyte functions promote neuronal cell death during
stroke [79].

4. Conclusions

The level of neuronal cell death in SHRSP rats is significantly higher than in the WKY rat strain
[9, 10]. In cerebral ischemia, the properties of SHRSP rat neuronal cells, unlike those of WKY
rats, might be a factor in the elevated frequency of stroke. Vitamin E reduces neuronal cell
damage caused by ROS generated in cerebral ischemia. Thus, antioxidants such as vitamin E
could be used as a treatment for oxidative stress-mediated diseases. These antioxidants may
regulate redox potential and apoptosis-related proteins. Furthermore, in SHRSP rats, astrocyte
properties contribute to the development of brain disorders. In SHRSP rat astrocytes, attenu-
ation and loss of several functions such as GDNF and r-serine were demonstrated under
cerebral ischemic stroke conditions (Figure 4). In addition, after ischemic reperfusion, gener-
ation of MCP-1 is strongly enhanced in SHRSP rat astrocytes [80]. The expression of VCAM-1
and MCP-1 [81] is markedly elevated in SHRSP astrocytes compared with WKY rat astrocytes.
Taken together, neuronal vulnerability and altered regulation of the neuronal supportive
functions of astrocytes increase the risk of stroke in SHRSP rats.

Supply of oxygen is critical to neuronal cells viability. On the other hand, oxygen reperfusion
induces cellular dysfunction, apoptosis, and necrosis. From several animal experiment data,
clinical therapy by single-drug treatment may have little effect [82].
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Abstract

Spinal cord ischemia belongs to the one of the most frequently occurring results of
spinal cord damage, with broad range of several symptoms and complications. The
superficial position of fine arterial system of the spinal cord predicts the spinal cord
ischemic injury. The laboratory animals, such as rabbits and guinea pigs, serve for the
study of spinal cord ischemic injury. The aim of this work was to describe the arterial
blood supply to the spinal cord in New Zealand White rabbits and English self guinea
pigs, using the corrosion and dissecting technique. In both species, we found variations
in arrangement and origin of segmental arteries of descending aorta, the basilar artery,
the ventral spinal artery, the dorsal spinal arteries, the artery of Adamkiewicz, and the
segmental dorsal and ventral branches arising from the arterial spinal branches. The
presence of the artery of Adamkiewicz and nearly regular segmental blood supply to
the spinal cord are responsible for the use of rabbit and guinea pig as a simple model
of ischemic damage to the spinal cord. The understanding of the arterial arrangement
to the spinal cord plays a very important role in avoiding the spinal cord ischemia or
infarction during surgical interventions to the spine.

Keywords: artery, experiment, guinea pig, rabbit, spinal cord injury

1. Introduction

1.1. Spinal cord injury

Spinal cord injury represents a significant health problem associated with lifelong disability
and a broad range of secondary complications. Although spinal cord trauma causes loss of
neuronal cell bodies as well as myelinated axons, the dysfunction of the white matter tracts is
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the factor that determines most of the clinical symptoms. In addition, the management of
spinal cord injury patients is challenging. According to the damaged part of the spinal cord,
the spinal cord injury can lead to the respiratory insufficiency due to the paralysis of breathing
muscles, necessitating mechanical ventilators, phrenic nerve pacing, loss of sensory and motor
functions, recurrent kidney stones, urinary tract infection, pressure sores, and cardiac and
respiratory dysfunction. In the majority of cases, the spinal cord injury results into the spinal
cord ischemia due to the superficial position of fine arterial system of the spinal cord.

1.2. Laboratory animals in experimental spinal cord injury

The advances made so far with the benefit of animal model have been primarily in under-
standing the cell biology of the injured nervous system. Rodent models are the common type
of mammal employed in experimental spinal cord injury studies, and widespread research
have been conducted using rats, mice, gerbils, guinea pigs, and hamsters [1]. Other animal
experiments include cats, rabbits, and dogs [1, 2]. Of course, larger mammals such as nonhu-
man primate, goats, and pigs are also used but very rarely and are less experienced models
based in spinal cord injury research, requiring expensive aftercare and housing as well as
stringent ethical considerations [1-4].

1.2.1. Rabbit

Rabbits are commonly used in biomedical research. Currently, many strains of rabbit are
available. Laboratory rabbits belong to the order Lagomorpha and are collectively referred to
aslagomorphs [5]. The most popular strain for research purposes is a medium-sized (weighing
between 3 and 5 kg), New Zealand White outbred rabbit. A number of advantages make rabbits
a widely used animal in biomedical research. Their size, ease of handling, and relative ease of
blood collection due to their large ear vessels make them suitable for many types of experi-
ments [6]. The rabbits are suitable for long-term experiments, because most of them live for 5-
8 years, but some individuals live to the age of 10 years or more.

1.2.2. Guinea pig

Guinea pigs occupy special place in research. This rodent species, with its unique physiology
and anatomy, has come to symbolize all experimental subjects. The special place in research
implies that guinea pigs are one of the most commonly used laboratory animals in research.
They represent an appropriate animal for several types of experiments because of their small
size, cleanliness, docileness, and relatively easy maintenance [7].

1.2.3. Rabbit and guinea pig in experimental spinal cord injury

The two before-mentioned species have been used as experimental models in the study of
spinal cord ischemicinjury, and the effect of various neuroprotective drugs on such way altered
the nervous tissue [8-13]. The more detailed knowledge of anatomy of the spinal cord blood
supply with focus on all possible variations can contribute to the protection of the spinal cord.
The aim of our study was to describe the arterial blood supply to rabbit and guinea pig spinal
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cord using the corrosion and dissecting technique. We described some variations of the
principal arteries and the segmental arteries contributing to the arterial blood supply in the
corresponding region.

2. Materials and methods

2.1. Experimental animals

2.1.1. Rabbit

Adult New Zealand White rabbits in number of 20, at 140 days of age (weight range 2.5
3 kg) consisting of 10 males and 10 females, were used in this study. The work was per-
formed in an accredited experimental laboratory at the University of Veterinary Medicine
and Pharmacy in KoSice, Slovak Republic. Standard conditions were ensured to all ani-
mals: approved cages, relative humidity (45%), temperature (15-20°C), light period (12
hours), feed (granular mixed, KLASIK, de Heus, Bucovice, Czech Republic), and drinking
water (ad libitum). The corrosion technique was used for 10 rabbits, females (1 = 5) and
males (1 = 5), and the dissecting technique for 10 rabbits, females (1 = 5) and males
(n=D5).

2.1.2. Guinea pig

Adult English self guinea pigs in number of twenty, at 220 days of age (weight range 0.8-1 kg)
consisting of 10 males and 10 females, were used in this study. The work was performed in an
accredited experimental laboratory at the University of Veterinary Medicine and Pharmacy in
Kosice, Slovak Republic. Standard conditions were ensured to all animals: approved cages,
relative humidity (45%), temperature (15-20°C), light period (12 hours), feed (FANTASIA,
Tatrapet, Liptovsky Mikulds, Slovak Republic), and drinking water (ad libitum). The corrosion
technique was used for 10 guinea pigs, females (1 = 5) and males (1 = 5), and the dissecting
technique for 10 guinea pigs, females (1 = 5) and males (1 =5).

2.2. Casting media

2.2.1. Corrosion technique

In the corrosion technique, Spofacryl (SpofaDental, Czech Republic) was used as a casting
medium. It consists of a powdered component (copolymer of methyl methacrylate, copolymer
of methacrylate, sodium p-toluenesulfinate, pigments, and fluorescent agent), liquid compo-
nent (methyl methacrylate, methacrylic acid, ethylene glycol dimethacrylate, stabilizers, and
amine), and red pigment (1,2-benzenedicarboxylic acid, bis[2-ethylhexyl ester], epoxidized
soybean oil, and 2-naphthalenecarboxylic acid).
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2.2.2. Dissecting technique

Batson’s No. 17 Plastic Replica and Corrosion Kit (Polysciences Europe GmbH, Germany) was
used as a casting medium in the dissecting technique. It consists of base solution A (polymethy]
methacrylate; methyl methacrylate; dibutyl phthalate; 2-methyl-, 1,2-ethanediyl ester; and 2-
propenoicacid), catalyst (dibutyl phthalate, benzoyl peroxide, and acetone), promoter C (N,N-
dimethyl-4-toluidine and dibutyl phthalate), and red pigment (2-naphthalenecarboxylic acid,
1,2-benzenedicarboxylic acid, epoxidized soybean oil, and bis[2-ethylhexyl ester]).

2.3. Methods

2.3.1. Surgical preparation of animals

First step in surgical preparation of animals was the intravenous application of heparin
(50,000 Ul/kg) 30 minutes before the animals were euthanized using the embutramide (T-61,
0.3 mL/kg) also intravenously. For better manipulation during the dissection and prevention
from the hair sticking to the corrosive casts during maceration process was the skin subse-
quently as far as possibly removed. The entrance into the thoracic cavity was performed from
the left side by removing of the parts of the ribs. Before the introduction of a ligature to the
initial part of ascending aorta, the pericardial cavity was opened. Plastic cannula was inserted
into the ascending aorta through the opened left ventricle. After the cannula was fixed in the
ascending aorta, the perfusion started. The decrease of pressure in arteries and veins and
performing of good injection were accomplished by opening of the right auricle of the heart.
The manual perfusion of the arterial and venous system using the cannula by means of 2.5-3 1
of warm (37°C), pH 7.3, and 0.9% NaOH in 0.01 M phosphate took 15-20 min [14].

2.3.2. Casting medium preparation

2.3.2.1. Corrosion technique

Powdered component with a weight of 20 g was added to the red pigment. To this mixture,
liquid component in amount of 10 mL was added, and both components were mixed together.

2.3.2.2. Dissecting technique

The red pigment was added to the base solution A prior to mixing the catalyst and promoter
C. The pigment was added in the amount of 5% of the base solution A. After mixing of the
base solution A and the pigment together, the mixture was divided into two similar parts. Each
of them has a volume of 10 mL. The first of these parts was mixed with the catalyst in volume
of 6 mL. The second part was mixed with six drops of promoter C. After the initial mixing,
these two parts were fused and mixed together.

2.3.3. Casting medium application

The same cannula fixed to the ascending aorta serves for manual filling of the arterial system
with the casting medium. The red casting medium in the superficial body vessels determined
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the adequate filling of arteries and an even distribution. After the completion of arterial casting,
for at least 30 minutes, the bodies must not be manipulated. After this time period, the bodies
were submersed in water (40-60°C; 24 hours) to ensure adequate polymerization of the applied
casting medium in the arterial system.

2.3.4. Corrosion technique

The variable soft tissues, which surrounded the polymerized casting medium, were dissolved
by the potassium hydroxide (KOH) in concentration of 2-4% for 2 days. For the faster corro-
sion, a constant temperature (40°C) of the used solution must be achieved [15]. Every 12 hours,
the corrosion solution was changed. After the dissolution, the rest of the surrounding soft
tissues were removed from the corrosion casts in running water. Then, the corrosion casts were
dried at the room temperature.

2.3.5. Dissecting technique

By the dissecting technique, 10% formaldehyde was injected into the vertebral canal between
the last lumbar vertebra and sacrum, between the last cervical and first thoracic vertebra, and
between the occipital bone and the first cervical vertebra to fix the spinal cord. After 1-week
fixation, the vertebral canal was opened by removing vertebral arches in sacral, lumbar,
thoracic, and cervical regions. Also, the occipital bone was partly removed. The prepared spinal
cords were fixed in 10% formaldehyde (Section 1).

3. Results

3.1. Rabbit

3.1.1. Cervical spinal cord

In the cervical spinal cord, we found more complex arterial blood supply in comparison with
the rest of the spinal cord. The most cranial section of cervical spinal cord was supplied with
blood by means of small branches arising from the posterior inferior cerebellar artery. This
artery originated from the vertebral artery bilaterally. The bilateral vertebral arteries entered
into the vertebral canal through the lateral vertebral opening of the atlas. The fusion of the
bilateral vertebral arteries was located on the caudal border of the dorsal surface of the basilar
part of the occipital bone. From this fusion, the basilar artery which participated on the
formation of arterial cerebral ring continued cranially. The fusion of vertebral arteries was
present in 50% of cases without gap (Figure 1) and in 30% of cases with one longitudinal gap
(Figure 2). In 20% of cases, we found two gaps. At the level of fusion of bilateral vertebral
arteries originated the ventral spinal artery. Its origin was from the right-sided vertebral artery,
from the left-sided vertebral artery (Figure 2), and from the anastomosis of two branches, each
coming from the medial surface of the corresponding vertebral artery (Figure 1). The frequency
of origins of ventral spinal artery is shown in Table 1.
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Figure 1. The origin of the ventral spinal artery from the anastomosis of two branches, each coming from the medial
surface of the corresponding vertebral artery. (1) Basilar artery, (2) left vertebral artery, (3) right vertebral artery, and (4)
ventral spinal artery. Macerated specimen, dorsal view, magnification 8x.

Figure 2. The origin of the ventral spinal artery from the left-sided vertebral artery. The fusion of bilateral vertebral
arteries is visible on one longitudinal gap. (1) Basilar artery, (2) left vertebral artery, (3) right vertebral artery, and (4)
ventral spinal artery. Macerated specimen, dorsal view, magnification 12.5x.

Corrosion technique (%) Dissecting technique (%) Average (%)
Bilateral origin 20 30 25
Right-sided origin 40 40 40
Left-sided origin 40 30 35

Table 1. Origin of ventral spinal artery using the corrosion technique (10 rabbits) and dissecting technique (10 rabbits).
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Occurrence of spinal branches (%)

Right Left

C1 0 0

c2 70 50
C3 50 30
C4 50 50
C5 30 50
Cé 20 70
C7 30 50
Cs8 50 50

C, cervical segment of the spinal cord.

Table 2. Frequency of occurrence of spinal branches in the cervical spinal cord using the dissecting technique (10
rabbits).
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Figure 3. Dorsal branches of the spinal branches joining the irregular dorsal spinal arteries. (1) Dorsal branch of spinal
branch and (2) irregular dorsal spinal artery. Dissected specimen, dorsolateral view, magnification 5x.

The ventral spinal artery was located along the ventral median fissure on the ventral surface
of the cervical spinal cord. Bilateral vertebral arteries gave off spinal branches which entered
the vertebral canal through the intervertebral openings. Inside the vertebral canal, the spinal
branches divided into the dorsal and ventral branch with direction to the spinal cord. The
ventral branches joined the ventral spinal artery. The frequency of occurrence of individual
ventral branches joining the ventral spinal artery is shown in Table 2. In the cervical spinal
cord, the ventral branches joining the ventral spinal artery were present as right-sided in 46.2%
and as left-sided in 53.8% of cases.

We found two irregular longitudinal dorsal spinal arteries receiving dorsal branches of spinal
arteries (Figure 3) or the absence of the dorsal spinal arteries (Figure 4) on the dorsal surface
of the spinal cord. In the case of the presence of two longitudinal dorsal spinal arteries, their
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arrangement was very variable. These two longitudinal dorsal spinal arteries were formed only
by fusion of the small cranially and caudally directed branches originating from the dorsal
branches. In the case of the absence of dorsal spinal arteries, the dorsal surface of the spinal
cord was supplied by means of dorsal branches forming irregular loops between each other
on the same and on the opposite side. There was no origin of the dorsal spinal arteries present
in the area of fusion of bilateral vertebral arteries. The frequency of occurrence of dorsal
branches was the same as of the ventral branches.

Figure 4. Dorsal branches of the spinal branches in the form of irregular loops. (1) Dorsal branch of spinal branch. Dis-
sected specimen, dorsal view, magnification 12.5x.

3.1.2. Thoracolumbar spinal cord

The thoracic spinal cord received the arterial blood by means of spinal branches originating
from the dorsal intercostal arteries which were present in 13 pairs. Dorsal intercostal arteries
as paired branches arising from the dorsal surface of the thoracic aorta were present in nine
pairs in 70% of cases, in eight pairs in 20% of cases, and in 10 pairs in 10% of cases. The
remaining three to five pairs originated from the supreme intercostal artery. The more cranial
origin of the left-sided dorsal intercostal arteries than the right-sided was present in 60% of
cases (Figure 5). The origin of right- and left-sided dorsal intercostal arteries at the same level
was present in 20% of cases (Figure 6). The origin of first nine pairs at the same level and the
more cranial origin of the left-sided arteries than the right-sided by the remaining pairs were
present in 10% of cases. The more cranially located origin of the right-sided arteries than the
left-sided arteries by the first eight pairs and the origin of the remaining pairs at the same level
were found in 10% of cases.
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Figure 5. More cranially located origin of the left-sided dorsal intercostal arteries than the right-sided. (1) Thoracic aor-
ta, (2) 10th left dorsal intercostal artery, (3) 10th right dorsal intercostal artery, (4) eighth left dorsal intercostal artery,
and (5) eighth right dorsal intercostal artery. The black line indicates the shift of origin of dorsal intercostal arteries.
Macerated specimen, dorsal view, macroscopic image.

i

Figure 6. Origin of dorsal intercostal arteries at the same level. (1) Thoracic aorta, (2) 10th left dorsal intercostal artery,
(3) 10th right dorsal intercostal artery, (4) seventh left dorsal intercostal artery, and (5) seventh right dorsal intercostal
artery. The black line indicates the place of origin of dorsal intercostal arteries. Macerated specimen, dorsal view, mac-
roscopic image.

The paired lumbar arteries originated from the dorsal surface of the abdominal aorta. Their
spinal branches represent the arterial blood supply to the lumbar spinal cord. Lumbar arteries
in number of six pairs were present in 90% of cases and in five pairs in 10% of cases. The
remaining last pair was originating from the median sacral artery. In 60% of cases, the lumbar
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arteries at the same level originated by means of a common trunk (Figure 7). The independent
origin of first two pairs and the origin of the remaining pairs by means of a common trunk
were present in 30% of cases (Figure 8). The more cranial origin of the left-sided lumbar arteries
than the right-sided lumbar arteries by the first two pairs and the origin of lumbar arteries by
the remaining pairs by means of a common trunk from the dorsal surface of the abdominal
aorta were present in 10% of cases.

Figure 7. Origin of lumbar arteries by means of a common trunk. (1) Abdominal aorta and (2) the point of division of
common trunk for bilateral lumbar arteries. L 2—second lumbar vertebra and L 6—sixth lumbar vertebra. Macerated
specimen, lateral view, macroscopic image.

Figure 8. Origin of lumbar arteries by means of a common trunk. The first two pairs originated as independent branch-
es. (1) Abdominal aorta, (2) common trunk for bilateral lumbar arteries, and (3) the separate origin of bilateral lumbar
arteries. Macerated specimen, lateral view, macroscopic image.
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The spinal branches with origin from the dorsal intercostal and lumbar arteries entered the
vertebral canal through the intervertebral openings in association with the respective spinal
nerve roots. Inside the vertebral canal, each spinal branch was divided into the dorsal and

ventral branches. The ventral branches joined the ventral spinal artery.

Level Occurrence of spinal branches (%)
Ventral Dorsal
Right Left Right Left

Th1 20 50 40 50
Th2 60 70 70 40
Th3 0 30 50 70
Th4 30 60 70 90
Th5 0 90 40 100
The6 20 100 30 60
Th7 70 70 100 60
Th8 20 100 60 100
Th9 10 30 0 70
Th 10 20 80 60 20
Th11 30 30 50 80
Th12 10 40 0 80
Th13 40 60 30 100
L1 50 50 50 40
L2 30 20 40 80
L3 50 60 60 60
L4 70 80 30 40
L5 50 70 60 50
L6 50 50 50 50

L, lumbar segment of the spinal cord and Th, thoracic segment of the spinal cord.

Table 3. Occurrence of ventral and dorsal branches of arterial spinal branches in the thoracolumbar spinal cord

(dissecting technique, 10 rabbits).

The frequency of occurrence of individual ventral branches is shown in Table 3. The left-sided
ventral branches entering the ventral spinal artery in thoracic spinal cord were presentin 71.1%
of cases and the right-sided ventral branches in 28.9% of cases. The left-sided ventral branches
entering the ventral spinal artery in lumbar spinal cord were present in 52.4% of cases and
right-sided in 47.6% of cases. Along the entire thoracolumbar spinal cord, the left-sided ventral
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branches were present in 64.4% of cases and the right-sided in 35.6% of cases, which is most
likely related to left-sided localization of the descending aorta.

Figure 9. Left-sided localization of the artery of Adamkiewicz. (1) Ventral spinal artery, (2) the artery of Adamkiewicz,
(3) branch of the artery of Adamkiewicz running cranially, and (4) ventral branch of spinal branch of the fifth right
lumbar artery. Dissected specimen, ventral view, macroscopic image.

Figure 10. Right-sided localization of the artery of Adamkiewicz. (1) Ventral spinal artery and (2) the artery of Adam-
kiewicz. Dissected specimen, ventral view, macroscopic image.

A feeding artery with larger diameter entered the ventral spinal artery together with numerous
weak spinal branches with smaller diameter. This bigger artery originated from the spinal
branch which arose from the sixth lumbar artery. Thereafter, it arose and it ran through the
intervertebral foramen to enter the vertebral canal. In all the studied specimens, we found this
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artery, which is known as the artery of Adamkiewicz or the arteria radicularis magna. It was
present as left-sided artery in 50% of cases (Figure 9) and as right-sided artery also in 50% of
cases (Figure 10). The artery of Adamkiewicz represented the arterial blood supply of the
lumbar spinal cord caudally from the point of narrowing of the ventral spinal artery. After
reaching median ventral fissure, it ran caudally replacing the ventral spinal artery and sent an
important thin branch cranially to the thinning ventral spinal artery (Figure 9).

Figure 11. The presence of two irregular longitudinal dorsal spinal arteries. (1) Dorsal spinal artery. Dissected speci-
men, dorsal view, magnification 12.5x.

Figure 12. The absence of longitudinal dorsal spinal arteries. (1) Dorsal branch of spinal branch. Dissected specimen,
dorsal view, magnification 12.5x.

On the dorsal surface of the thoracolumbar spinal cord, two irregular longitudinal dorsal spinal
arteries were present in 70% of cases (Figure 11). They were located bilaterally in the lateral
dorsal groove. We found the absence of longitudinal dorsal spinal arteries on the dorsal surface
of thoracolumbar spinal cord in 20% of cases (Figure 12). Three irregular longitudinal dorsal
spinal arteries receiving the dorsal branches were present in 10% of cases. The third artery was
lying in the median dorsal groove (Figure 13). In the cases of the presence of two irregular
longitudinal dorsal spinal arteries, these were formed only by the fusion of small cranially and
caudally directed branches arising from the dorsal branches of the spinal branches. They
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formed irregular loops between each other on the same and on the opposite side. The frequency
of occurrence of individual dorsal branches is shown in Table 3. The dorsal branches in the
thoracic spinal cord were present in 60.5% of cases as left-sided and in 39.5% of cases as right-
sided. The dorsal branches in the lumbar spinal cord were present in 52.5% of cases as left-
sided and in 47.5% of cases as right-sided. Along the entire thoracolumbar spinal cord, the left-
sided dorsal branches were present in 58.2% of cases and the right-sided in 41.8% of cases; this
is most likely related to the left-sided localization of the descending aorta.

P— - =

Figure 13. Dorsal branches of spinal branches forming three irregular longitudinal dorsal spinal arteries. (1) Dorsal spi-
nal artery and (2) dorsal branch of spinal artery. Dissected specimen, dorsal view, magnification 12.5x.

3.2. Guinea pig

3.2.1. Cervical spinal cord

The arterial blood supply to the cervical spinal cord was more complex in comparison with
the rest of the spinal cord. Numerous small branches arising from the posterior inferior
cerebellar artery supplied the most cranial section of the first segment of the cervical spinal
cord. Bilateral vertebral arteries entered the vertebral canal through the lateral vertebral
opening of the atlas. These two arteries fused together on the caudal margin of the basilar part
of the occipital bone. From the fusion originated the cranially directed basilar artery which
participated on the formation of the cerebral arterial circle. The fusion of bilateral vertebral
arteries has no triangular gap in 60% of cases (Figure 14) and one longitudinal gap in 30% of
cases. A communicating branch between bilateral vertebral arteries was present in 10% of
cases (Figure 15). The ventral spinal artery originated at the place of fusion of bilateral vertebral
arteries. This origin was from the right-sided vertebral artery (Figure 15), from the left-sided
vertebral artery, and from the anastomosis of two branches originating from the medial surface
of the corresponding vertebral artery (Figure 14). The frequency of rostral origins of the ventral
spinal artery is shown in Table 4.

The ventral spinal artery runs along the ventral median fissure of the cervical spinal cord.
Spinal branches originating from the bilateral vertebral arteries entered the vertebral canal
through the intervertebral openings. Inside the vertebral canal, they were divided into the
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dorsal and ventral branches with direction to the spinal cord. Some of the ventral branches
joined the ventral spinal artery. The frequency of occurrence of individual ventral branches
joining the ventral spinal artery is shown in Table 5. The left-sided ventral branches joining
the ventral spinal artery were present in 58.2% of cases and the right-sided in 41.8% of cases.

Figure 14. The anastomosis of two branches with origin on the medial surface of bilateral vertebral arteries forming the
ventral spinal artery. (1) Basilar artery, (2) left vertebral artery, (3) right vertebral artery, and (4) ventral spinal artery.
Macerated specimen, dorsal view, magnification 12.5x.

Figure 15. Ventral spinal artery originating from the right vertebral artery. Connection of both vertebral arteries by
means of communicating branch. (1) Basilar artery, (2) left vertebral artery, (3) right vertebral artery, (4) ventral spinal
artery, and (5) communicating branch. Macerated specimen, dorsal view, magnification 12.5x.

On the dorsal surface of the cervical spinal cord, we found two longitudinal dorsal spinal
arteries in 60% of cases (Figure 16), three longitudinal dorsal spinal arteries in 30% of cases
(Figure 17), or they were absent in 10% of cases. The fusion of the small cranially and caudally
directed branches originating from the dorsal branches of spinal arteries represents the form
of two longitudinal dorsal spinal arteries. In the cases of the absence of the dorsal spinal
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arteries, the dorsal surface of the cervical spinal cord receives the arterial blood by means of
dorsal branches of spinal arteries with very irregular arrangement (Figure 18). We found no
rostral origins of dorsal spinal arteries in the place of fusion of bilateral vertebral arteries. The
frequency of occurrence of individual dorsal branches reaching the cervical spinal cord is
shown in Table 5. The left-sided dorsal branches were present in 63.3% of cases, and the right-
sided dorsal branches were present in 36.7% of cases.

Corrosion technique (%) Dissecting technique (%) Average (%)
Bilateral origin 20 30 25
Right-sided origin 40 40 40
Left-sided origin 40 30 35

Table 4. Rostral origin of ventral spinal artery using the corrosion technique (10 guinea pigs) and dissecting technique
(10 guinea pigs).

Level Occurrence of spinal branches (%)

Ventral Dorsal

Right Left Right Left
C1 0 0 50 50
C2 30 30 0 50
C3 0 0 50 60
C4 30 60 30 90
C5 50 50 50 50
Co6 90 30 60 100
Cc7 0 100 0 50
C8 30 50 50 50

C, cervical segment of the spinal cord.

Table 5. Frequency of occurrence of ventral branches of spinal branches of the cervical spinal cord using the dissecting
technique (10 guinea pigs).

Figure 16. The presence of two dorsal spinal arteries. (1) Dorsal spinal artery. Dissected specimen, dorsal view, magni-
fication 12.5x.
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Figure 17. The presence of three dorsal spinal arteries. (1) Dorsal spinal artery. Dissected specimen, dorsal view, magni-
fication 12.5x.

Figure 18. Dorsal branches of spinal branches with irregular arrangement. Dissected specimen, dorsolateral view, mag-
nification 12.5x.

Figure 19. Dorsal intercostal arteries. (1) Thoracic aorta, (2) dorsal intercostal arteries with independent origin, (3) cra-
niocaudal division of a common trunk of dorsal intercostal arteries, and (4) right-left division of common trunk of dor-
sal intercostal arteries. Macerated specimen, dorsal view, magnification 5x.

3.2.2. Thoracolumbar spinal cord

In the thoracic spinal cord, the arterial blood supply is performed by means of spinal branches
arising from the dorsal intercostal arteries (Figure 19) which were present in number of 12
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pairs. Dorsal intercostal arteries originated from the dorsal surface of the thoracic aorta in
number of eight pairs in 70% of cases, in number of seven pairs in 20% of cases, and in number
of nine pairs in 10% of cases. The remaining three to five pairs arose from the supreme
intercostal artery. The origin of dorsal intercostal arteries by means of common trunk was
present in 70% of cases. We found the division in right-left direction of common trunk in 60%
of cases and in craniocaudal direction in 40% of cases. There was a high degree of variability
present in the formation of common trunk. It was formed by two dorsal intercostal arteries in
four cases, by three arteries in one case, by four arteries in one case, and by five arteries also
in one case. The right- and left-sided arteries at the same level originated independently in
30% of cases.

The lumbar spinal cord received the arterial blood supply by means of spinal branches
originating from the paired lumbar arteries. In all the cases, we found seven pairs of lumbar
arteries. The first six pairs originated from the dorsal surface of the abdominal aorta, and the
last one pair was a branch from the median sacral artery in 80% of cases. The origin of two last
pairs from the median sacral artery was present in 10% of cases. Also in 10% of cases, we found
the origin of all seven pairs from the abdominal aorta. The origin of lumbar arteries at the same
level by means of a common trunk with the division in the right-left direction was present in
60% of cases. The independent origin of the right- and left-sided arteries at the same level was
present in 40% of cases (Figure 20).

2\_

Figure 20. Origin of lumbar arteries. (1) Abdominal aorta and (2) independent origin of lumbar arteries. Macerated
specimen, dorsal view, magnification 5x.

Dorsal intercostal arteries and lumbar arteries gave off spinal branches which entered the
vertebral canal through the intervertebral openings. The entering was associated with the
respective spinal nerve roots. After their entrance into the vertebral canal, the spinal branches
divided into the dorsal and ventral branch. The ventral branches joined the ventral spinal
artery. The occurrence of individual ventral branches joining the ventral spinal artery is
shown in Table 6. The ventral spinal artery was located subdurally along the ventral median
fissure of the thoracolumbar spinal cord. We found the left-sided ventral branches joining the
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ventral spinal artery in the thoracic spinal cord in 69.5% of cases and the right-sided in 30.5%
of cases. We found the left-sided ventral branches joining the ventral spinal artery in the lumbar
spinal cord in 54.2% of cases and right-sided in 45.8% of cases. Along the entire thoracolumbar
spinal cord, the left-sided branches joining the ventral spinal artery were present in 63.8% of
cases and right-sided in 36.2% of cases, which is most likely related to the left-sided localization
of the descending aorta.

Levell Occurrence of spinal branches (%)

Ventral Dorsal

Right Left Right Left
Th1 30 60 50 50
Th2 30 30 50 60
Th3 30 100 30 30
Th 4 0 30 0 30
Th5 0 50 30 50
Th6 50 50 30 30
Th7 0 30 30 50
Th8 30 60 30 0
Th9 0 50 10 30
Th 10 50 50 30 50
Th11 30 30 30 90
Th12 0 30 60 30
L1 0 0 50 30
L2 0 90 30 30
L3 30 0 0 30
L4 60 30 0 30
L5 50 50 0 60
L6 50 0 90 100
L7 30 90 30 100

L, lumbar segment of the spinal cord and Th, thoracic segment of the spinal cord.

Table 6. Occurrence of ventral and dorsal branches of arterial spinal branches in the thoracolumbar spinal cord
(dissecting technique, 10 guinea pigs).

In addition to relatively small spinal branches, a bigger feeding artery with origin from the
spinal branch of the fifth left lumbar artery in 60% of cases was present (Figure 21). The doubled
artery of Adamkiewicz with two different levels of origin was present in 30% of cases. The left-
sided artery originated from the spinal branch of the fourth lumbar artery and the right-sided
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from the spinal branch of the fifth lumbar artery (Figure 22). The artery of Adamkiewicz with
the origin from the spinal branch of the fifth right- and left-sided lumbar artery was present
in 10% of cases. These two separated arteries were continuing caudally on the ventral surface
of the lumbar spinal cord. These two arteries fused together at the level of the sixth lumbar
vertebra. From this point, the single ventral spinal artery continued caudally. A communicating
branch connected together with the bilateral spinal branches at the level of the fifth lumbar
artery and sent cranially thin branches joining the ventral spinal artery (Figure 23). In all the
cases, the artery of Adamkiewicz was joining the ventral spinal artery.

Figure 21. Left-sided localization of artery of Adamkiewicz. (1) Ventral spinal artery and (2) artery of Adamkiewicz.
Dissected specimen, ventral view, magnification 8x.

Figure 22. Doubled artery of Adamkiewicz. (1) Ventral spinal artery, (2) right-sided artery of Adamkiewicz, and (3)
left-sided artery of Adamkiewicz. Dissected specimen, ventral view, magnification 8x.

Figure 23. Doubled artery of Adamkiewicz. (1) Ventral spinal artery, (2) right-sided artery of Adamkiewicz, (3) left-
sided artery of Adamkiewicz, and (4) communicating branch. Dissected specimen, ventral view, magnification 12.5x.

In 60% of cases, we found two irregular longitudinal dorsal spinal arteries located in lateral
dorsal grooves (Figure 24). The dorsal branches of spinal branches were joined to the dorsal
spinal arteries. Three irregular longitudinal dorsal spinal arteries receiving the dorsal branches
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of spinal branches were present in 40% of cases (Figure 25). The third dorsal spinal artery runs
along the median dorsal groove. The occurrence of individual dorsal branches is shown in
Table 6. In the cases of the presence of two irregular longitudinal dorsal spinal arteries, they
were formed only by the fusion of the small cranially and caudally directed branches origi-
nating from the dorsal branches. The left-sided dorsal branches in the thoracic spinal cord were
present in 56.8% and the right-sided in 43.2% of cases. The left-sided dorsal branches in the
lumbar spinal cord were present in 65.5% of cases and right-sided in 34.5% of cases. Along the
entire thoracolumbar spinal cord, the left-sided dorsal branches were present in 60.3% of cases
and the right-sided in 39.7% of cases.

Figure 24. The presence of two longitudinal dorsal spinal arteries. (1) Dorsal spinal artery. Dissected specimen, dorsal
view, magnification 12.5x.

Figure 25. The presence of three longitudinal dorsal spinal arteries. (1) Dorsal spinal artery. Dissected specimen, dorsal
view, magnification 12.5x.

4. Discussion

4.1. Cervical spinal cord

Based on our results, it can be concluded that the blood supply of the cervical spinal cord in
rabbit and guinea pig has high variability. In contrast with our findings, only uniform origin
of the ventral spinal artery in both species was described [16, 17]. Cervical spinal cord injury
was studied in several species of experimental animals. The dogs, rats, pigs, rabbits, and guinea
pigs belong to the most used species. The arterial arrangement of the cervical spinal cord in
the dog was studied in detail with pointing on the variations in formation of the ventral spinal
artery and the frequency of occurrence of spinal branches [18]. The rat was also studied in
details, but the results of several studies differ [17, 19-21]. In pigs, only variations and the
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presence of extrasegmental arteries of the spinal cord blood supply were described [22, 23].
The frequency of occurrence of the spinal branches in our study was higher on the left than on
the right side, opposite to the dog [18].

The arterial blood supply to the cervical spinal cord in monkeys, dogs, rabbits, and rats was
studied by [24]. The origin of the ventral spinal artery was not recorded, and the ventral spinal
artery was described as paired vessel. In our specimens, the ventral spinal artery was in a form
of a single trunk with different types of origin in the place of fusion of bilateral vertebral
arteries. In this work, the origin of dorsal spinal arteries from the posterior inferior cerebellar
artery was described. In our specimens, we did not find the origin of the dorsal spinal arteries.

Some reports described the similarity of the arterial blood supply to the cervical spinal cord
in rabbits, guinea pigs, and humans [16, 17]. Based on our study, we can conclude that there
is partly different arterial pattern compared with human. The fusion of basilar artery is in
human without gap [25]. In rabbits and guinea pigs, we found different types and numbers of
gaps. In humans, the anterior spinal artery (homologue to the ventral spinal artery in animals)
is formed by the fusion of the anterior spinal branches arising from the vertebral arteries [26].
In rabbits and guinea pigs, we found three different types of origin of ventral spinal artery in
the place of fusion of vertebral bilateral arteries. In rabbits, we found the right-sided ventral
branches joining the ventral spinal artery in 46.2% and left-sided in 53.8% of cases, and in
guinea pig, the right-sided ventral branches were present in 41.8% of cases and the left-sided
in 58.2% of cases. Only two or three ventral branches joining the anterior spinal artery were
described in humans [27].

In rabbits and guinea pigs, we found on the dorsal surface high variability in the arrangement
of the dorsal spinal arteries (in human, the posterior spinal arteries). The posterior spinal
arteries in human are normally continuous rostral to caudal and supply the posterior third of
the spinal cord [28]. The frequency of occurrence of individual dorsal and ventral branches in
rabbits and guinea pigs was greater than in the case in humans.

According to our results, it can be concluded that the higher resistance to ischemic damage by
the interruption of ventral and dorsal spinal arteries was because of the presence of dorsal and
ventral branches reaching the cervical spinal cord in almost every segment. Rabbits and guinea
pigs are often used as an experimental model for the study of spinal cord injury. The cervical
spinal cord served as experimental model for the study of several types of damage [13, 29, 30].

4.2. Thoracolumbar spinal cord

Based on our results, it can be concluded that the blood supply to the thoracolumbar spinal
cord in rabbit and guinea pig has high variability. The anatomical arrangement with regard to
the origin of segmental dorsal intercostal and lumbar arteries has a very important role during
operations of thoracoabdominal aneurysms [31]. Correctly performed reimplantation of
segmental arteries decreases the risk of spinal cord ischemia, which can also lead to the
paraplegia [32-34]. Till now in rabbits, the segmental arteries were described as paired
branches originating independently from the dorsal surface of descending aorta [35, 36]. In
guinea pigs, the presence of dorsal intercostal arteries with the origin from the supreme



Importance of the Arterial Blood Supply to the Rabbit and Guinea Pig Spinal Cord in Experimental Ischemia
http://dx.doi.org/10.5772/64352

intercostal artery and the costocervical trunk was very variable. It varies from four to seven
arteries on each side. Twelve pairs of dorsal intercostal arteries were present, and the remaining
arteries were direct branches with the origin from the thoracic aorta [37]. In guinea pigs, the
dorsal intercostal and lumbar arteries were described as paired branches arising independ-
ently from the dorsal surface of descending aorta [35, 36]. In guinea pigs, two types of origin
of seven pairs of lumbar arteries were found: an independent origin and origin by means of a
common trunk of the arteries at the same level [38].

In the study of ischemic injury in the thoracolumbar spinal cord, dogs, rats, pigs, rabbits, guinea
pigs, and mice were used as experimental animals. In dogs, high variability in the density of
arteries forming the spinal arterial ring and in the spinal branches was described [18]. In rats,
the results in the study of arterial supply to the thoracolumbar spinal cord were very different
[17, 19-21]. The dorsal spinal arteries were found in number of two [39] or as less constant [19].
In pigs, the studies were concentrated on the extrasegmental blood supply to the thoracolum-
bar spinal cord [22]. In mice, the spinal cord blood supply was partially described [10, 40].

Only one work dealing with arterial arrangement of the thoracolumbar spinal cord in rabbit
and guinea pig was published [17]. But in this work, the artery of Adamkiewicz, the place of
its origin, and any other variations were not described. We found variable arrangement of the
artery of Adamkiewicz in rabbit and guinea pig, but in both species it was present in all cases.
In guinea pig, doubled artery of Adamkiewicz with origin from spinal branch of the third or
fourth lumbar artery was found [16]. In our study, the artery of Adamkiewicz was single or
doubled with variable level of origin. In dogs, the artery of Adamkiewicz was found only in
one half of the studied specimens. In rats, the presence of artery of Adamkiewicz is question-
able. Some authors described its presence in all cases [17, 19, 20, 41], but some authors doubt
its presence [21, 42]. In pigs, the artery of Adamkiewicz was not described [12, 13]. In mice, it
was found in all cases [10] and also in humans [43].

The vascular arrangement of the dorsal spinal arteries in rabbits and guinea pigs was very
variable. The dorsal spinal arteries in guinea pigs were described as two smaller anastomotic
chains of arteries, running in the lateral dorsal grooves [16]. In our study, the number of dorsal
spinal arteries varied from two to three. In humans, the posterior spinal arteries (homologue
to the dorsal spinal arteries in animals) were found as normally trunks continuing in the cranial
to caudal direction [28]. In dogs, four dorsal spinal arteries were described [18]. In rats, two
much less constant dorsal spinal arteries with irregular connections between each other were
found [19]. In mice, two spinal arteries [10] or only one single artery were described [40].

Our results indicate high variability in the presence of dorsal and ventral branches supply-
ing the rabbit and guinea pig thoracolumbar spinal cord. On the left side, they occurred in
higher numbers. The segmental arteries reaching the spinal cord ensured the blood supply
of the ventral and dorsal surface of the respective segments of thoracolumbar spinal cord. In
rabbits, the absence or irregularity of dorsal and ventral branches supplying the thoracic
spinal cord was higher than that of branches supplying the lumbar spinal cord. The higher
risk of ischemic damage to the thoracic spinal cord in rabbit was concluded. In guinea pigs,
we found higher absence or irregularity of dorsal and ventral branches supplying the lum-
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bar spinal cord, which allowed us to assume higher risk of irreparable ischemic damage to
the lumbar spinal cord.

Based on results of the study, it is possible to conclude that the more appropriate model for
the experimental study of ischemic injury of the thoracic spinal cord is the guinea pig and of
the lumbar spinal cord is the rabbit, due to a lower incidence of variations of arterial arrange-
ment in the corresponding spinal cord region. This implies that the thoracic spinal cord in
guinea pig and lumbar spinal cord in rabbit are the most similar in their arterial arrangement
to the homosegmental blood supply of human spinal cord.

5. Conclusion

The principles of blood vessel distribution to the spinal cord can be explained by the studies
of arterial arrangements of several animals used as experimental models. In general, these
studies can provide the additional information about the vascularization schema of the central
nervous system [19].

For the prediction of functional results of neurological injuries and disorders, animal models
from which the rodent models have a special place were used. Several clinical symptoms
described in human patients are very parallel to the symptoms observed in rodents. The
analysis of therapeutic approaches and behavioral sequel will help to determinate the
limitations and strengths of animal models. It is very important to respect each aspect before
an experimental study is started [44]. It is important to assess goals and expectations of the
experiment before choosing a model. The understanding of the arterial arrangement to the
spinal cord plays a very important role in avoiding the spinal cord ischemia or infarction
during surgical interventions to the spine [45]. The presence of the artery of Adamkiewicz and
nearly regular segmental blood supply to the thoracolumbar spinal cord in all studied animals
is responsible for the use of rabbit and guinea pig as a simple model of ischemic damage to
the thoracolumbar spinal cord.

The determination of appropriate species in the experiments of spinal cord injury requires
the detailed study of the spinal cord arteries in all species used in this research area. The
biased or erroneous outcomes can be caused by the presence of variation in arterial arrange-
ment.
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Abstract

Hyperhomocysteinemia (hHCy) is a recognized comorbid risk factor of human brain
stroke. We overview here the recent data on the homocysteine (Hcy) metabolism and
on the genetic and metabolic causes of hHCy-related neuropathologies. In context of
our results which detected an increased oxidative stress in hyperhomocysteinemic rats,
we discuss here the role of free radicals in this disorder. Brain ischemia-reperfusion
causes delayed neuronal death. Ischemic tolerance evoked by preconditioning (IPC)
represents a phenomenon of central nervous system (CNS) adaptation to any subse-
quent ischemia. The paper describes changes in the mitogen-activated protein kinases
(MAPKSs) protein pathways, and apoptotic markers were used to follow the degenera-
tion process. Our studies provide evidence for the interplay and tight integration
between extracellular signal-regulated kinase (ERK) and p38 MAPKSs signaling
mechanisms in response to the hHCy and also in association with brain ischemia/IPC
challenge. Recognition of the effects of risk factors in the ischemic tolerance would lead
to improved therapeutics, especially the brain tissue.

Keywords: hyperhomocysteinemia, ischemic tolerance, oxidative stress, brain, pre-
conditioning

1. Introduction

Comorbidities are widely recognized as possible risk factors for cardiovascular and cerebro-
vascular diseases [1-4]. Clinically described comorbidities such as earlier incidence of any type
of stroke, prior transient ischemic attack (TIA), arterial disease, atrial fibrillation, unproper
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diet and/or obesity, and physical inactivity are known to elevate risk for ischemic stroke [3, 4].
As it has been proved by several studies, even mild hyperhomocysteinemia (hHCy) increases
the incidence of ischemic brain damage, probably due to pleiotropic effect of homocysteine
(Hcy) and the impact of venous and arterial atherosclerotic changes [2, 5-7]. In fact, Hcy
inhibits NO synthesis by endothelial cells and platelets and stimulates the production of
reactive oxygen species (ROS) by the release of arachidonic acid from platelets. In parallel, it
also inhibits glutathione peroxidase and therefore stimulates the proliferation of endothelial
cells (see [6] for review). In addition, Hcy has been shown to inhibit methyltransferases, to
suppress DNA repair, and to facilitate apoptosis when accumulated inside the cells. Auto-
oxidation of Hcy metabolites results in H,O, accumulation [8], and long-term incubation of
neurons with Hcy metabolites induces necrotic cell death [9]. Consequently, homocysteine
level has been shown to be comorbidly elevated in neurodegenerative and acute disorders of
the central nervous system (CNS), for example, Alzheimer's disease or Parkinson's disease
[10]. Thus, the incorporation of animal models more consistent with the clinical population
afflicted by stroke is urgently needed for proper exploration of the disease's etiology such as
stroke and other cerebrovascular diseases. In fact, only limited number of literature data can
be found to describe the mutual influence of comorbid hyperhomocysteinemia to ischemic
damage on animal models of ischemic stroke.

2. Phenomenon of ischemic tolerance evolution

The brain is highly susceptible to hypoxia or ischemia, and numerous endogenous mechanisms
exist to protect neural tissue from its effects and to produce a protective state known as ischemic
tolerance [3, 4, 11]. It represents an evolutionally conserved endogenous neuroprotection/
plasticity, which can be induced by various paradigmas/stressors. Preconditioning is one of
the recognized neuroprotective strategies, which is induced prior to stroke as a preventative
measure in a high-risk individuals. It also can be used as a precaution against secondary stroke
following medical procedures such as aneurysm repair or cardiac surgery [1, 3, 4, 12]. In the
clinical settings of human stroke, which is hardly predicted, a novel algorithm of postcondi-
tioning may have a very high therapeutic value. Remarkably, it could be used afterward of
ictus to stimulate protective and regenerative pathways or as a precaution against stroke
recurrence [1, 12, 13]. Clinical studies are needed to test the safety and efficacy of these novel
strategies in humans [3, 4]. Although the cascade of molecular processes determining ischemic
preconditioning is not fully understood, it has been shown to influence receptor activities,
mitogen-activating protein (MAP) and other kinases and apoptotic mechanisms. Additionally,
ischemic tolerance in the brain can also be stimulated remotely, for example, by the application
of a tourniquet to one of the limbs also in human patients with subarachnoid hemorrhage.
More detailed studies are still needed to clinically validate this phenomenon [1, 3, 12, 14-16].

In spite of the high clinical relevance, only limited number of experiments can be found in the
literature to describe the mutual influence of comorbid hyperhomocysteinemia to ischemic
damage on animal models of human stroke. This paper summarizes current knowledge of the
homocysteine metabolism and the genetic and the metabolic causes of hyperhomocysteine-
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mia-related neurotoxicity. Based on results from our laboratory, in this context, we also found
that the combination of experimental hyperhomocysteinemia (hHCy) with ischemic insult
and/or with the pre-ischemic challenge affects the extent of neuronal degeneration as well as
the MAP kinase pathways involved in the preconditioning phenomenon.

3. Toxicity of homocysteine as recognized from its metabolism

Homocysteine (Hcy) is an intermediate sulfhydryl-containing amino acid derived from
methionine with recognized toxicity to neural cells and vascular endothelial cells. It originates
from a dietary protein through S-adenosyl methionine conversion [17]. Human patients with
severe hyperhomocysteinemia (hHcy) are characterized by a perplex of typical clinical
cardiovascular manifestations, which include neurological abnormalities, such as cerebral
atrophy, dementia, and seizures [18]. A large number of epidemiological investigations have
revealed the association of folate deficiency and hyperhomocysteinemia with an increased risk
of vascular diseases and brain ischemic stroke [6, 19].

Homocysteine metabolism includes three independent alternative pathways:

i. re-methylation,
ii. transmethylation to methionine, or
iii. transsulfuration to cysteine.

In addition to the already recognized causative role of mutations or polymorphisms in the key
genes encoding enzymes of Hcy metabolism to cardiovascular disorders and also stroke, a
novel observation already proved that epigenetic mechanisms, such as DNA methylation,
chromatin remodeling, RNA editing, noncoding RNAs (ncRNAs), and microRNAs (miRNAs),
might be equally relevant in the stroke etiopathogenesis [3, 20]. Earlier genetic studies suggest
that polymorphisms of the genes, which encode the metabolic pathways, such as methylene-
tetrahydrofolate reductase (MTHEFR), cystathionine 3-synthase (CBS), DNA methyltransferase
(DNMT), and nicotinamide N-methyltransferase (NNMT), might play an important role in
stroke development during elevated level of Hcy. Additionally, nutritional supplements, for
example, folic acid (a cofactor in one-carbon metabolism), can regulate the epigenetic altera-
tions of neuronal cells and may play an important role in the maintenance of neuronal
integrity [18, 20].

General Hcy metabolism in liver represents mainly methyl group transfer and re-methylation
and requires vitamin B,, and folic acid for N-5-methyltetrahydrofolate-homocysteine methyl-
transferase. Additionally, the transsulfuration reaction of Hcy depends on the presence of
vitamin B,. Remarkably in the CNS, the Hcy metabolism differs from other organs. The
transsulfuration pathway is practically absent and the re-methylation pathway using betaine
is not present [6, 21]. Thus, the effectivity to metabolize or convert homocysteine mostly relies
on externally delivered folate and cobalamine in the form of vitamins. The glial cells contain
very low deposits of vitamin B,, which is exhausted rather quickly during its negative balance.
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The harmful effect of the homocysteine to CNS neurons is quite well known. It has an influence
to both the neuronal survival rate and the functionality of neurons to the signal transmission.
As a consequence, it also affects the formation of functional neural networks with the effect
surpassing simple neuronal survival.

In our laboratory, we have analyzed the neurotoxic properties of Hcy on glial cells, using a
glioblastoma cell line as a study model. The viability of cells was assayed both biochemically
and cytologically. As proved, Hcy concentration around 50 pmol/l induced cell death. It is
worth noting that Hey induces cell death of human glial cells at concentrations which corre-
sponds to the mild clinically occurred hyperhomocysteinemia. We propose that Hecy-induced
impairment of neuronal functions along with the damage of glial cells may contribute to the
etiopathogenesis of neurological disorders associated with hyperhomocysteinemia [22]. As
shown in clinical studies, an elevated Hcy level associates with CNS disorders, such as stroke,
Alzheimer's disease, dementia, as well as with classical homocystinuria [2, 6].

In humans, plasma Hcy concentration varies from 5 to 10 umol/l and its elevated level is
classified as hyperhomocysteinemia (hHcy) with mild, moderate, intermediate, and severe (for
concentrations higher than 100 umol/l), manifested also with homocystinuria [19]. As gener-
ally believed, homocysteine is produced merely in all tissues. On the other hand, its metabolic
inactivation proceeds only in the liver/kidney, mainly through the transsulfuration pathway.
As the outcome, in tissues such as the blood vessels and the brain, where re-methylation
enzymes are merely absent, the reduction of MTHER activity leads to homocysteine accumu-
lation. As analyzed in various genetic cohorts, the MTHFR C677T polymorphism has been
established as a risk factor for ischemic stroke in different laboratories [23].

Selective neurotoxic effect of Hcy includes various pathomechanisms such as glutamate
receptor-mediated neurotoxicity [2, 24]. Notably, glutamatergic excitotoxicity is also associated
with the brain damage caused by ischemic insult. Hcy was shown as an inductor of caspase-
dependent neuronal apoptosis, by a mechanism involving several detrimental steps, such as
the DNA damage, poly-ADP-ribose polymerase (PARP) dysregulation, and mitochondrial
dysfunction by caspase-3 activation. Hcy appears to also be critically involved in the glial-
vascular interface communications as part of the blood-brain barrier. The important role of
astrocytes in the regulation of overall brain metabolism and in particular in the brain energy
metabolism has already been proved [4, 22]. As generally believed, the elevation of the Hcy
activates an excitatory glutamatergic neurotransmission in different brain areas, which
stimulates neuronal damage derived from an excessive Ca*" influx and reactive oxygen species
generation.

Principally, dysbalance in redox state and oxidative stress has been proposed as one of the
primary etiologies for hHCy-related pathogenesis [6, 19]. Previous observations proved that
dysequilibrium in redox balance may be a key factor in the pathogenesis of vascular hyper-
trophy, thrombosis, and atherosclerosis in hyperhomocysteinemic animals [25]. In fact,
reactive oxygen species (ROS) are side products of the Hey-free thiol group oxidation, mainly
when Hcey binds via a disulfide bridge with plasma proteins —mainly albumin— or with other
low-molecular plasma thiols, or secondarily with other Hcy molecule.
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Already proposed reactions responsible for Hcy-induced oxidative stress include:

i inhibition of the activity of cellular antioxidant enzymes,
ii. Hcy auto-oxidation,
iii. nitric oxide synthase (NOS)-dependent generation of superoxide anion via uncou-

pling of endothelial NOS (eNOS),

iv. disruption of extracellular superoxide dismutase from endothelial surfaces, and
V. activation of NADPH oxidases.
vi. Interestingly, mutual tissue production of strong oxidant peroxynitrite stimulates

tyrosine nitration, which leads to protein functional alterations and cellular dysfunc-
tion [26]. Auto-oxidation of Hcy metabolites results in H,O, accumulation and as
shown by [9] and later by [8] prolonged incubation of neurons with Hcy metabolites
leads to necrotic cell death.

Homocysteine is also converted to the thioester forming the Hey-thiolactone in an error-editing
reaction in translation mechanism. Accidentally in proteosynthetic process, Hcy is erroneously
selected in place of methionine by methionyl-tRNA-synthetase. As shown by animal and
human experiments, the Hcy-thiolactone remarkably contributes to Hcy pathobiology. Its
toxicity is based on reaction which leads to protein N-homocysteinylation through the
formation of amine bonds with protein lysine residues [27], which impairs or alters the
structural and functional properties of particular protein. Several clinical studies have reported
that increased plasma homocysteine levels may provoke neurological seizures. Systemic
administration of homocysteine at high doses is able to induce convulsions in mice and it can
be suggested that similar detrimental effects might occur in patients affected by temporal lobe
epilepsy [28].

A number of papers from our and also other laboratories [13, 29-31] documented that global
ischemia/reperfusion injury (IRI) in rats follows with the time-dependent dysbalance of redox
balance in cortex and hippocampus. The insult also activates different gene expression at both
the mRNA and protein levels. In addition, experiments of [32] proved that the redox status
and gene expression are influenced by preconditioned pre-ischemic treatment. In spite of high
clinical relevance, the data from literature which deals with the mutual effect of IRI and
endogenously produced homocysteine as verified risk factor to ischemic injury are very
limited [2]. Observations of [6] which described the effect of chronic dietary supplementation
of Hcy for 2 weeks (to initiate hyperhomocysteinemia-hHCy) documented remarkable
elevation of lipoperoxidative and protein oxidative products in rat cortex and hippocampus.
Experimental hyperhomocysteinemia was induced by the subcutaneous administration of
homocysteine in saline solution (0.45 pmol/g body weight) twice a day at 8-h interval for 14
days [6, 30]. It has been proved that Hcy crosses the blood/brain barrier and exhibits a
maximum level in the cerebrum and parietal cortex between 15 and 60 min after subcutaneous
injection. Remarkably, plasma Hcy concentration in rats treated this way achieved levels
similar to those found in homocystinuric patients (moderate hyperhomocysteinemia). Groups
of rats were subdivided as described earlier [6, 30]:
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sham-operated control (naive) animals,

sham-operated control (preconditioning) animals,

the animals that underwent 15-min ischemia (naive),

the animals with induced 5-min IPC following 15-min ischemia,
sham-operated hyperhomocysteinemic control animals,

the hyperhomocysteinemic animals that underwent 15-min ischemia,

N o g kN

the hyperhomocysteinemic animals with induced preconditioning animals following 15-
min ischemia.

Experiments evidently document that hyperhomocysteinemia induces remarkable elevation
of lipoperoxidative and protein-oxidative products, the results which are in a good correlation
with previously published experiments [24]. Moreover, as documented by the number of
Fluoro-Jade B-positive- and TUNEL-positive cells (as indicator of neuronal degeneration) [30,
33-37], the number and proportion of degenerated neurons over intact cells evidently exceeds
in the hippocampus of hHCy animals and reached the level which almost competes with the
levels documented after ischemic insult in nontreated, naive group. As was shown in earlier
studies, an auto-oxidation of Hcy metabolites results in higher H,0, production, and prolonged
incubation of neurons with Hcy metabolites elevates the number of necrotic cell death [8, 9].
Interestingly, as was documented by [38], single intracerebroventricular injection of homocys-
tein was followed by the elevation of typical apoptotic features of cells of substantia nigra, which
results to the typical Parkinson's disease-like behavior in rats. As was detected earlier, an
increased Hcy level is potent to induce and accumulate hydroxyl radicals as the most potent,
powerful-free oxygen species with the high efficiency to remove electrons from other cellular
biomolecules such as lipids, proteins, carbohydrates, and DNA [39]. Remarkably, results of
experiments from our laboratory and also previous results have documented that in hyper-
homocysteinic model in rats [6, 30, 36, 37, 40], the elevation of homocysteine was followed by
significant neurotoxic effect. As was proposed earlier, the effect is probably caused by the
hHCy-induced oxidative dysbalance and cellular stress. Interestingly, as was detected in a
human study on Alzheimer's patients and patients with the mild cognitive impairment, an
increased level of plasma homocysteine positively correlated with alterations of hippocampal
volume. This effect is not mediated by cerebral beta-amyloid deposition and vascular burden
but likely due to the oxidative dysregulation induced by homocysteine as part of direct
homocysteine adverse effect [2, 41].

Results from another study from this laboratory [42] have shown that hyperhomocysteinic
differently express mRNA and protein of calcium pump in secretory pathways (SPCA1). SPCA
has a remarkable role in the development of neural cells and their migration [43] and its loss
can finalize to the stress of Golgi apparatus expressed by alterations of membrane structure
and redox dysregulation in neuronal cells. The effect of Hcy on the expression profile of the
Ca*-transport proteins in neuronal cells is not yet fully described. The transcription factors
Spl and YY1 were identified in the gene expression regulation by the cis-enhancing elements
in 5’-untranslated regions. Hyperhomocysteinemia is followed in intracellular Ca* elevation,
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release of calcium and endoplasmic reticulum (ER) stress [6, 44], leading to apoptotic events,
endothelial dysfunction, and remodeling of the extracellular matrix also in the brain paren-
chyma. Moreover, homocysteine itself by metabolic interfering with the level of S-adenosyl-
methionine (donor of methyl group) has also been reported to induce the modulation of gene
expression through the alteration of the gene methylation status [10].

Remarkably, the processes, such as modifications of protein structure, have been proved in the
etiology eventually leading to homocysteine-induced neurotoxicity. Homocysteinylation can
be subdivided into the two main types:

i S-homocysteinylation and
ii. N-homocysteinylation,

both of which are typical examples of posttranslational protein modifications. The extent of
the homocysteinylated modifications correlates with increased plasma Hcy level [39], and the
chemical conversion of Hcy to Hey-thiolactone followed by protein N-homocysteinylation is
an etiological factor, which contributes to the expressed Hcy neuronal and tissue toxicity. As
shown by [45], homocysteinylation follows functional protein modification and enhances
protein degradation processes which can finalize to cell damage.

In this context, Petras et al. [6] in a recent study observed remarkable decrease of Mn**-activated
superoxide dismutase (Mn-SOD) activity in cortical mitochondria in the 14-day hHCy model
in rats. This catalytic activity is included in the first line of cellular defense against oxidative
injury, and has been shown to be suppressed in the hHCy group compared to the control group.
These results might be explained by putative increased posttranslational modifications of Mn-
SOD due to the higher level of Hcy leading to the enzyme homocysteinylation and thiolation.
As was shown recently by Li et al. [46], the imbalance among antioxidant enzymes caused by
an increased Hcy level might alter ROS elimination, and thus lead to the increasing amount of
free radicals and likely to homocysteine-induced stress of endoplasmic reticulum, which can
result in the dysfunctional consequences in rat hippocampus.

4. Impact of hyperhomocysteinemia on ischemic/reperfusion injury and
ischemic tolerance induced by ischemic preconditioning

Now, the clinical comorbid effect of hHCy to the stroke incidence and severity is clearly
recognized. However, a bit surprisingly, the experimental results, which are focused on the
mutual influence of the comorbid hyperhomocysteinemia to ischemic damage on the animal
models of human stroke, are only limited [12, 32, 47]. Ischemic insult/reperfusion insult in the
animal models is followed by the degeneration of majority (more than 64%) of hippocampal
neurons [3, 33]. Experiments from this laboratory [33, 34, 42], which combine 14 days of
hyperhomocysteinemia with 15-min forebrain ischemia/reperfusion, show that insult initiates
manifestations of morphologically changed neurons and disturbances of glial cells of the
hippocampal area. On the other hand, the combination of both approaches elevated the
percentage of morphologically intact and probably nondegenerated cells in comparison to the
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naive ischemic/reperfusion insult. In this context, Sato et al. [47] in experiments on hippocam-
pal CA1 neurons after ischemic insult in rats have proved concentration-dependent cell
protection by S-adenosyl-L-methionine (SAMe). The effect was concealed by the concomitant
administration of S-adenosyl-L-homocysteine, a potent inhibitor in transmethylation. From
these results, the authors considered that the enhancement of intraparenchymal SAMe level
followed by the activation of transmethylation using SAMe as a methyl donor in postischemic
brain is inevitable for the tissue protection and prevention of delayed neuronal death.

The pre-ischemic treatment has been recognized to save the majority of hippocampal neurons
which exceeds more than 75% of all neurons [1, 33]. If we combined 14 days of hyperhomo-
cysteinemia with preconditioning [6, 33, 34, 36, 37, 40, 42], this particular treatment has
finalized by the larger suppression of cell degeneration not crossing 5% of the total number of
neurons. It is remarkable that in this particular hyperhomocysteinic model in rats, the
protective effect of IPC maneuver is influenced by not-yet fully clarified mechanism. One
appealing candidate that has been described is a novel regulatory epigenetic mechanism,
which encompasses both the gene environment interactions and also tissue functionality. The
recent evidence proves that several epigenetic mechanisms are also involved in the stroke
pathogenesis and the tolerance etiology. Participation of several important enzymes regulating
DNA methylation including DNA-N-methyltransferase has been proved, and the high level
of Hcy may eventually finalize to the increase in the level of S-adenosyl methionine. As a result,
its higher enzymatic activity might stimulate hypermethylation of the genomic DNAs and
silencing of functional genes [44].

In the recent study [35], the authors have analyzed whether hyperhomocysteinemia (risk factor
of brain ischemia) alone or in combination with the ischemic preconditioning (IPC) affects the
ischemia-induced neurodegenerative changes and imbalance in the intracellular-signaling
pathway including the MAPK/p-ERK1/2 and MAPK/p-p38 gene and protein expression in the
rat brains. We have used the model of hyperhomocysteinemia induced by the subcutaneous
administration of homocysteine as well as the preconditioning maneuvers followed by global
ischemia as was described above. Here, we suggest that hHCy alone (as an example of
metabolic stress) and/or in combination with IR injury affects mechanisms of the ischemic
tolerance induced by IPC maneuver. The study reveals that hHCy alone significantly increased
neurodegeneration by Fluoro-Jade C and terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) positive cells in hippocampus as well as in the
cortical brain area. Prominent features of those changes were detected by using markers of cell
damage/degeneration and changes in MAPKSs expression in the CA1 hippocampal region and
M1 cortical sector. We have also found in these experiments an elevated level of MAPK/p-ERK
and the decreased level of MAPK/p-p38 after pre-ischemic challenge by Western blot and
fluorescent immunohistochemistry.

Experiments from this laboratory previously showed that IR insult leads to the neurodegen-
eration of neurons in the CA1 region of hippocampus as detected by Fluoro-Jade Cand TUNEL
analysis. As expected, IPC leads to the suppression of the number of positive cells and
conferred neuroprotection [33, 34]. Interestingly, the effect of homocysteine on cellular
degeneration and following morphological changes was observed in the rat hippocampal and



Forebrain Ischemic Stroke and the Phenomenon of Ischemic Tolerance: Is Homocysteine Foe or Friend?
http://dx.doi.org/10.5772/64611

cortical regions. The increased number of Fluoro-Jade C+ and TUNEL+ neuronal and glial
elements supports this effect of hHCy. The thickened and collapsed processes that poorly
extend to the area of pyramidal neurons in CA1 region and M1 cortex are presumably due to
the morphological alterations of astrocytes and cytoskeletal remodeling. This might suggest
for the ensuing development of hHCy-associated neuronal cell damage [23, 48, 49]. Astrocytes
are highly plastic cells and their dynamic morphological changes could affect the intercellular
communication with surrounding synapses that are important in the development of brain
lesions [40]. Maler et al. [50] reported that Hcy doses of 2 mmol/l and above induced a dose-
dependent cytotoxic effect on cortical astrocytes. Astrocytes regulate the expression of the N-
methyl-p-aspartate (NMDA) receptor subtypes, which increase neuronal sensitivity to
glutamate toxicity and thus accelerate the initial step in a program of reactive astrogliosis and
dynamics of the astrocyte response to damage [51]. On the other hand, in response to the injury,
astrocytes synthesize a number of factors that may play either neuroprotective or neurotoxic
roles.

Recently, we have shown that IPC prior to lethal ischemia affects MAPK/ERK and MAPK/p38
pathways in the cerebral cortex [33] as well as in hippocampus [34]. There is only sparse
literature data focusing on the effect of Hcy on the MAPKSs protein expression in neuronal cells
[48, 52]. Our results suggest that the combination of both stressors (ischemia + Hcy) affects
considerably the MAPKs pathways expression. hHCy-IR induces the MAPK/p38 expression
as detected by Western blot and immunoanalysis. Poddar and Paul [52] showed a biphasic
response of MAPK/p38 activation in the Hcy-NMDA-induced neuronal damage in vitro,
characterized by the initial rapid elevation followed by a delayed and more prolonged
secondary increase, where the later peak was primarily involved in mediating the Hey-induced
cell death. They also showed that this secondary activation of MAPK/p38 correlates with the
upstream MAPK/ERK activation, which plays a role in facilitating of the Hcy with the
conclusions of this study. Interestingly, we found that the MAPK/p38 pathway was activated
also in hHCy control group. We previously reported that IR injury induces only slight increase
of MAPK/p38 expression [33, 34]. However, the combination of both stressors (ischemia +
hHCy) leads to the massive activation of MAPK/p-p38 with maximum at 24 h after reperfusion.
This dynamic MAPK/p38 activation could contribute to more extensive progression of tissue
injury [52, 53]. Remarkably, the effect of the IPC maneuver on the decreasing of MAPK/p-p38
expression in ongoing reperfusion times indicates for proposed neuroprotective mechanism.
The MAPK/p-p38 pathway was suppressed also by the combination of two stressors.

MAPK/ERKSs are versatile protein kinases that are ubiquitously expressed in the CNS. We have
already shown that in the hippocampus and cerebral cortex activated MAPK/ERK parallels
neuroprotection induced by IPC [33, 34]. The robust expression changes in hippocampus and
modest posttranslational changes in MAPK/ERK pathway in less sensitive vulnerable neurons
of the cortical layers III and V corresponds with results of similar experimental models [53,
54]. Extensive studies have shown an interplay and tight integration of MAPK/ERK signaling
in promoting neuronal cell death both in development and in neurodegenerative disorders
[49, 52]. It has been proposed that transient activation of MAPK/ERK has different consequen-
ces as compared with sustained activation [49, 52]. Transient activation of MAPK/ERK plays
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a pivotal role in neuronal maturation, survival, and long-term potentiation. On the other hand,
the sustained activation of MAPK/ERK may play a critical role in triggering proapoptotic
signals and neuronal cell death. As documented in our study [35], the immunoreactivity of
MAPK/p-ERK after IPC with induced hHCy was found in the early stages of reperfusion, with
maximum level at 24 h, and its activation is probably associated with neuronal protection
induced by IPC[54]. The slight activation of MAPK/ERK was detected also in the hHCy- control
group. Itis well known that hHCy mediates glutamate-mediated NMDA receptor stimulation,
which eventually leads to the activation of both stimulatory and inhibitory pathways involved
in the modulation of MAPK/ERK signaling [49]. In fact, the dual role of MAKP/ERK kinases
in cell survival and death suggests that a unique profile of gene expression may be elicited
depending on the duration and/or magnitude of MAPK/ERK kinase activation [52]. Thus, the
duration of MAPK/ERK kinase activation following MAPK/p38 stimulation depends on the
nature of the extracellular stimuli and may have different consequences on intracellular
signaling pathways eventually leading to different cellular responses.

To summarize, results from our and other experiments show that hHCy is associated with a
selective degeneration of cortical and limbic brain structure including hippocampal area. The
degeneration involves the loss of neurons, glial growth, hypertrophy of astrocytes, and
probably sprouting of new connections. The morphological findings indicate that the astro-
cytes are the first neural cells participating in the deleterious actions of Hcy on the CNS.
Apparently, astrocytes are able to respond to mild hHCy by reorganizing their cytoskeleton,
surviving and protecting neurons from the damage [55].

Moreover, our studies also suggest that there are at least two different ways in which the
neuronal tissue responds to hHCy. The induction of hHCy alone leads to neuronal cell death
and morphological changes in the hippocampus and cortex that corresponds with findings of
previous reported studies [48, 55, 56]. Combination of hHCy with more intense stimuli
(ischemia) causes more prominent changes in cortex than in hippocampus. Importantly, IPC
maneuver, even if combined with hHCy; still preserves the neuronal tissue from lethal ischemic
effect. The other important finding that arose from our studies is that MAPK/p38 promotes
neuronal cell death, whereas MAPK/ERK activation opposes apoptosis. Finally, all the above-
mentioned studies provide evidence for the interplay and tight integration between ERK and
p38 MAPK-signaling mechanism in response to mild hHCy and also in association with IR
insult/IPC challenge in rat brain. Conclusively, preconditioning even if combined with hHCy
could still preserve the neuronal tissue from lethal ischemic effect.

The one carbon unit metabolic pathway, which is involved in the regulation of homocysteine
metabolism, is also part of the process which methylates amino acids in functional proteins
and histones as well as the bases within the RNA and DNA. As a result, demethylation of S-
adenosyl methionine, which is converted to S-adenosyl-homocysteine, exclusively provides
methyl groups for the cells. Derangement of this phase might cause wide implications on
plenty of cellular processes including the modulation of the expression of functional genes as
well as the epigenetic regulation [10, 44, 21].

Elimination of Hcy-thiolactone, a metabolite of HCy, is performed by the high-density
lipoprotein (HDL)-associated enzyme, Hcy-thiolactonase/paraoxonase 1 (PON1). This enzyme
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hydrolyzes Hcy-thiolactone in human serum [57] and similarly in the brain, it has been
proposed that PON1 protects mice against Hcy-thiolactone neurotoxicity by enzymatic
hydrolysis [58].

In summary, the experiments proved that pre-ischemic challenge in 14 days of hyperhomo-
cysteinemic model in rats initiates responses of neuronal cells, which probably coordinate
several etiological/protective mechanisms such as antioxidant defense [58], Ca* transport, and
epigenetic mechanisms, such as DNA methylation and chromatin remodeling in the manifes-
tation of the phenomenon of ischemic damage and ischemic tolerance [1, 12, 20, 32, 33].

5. Conclusion, challenges, and future directions

Hyperhomocysteinemia manifested as an elevated plasma level of homocysteine is now a
widely recognized risk factor of human ischemic stroke. Elevated plasma homocysteine level
leads to an increase in cerebrovascular permeability and causes several biochemical alterations
such as thiolation and homocysteinylation to plasma proteins and enzymes and remarkably
also in the brain parenchyma. These hHCy induced posttranslational protein modifications
can have a causative role to the altered function and activity of the functional enzymes involved
in the free radical protection also in brain parenchyma. Homocysteine metabolism itself leads
also to the redox imbalance and to increased oxidative stress and the production of free radicals
with the consequence in the damaging neuronal lipoperoxidation and cellular protein
oxidation. The paper also highlights protective effect of pre-ischemic challenge to the subse-
quent lethal ischemia in rats. The pre-ischemic maneuver itself and also combined with
hyperhomocysteinemia diminished the extent of neuronal degeneration as well as the
intracellular signaling. Recent studies also underscore an opposing effect of MAPK/ERK and
MAPK/p38 on cell survival and cell death in hyperhomocysteinemic conditions in brain
parenchyma also if combined with IPC challenge in rat model of global ischemic stroke.
Interestingly, a novel protective paradigm, such as postconditioning and/or remote condition-
ing, has already been observed as an effective in reducing ischemic reperfusion injury. As was
proved in the experimental studies and also in clinical trials, those paradigms affect all the cells
of the neurovascular network (consisting of neurons, glial cells, vascular endothelial cells,
pericytes, smooth muscle cells, and venule/veins) [59, 60]. In the context of clinical applications,
it is strongly suggested that the identification of the effects of comorbid factors in the mecha-
nisms of ischemic damage and if combined with the ischemic tolerance evolution can poten-
tially lead to improved therapeutics, especially the brain tissue. Additional studies of these
molecular pathways are strongly needed to validate the role of hHCy in the etiology of
neurological disorders.
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Abstract

Cerebrovascular diseases are currently among the three primary causes of death
worldwide and are the first cause of disability in adults. Nevertheless, there are no
neuroprotective or neurorestorative therapies that have shown considerable beneficial
effects, except for the FDA-approved recombinant tissue plasminogen activator (rtPA),
which has been used for decades for the treatment of stroke and its effectiveness is still
controversial. This is why it is very important to develop effective therapeutic options.
In order to achieve this objective, it is essential to recognize the secondary mechanisms
involved in the pathological development. The immunological system is one of these
mechanisms that participate during the acute and chronic phases of disease, both in
deleterious and beneficial manners. It is known that the immune system’s duality
contributes to the ischemic injury through proinflammatory cytokine (tumor necrosis
factor-a (TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-6)), and oxygen reactive species
production, etc. Nevertheless, it also provides protection and even restoration through
anti-inflammatory cytokine (interleukin-4 (IL-4), interleukin-10 (IL-10), transforming
growth factor-3 (TGF-f)), and growth factor (brain-derived neurotrophic factor (BDNF),
insulin-like growth factor-1 (IGF-1), neurotrophin-3 (NT-3), neurotrophin-4 (NT-4))
production. This states that innovative therapeutic options must be proposed with the
goal of protecting and restoring the tissue after the ischemic event. Such therapies are
exposed in the present chapter.

Keywords: cerebral ischemia, neuroprotection, immunomodulation, inflammation
protective autoimmunity, neurorestoration
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1. Introduction

Cerebrovascular diseases (CVD) include hemorrhagic and ischemic brain injuries, the latter
being the most common since 85% of cases arise from atherothrombotic (artery stretching)
and atheroembolic etiologies. Both of these diseases are the first cause of permanent
disabilities in adults, primarily in developed countries, where 30% of patients that have
suffered from stroke become incapable of performing their daily routines [1]. Stroke is, in
addition, among the first three causes of premature death worldwide; according to the World
Health Organization (WHO), 6.7 million deaths were caused by cerebral ischemia in 2012, as
well as 46% of deaths being caused by stroke and ischemic heart disease altogether, with
mayor incidence in low-income countries, with 80% of cases [2]. As for the United States
(which has the most available information), the American Heart Association (AHA) reported
in an updated statistics report that the death rates associated with stroke have been dropping
over the years, and from 2009 to 2012, the prevalence is estimated in 2.6% with an incidence
of almost 800,000 cases a year, one every 40 s [3]. And according to the Center for Disease
Control (CDC), there is one death out of every 20 stroke cases, or one every 4 min [4]. On the
other hand, European countries experience dramatic differences in disease burden. The
EuroHOPE study performed on data from 2007 observed higher incidence of ischemic stroke
in Hungary, and Finland and less in Scotland and Sweden and different mortality rates among
regions in different countries [5].

The incidence and prevalence of stroke and its recurrence continue to be high due to the low
attention and awareness to symptoms which create delay in the seeking of medical attention,
allowing damage to progress. People are not aware that time is critical for stroke treatment
due to the short therapeutic window of available treatments. Disabilities and dependence
among patients tend to get worse in the 6-12 months following stroke; mobility and function-
ality related to dressing and toileting are the most affected, and deterioration is related to prior-
to-stroke comorbidities [6]. Depression is one of the major outcomes and is associated with
stroke recurrence [7].

There are a vast array of risk factors associated with cerebrovascular diseases and specifical-
ly to cerebral ischemia. The most common are chronic diseases that could be modified
through behavioral and lifestyle changes or pharmacological treatment such as diabetes, hy-
pertension, obesity, and atherosclerosis; besides, alcoholism and tabaquism, high salt con-
sumption, and sedentarism are behaviors that are associated with a greater risk of
developing stroke [2]. On the other hand, there are a series of risk factors that cannot be
controlled and predispose a person to cerebral ischemia: they are age, gender, and ethnicity.
For instance, postmenopausal women have greater risk of developing stroke than men the
same age, but premenopausal women are protected by estrogenic hormones [8, 9]. It has
also been reported in 2010 by the Global Burden of Disease (GBD) that 31% of strokes are
among young adults (20-64 years of age) and strokes are common in people below 45 years
of age [10]. Non-Caucasians are also at greater risk of stroke than Caucasians [8].
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2. Pathophysiology

Usually, when speaking about stroke, two stages of damage to the integrity of the neural tissue
are considered. The first stage is the lesion per se, caused by the restriction of blood flow from
an obstruction in a major vessel and presents the characteristic physiopathology that ends in
neural death. This area of the lesion, which is almost immediately damaged at this stage is
called the “infarct core.” The second stage of damage is that of secondary degeneration that
further injures tissue not originally damaged by the restricted blood flow, but that is adjacent
toand surrounds the infarct core. This area of lesion is called “ischemic penumbra,” it preserves
some energy metabolism, and its degeneration is caused primarily by excitotoxicity and
inflammation.

Nonetheless, inflammation previously contributes to the development of stroke, since people
who suffer from chronic proinflammatory state diseases like hypertension, dyslipidemia,
atherosclerosis, and type-two diabetes have endothelial alterations, as well as irregularities in
rheology and hemodynamics [11]. Galectin-3 (GAL-3) concentration is increased in these
patients; this protein favors atherosclerotic plaque formation and might participate in the
development of cerebrovascular disease [12] GAL-3 is also a very important inflammatory and
fibrogenic mediator [13, 14]. Interleukin-1p (IL-13) is a proinflammatory cytokine that has been
related to atherosclerotic plaque formation and vascular inflammation [15]; other factors have
also been associated with it, such as Von Willebrand coagulation factor, selectin E, and others
[16].

Atherosclerotic plaque is characterized by accumulation of molecules of cholesterol and low-
density lipoproteins (LDL) in the vessel walls, after being oxidized they chemo-attract
monocytes to the site, and they phagocytose these oxidized LDL, which in turn causes them
to become foam cells. Foam cells loaded with high amounts of LDL stay trapped in the
endothelium and suffer from apoptosis and necrosis. This situation generates a lipidic plaque
covered by connective tissue and are infiltrated by activated T cells, macrophages and
mastocytes that will chronically produce inflammatory mediators in the endothelial wall [17].
Oxidized cell and molecule accumulation generate endothelial wall activation, thus promoting
adhesion molecule expression and easing immune cell aggregation.

Several investigators consider that the severity of endothelial inflammation can imply
differences in atherosclerotic plaque rupture vulnerability, which will contribute to the
development of ischemia in the surrounding tissue. For this reason, the use of imaging
technology such as Computerized axial tomography Computerized axial tomogra-
phy(CAT);Positron emission tomography (PET) scan, MRI, and Positron emission tomography
(PET), has been considered in order to identify the degree of endothelial inflammation and to
assess risk of developing an ischemic event [18].

Stroke originates from either a reduction in the arterial lumen, or the release of a thrombus
that becomes trapped in a major artery, most commonly the middle cerebral artery (MCA).
This occlusion causes diminished blood flow to the site irrigated specifically by that vessel and
so glucose and oxygen supply will stop, triggering metabolic insufficiency. The incapacity for
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glucose to reach the cells causes a decrease in adenosine triphosphate (ATP) production which
interferes with Na*" and K* pump function; in light of this, intracellular K* decreases dramati-
cally causing membrane depolarization [19], and thus, further voltage-dependent Ca** channel
dysfunction and opening, unlocking of some CA*"* receptor-dependent channels, Na*/Ca*
channels from cellular and mitochondrial membrane, and CA* pump deterioration in cell
membrane, and endoplasmic reticulum [20].

All of these events triggered by membrane depolarization drive a secretion of excitatory
neurotransmitters, especially glutamate that upon binding to its receptors induces greater
depolarization and glutamate release, giving rise to the excitotoxicity phenomenon [21]. The
massive amounts of calcium will activate a series of enzymes (e.g., calpaines, phospholipases,
and endonucleases), and free radicals that in turn lead to neuronal death.

On the other hand, the proinflammatory milieu that is present in the occluded vessel endo-
thelium is lacking in oxygen and altogether with the changes in vascular pressure generate a
major reactive oxygen species (ROS) production [22] that promotes higher expression of:
Matrix metalloproteinases 2 and 9 (MMP 2 and 9) that digest the basal endothelial sheet [23]
and cyclooxygenase 2 (COX-2) and subsequent prostanoid production [24]. Increased ROS
production also cause complement and endothelial cell activation that promotes the secretion
of proinflammatory mediators such as IL-1 and IL-6, and increased expression of intercellular
adhesion molecule (ICAM), vascular adhesion molecule (VCAM), and leukocyte adhesion
receptors such as selectins P, E, and L; all this promotes leukocyte adherence and extravasation
[25].

When, or if the occlusion is not permanent, the vessel experiences reperfusion (spontaneously
or after treatment). During this process blood flow is restored, thus once again providing
glucose and oxygen to the already injured tissue. This situation worsens neural tissue damage
as a result of an increase in substrate availability that causes an increment of free radical
production, lipoperoxidation, and a rise in cell death protein activation, as well as adhesion
molecules [26] and metabolic detriment [27].

As free radicals such as nitric oxide (NO) and ROS increase, they interact with their target
molecules and activate mechanisms such as apoptosis, arachidonic acid metabolism, and
respiratory chain inhibition that, as a consequence, increase inflammatory mediators [26, 27]
that contribute to the secondary degeneration.

Although it is worth mentioning that the amount of neural damage depends on how long the
vessel is occluded, since it has been observed in several studies that early reperfusion reduces
infarct sizes [27].

3. Secondary degeneration due to inflammation

Microglia is specialized macrophages that live in the cerebral parenchyma, when at rest or
quiescent, these normally exhibit a phenotype characterized by thin processes. These cells are
also very sensitive to changes in the cerebral milieu since their primary functions are to
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eliminate cell debris from apoptosis [28], regulate neural synapses [29], neurogenesis [30],
trophic factor production [30], inflammatory process [31], damaged cell phagocytosis, and the
repair and remodeling processes of the central nervous system (CNS) [32].

During early stages of ischemia, when there is a progressive decrease in oxygen and ATP in
the cerebral parenchyma, glial cells release molecules such as lipocalin 2 (LCN2) [33] and IL-4
[34] secreted by neurons as an immediate response to injury. These molecules are capable of
activating microglia and induce a protective M2 phenotype characterized by the production
of anti-inflammatory cytokines IL-10, IL-4, and increased phagocytosis [33]. This phenotype
has been observed during the first 7 days post-ischemia; it reaches it max peak at 3-5 days,
and decreases by day 14, suggesting that microglia promotes neuronal survival during this
first stage by attempting to reduce inflammatory mediator release by synthesizing transform-
ing growth factor-f3 (TGF-), arg-1, and CD206 [35, 36], apart from producing growth factors
such as insulin-like growth factor-1 (IGF-1) and ciliary neurotrophic factor (CNTF) that
facilitate mechanisms of repair [34].

While the milieu changes from day 3 through day 14 post ischemia toward high concentrations
of Ca?, free radicals, glutamate, and debris from neuronal necrosis, microglial phenotype
gradually changes from M2 to M1, and begins to express genes such as nitric oxide synthase
(INOS), CD16 and CD32 as well surface markers such as CD11b and MCHII [36]. M1 phenotype
is distinguished by a decrease in phagocytosis activity and an increase in the production of
proinflammatory mediators: IL-1f, IL-6, and tumor necrosis factor a (TNF-a) and an increase
in NO, H,0O,, ROS, MMPs, and chemokines such as CXCL10, CCL2, MCP-1, CXCL1, and CCL5
[35, 37]; through the Notch pathway signaling [38], all of which propitiate the support for a
proinflammatory milieu.

This polarization of microglial activation gives rise to the opportunity to search for ways to
modulate it in order to induce an M2 phenotype and through it, be able to get the beneficial
effects of an anti-inflammatory milieu, accompanied by trophic factors that ease cellular repair.

On the other hand, macrophages and mast cells dwell around the cerebral parenchyma and
the perivascular spaces, also called Virchow-Robin spaces, these cells activate in presence of
inflammatory mediators secreted as a result of ischemia/reperfusion [39, 40]. These produce
high concentrations of histamine, catepsines, matrix metalloproteinases that further contribute
toendothelial damage, blood-brain barrier (BBB), hyperpermeability, and the vasogenic edema
formation as well increased production of TNE-a and CXCR, CXCL1/2/3 chemokines that will
promote massive leukocyte recruitment to the perivascular region [39, 41], specifically
neutrophils monocytes and T lymphocytes.

Neutrophil arrival at the injured perivascular space depends on time and type of occlusion,
Nina Vindegaard Groberg et al. published in 2013 that when the occlusion lasts 120 min, there
is an important number of neutrophils that arrive 12 h post-ischemia, reaching a peak con-
centration at 24 h; when the occlusion lasts 60 min concentration peak is observed as far as 3
days post-ischemia [42]. Notwithstanding, Isabel Pérez de Puig et al. results published in 2015
point out neutrophil presence as early as 6 h post-ischemia in permanent MCA occlusion
(MCAo), which opens to consideration the fact that neutrophil quantity and distribution are
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different among patients [43]. Nevertheless, postmortem tissue analysis from people who
suffered from cerebral ischemia in various vessels yielded no difference in neutrophil amount
in perivascular zones, leptomeninges, and cerebral parenchyma around the lesion site.

As neutrophils arrive to the injury site, they react almost immediately to damage-associated
molecular patterns (DAMPS), TNF-a and Interferon gamma (INF-y) which are found widely
distributed around the perivascular zone and cerebral parenchyma. This promotes their
activation, and thus, they acquire the ability to secrete cytokines, primarily IL-1(3, IL-6, also
lytic enzymes, free radicals, and angiogenic factors, as well as chemokines such as CXCL9 and
CXCL10 which influence Th1 and Th17 lymphocyte migration [44, 45], triggering an increased
amount of cells and a proinflammatory milieu.

In the clinical field, it has been observed that patients who suffered from cognitive deterioration
after an ischemic event have high concentrations of neutrophils, showing a high correlation
between the degree of tissue damage secondary to inflammation and functional recovery [46].
Even patients that have been treated with recombinant tissue plasminogen activator (rtPA) but
that previously presented high neutrophil amount have had the worst results associated with
neuroprotection exerted by rtPA [47].

Large efforts are being made to conduct scientific investigations oriented toward the decrease
of secondary damage through the inhibition neutrophil recruitment, the adherence of these to
endothelial cells through cannabinoid 2 (CB2) receptor activation [48], or through Neurogenin1
(NRG1) growth factor that reduces response to endothelial inflammation causing a decrease
in ICAM-1, VCAM-1, and selectin E [49] or by the use of competitive antagonist CXR2/CXR3
[50] all of which have demonstrated to have beneficial effects in the decrease of infarct size in
animals subjected to these treatments.

Nonetheless, in the clinical setting, the use of some molecules such as Enlimomab, which
reduces leukocyte adhesion, have had negative effects in stroke patients because it made them
more prone to suffer from secondary infections that increased complications during their
recovery [47].

In response to CCL2, MCP-1, and CXCL1 chemokines, to mention a few, monocytes infiltrate
into the perivascular and brain tissue, and as thought up to a few years ago, they differentiated
in macrophages indistinguishable from activated microglia, stimulating and exacerbating
brain injury [51]; nonetheless, thanks to the identification of different monocyte subtypes
investigators have been able to identify some of their roles in the injured tissue.

Recently, two different monocyte population types that express different markers have been
identified in mice. Classical or proinflammatory monocytes expressing Ly-6CMe", CCR2"s", and
CX3CR1" markers have short half-lives and are actively recruited into inflamed tissues,
boosting inflammation. The other types, expressing Ly-6C°¥, CCR2"¥, and CX3CR1"is"
markers, have longer half-lives and are found inspecting vessel integrity, aiding its mainte-
nance [52]. Trying to identify the precise roles of each type of monocyte subpopulation is an
essential task, since in 2015, Ritzel and his team conducted an experiment in which they
demonstrate that 90 min after ischemia; there is a large forfeiture of microglia and a very high
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rise in monocytes coming from the periphery and reach up to 90% of monocytes in the ischemic
brain at 72 h post-ischemia, making evident their very important role in injured tissue [53].

Several studies conducted in mice have also demonstrated that the rise of monocytes in blood
and cerebral tissue express pro inflammatory markers, from subpopulation Ly-6C"&" during
the acute phase of ischemia [52, 53]. The rise of this subpopulation is correlated with the infarct
size and neurological deficit in mice subjected to ischemia/reperfusion [54]. Also, a rise in TNF-
a and IL-1p production, characteristic of this subtype, is observed during the first 72 h post-
ischemia [53]. Nonetheless, it has also been observed that there is a change of phenotype during
monocyte differentiation into macrophages, acquiring anti-inflammatory characteristics along
with the synthesis of TGF-{3 around the sixth day post-ischemia [55, 56]; but it is still not clear
how such differentiation occurs, or what characteristics induce the process.

Experimentally, it has been observed that T lymphocytes reach the cerebral parenchyma later
in time, between 24 and 96 h post-ischemia, reaching a max peak at 3—7 days post-ischemia [57,
58]. The increase of monocyte differentiation into macrophage infiltration, the expression of
major histocompatibility complex II (MHCII), and costimulatory molecules in the activated
microglia and the presence of CNS antigens such as myelin basic protein (MBP), NR2A/2B
subtype of the N-methyl-p-aspartate receptor) and the human neuron-specific enolase (NSE)
to mention a few, all products of necrosis and neural cell rupture found in systemic circulation
and brain parenchyma [59, 60] stimulate antigen presentation. It is worth mentioning that at
clinical level, concentration of these proteins has been related to the severity of neurological
damage and extent of brain lesion in humans [61].

The characteristics of the immune response to these antigens that have modified their nature
due to the degree of necrosis resulting from ischemia, differ depending on the presented
epitope [62]. Different from other CNS pathologies, in ischemia, Thl-type immune response
to antigens like MBP is infrequent, but exacerbated when exposed in combination to lipopo-
lysaccharides (LPS), since secondary-to-stroke infections are very common [62]. Nonetheless,
it has not been possible to clearly establish which mechanism of autoantigens is involved in
damage exacerbation.

There are a series of experiments that show the harmful role of T lymphocytes, among which
are those performed by Gokhan [26] and his team in 2006 where they observed that lympho-
cytes are the primary producers of INF-y and other proinflammatory cytokines, that promotes
an increment in infarct size [26]; and those performed by Liesz in 2011 [63], in which they
observed that by eliminating lymphocytes, infarct size was reduced in animals subjected to
cerebral ischemia, all of which matches with Xiong et al.’s results in 2013 [64], where they
observed that T lymphocyte deficiency significantly reduces infarct volume in a transient
cerebral ischemia model, but not in distal permanent occlusion, which highlights that the
model and level of reperfusion used are essential and differential to evaluate damage.

Thanks to new arrangement of more specific cellular markers, some new functions and
mechanisms have been identified during stroke for the different T cell subtypes. INF-y
production, primarily by T CD4" cells, is what fundamentally compromises injury exacerba-
tion [63]. T CD8* cell activation conducts to neural cell death through perforin-granzyme
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pathway. Natural killer (NK) cells have a less noxious effect. T y cells show an injurious effect
at the experimental level through the production of IL-17, IL-23 [38, 63, 64] and IL-6 at the
clinical level [65]. Treg lymphocytes have been implicated mostly in neural tissue protection,
preventing autoimmunity and inflammation through IL-10 [66].

Immune tolerance to autoantigens is based on the regulation of autoreactive T lymphocytes
through various mechanisms involving: elimination, anergy, or suppression via Treg cells,
even though several studies have not found benefit from them, since after being eliminated,
injured tissue did not present further damage [65].

Recent studies have observed that autoreactive T cells have the ability to promote neuropro-
tection. This physiological mechanism appears when the CNS suffers from damage and can
be potentiated or modulated through active immunization with neural-derived peptides. Such
has been demonstrated in several models, like: spinal cord injury [66], multiple sclerosis [67],
partial injury to the optic nerve [68], among others. Using T lymphocytes for the bone mor-
phogenic protein (BMP) autoantigen neuroprotection is observed, under morphological,
anatomical and functional criteria. Through this immunomodulation mechanism, a major
production of anti-inflammatory cytokines and trophic factors has been observed, which is a
crucial event to look for in neuroprotection and even neurorestoration.

Each comprised mechanism of immune system participation in cerebral ischemia represents
an opportunity to explore immunomodulation and contention that shall not be wasted, in
order to look for tissue neuroprotection and neurorestoration.

4. Inhibition of immune response as a neuroprotective mechanism

The cytokine accumulation and cellular infiltration increase mentioned above drive an
expansion in damage, even though molecules that try to limit it are released. This prejudicial
effect increases in relation to passing time and ischemia intensity, which provides a relatively
small therapeutic window to look for protection alternatives. Initially, because the immune
system has always been considered as one of the responsible mechanisms for damage increase,
most neuroprotective therapies are being investigated toward its inhibition, looking to
eliminate proinflammatory cytokine production and cell recruitment.

For this reason, strategies to try and delay or stop the biochemical and molecular damaging
process are being investigated since over four decades ago in preclinical phases [69, 70] using
different compounds that exert neuroprotective mechanisms.

Neuroprotection is a term that refers to the use of different therapies, alone or in combination
that protect the brain or the neural cells against damage from immune degeneration, apoptosis,
and dysfunction [70, 71].

Neuroprotection is aimed at not only protecting neurons, but also other brain constituents,
such as microglia and endothelial cells of the penumbra region [72], and can be achieved
through different mechanisms such as: anti-excitotoxic agents, anti-inflammatory agents,
antioxidants [71], but our main focus will be in those that are involved with the immune system.
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Studies have been conducted in different settings and performed in animals in order to prove
the existence neuroprotective characteristics of several molecules through all of these different
mechanisms, focusing on those with immunomodulatory and immune inhibition activity [73].

Among those studied, the most recent substances that have demonstrated to have neuropro-
tective mechanisms through anti-inflammatory activity in the preclinical field, the following
are included.

Lycium barbarum polysaccharides are derived from a traditional Chinese plant that when used
in a stroke model in mice, the investigators observed a reduced number of apoptotic cells in
the peri-infarct zone, as well as a reduction in neurological deficit. This extract has neuropro-
tective effects through the inhibition of the ERK and JRK pathways, it inhibits MMP-9 and thus
protect the BBB integrity, and it also regulates aquaporin-4 in order to reduce brain edema [74].

Piperine (1-peperoylpiperidine) is an extract from pepper usually used in folk medicine to treat
different ailments since it appears to be anti-inflammatory. A group led by F. Islam investigated
its effect in ischemic brain injury. They pretreated Wistar rats and investigated its neuropro-
tective role in a period of 24 h after the MCAo and observed a down regulation of COX-2, nitric
oxide synthase (NOS-2), and nuclear factor 13 (NF-«3) in the penumbra region, thus reducing
the secretion of proinflammatory cytokines. A decrease in infarct size and less neuronal loss
was also observed in the pretreated group [75].

Simvastatin is a pharmacological agent used in the treatment of atherosclerosis and high blood
cholesterol, it has shown neuroprotective effects in ischemic brain injury through the upregu-
lation of Nitric Oxide synthase, decrease in ROS production, the fibrinolysis activation through
the upregulation of tissue plasminogen activator (tPA), and downregulation of plasminogen
activator inhibitor-1 (PAI-1), as well as the recruitment of inflammatory components of the
ischemic cascade from monocytes, macrophages, and T lymphocytes [76].

Neuro-erythropoietin (EPO) has proven to be neuroprotective in ischemic models. It decreases
susceptibility to glutamate toxicity and nitric oxide, thus being antioxidant, it also induces the
production of ant apoptotic and neurotrophic factors and decreases inflammation. Another
proposed mechanism for neuroprotection by EPO is the use of the released iron by the ischemic
lesion for erythropoiesis, thus limiting its oxidative effects [77].

Levodopa/benserazide is a pharmacological agent that during an investigation was given to
rats 2 days after experimental stroke, and at day 7, T cells and chemokines were analyzed. It
was discovered that CD3 and CD8 T cell population was diminished in the treated group, as
well as lower levels of ICAM-1 in the ischemic hemisphere [78].

Fingolimod modulates the activity of the membrane receptor (S1PR) responsible for the
reduction in lymphocyte migration into the brain tissue and the microvasculature; this
increases cerebral blood flow by attenuation of adhesion and thrombus formation and protects
the brain indirectly [79].

Other molecules occurring naturally, such as fatty acids, have neuroprotective effects through
immunomodulation and antioxidation. Omega-3 fatty acids are essential for human consump-
tion since humans lack the ability to synthesize them. In vivo and in vitro experiments per-
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formed by Zhang et al. using fish oils and/or omega-3 fatty acids demonstrate the importance
of their consumption since the animals treated and subjected to MCAo showed lesser infarct
size and neurological deficit. The mechanisms proposed by these authors are antioxidation
through the enhancement of the expression of hemeoxigenase-1 (HO-1) and nuclear translo-
cation of Nrf 2 in the in vitro model. The in vitro experiment showed increased levels of HO-1
in microglia and astrocytes, and they later proved its involvement in neuroprotection after
stroke. Other studies have also shown that they exhibit anti-inflammatory properties, reduce
microglial activation, and inhibit neutrophil activation. Altogether, they found that fish oil and
omega-3 enriched diets have neuroprotective effects since treated animals showed less infarct
size and neurological deficit, and treated cultures showed increased cellular viability [80].

5. Modulation of immune response as a therapy for stroke

Immunomodulation refers to the therapeutic approach to alter or modify the immune response
for the benefit of the patient. Cytokine production, e change in cellular phenotype, and the
complement are manipulated to modify the milieu to which the immune system shall react
[81]. Immunomodulation can also be achieved through induction of anti-inflammatory milieu
(L-4, TGF-p, other cytokines) in which Tregs and microglia can be induced toward a beneficial
response.

The immunomodulation area of study is being increasingly explored, having already found a
great diversity in pharmacological proposals that induce this type of response, among which
we can mention: Ganoderma lucidum, another traditional Chinese plant extract has been used
too in ischemic models with neuroprotective effects. This extract has shown these beneficial
effects through the decrease of TNF-a and IL-8 and IL-6, as well as MDA levels in the hippo-
campus, and increases levels of IL-2, IL-4, and IL-10, all of which reduces neuronal loss. On
the other side, it has antioxidant effects through the increase of superoxide dismutase activity.
Overall, it reduces neurological deficit and the infarct size [82].

Yang et al. demonstrate that by treating animals with minocycline previous to an ischemic
event increases blood flow, increases tight junction protein concentration in the ischemic
cortex, maintained levels of MMP 2, 9, and 3 needed for repair. It also decreased microglial/
macrophage activation, compared to the non-treated group, and activation was alternate at 4
weeks, meaning that microglia/macrophage expressed phenotype M2. This supports the
observed decrease in TNF-a and IL-1{3 and increase in TGF-{ and IL-10. Animals treated with
minocycline Chad lesser infarct sizes assessed by MRI and (2,3,5-Triphenyltetrazolium
chloride) TTC staining [83].

IL-4 is a naturally occurring cytokine produced mainly by Th2 cells, mast cells, eosinophils,
and basophils. It is thought to be essential for the promotion of macrophage phenotype
differentiation toward an M2 response, rather than the classical M1. IL-4 production reduces
over time, and this is associated with neurodegenerative diseases. Liu and his team proved
the importance of IL-4 after acute ischemic stroke, since IL-4 Knockout (KO) mice exhibited
greater tissue loss at day 5 and functional deficit including memory impairment and spatial
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learning decrease. Overall, they suggest that immunomodulation IL-4 plays a key role in
recovery after stroke [84].

Another cytokine involved in immune modulation and anti-inflammation is INF-. It has been
already approved by the FDA for MS treatment and Kuo et al. studied it for experimental
stroke, demonstrating a protective effect, since animals treated had less infarct volume and
neurological scores. The authors suggest that this is mediated through the INF-{ receptor, since
animals lacking this receptor (Ifnarl” MCAO/R mice) showed no protective effect from the
treatment. The mechanisms involved in INF-f neuroprotection are: decrease in inflammatory
cytokine expression (IL-1p, IL?6, IL-23p19, and TNF-a), reduction in microglial activation and
soma size (suggestive of resting state), decrease in macrophage/monocyte, CD4* and yd T cell
and neutrophil infiltration, inhibits TNF-a induced ICAM-1 (but not VCAM-1) and E selectin
upregulation and inhibition of MMP-9, CCL3 and CXCL3 [85].

Under the bases of the new concept conceived by Dr. Michal Schwartz “protective autoim-
munity,” various non-encephalitogenic peptides have been tested. These have shown to
potentiate neuroprotective effects of the immune system itself, such as Cop-1 is a modified
neural peptide used in the treatment of multiple sclerosis that has shown beneficial effects in
previous stroke models. Cop-1 competes for binding to MHCII since it has a high, fast, and
efficient binding to several MHC molecules in several murine and human antigen-presenting
cells without the need of being processed. It is also a MBP epitope 82-100 antagonist, which
present a high cross-reaction with this molecule, thus competing with it for the MHC binding
site. This copolymer helps modify the milieu since immunization with COP-1 after stroke has
shown to induce a Th2 response [86]. Overall, these changes provide an anti-inflammatory
milieu (cytokine production: IL-4, IL-5, IL-10, and TGF-f3). Under this background effect of
Cop-1 in MCAo model where rats were immunized with this neuropeptide after being
subjected to the occlusion. Results analyzed 7 days post-ischemia yielded a decreased infarct
size and lesser neurological deficit in animals treated with Cop-1, results consisting with
neuroprotective benefits [87].

Poly-YE is a high molecular weight copolymer that has proven to exert immunomodulatory
effects through the downregulation of Treg, modulation of microglial and macrophage
response in the thalamus and an increase in production of insulin-like growth factor-1 (IGF-1)
by Nestin* cells. After subjecting rats to experimental stroke, those treated with poly-YE
presented diminished infarct size and neurological deficit [88].

Myelin oligodendrocyte glycoprotein (MOG) administered nasally demonstrated reduction
in infarct size through the induction of IL-10-secreting CD4" T regulatory cells and reduc-
tion of CD11b* cells which contribute to the NO synthesis. Overall, infarct size and neuro-
logical deficit were reduced by the nasal MOG administration in a MCAo stroke model
[69].

A different mechanism that has also been explored is ischemic tolerance; such consists in bring
about a pre-conditioning of the tissue, in order to promote neuroprotection [89]. Among the
activated mechanisms are an increase in anti-inflammatory cytokines such as IL-4 and IL-13
that ease hippocampal pyramidal neuron survival after an ischemic event in gerbils [90]. Tu
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XK and his team also demonstrated that neuroprotection can be originated by pre-conditioning
through modulation of the phosphatidyl inositol 3-kinase (PI3K/Akt) and ERK1/2 pathway
modulation [91] (Table 1).

Therapy

Mechanism of neuroprotection
tIncrease

|Decrease

Treatment outcome

Reference

Lycium barbarum

¢ Inhibition of proinflammatory

pathway
¢ —~MMP-9

* Regulation of aquaporin-4

Reduction in the number of
apoptotic cells in the peri-infarct
zone

Reduction of edema

Decreased neurological deficit

Yang et al. 2012

Piperine (1- ¢ Immunomodulation: Decrease in infarct size and Vaibhav et al.
peperoylpiperidine) JCOX-2, NOS-2, and NF-kB neuronal loss 2012
Simvastatin ¢ Immunomodulation: Reduce changes in BBB and Campos-Martorell
recruitment and modulation of protect brain against cell stress et al. 2014
macrophage, monocyte, Reduced amounts of
and T lymphocyte activity inflammatory proteins in the
brain
Antioxidation: tNO
synthase, |ROS
¢ 1Blood flow: 1tPA —PAI-1
Neuro-EPO * Neurotrophic effects Higher survival in treated Lagarto Parra et al.
animals, reduced neurological 2012
e |Glutamate NO, deficit.
use of released Iron . . .
Increased histological protection
¢ Anti-Inflammation
Levodopa/ * Immunomodulation: Attenuation of inflammation, Kuric et al. 2014
Benserazide 1CD3, CD8 T cells. reduced number to T cells,
reduced ICAM-1, and T cell-
* UICAMAL associated IL-5.
Fingolimod (FYT720) ¢ Immunomodulation: Reduction of infarct size Kraft et al 2012
|lymphocyte migration Reduction of lymphocytes in
through |SIPR cerebral vasculature—increased

¢ 1Blood flow: |adhesion
molecules, |thrombi

blood flow
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Therapy Mechanism of neuroprotection Treatment outcome Reference
tIncrease
|Decrease

Omega-3 * Anti-inflammation: —Reduction of infarct size Zhang et al. 2014

Ganoderma lucidum

Minocycline

1L-4

INF-B

Cop-1

Poly-YE

proinflammatory cytokines

Antioxidation:
THemeoxigenase-1,
Nrf2

|Neutrophil infiltration,

microglial activation

Immunomodulation: | TNF-«,
1L-8, IL-6. 11L-2, IL-4, IL-10

Antioxidation: fsuperoxide

dismutase activity

1Blood flow

Immunomodulation: M2

phenotype, maintenance

of MMP’s, | TNF-a, IL-18,
1TGF-$, IL-10

Immunomodulation:
1M2 phenotype |M1 phenotype

Immunomodulation: |MMP-9
|Ibal cells, | TNF-q, IL-1b, IL-6
| Adhesion molecules, selectin E

|Monocyte, macrophages

Immunomodulation: 1Th2 reg
response. 1IL-4, IL-5, IL-10,
tM2 microglial phenotype

Immunomodulation:
| Treg, modulation of microglial

and macrophage response

11GF-1

Reduced neurological deficit

Increased cell viability (in vitro)

Reduction of infarct size

Reduced neurological deficit

Reduction of infarct size

Decreased tissue loss
Better spatial learning and

memory

Reduction of infarct size

Decreased neurological deficit

Reduction of infarct size

Decreased neurological deficit

Reduction of infarct size

Decreased neurological deficit

Zhang et al. 2014

Yang et al. 2015

Zhao X, et al.
(2015)

Kuo PC, et al.
(2016)

A. Ibarra et al.
2007

Ziv et al. 2007
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Therapy Mechanism of neuroprotection Treatment outcome Reference
tIncrease
|Decrease
MOG ¢ Immunomodulation: Reduction of infarct size Frenkel et al.
t1L-10-secreting CD4" Treg Decreased neurological deficit 2004
e |CD11b*, INO
IL-10 e 1Stem cell proliferation Neurogenesis Wang et al 2015
Noggin * Modify activated microglial Neurogenesis and angiogenesis  Shin et al, 2014
phenotype from M1 to M2
Antibodies ¢ Inhibit signaling pathways that Increased neuroplasticity and Weissner et al,
limit axonal growth neurological recovery 2003.
ALA ¢ Anti-inflammaton: |: IL-1 {3, Reduction of infarct size Choi et al, 2015
TNF-a, MIP1, Iba-1 Increased neurological recovery
* 150X2
Tetrmetylpyrazine e Anti-inflammatory Induce dendritic plasticity Lin et al, 2015

Ischemic pre-

conditioning

¢ Antioxidant

¢ Anti-inflammation: 11L-4, IL-13

e Pathways: PI3K/Akt)
and ERK1/2

Greater neurological recovery

Reduction of infarct size

Increased neurological recovery

Pyramidal neuron survival

Schaller et al. 2003

Tu XK et al 2015

Kim DW et al
2015

Table 1. Neuroprotective mechanisms exerted by diverse therapies.

6. Immune response as a neurorestorative mechanism

Even though neuroprotection is a targeted treatment that might be useful in a variety of
ailments above mentioned, it does not restore tissue to its original anatomical state. In order
to achieve “anatomical normality,” alternative and promising therapies are being studied for
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achieving neurorestoration through different mechanisms [71] involving the immune system,
given that these new strategies have shown that immune cells are able to secrete factors that
intervene in neurorestoration processes like neurogenesis.

Different studies have demonstrated that autoreactive T lymphocytes support neurogenesis
in young and old animals, and are essential for memory development and spatial learning [92].
This was observed before by studies where the circulating T lymphocyte depletion drives a
cognitive deficit from neurogenesis decrease [93].

Active immunization with Cop-1 has demonstrated to be able to increase trophic factor
production, such as: IGF-1 in retinal ganglion cells [94] experimental autoimmune encephalitis
(EAE) [95], as well as in combination neurotrophin-3 and neurotrophin-4 (NT-3 and NT-4) in
EAE [96].

Both brain-derived neurotrophic factor (BDNF) and NT-3/NT-4 have been implicated in
neurogenesis regulation mechanisms, differentiation, and neuron survival through its
receptors Trks or p75 [97], also, BDNF has been implicated in neuroblast migration processes
through the rostral migratory stream [98]. In healthy conditions, neuroblasts are conducted to
the olphactory bulb where they mature and contribute to site plasticity [99], or in pathological
conditions such as ischemia, they can be conducted toward periphery of the damage zone
where they incorporate.

IGF also promotes neural cell proliferation by interacting with its receptor IGF-IR in the sub-
ventricular zone as well as the hippocampal dentate gyrus (neurogenic niches in adults) in
adult rats [100]. Furthermore, it participates in oligodendrogenesis after being stimulated by
Cop-1 in a multiple sclerosis model [95].

Immunization with Cop-1 has demonstrated to induce an increment in neurogenesis and
neuron survival during acute and chronic phases of an ischemic event [101]. In the same way,
Poli-Y immunomodulator has also shown an increment in cortical and hippocampal neuro-
genesis, as well as reduction of neural loss [88].

IL-10 use has also shown to have a positive effect on neurogenesis after cerebral ischemia, in
2015 Wang ] and his work team observed that Treg cells are capable of increasing stem cell
proliferation in the sub ventricular zone through IL-10 production [102].

Noggin is a bone morphogenic protein (BMP) antagonist that has also been tested in a MCAo
model and has had neuroprotective as well as neurorestorative results through its ability to
modify activated microglial response from M1 to M2 phenotype and induce an increase in
several molecule production such as: vascular endothelial growth factor IL-10, Growth
Associated Protein-43 (GAP-43), and vascular endothelial growth factor (VEGF) which
intervene in neurogenesis and angiogenesis [103].

Antibodies have also been used successfully to inhibit signaling pathways that limit axonal
and neurite growth and remodeling, thus allowing an increment neuronal plasticity and
neurological recovery in ischemic rats [104].

On the other hand, the use of cell-based therapies is being studied for their neurorestorative
properties; for instance, it has been demonstrated that microglia participates in neuronal
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precursor cell (NPC) migration and differentiation [105], as well as in neurogenesis, synapto-
genesis, and tissue remodeling increase through the release of IGF-1 and neurotrophic growth
factor (NGF), among others, in animals subjected to experimental stroke [106].

Other animal models, such as traumatic brain injury (TBI), have had success in the use of
combined therapies composed of stem cell co-transplants and pharmacological a or immuno-
modulatory agents that modify neural tissue milieu in order to favor recovery and restoration.
For example, the use of granulocyte-colony stimulating factor (GCSF) and human umbilical
cord blood cell (hUCB) transplantation has demonstrated to reduce proinflammatory cytokine
expression, increases trophic factor production, and promotes synaptic circuit reestablish-
ment. For this reasons, it has been proposed as a therapy for stroke models [107].

Another mechanism through which brain tissue restoration is pursued is neuroplasticity or
synapse plasticity, which is an inherent neurophysiological adaptive trait in which preexisting
connections between two neurons can gain or lose strength during neural activity [108], as well
as change in structure, function and organization [109]. It responds to different experiences
and emphaticism and has been observed in different sections of the CNS [109].

Treatment with tetramethylpyrazine, which has anti-inflammatory and antioxidant effects, has
shown to be able to induce dendritic plasticity, observing maintenance of neuroarchitecture
through microtubule-associated protein 2 (MAP-2), which has been observed in greater
density in peri-infarct zone found dendrites, causing a greater neurological recovery in rats
with cerebral ischemia [110].

Alpha-lipoic acid (aLA) has yielded very good results in preclinical investigation since it has
shown that its anti-inflammatory capacity through a decrease in proinflammatory cytokine
expression such as: IL-13, TNF-a, MIP1, Iba-1, and the increase in expression of transcription
factor SOX2, which is essential for maintenance of auto regeneration properties, as well as an
increase in neuron precursor cell proliferation accompanied by a significant reduction in infarct
volume and better functional recovery. For all these reasons, aLA is a great candidate to start
clinical trials as neurorestorative of brain tissue [111].

7. Advances in the clinical field

Even though preclinical trials have yielded promising results, translation into clinical human
stroke trials has been unsuccessful. Clinical trials have been conducted very scarcely and have
shown very little results [72, 112]. Some agents have been used in the clinical setting after
having been observed beneficial in animal models. By 2008, Ginsberg had reported the
existence of 160 clinical trials for neuroprotection after stroke and one-third of the by-then-
finished 120 trials included more than 200 subjects; nonetheless, most of them failed to prove
any benefit [70]. As of March 2016, a search in “www.strokecenter.org” for clinical trials
involving neuroprotection yields 25 results of which 12 involve neuroprotection for acute
ischemic stroke and only one of them is already in already phase 4. A different search in
involving the word “immune” yielded another 25 matches, of which only two are related to
immunomodulation in stroke.
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One of them, Nasal Selectin E administration is being studied by Hellenbeck, M.D. at the
National Institute of Neurological Disorders and Stroke (NINDS) in patients that have suffered
from stroke, seeking induction of mucosal tolerance to this adhesion molecule through low-
dose nasal administration, in order to promote a response shift from Th1 toward Th2 or Th reg
at inflammation sites. This trial is currently at phase I and has not yet published results [113].

Fingolimod, which has been mentioned earlier, is also being used in an ongoing clinical trial
with the goal of analyzing neurofunctional effects in stroke patients at different time points
after being orally administered. The secondary purpose is to identify if there are any cellular
and structural brain modifications through the use of flow cytometry and MRI [114].

In accordance, a pilot trial was conducted combining the use of rtPA and Fingolimod in a
randomized multicenter pilot trial that included 47 patients in China. Treatment was provided
within 3 and 3.1 h from symptom onset. Whole blood was used to assess lymphocyte and
mononuclear cells at day 1, 7, and 90. After day 1, CD4" T cells, CD8"* T cells, CD19B" cells, and
NK cells had significant decreases in the fingolimod + alteplase group, as opposed to the
alteplase only group. At day 7, this trend continued and normalized by day 90th. Other results
included lesser infarct volume expansion, smaller hemorrhage, and greater functional
recovery in the short and long term in the combined treatment group. Safety was assured
during this trial, and further investigation needs to be considered [115].

On the other hand, stem cell therapies are also under clinical scrutiny, their use has proven to
be feasible, but not necessarily practical, and it is safe. Most clinical trials have proven that
stem cell therapy improves functional recovery but other factors have to be taken into account
too, such as cost-effectiveness, comparison to other stroke treatments, time, and type of stroke.
According to Young, there are currently nine ongoing stem cell clinical trials for stroke, testing
safety, and efficacy as well as most accurate patient selection [116].

Knowledge about the molecular dynamics of cerebral ischemia pathophysiology and the study
of neuroprotective mechanisms has promoted the use of combined therapies [89].

The use of combined therapies has also been tried in the clinical field in different diseases. For
example, two quadriplegic patients were transplanted with differentiated neural stem cells
(NSC) and autoreactive autologous T lymphocytes. These patients regained motor and
sensitive functions without adverse effects [117], all the more reason to try these therapies in
stroke.

Some stem cell trials have shown to have some beneficial effects on stroke patients, such as the
use of human placenta derived adherent (PDAO001) cells, isolated from postpartum placenta,
and were studied for their neurorestorative effects after stroke. Animals were injected with
these cells 4 h after being subjected to stroke. Results show an increase in functional recovery
7- and 14 days post-ischemia, as well as an increase level of BDNEF, vascular endothelial growth
factor (VEGF) which is an angiogenic factor, increases axonal outgrowth, stop apoptosis and
increases neurogenesis, and hepatocyte growth factor (HGF) which is also angiogenic, and
decreased TUNEL and cleaved caspase 3, showing a decreased infarct volume. Although not
many cells survived until day 14, beneficial effects were still observed [118] (Table 2).
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Treatment Outcome Reference

Nasal selectin E Promote a response shift from Th1—Th2 or Th reg [113]
Ongoing

Fingolimod No outcome, still ongoing [114]

rtPA + Fingolimod Reduced infarct volume [115]

Greater neurological recovery

NSC + Autoreactive Autologous T cells Recovery of motor and sensory functions [117]

No adverse effects

PDA001 Increased functional recovery [118]

Table 2. Results of some clinical trials.

Most preclinical investigations focus on delivering treatment in the first hour after reperfu-
sion and happen in strictly controlled environments, which is why they have shown bene-
ficial effects. Lack of results in clinical trials is attributed to uncontrolled real life settings,
different populations, comorbidity existence, different ischemic territories, duration of oc-
clusion before reperfusion, and a single target for treatment, leaving behind other neural
components that might aid recovery. Also, patients are selected after arrival to hospitals
and thus, other environmental variables and time window are not accounted for in results
[72, 112].

The study and application of new therapies that will aid the ischemic patient recover more
effectively needs to continue to be worked on in the basic and preclinical fields, specially
through the exploration of immune system characteristics that might be beneficial for stroke
therapy and thus achieve a decrease in mortality and an increase in functional recovery after
hemiplegia (one-sided paralysis) hemi-hypoesthesia (one-sided decrease in sensory percep-
tion) hemianopsia (one eyed decreased vision), paresia (partial paralysis), aphasia (inability
to comprehend language), and memory alterations; favorably increases stroke patients quality
of life.
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Abstract

Stroke, a disease of millions, and a financial burden for many more is still challenging
health sciences, as we greatly increase our efforts to better understand stroke patho-
genesis, early diagnose, prevent and treat high risk and major risk factors we still need
to update our clinical and surgical skills in treating stroke event and its aftermath. Use
of applied anatomical and physiological knowledge should apply the same everywhere,
and based on these standard principles we should be able to predict the early course of
stroke neuropathology and its potential consequences. Updated new guidelines of
recombinant tissue plasminogen activator (r-tPA) indications should help in early
intervention when correct diagnosis is promptly made, but as the list of contraindica-
tions as well has changed staff neuroscientists should consider all possible medical and
or surgical options for treatment. With prompt actions to try to reinstate perfusion we
should always try to do so within the first 4 h, and having a maximal additional 2 h in
reserve to consider surgical therapeutic options (should the clinic/unit’s infrastructure
allow it). Treatment modalities, therapeutic/endovascular and or surgical (embolecto-
my, bypass, decompression) are the alternatives among which we should wisely chose
to treat our patients based on the best medical practice not in the skills of the individuals
performing each or either procedure. It is of critical importance to know when surgery
should be performed, how to calculate craniotomy size, what are the intra-, extra-cranial
surgical landmarks and when should we put the bone back in cases of decompression.
We should be able to correctly predict at what extent volume and intracranial pressure
values will change by the size of decompressive craniectomy and its effect on the
patient’s prognosis. Clinic is the best indicator for timing of surgical decompression as
it is the sole determinant of any other treatment option, and what high risk and major
risk factors are present (if any) at the time of diagnosis will predict the clinical outcome
of the patient, but not the age (which should not be the limit).

Keywords: Cerebrovascular Anatomy, Neuropathology, Clinics of Stroke, Embolecto-
my, Vascular Bypass, Decompression Techniques
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1. Stroke syndrome, preamble

In this chapter, we try to explain through principles of anatomy, physiology, and hemody-
namics of fluids how does it happen and why these are the series of pathological events
following a cerebrovascular occlusion. What can we do differently to treat stroke syndrome?
The main focus is on the invasive modalities of the treatment of stroke syndrome, specifically
endovascular and surgical techniques.

Is it the best possible way to treat stroke syndrome itself by preventing and treating all
the disease processes that risk and cause stroke syndrome?

2. Epidemiology, facts, stroke

Some of the facts of stroke syndrome are as follows:

1. Major neurological disease of our times

2. Second leading cause of death worldwide

3. Second largest contributor to hospital care cost among cardiovascular diseases
4. The leading cause of serious long-term disability

5. Its risk varies by race, ethnicity, and age and geography.

According to World Health Organization (WHO), 15 million people suffer stroke worldwide
annually, and of these

1. 5 million die, 5 million are permanently disabled;

2. Stroke can and do occur at any age;

3. Hypertension contributes to more than 12.7 million strokes worldwide;

4. Atrial fibrillation is an independent risk factor for stroke, increasing risk by fivefold;
5. Incidence is 1.5/1000/year and rising rapidly with age to 10/1000/year at 75 years;

6. Male/female ratio of >1:1 (male>female);

7. Life-threatening complete middle cerebral artery (MCA) infarction—up to 10%, with
mortality from malignant infarction—up to 80%;

Early action is important, the chances of survival are greater when treatment begins quick-
ly (within 3 h cutoff), and these patients tend to have less disability 3 months after stroke

[1].
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3. Brain anatomy, physiology, facts

At any moment in normal conditions (Monro-Kellie equation):

Volume

Intracranial space

=Voly, .. +Voly,.. + Vol g

M

Brain

Average human brain of an adult,
weight

Hemisphere of an adult, weight

Average weight of an adult cerebellum

Inside skull volume

Cerebral blood flow (CBF)

Changes in intracranial volume before:
- Clinical signs appear

- Imagery signs appear

Volume of adult human brain

Cerebrospinal fluid (CSF) volume, adult

CSF production rate

Cerebral metabolic rate of O,
consumption (CMRO,)

1300-1400 g [2]

- Comprising 80% of brain weight
400 g

- 55% of blood supplied by MCA
- 25% supplied by ACA
- 15% supplied by PCA

- 5% supplied by anastomotic branches
150 g
~1600 ml

- 80% made by brain tissue
- 20%

- 55%CSF

- 45% blood

- <5% (60-80 ml) virtual space between cranial bone, meningeal layers,
and brain

750 ml/min (=20% cardiac output)
50 ml/100 g/min

- >60 ml

- >80 ml

1200 cm?®

- 1100 cm?® female
- 1200 cm?® male
150-270 ml

- 25 ml, volume of ventricles

0.2-0.7 ml/min
600-700 ml/day

3-4 ml/100 g tissue/min

139



140

Ischemic Stroke - Updates

Average human brain of an adult, 1300-1400 g [2]
weight
- Comprising 80% of brain weight

Normal intracranial pressure (ICP) 5-15 mmHg
- 1-5 mmHg, infants
- 5-10 mmHg, children

- 5-15 mmHg, adolescents, adults

Critically raised ICP 220 mmHg

Table 1. Brain anatomy, physiology, facts.

_ CPP _ MAP —ICP
CBF =R = — R

The only parameters in which we have some medical and or surgical control (however, with extreme limitations).

Constantly changing variables

CBE, cerebral blood flow Yes
CPP, cerebral perfusion pressure Yes
CVR, cerebrovascular resistance Yes
MAP, mean arterial pressure No, within a wide normal range
ICP, intracranial pressure Yes, but has a very narrow range

Main factors influencing cerebral blood flow circulation are as follows:
- Systemic blood pressure (BP)

- The arterial blood gas levels

In the range of 60-140 mmHg, systemic BP has minimal effect on the CBF, due to autoregulation (via cerebral blood vessel
dilation and contraction). MAP has the widest range of autoregulation.

1in BP 2 150 mmHg = 1 CBE, 1 ICP

} in BP <50 mmHg = | CBF, and can potentially cause cerebral ischemia.
Hypercapnic vasodilation:

PaCO,, the most important regulator.

Control —central chemoreceptors, medulla, brain stem.

Except in patients with medullary damage, or long-standing COPD (chronic obstructive pulmonary disease), when PaO,

levels become a significant contributor to the respiratory drive.

Hypoxic vasodilation:
PaO; has a less profound effect, only when
PaO; | <50 mmHg = fcerebral perfusion.

Control —peripheral chemoreceptors, carotid and aortic bodies.

Table 2. Determinants of cerebral blood flow.
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All three variables, components in this equation, are inversely related in normal autoregula-
tion. Changes in the increase of at least one of the variables that are not accompanied with
inverse relations of the other variables will results in 1 intracranial volume and pressure (1
ICP) eventually.

For these mathematical reasons that any increase in the intracranial volume up to 60 ml can
be accommodated first by spinal movements of cerebrospinal fluid (CSF) before clinical (>60
ml 1 in volume) and radiological (>80 ml 1 in volume) signs of herniation occur (Table 1).

In their review, Schaller et al. revoked the classical equation of Kellie-Monro and suggested a
more differentiated description for the dynamic of ICP, and its relation to cerebral blood flow
(CBE). Several experimental and clinical studies have given evidence that this equation and
the consideration of the intracranial volume to be a closed system are not entirely true from
the physiological and pathophysiological point of view; even so the understanding of this
phenomenon is incomplete [3].

CBF and blood pressure have a direct relation, and the main determinants of CBF are mean
arterial pressure (MAP) and cerebrovascular resistance (CVR) (Table 2) (Graphic 1).

Determinatns of CBF - curve

120 150 180 1a0

Determinants
CBF curve s Fa(02-CBF curve, Hypercapnic vasodilation

Graphic 1. Determinants of cerebral blood flow, correlation.

The arterial blood gases have a more powerful effect on the CBF. The medullary respiratory
center controls the depth and the rate of respiration based on input from

- Chemoreceptors, located at
- Centrally, brain stem;

- Peripherally.
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- Airway mechanoreceptors, regulate the duration of inspiration (Hering-Breuer reflex).
Cerebrovascular resistance (CVR) is affected by changes in

- PaCOz ;

—  CPP (cerebral perfusion pressure).
The ratio, %, is 14-18 (coupling ratio), when the brain is at the point of lowest O, con-

sumption/g tissue.

For every region of cortex activated, the required 1 of CBF by = 30% will require a minimum
1 of cerebral metabolic rate of oxygen consumption (CMRO,) by = 5% [4] (Graphic 2).

CBF - O, utilization curve

\g tissue/min
=

el

CBF mil/10

Wihita Beain at Brain at Cortex Cortey ECG flat Coma  Vegetative CVASCell
miakier rest rest

0, utilization of cerebralfbrain tissue
Graphic 2. Cerebral blood flow-O, utilization correlation.

Brain-tissue oxygen extraction exceeds that of any other tissue/organ (except for myocardial
tissue); therefore, 1 in the brain O, demand are met by a nearly proportional 1 in vascular blood
flow.

We can assume that by reducing the metabolic rate of the brain tissue, we may try and reach
lower levels of oxygen consumptions during disease processes. The steps that can be taken to
manipulate to some degree and reduce the CMRO; are by

1. Reducing the electrical activity of neurons (e.g., the use of barbiturates, general anesthe-
sia);

2. Reducing the maintenance energy of neurons (e.g., hypothermia);

- Deep hypothermia (20°C) permits the brain to tolerate up to 1 h of circulatory arrest
(more data required).
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4. Cerebrovascular anatomy

We will use stroke imagery, and demonstrate simultaneously patent and occluded vessel as
they mirror in the Circle of Willis, labeling the vessels most often affected (of particular interest
for this chapter) in the stroke syndrome (Figure 1). A computerized tomography (CT) scan
without contrast is the first diagnostic imagery, followed when possible by angio/angio-CT/
magnetic resonance imaging (MRI) scan. Angiography has its superiority in stroke syndrome
as the diagnostic standard following the CT scan when possible; it can lead the way to
endovascular procedures, should the infrastructure of the clinics support it [5, 6]. Successful
endovascular treatment of the occluded vessel can save life. Limitations in the use of endo-
vascular treatment exist in many clinics; they rely mostly on medical treatment options and
surgical bypass and or decompression modalities for their patients.

Figure 1. Imagery findings during stroke event, anatomical correlations. 1. A CT scan without contrast, illustrating
main hemispheric cerebrovascular territories and ischemic zone under pathological progression in the MCA territory.
2. Anteroposterior view. 3. Lateral view, early diagnostic angiography images, demonstrating patent and occluded ves-
sels. 4. Angio-MRI of Circle of Willis, mirroring the patent and occluded vessel after an acute ischemic accident.

Following internal carotid artery (ICA), MCA is the largest vessel in the anterior circulation.
It supplies the largest brain-tissue territory, and it is for this anatomical reason that its occlusion
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is “malignant.” Of its two branches (superior and inferior), occlusion of the superior has a
devastating clinical course, if not the main MCA, and it supplies almost 60% of the main
territory of the MCA main:

—  There is considerable variability of the major arteries, and the central distribution [7];

—  Abalanced configuration of the Circle of Willis is present in only 18% of the population;
- Hypoplasia of one or both posterior communicating (P-comm) occurs in 22-32%;

—  Absent or hypoplastic Al segments occurs in 25%;

- 15-35% of patients supply their posterior cerebral artery on one or both sides from the
carotid (via P-comm) instead of via the vertebrobasilar system (fetal circulation);

—  Large arteries are the primary conduit for blood delivery to the tissues, and contain a large
amount of smooth muscle in their walls to regulate blood pressure and withstand high
pressure/stress;

—  Small arteries and arterioles are the primary site of hormonal regulation of systemic blood
pressure and the primary vascular site of vasoactive anti-HTN (hypertension) drugs such
as Ca* channel blockers or alpha-adrenergic blockers.

5. Biophysics of fluids and flow hemodynamics in normal vasculature

Cerebral blood flow is supplied by vessels connected in series and in parallel (Figure 4).

For each individual vessel, the law of the conservation of mass applied to the steady state of
an incompressible fluid through a system of cylinders of varying cross-sectional areas tells us
that

Total flow = flow velocity(V') x cross sectional area (A) = constant )

This principle may be applied to blood flow in the cerebrovascular system. The law of
conservation of mass as applied to fluid dynamics tells us that the total flow of mass into a
contained system (before any vessel is damaged) must be equal to the total outflow of mass
from the system steady state (Figure 3).

Applying this principle:
Flow/Q;, = grams of fluid material in/unit time = volume in x density (in)/time;
Flow/Q,, = grams of fluid material out/unit time = volume out x density (out)/time.

For a relatively incompressible fluid (e.g., blood), density may be considered constant;
therefore, in a steady state,

Volume in (Vol in) = Volume out (Vol out)
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Reynolds equation and Poiseublbe’s Law
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Figure 2. Biophysics of fluids and hemodynamic in normal vasculature.

AlxVI=A2xV2
Volume in = Volmme out

V1 Vohime in

e
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A = Section area
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Figure 3. Relation of section area with flow velocity, in a steady state.
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The flow velocity mcreases
at points of namowmg

Figure 4. The most common sites of atherosclerotic events in the Circle of Willis. r1 —vessel radius proximal to bifurca-
tion. r2, r3—vessel radius distal to bifurcation.
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In a steady state, the flow at a given point is directly proportional/related to the cross-sectional
(A) area at that point (Figure 2) (Table 3). This explains why immediate distal to bifurcation,
wall tension is higher/greater than proximal. This principle of hemodynamics of fluids in
cylinders explains the reason of increased frequency of vascular-wall changes (atherosclerosis)
at points of narrowing and or curvatures (red arrows), in the Circle of Willis (Figure 4). The
same principles are used in Doppler echographic measurements.

Re = pwd 0= P1—P2 % r4 Constantly changing variables
n nL

Re, Reynolds number No

p, density of the liquid No, it has a very narrow range

w, flow velocity of the liquid Yes

d, orifice/vessel diameter Yes

r, radius of the vessel Yes

7, viscosity Yes, but to a narrow range

L, length of the blood vessel No

AP, pressure gradient between two points in the vessel Yes

R, resistance to flow in the vessel Yes

A small change in blood vessel radius can have a profound effect on the flow through a vessel; it is based on these
simple principles of hemodynamics that we can explain the changes in the flow and pressure when larger vessels
bifurcate to smaller ones (Figures 3 and 4).

Table 3. Variables in the Reynolds equation and Poiseuille’s law/equation.

Pruvimal s vt el Pl = marvirmar o o T b= = ] iz i vt s chsiom
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‘ Locul chosical cluimpr (dwr 3 masobi phaowplsirylation
| i Hypdroaase: Prevesss, Pea 0
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o Local s formion i m wddnd paodagical «ffnc, oo deie we dame oot bem abile 0
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Figure 5. Biophysics of occlusive cerebrovascular disease pathology.

Note: although individual capillaries have a small cross-sectional area, the flow velocity
through these vessels is slow. This is because numerous capillaries arranged in parallel receive
flow from a given feeder vessel; thus, the functional cross-sectional area combined is actually
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much larger than that of the feeder vessel from which they receive their flow. Applying this
principle, we can explain why:

Blocking of one of the vessels in parallel in this system (e.g., thrombus) = 1 pressure and flow
in the rest of the system

This is due to the fact that the resistance to flow in a blood vessel is inversely proportional to
the radius raised to the fourth power (Figure 2).

Vascular occlusion S P s T « Anaerobicglycolysis/ . J+ ATP, ‘T Lactic acid (intra/extra
phosphorylation cellular, -} pH, T+ €Oz
T Na*, H;0 - Electrolyte imbalance = Energy — dependent . Cell homeostasis can
intracellular systems stop working, not be maintained
membrang pumps tos
Edema = Cellftissue death, = Release of inflammatory cytokines, leakage of plasma proteins,
endothelial damage damage of BBB,
T™ICP =  Compression of Neutrophil infiltration, inflammation, fibrin exudate and deposition
surrounding
distanttissues v
Insiplssated — proteln rich edema, mixed with remnants of necrotic
cells from brain matter

¥

Surrounding is Penumbra — area formation, cells may remain viable for hours [without immediate
irreversible damage) in the penumbra due to collateral flow from leptomeningeal vessels, and anastomasis

Diagram 1. Stroke-event progression.

Glial scar formation.
Anastomotic area
between MCA and ACA
territory

ACA anastomosis

AChA
anastomosis

PCA
anastomaosis

Figure 6. Reactive gliosis and glial scar formation. Cleaning of debris starts from the periphery (where possible anasto-
moses supply the area with blood and metabolites first, this is the route for neutrophils and macrophages to arrive and
signal for more astrocytes stimulation/activation) to the center. 1. Non-contrast CT scan, second week of stroke event.
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Reactive gliosis and vascular proliferation around the necrotic area are indicated. 2. Non-contrast CT scan, third week
of stroke event.

The cerebral metabolic rate of oxygen consumption arises from neurons utilizing energy for
two functions:

1. Maintenance of cell integrity, cell homeostasis, which normally accounts for =40% of
energy consumption;

2. Conduction of electrical impulses (neuronal work, = 60%).

Oxidative phosphorylation produces =99.99% of energy/adenosine triphosphate (ATP).
Anaerobic phosphorylation produces only =0.01% of energy required for utilization by
neurons. In an event of stroke, it is the 0.01% time-energy during which we depend to try and
reverse hypoxia and/or treat stroke and its consequences (Figure 5) (Diagram 1).

6. Neuropathology of occlusive cerebrovascular disease

—  Probably/regardless of proper treatment, the transudate of edema proximal to vascular
occlusion tends to resolve (Figure 5). But our patient’s progressive clinical and patholog-
ical deterioration suggests a less reversible exudation process (Table 4).

Time from Microscopic changes Macroscopic changes (Figure 7)
injury/event
12-24h “Red neurons” eosinophilic cytoplasm, pyknotic nuclei, loss of ~ First changes appear that can be seen
Nissl substance. macroscopically as well.
Sings of irreversible damage, from this moment onward. At any time, the patient is at risk for

extracranial complication and

superimposed conditions.

24-72 h Neutrophils infiltrate the area after the interruption of blood
supply; they do not phagocytize myelin remnants.

3-7 days Macrophage/microglia infiltration and phagocytosis begin.
Neutrophils continue moving into the area, followed by
microglia.
1-2 weeks Reactive gliosis and vascular proliferation around the necrotic ~ Liquefactive necrosis (1-4 weeks)
area. (Figure 6)
Repair is performed by astrocytes that migrate to the area during
this time [8].

>2 weeks Glial scar formation. Cystic area surrounded by dense
As necrotic tissue is resorbed, a cystic space forms, which is then glial fibers (>4 weeks)
surrounded by astrocyte and newly formed capillaries. (Figure 6)
The enlargement and proliferation of astrocytes peripherally
around the area of necrosis forms the glial scar.

Table 4. Stroke phenomenon—event, neuropathological time line.
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7. Cerebrovascular Accidents (CVAs)

7.1. Clinical signs

Sudden onset, or a step-wise progression over hours (even days), is typical presentation. In
theory, focal signs relate to the distribution of the artery and or arteriole affected, but when
collateral supplies have the capacity to supply their territory it will cloud the issue of a pure
clinical presentation depending on the vascular territory of the vessel involved as we know its
anatomy.

Clinical presentation includes the following:
- 1°signs of vascular territory affected;
- 2°signs due to mass effect from edema formation and or brain herniation, and clinical

signs of increased ICP (Cushing syndrome), bradycardia, hypertension, and bradypnea.

7.2. Neurological and/or psychiatric new focal deficits
From all emergencies, abrupt onset of a new focal neurological deficit [9] occurs
* 95% are vascular pathologies:
o 85% ischemic infarcts;
° 15% hemorrhagic.
* 5% are nonvascular pathologies:

° seizure, tumors, psychogenic.

CMS vascular phenomena

CBY disease

I
I . 1

Vasculad acchision Wascular rupfure
Ischiamic [about BTH] Hermnarrhagic {about 13%)
I—]—l I
I 1
. Prarrmnaner
Man-permanent Evtradural Intradural
Srrake

1 Subdural

1 Subarachnoid

Intracencbralfintraparenchymal,
e caei g

Diagram 2. Cerebrovascular accidents.
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7.3. Stroke syndrome

This is caused by inadequate perfusion of a region of CNS. Many causes but same clinic/end
results (Diagram 3) can occur.

7.4. Occlusive cerebrovascular disease

TIA (transient ischemic attack): a focal neurologic deficit that lasts <24 h (by definition), but in
up to 70% of cases lasts only <10 min [10] (Diagram 2) (Tables 5 and 6). Of patients with a
deficit persisting >60 min, only 14% will resolve with 24 h [11]. Ninety percent of patients with
TIAs will have had reversal within 4 h of onset. An ischemic deficit resolves rapidly.

Infarct types/classification Major causes of stroke (Diagram 3):

- Lacunar - Thrombosis in situ/local
- Territorial (e.g., MCA,- Atherothromboembolism distant/nonlocal
ACA)

- Heart emboli

- End-zone infarcts
e Atrial fibrillation

- Border-zone/watershed ) .
¢ Infective endocarditis

infarcts
e MI
- Global cerebral
hypoxia/ischemia - CNS bleed
* 1inBP
¢ Trauma
* Aneurysms/AVMs
Arteries with a diameter > of MCA, superior Arteries with a diameter < of MCA
branch of MCA included
The most important risk  Atrial fibrillation - HTN (associate long-standing HTN
factors are with time and severity. Hence the
age effect)
- Diabetes
- Smoking
Treatment, options - r-tPA Therapeutic, preventive.

- Mechanical thrombectomy
- Embolectomy, surgically

- Vascular bypass

Decompression

Table 5. Infarct types, major causes of stroke, and treatment options.
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The major clinical types of cerebrovascular diseases: Vascular distribution:

- Thrombosis (atherothrombotic)-carotid (most common site of origin) - ~50% cerebral hemisphere infarcts
- Embolism-MCA (most commonly occluded vessel) - ~25% brainstem infarcts

- Hemorrhage - ~25% lacunar infarcts

Table 6. Major clinical types of cerebrovascular diseases and vascular distribution.

RIND (reversible ischemic neurologic deficit): a focal deficit lasting >24 h but less than 1 week. It
comprises only 2.5% of patients admitted with TIA, RIND, or CVA [11].

Cerebrovascular accidents: also known as stroke. A permanent (irreversible) neurologic deficit
caused by inadequate perfusion of a region of the brain or brain stem.

7.5. Common clinical problems in cerebrovascular disease

—  The patient with a history of an ischemic attack or small stroke in the past;
—  The patient with atrial fibrillation;
—  The patient with a recent stroke that may not be complete;
- The non-evident or misconstrued syndromes of cerebrovascular disease;
—  The comatose-stroke patient:
—  The most common cause (MCC) of vascular coma is intracranial hemorrhage
* Usually deep in the hemisphere
* Less often in the
o Cerebellum/brainstem
o Extensive subarachnoid hemorrhage
o Basilar artery occlusion.

- Seizure following stroke

7.6. “Malignant” middle cerebral artery territory infarction

- Occurs in up to 10% of stroke patients [12];

- Mortality of up to 80% (mostly due to severe postischemic cerebral edema) [13].
7.7. Cerebellar infarction

Relatively rare, seen on up to 1% of all CTs obtained for any reason [14].
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7.8. Cardiogenic brain emboli

About one stroke in six is cardioemb [15]

* Fibrin-rich thrombi (mural thrombi);

* Platelets (nonbacterial thrombotic endocarditis);
* Calcified material (aortic stenosis);

* Tumor particles (atrial myxoma).

7.9. Following acute myocardial infarction (MI)

—  2.5% of patients will have a CVA within 1-2 weeks, higher risk with anterior wall MI (=6%)
versus inferior wall MI (=1% risk).

7.10. Atrial fibrillation (A-fib)

Nonrheumatic patients with A-fib have a three- to five fold increased risk of stroke [16]:

- With a 4.5% rate of stroke/year without treatment [17];

- About 75% of CVAs in patients with A-fib are due to left atrial thrombi [18].

Independent risk factors for CVA in patients with A-fib are as follows:

- Advanced age;

—  Prior embolism (CVA or TIA);

- HTN;

— Diabetes mellitus (DM);

- Echocardiographic evidence of left atrial enlargement or left ventricular dysfunction.

Prosthetic heart valves: patients with mechanical prosthetic heart valves on long-term anticoa-
gulation have an embolism rate of

- 3%/year for mitral valve, and —1.5%/year for aortic valve;
- with bioprosthetic heart valves and no anticoagulation, the risk is 2-4%/year.

Paradoxical embolism can occur with a patent foramen ovale, which is present in 10-18% of the
general population, but in up to 56% of young adults with unexplained CVA [19]; for this
process to occur,

—  The defect must be old enough to create a reverse of shunt (Eisenmenger syndrome);

- Or there should be moments where differences in pressure from the right side of the heart
are greater than those on the left.

A cerebrovascular event in the setting of a known venous thromboembolic disease is suspicious
for paradoxical embolism, and they can occur in patients with
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- patent foramen ovale, atrial septal defects, ventricular septal defects;
- large pulmonary arteriovenous malformations (AVMs) [20].

Lacunar strokes: They are small infarcts resulting from the occlusion of penetrating branches.
The size of infarcts ranges from 3 to 20 mm. Although their clinic might be devastating, they
are the object of prevention and/or medical treatment alone.

Stroke event

I 1
1st stroke Mere than one previously

event known stroke event
1

1

[
Mo other known medical . "
! Known other medical conditions

conditions
|
| 1
High risk factors (coronary heart Major risk
disease equivalent) factors
Mon-coronary L | HTN
atherosclerotic disease
——  Diabetes Mellitus — Hyperlipidemia (I in LDL and TG)
—— Chronis Kidney Disease — Cigarette smoking

Advanced age (correlated disease
- process exposure time)

Obesity

Physical
inactivity

Diagram 3. Stroke event.

8. Diagnosis

Many centers now have strict protocols for the diagnosis and treatment of any stroke event,
and such steps should be seriously considered even when a patient presents with minimal
clinical signs because the next event might be fatal (Table 7).
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Steps to the right Prompt investigation to confirm the diagnosis and avoid further stroke
path: events, but consider whether results will affect management.
. . . Must Search for
- Epidemiological
data * HIN
- Clinical event * Cardiac sources of emboli
- Medical history * Noncardiac sources of emboli
-  Medical examination * Carotid artery stenosis (carotid causes of stroke are the source in >30% of
patients affected, they may recur)
- Physical
* Hypoglycemia, hyperglycemia
- Instrumental
* Lipid metabolism disorders
- Blood work
* Vasculitis
- Imagery . .
* Infectious sources of emboli
- Cr .
scan/angio Coagulopathies
_ Angio/ * Hematological diseases (most commonly)
angio-MRI/MRI o Polycythemia vera
- Doppler o Sickle cell disease
- Use NIH Stroke Scale o Multiple myeloma

Table 7. Diagnosis of stroke and tests used.

8.1. Imaging

1.

Emergency imaging of the brain is recommended before initiating any specific treatment
for acute stroke [21]. In most instances, nonenhanced CT will provide the necessary
information to make decisions about emergency management.

If endovascular therapy is contemplated, a noninvasive intracranial vascular study is
strongly recommended during the initial imaging evaluation of the acute stroke patient
but should not delay intravenous (IV) recombinant tissue plasminogen activator (r-tPA)
if indicated. For patients who qualify for intravenous r-tPA according to guidelines from
professional medical societies, initiating intravenous r-tPA before noninvasive vascular
imaging is recommended for patients who have not had noninvasive vascular imaging as
part of their initial imaging assessment for stroke. Noninvasive intracranial vascular
imaging should then be obtained as quickly as possible.

The benefits of additional imaging beyond CT and CTA or MR and MRA, such as CT
perfusion or diffusion- and perfusion-weighted imaging, for selecting patients for
endovascular therapy are unknown. Further randomized, controlled trials may be helpful
to determine whether advanced-imaging paradigms employing CT perfusion, CTA, and
MRI perfusion and diffusion imaging, including measures of infarct core, collateral flow
status, and penumbra, are beneficial for selecting patients for acute reperfusion therapy
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who are within 6 h of symptom onset and have an ASPECTS (Alberta Stroke Program
Early CT score).

8.1.1. CT scan

It is the emergency procedure, and we should always try to perform a non-contrast brain CT
scan within 6 h of clinic occurrence, to help us rule out the following (Figure 7):

Figure 7. Stroke evolution followed with imagery, CT, and MRI. Non-contrast CT scan images at hour 2 (image 1), day
2 (image 2), week 2 (image 3), and week 3 (image 4) of stroke event. Non-contrast MRI at hour 12 of stroke event (im-
age 5). CT scan findings in ischemic CVAs: Note: These principles do not apply to small lacunar infarcts, or hemorrhagic CVAs.

- Hemorrhage (intraparenchymal or SAH);

- Hematoma;

—  Lesions (tumors, vascular).

CT scan, indicated in almost all situations of emergency, is strongly suggested in cases when
—  Anticoagulation or thrombolytic therapy is indicated (first, we must rule out hemorrhage);
- ICH s suspected;

- Surgical lesions are suspected (vascular, tumoral).

First 12-24-h normal scan can be seen in between 10 and 70% of patients with MCA-CVAs.
Early findings of imagery include the following:

1. Hyperdense artery sign (of the vessel involved, indicative of intra-arterial (IA) clot), 12%
of patients, within 24 h of CVA, and in 23% of scans done within the first 6 h [22].

2. Focal low attenuation within the gray matter.
3. Mass effect (seen commonly from day 1 to week 4) as

a. Effacement of cerebral sulci (often this change is subtle);
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b. Midline shift (maximal effect: end of the first week, with a range between 2 and 5
days).

4. Loss of gray-white interface.
5. Attenuation/reduction in the strength of the signal of the lentiform nucleus.
6. Hypodensity involving the insular region.

7. Enhancement, 33% of the patients. CVA becomes isodense (masking effect) or hyperdense
with normal brain, which rarely may be the only indication of the infarction.

At 48 h, most of CVAs can be seen as areas of low density.
In 1-2 weeks, we see a sharp demarcation of the CVA area.

Inup to 10% of CVAs, there may be a short window, between the first and second weeks where
the CVA becomes isodense (called fogging effect). An IV contrast scan and/or an MRI will
demonstrate these.

Atrophy is usually seen by the end of the second week to the fifth.
At 3 weeks, the density of the CVA will approach that of the CSF.

Hyperdense artery sign on CT scan: This test has a low sensitivity, but a high specificity when the
most common differential diagnosis of carotid dissection, calcified atherosclerosis of vessels
(usually bilateral), or high hematocrit has been ruled out first. However, this test does not have
independent prognostic significance [23].

8.1.1.1. CT enhancement with IV contrast in CVA:

- Many will enhance by day 6;
- Most will enhance by day 10;
- Some will enhance up to 5 months;

- Enhancement of gyri is common, seen by 1 week usually, predominantly in the gray
matter. Differentiate with inflammatory infiltrating lesions due to the breakdown of
blood-brain barrier (BBB).

—  Note: there should not be enhancement at the same time as there is mass effect.

8.1.2. Magnetic resonance imaging

- More sensitive than CT scan, especially between hours 8 and 24, specifically for brain stem
and cerebellar CVAs.

MRI enhancement patterns [24]:

1. Intravascular enhancement, 75% of patients, may indicate areas of the brain at risk of
infarction.
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2.  Meningeal enhancement, especially with dural involvement, in 35% of cortical CVAs
between days 1 and 3.

3. Transitional enhancement, two types coexist with early evidence of BBB breakdown,
usually seen on days 3-6.

4. Parenchymal enhancement classically appears as a cortical/subcortical gyral enhance-
ment. May not be apparent for the first 1-2 days, and gradually approaches 100% by 1
week. Enhancement may eliminate “fogging effect” (as on CT scan), which may obscure
some CVAs at about 2 weeks on unenhanced T2WL

8.1.3. Emergency cerebral angiography is used in the diagnosis of:

-  Pathologies with early CVA in carotid distribution;

- If diagnosis is still questionable (e.g., aneurysms, vasculitis);

- Pathologies with rapid recovery, suggesting carotid TIA in the face of increasing stenosis.
Note: Avoid angio if the patient is

- Unstable or with severe disabling neurological deficit.

Figure 8. Emergency cerebral angiography. Cutoff sign: vessel ending abruptly at the point of the MCA occlusion.

Findings include the following:
1. Cutoff sign: vessel ends abruptly at the point of obstruction (Figure 8).
2. String sign: narrow strand of contrast in a vessel with high-grade stenosis.

3. “Luxury perfusion”: reactive hyperemia is a recognized response of cerebral tissue to
injury (trauma, infarction, epileptogenic focus/foci). It is blood flow in excess of demand
due to the abolition of CBF autoregulation due to acidosis [25]. It shows as accelerated
circulation adjacent to the infarct with a stain or blush and early venous drainage.
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9. Stroke prevention

As a general principle to prevent primary and or secondary stroke or TIA events, we must
identify and control all modifiable risk factors and treat all comorbid diseases (Table 8).

Preventing stroke = Risk factor prevention

Preventing and treating:

- Diabetes

- HIN

- Lipid disorders

- Chronic kidney disease

- Atherosclerotic plaque formation

- Smoking

Table 8. How to prevent stroke

Patients with highest/strongest risk factors (coronary heart disease equivalent) (Diagram 3)
are at the same risk of CV events (e.g., ML, stroke) as patients with known coronary heart
disease.

Cardiovascular mortality in patients with type 2 DM increases by two to four times, of which
- 40% of patients die 2° to coronary heart disease;

- Coronary heart disease, not stroke, is the MCC of death.

In patients with type 2 DM,

- 40% die from coronary heart disease;

—  10% die from cerebrovascular accidents;

- 85% from stroke.

It will be of great pharmacological importance to study the chemical structure of thrombi, from
autopsy studies. The study of chemical structure of the local-occluding thrombus and the
possible site of its release and their comparison as well will help

* determine their nature (chemically) and how we can treat these elements (anticlot-drug
development or thrombolytic/clot-lytic strategies);

* make a comparison between the locally found thrombus on the occluded vessel with the
location of its release/formation and how different they are and local tissue changes from
the site of origin with time.
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-
*What caused the Cerebrovascular accidents?
"
g
|5 brain and its vascular bed affected from time of diagnosis of causative disease -
process or not?
3
Ty

*How long does it usually take for cerebrovascular accidents to occur, if ever? Never
- Years, average: soon.

*Discuss with your patient (sooner, the better) any potential outcome and clinical
course of any 1° disease process affecting the patient and complications. End of life

decisions and decision makers in case of incapacitation. )|

€€

Diagram 4. Questioner of the first clinical encounter with the patient.

In a recent trial involving patients without diabetes who had insulin resistance along with a
recent history of ischemic stroke or TIA, the risk of stroke or myocardial infarction was lower
among patients who received pioglitazone than among those who received placebo. Pioglita-
zone was also associated with a lower risk of diabetes but with higher risks of weight gain,
edema, and fracture [26]. Every clinic must have a systemic approach in preventive diseases,
steps that answer important questions for future preventive measurements (Diagram 4).

10. Treatment

Start treatment after the first event and define vascular risks—do not wait for another one, it
could be a stroke. Control risk factors for stroke and myocardial infarction, the commonest
mode of death after TIA.

Protocols, treatment modalities (Diagrams 5 and 6) are designed in their simplicity to be
applicable everywhere, although some limitations apply [5, 6]. We have to consider all
standards and suggest applications accordingly, in simple steps that can be implemented
anywhere. This is what in science we would call “Ideal.”

Treatment of atherothrombotic infarction and TIAs includes the following:
- Preventive measures

—  Management of the acute phase

—  Measures to restore the circulation and arrest the pathological process

- Thrombolytic agents
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- Acute surgical revascularization

- Treatment of cerebral-infarction edema, and raised intracranial pressure
- Anticoagulation drugs

- Antiplatelet drugs

- Other forms of medical treatment

-  Surgery and angioplasty for symptomatic carotid stenosis

- Asymptomatic carotid stenosis evaluation

—  Physical therapy and rehabilitation.

Of these modalities, surgical and endovascular treatment are technically indicated for stroke
events caused by vascular accidents in arteries with diameter as or greater than MCA, of
anterior and or posterior circulation. Smaller-size arteries have technical limitations in
performing any of these modalities, except for r-tPA and in selected cases of bypass surgery
when it can help restore flow in smaller-size arteries that are occluded (should the size allow
the technique to be performed).

We know now that thrombus formation can occur in the absence of fibrin/fibrinogen and or
vWEF (von Willebrand Factor) or both, and either or both are target/s of pharmacological
treatments. This might be one of the reasons why drug/medical thrombolysis and or prophy-
laxis were not successful for all the patients within the same risk group, giving us new
trajectories to look in and think of new and better strategies in the medical treatment of stroke
[27-31].

Treatment modalities

I
I l

Therapeutique/Endovscular

Surgical

r-tPA

— Embaolectomy

Endovascular treatment,

mechanical thrombectomy — Bypass

— Decompression

Diagram 5. Treatment modalities of stroke.
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If efficient:
- control patient
clinically and with

r-tPAis not
effective, orits is
contraindicated

Treatment modalities, this is not definitelyona
sequential order:
* Therapeutigue/Endovascular
+ r-tPA
+ Endowvascular
+ Surgical
+ Embolectomy
* Bypass
¢ Decompression

Surgical treatment, when possible and or if

imagery 1 sepatag
- follow up : indicated.
.Iinc!mas:cularlf Selection for modality will depend on the clinical
indicated, when situation, imagery findings and surgical training of
possible the neurosurgical team:
* Embolectomy, when possible, and followed
with bypass if needed
\fefficient: 4 * Decompression, asthela sF Istep lusual',:r, when
control patient | all other treatment modalities are considered)
. . . or the first to be considered in selected cases
clinically and with | Endovascularis - 3 :
; ; ictalistg it of rapid neurological and pathological
i : i deterioration after considerations for r-tPA and
- follow up is contraindicated .
endovascular treatment are excluded and time

is not a favorable factor for embolectomy and
or by pass.

Diagram 6. Treatment modality steps followed during a (stroke) vascular accident.

10.1. Therapeutic/endovascular treatment for acute ischemic stroke — current concepts:

10.1.1. Ischemic penumbra

In 1981, Astrup et al. reported a reversible non-functioning brain tissue due to ischemia which is
known as “ischemic penumbra” [32]. This ischemic but non-infarcted tissue is potentially
salvageable. Without rapid reperfusion, however, the penumbral tissue goes to cell death, that
is, infarction. As the purpose of ischemic stroke is to regain the lost neurological deficits, the
salvage of penumbral tissue is a goal of acute stroke treatment.

How is penumbra identified?

Penumbral tissue can be inferred by showing both of underperfused brain tissue within a
threshold of functional impairment and of infarction (ischemic core) [33]. The hypoperfused
brain tissue without infarction can be considered as penumbra [33].

Cerebral blood flow is measurable by a single-photon emission CT (SPECT); however,
performing SPECT is quite difficult in an emergent clinical setting. Perfusion CT and/or MRI
is rather feasible compared to SPECT, and they can provide perfusion image of the brain. MR
diffusion-weighted image (DWI) can visualize cytotoxic edema and are useful to detect

161



162

Ischemic Stroke - Updates

hyperacute ischemic brain tissue. As a rule of thumb, significant underperfusioned brain tissue
with symptoms without showing abnormalities in MR diffusion-weighted image is considered
as “ischemic penumbra” [33, 34].

10.1.2. Approval of IV r-tPA

In 1995, the efficacy of intravenous (IV) thrombolysis in patients with acute ischemic stroke
(AIS) was first reported (the National Institute of Neurological Disorders and Stroke (NINDS)
study) [35] (Table 9). In the study, patients with AIS who were treated with IV recombinant
tissue plasminogen activator (r-tPA) had a better prognosis compared to those without IV r-
tPA [35]. In 1996, the next year, the US Food and Drug Administration approved the intrave-
nous administration of rt-PA in patients with AIS within 3 h after the onset. After that, ECASS
Il reported an efficacy of IV r-tPA within 4.5 h in 2008 [46]; IV 1-tPA is eligible for AIS patients
within 4.5 h at the present time.

Indications Contraindications

- Acute ischemic stroke age, 18-85 [21, 38-40] Absolute:

- Onset of symptoms 3-4.5 h before r-tPA - Acute or  history of intracranial  hemorrhage
administration (intraparenchymal, subarachnoid (even if CT scan was
normal), intraventricular hemorrhage, epidural, subdural
- Stroke symptoms present for at least . . . .
o o ) hematoma, hemorrhagic conversion of infarction)
30 min with no significant improvement
before treatment - Severe uncontrolled hypertension (systolic pressure >185

mmHg or diastolic pressure >110 mmHg, or aggressive
- IV r-tPA should not be withheld from

patients because of microbleeds seen on
MRI [41]

treatment (IV medication) necessary to reduce blood pressure
to these limits)

. - Serious head trauma or stroke in the previous 3 months

5.  Severe hypertension does not need to
preclude treatment with IV r-tPA for - Thrombocytopenia (platelet count <100,000/ml’) and
patients with acute stroke, provided it can coagulopathy

be safely controlled with . o . o
- Current use of anticoagulant with international normalization

antihypertensive medications [38, 42, 43]
ratio (INR) >1.7 or partial thromboplastin (PT) >15 s

- Administration of heparin within the 48 h preceding the onset
of stroke, with an activated partial thromboplastin time at

presentation exceeding the upper limit of the normal range
- Low-molecular-weight heparin (LMWHs) within 24 h [43]

- Oral anticoagulant treatment, direct thrombin inhibitors, and

factor Xa inhibitors

- Severe hypo- or hyperglycemia (blood glucose <50 mg/dl or
>400 mg/dl)

- Early radiographic ischemic changes
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Indications Contraindications

Relative
- Advanced age (older than 80 years [21, 43])

- Mild or improving stroke symptoms (symptoms rapidly

improving or only minor before start of infusion)

- Severe stroke as assessed clinically (NIHSS score of >25) or by

appropriate imaging techniques, or coma [44, 45]

- Major surgery or severe trauma within the previous 3 months
[44]

- Arterial puncture of noncompressible vessel

- Recent gastrointestinal or genitourinary hemorrhage
- Seizure at the onset of stroke

- Recent myocardial infarction

- CNSstructural lesions

- Time of symptoms onset unknown

- Combination of previous stroke and diabetes mellitus

- Other major disorders associated within and increased risk

of bleeding

Table 9. Indications and contraindications for treatment with r-tPA [36-38].

10.1.3. Drawbacks of IV r-tPA

One of the major drawbacks of IV r-tPA is systemic hemorrhagic complication. The clinicians
should be cautious when using IV r-tPA in patients with AIS presenting with laterality in blood
pressure of arms. Although it is very occasionally, some patients with acute aortic dissection
presents with symptoms of AIS [47]. As the clinical feature of AIS can outweigh those of aortic
dissection in an emergent clinical setting, IV r-tPA can be administered before a diagnosis of
aortic dissection is established [47]. The number of reported cases is small; however, more than
half of AIS associated with aortic dissection are reported to be fatal [47]. As intravenously
infused r-tPA will be delivered to anywhere in a body, hemorrhage of any organs can develop.
We experienced a case of AIS which developed fatal intraperitoneal hemorrhage following IV
r-tPA [48]. The bleeding point was considered to be biopsied liver [48].

10.1.4. Limitation of r-tPA

After IV r-tPA was approved, findings of recanalization rate by occlusion site have been
obtained. Recanalization rate just after IV r-tPA varies depending on reports; however, roughly
it is reported as 10% in the internal carotid artery, 30% in the middle cerebral artery, M1, and
70% in the middle cerebral artery, M2 [49]. It is really less surprising when we consider a
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volume of a thrombus. Assuming that the diameter of the internal carotid artery is 4 mm and
those of the distal middle cerebral artery is 2 mm and a thrombus is a sphere, a ratio of the
volume of a thrombus lodging to the internal carotid artery to a thrombus lodging to the distal
middle cerebral artery becomes 8. However, a dose of IV r-tPA is determined not by a size of
thrombus but by a patient’s body weight.

To overcome the drawbacks of IV 1-tPA, a concept of additional neurointervention for patients
who are refractory or not eligible to IV r-tPA has emerged. In 2004, the Interventional Man-
agement of Stroke (IMS) study investigators reported the feasibility and safety of a combination
therapy (IV r-tPA alone vs. IV r-tPA plus intra-arterial (IA) administration of r-tPA) [50]. IMS-3,
a final version of bridging study conducted by IMS study investigators, failed to show any
benefits of additional neurointervention following IV r-tPA [51]. However, in 2015, another
five randomized controlled trials succeeded in showing the effectiveness of the additional
neurointervention [52-56].

10.1.5. Illustrative case

A 75-year-old man suddenly developed right hemiplegia and total aphasia. On examination,
his National Institutes of Health Stroke Scale (NIHSS) score was 20. About 4.5 h had already
past when he arrived at our hospital, and IV r-tPA was not eligible. Diffusion-weighted MR
image showed a moderate ischemic change of the left middle cerebral artery (Figure 9);
however, it was difficult to explain all of his neurological symptoms by the ischemic change.
Neurointervention was performed, and a complete recanalization was obtained by a stent
retriever (Figure 10). Improvement of his neurological deficits was obtained. The complete
recovery of the right hemiplegia was obtained, and he was discharged with mRS2.

Figure 9. Diffusion-weighted MR image (a, b) and FLAIR image (c, d) on admission. Acute ischemia was noted in the
left middle cerebral artery on diffusion-weighted MR image (a, b); however, no lesions were detected on FLAIR image
(¢, d), suggesting hyperacute ischemia.
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Figure 10. Lateral view of the left carotid angiogram before the neuroendovascular procedure (a). Microcatheter injec-
tion confirmed that a tip of the microcatheter was in distal to a thrombus (b). Solitaire FR 6 x 30 mm was deployed, and
the Solitaire was pulled with a proximal flow control (c). After one passage of the Solitaire FR, a complete recanaliza-
tion was obtained (d).

10.1.6. Future issues

Twenty years has been passed since the publication of NINDS study. It is quite evident that r-
tPA is effective in patients with AIS within 4.5 h. It is and will be impossible to conduct
randomized controlled trial comparing neurointervention and medical management without
r-tPA in patients with AIS within 4.5 h. Thus, further issues to be addressed should be the
methodology of how to recanalize occluded vessels in conjunction with IV r-tPA. Should we
puncture a femoral artery during IV r-tPA? Which devices are most suitable to recanalize? Are
there any necessary to choose devices depending on an occlusion site or nature? The next
decade will answer these questions, we believe.

A recent trial involving predominantly an Asian patient with acute ischemic stroke did not
show the noninferiority of low-dose alteplase to standard-dose alteplase with respect to death
and disability at 90 days. There were significantly fewer symptomatic intracerebral hemor-
rhages with low-dose alteplase [57].

Although the INR and pTT are not adequately reliable indicators of the anticoagulation effect
of direct thrombin inhibitors (dabigatran), the thrombin time (TT) is sensitive to the presence
of dabigatran activity. Based on the current understanding of pharmacokinetics, IV r-tPA may
be considered reasonable in some cases if patients have normal TT, aPTT, and PT, but this
should be a subject of future research [38, 58].
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10.1.7. The guidelines for the Early Management of Patients with Acute Ischemic Stroke Regarding
Endovascular Treatment, Endovascular Interventions:

1.

Patients eligible for intravenous r-tPA should receive intravenous r-tPA even if endovas-
cular treatments are being considered (Class I; Level of Evidence A) [21, 59].

Patients should receive endovascular therapy with a stent retriever if they meet all the
following criteria (Class I; Level of Evidence A):

a. prestroke mRS scores 0-1,

b. acute ischemic stroke receiving intravenous r-tPA within 4.5 h of onset according to
guidelines from professional medical societies,

¢. causative occlusion of the internal carotid artery or proximal MCA (M1),
d. age 218 years,

e. NIHSS score of >6,

f. ASPECTS of 26, and

g. treatment can be initiated (groin puncture) within 6 h of symptom onset.

As with intravenous r-tPA, reduced time from symptom onset to reperfusion with
endovascular therapies is highly associated with better clinical outcomes. To ensure
benefit, reperfusion to TICI grade 2b/3 should be achieved as early as possible and within
6 h of stroke onset (Class I; Level of Evidence B-R).

When treatment is initiated beyond 6 h from symptom onset, the effectiveness of endo-
vascular therapy is uncertain for patients with acute ischemic stroke who have causative
occlusion of the internal carotid artery or proximal MCA (M1) (Class IIb; Level of Evidence
Q).

In carefully selected patients with anterior circulation occlusion who have contraindica-
tions to intravenous r-tPA, endovascular therapy with stent retrievers completed within
6 h of stroke onset is reasonable (Class Ila; Level of Evidence C). There are inadequate
data available at this time to determine the clinical efficacy of endovascular therapy with
stent retrievers for those patients whose contraindications are time-based or nontime-
based (e.g., prior stroke, serious head trauma, hemorrhagic coagulopathy, or receiving
anticoagulant medications).

Although the benefits are uncertain, the use of endovascular therapy with stent retrievers
may be reasonable for carefully selected patients with acute ischemic stroke in whom
treatment can be initiated (groin puncture) within 6 h of symptom onset and who have
causative occlusion of the M2 or M3 portion of the MCAs, anterior cerebral arteries,
vertebral arteries, basilar artery, or posterior cerebral arteries (Class IIb; Level of Evidence
Q).

Endovascular therapy with stent retrievers may be reasonable for some patients <18 years
of age with acute ischemic stroke who have demonstrated large vessel occlusion in whom



10.

11.

12.

13.

14.

15.

16.

Cerebrovascular Anatomy, Neuropathology, Clinics of Stroke: Endovascular Treatment, Decompressive Craniectomy

http://dx.doi.org/10.5772/64610

treatment can be initiated (groin puncture) within 6 h of symptom onset, but the benefits
are not established in this age group (Class IIb; Level of Evidence C).

Although the benefits are uncertain, the use of endovascular therapy with stent retrievers
may be reasonable for patients with acute ischemic stroke in whom treatment can be
initiated (groin puncture) within 6 h of symptom onset and who have prestroke mRS score
of >1, ASPECTS.

Observing patients after intravenous r-tPA to assess for clinical response before pursuing
endovascular therapy is not required to achieve beneficial outcomes and is not recom-
mended (Class III; Level of Evidence B-R).

The use of stent retrievers is indicated in preference to the MERCI device (Class I; Level
of Evidence A). The use of mechanical thrombectomy devices other than stent retrievers
may be reasonable in some circumstances (Class IIb, Level B-NR).

The use of proximal balloon-guide catheter or a large bore distal access catheter rather
than a cervical guide catheter alone in conjunction with stent retrievers may be beneficial
(Class IlIa; Level of Evidence C). Future studies should examine which systems provide
the highest recanalization rates with the lowest risk for nontarget embolization.

The technical goal of the thrombectomy procedure should be a TICI 2b/3 angiographic
result to maximize the probability of a good functional clinical outcome (Class I; Level of
Evidence A). The use of salvage technical adjuncts including intra-arterial fibrinolysis may
be reasonable to achieve these angiographic results, if completed within 6 h of symptom
onset (Class IIb; Level of Evidence B-R).

Angioplasty and stenting of proximal cervical atherosclerotic stenosis or complete
occlusion at the time of thrombectomy may be considered but the usefulness is unknown
(Class IIb; Level of Evidence C). Future randomized studies are needed.

Initial treatment with intra-arterial fibrinolysis is beneficial for carefully selected patients
with major ischemic strokes of <6-h duration caused by occlusions of the MCA (Class L;
Level of Evidence B-R). However, these data derive from clinical trials that no longer
reflect current practice, including the use of fibrinolytic drugs that are not available. A
clinically beneficial dose of intra-arterial r-tPA is not established, and r-tPA does not have
FDA approval for intra-arterial use. As a consequence, endovascular therapy with stent
retrievers is recommended over intra-arterial fibrinolysis as first-line therapy (Class I;
Level of Evidence E).

Intra-arterial fibrinolysis initiated within 6 h of stroke onset in carefully selected patients
who have contraindications to the use of intravenous r-tPA might be considered, but the
consequences are unknown (Class IIb; Level of Evidence C).

It might be reasonable to favor conscious sedation over general anesthesia during
endovascular therapy for acute ischemic stroke. However, the ultimate selection of
anesthetic technique during endovascular therapy for acute ischemic stroke should be
individualized based on patient risk factors, tolerance of the procedure, and other clinical
characteristics. Randomized trial data are needed (Class IIb; Level of Evidence C).
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General anesthesia with intubation and conscious sedation are the two most frequently used
anesthetic approaches for patients with an acute ischemic stroke receiving endovascular
therapy.

An expert consensus statement of the Society of Neurointerventional Surgery and the Neuro-
critical Care Society recommends the use of general anesthesia for patients with severe
agitation, low level of consciousness (the Glasgow Coma Scale (GCS) of <8), loss of airway
protective reflexes, respiratory compromise, and in selected posterior circulation stroke
presenting with these features [60].

10.1.8. Patient selection

* Intracranial vessel occlusion must be diagnosed with noninvasive imaging whenever
possible before considering treatment with mechanical thrombectomy (Grade A, Level 1a,
KSU Grade A) [59].

* If vessel imaging is not available at baseline, an NIHSS score of >9 within 3 h, and >7 points
within 6 h may indicate the presence of large vessel occlusion (Grade B, Level 2a, KSU Grade
B).

* Patients with radiological signs of large infarcts (e.g., using the ASPECTS score) may be
unsuitable for thrombectomy (Grade B, Level 2a, KSU Grade B).

* Imaging techniques for determining infarct and penumbra sizes can be used for patient
selection and correlate with functional outcome after mechanical thrombectomy (Grade B,
Level 1b, KSU Grade B).

* High age alone is not a reason to withhold mechanical thrombectomy as an adjunctive
treatment (Grade A, Level 1a, KSU Grade A).

10.2. Surgical treatment

10.2.1. Embolectomy and extracranial — intracranial (EC/IC) bypass; STA — MCA bypass is this the
solution or a treatment — procedure?

Surgical embolectomy in conjunction with ligation of the cervical ICA followed by STA-MCA
bypass might be a safe alternative method to endovascular recanalization, when the cervical
dissection of ICA is extensive and when huge secondary emboli are present along the MCA
when it is clinically indicated and or in centers that do not have a 24-h endovascular service
[61]. In these centers, microsurgery is recommended as a first-line treatment, after exclusion
of malignant profile based on MRI findings (i.e., minimal DWI lesion less than one-third of the
entire MCA region despite large ICA/MCA occlusion on MRA) [5, 6, 62-64]. Spontaneous
dissection of the internal carotid artery (ICA) is one of the main causes of ischemic stroke in
young- to middle-aged patients. It can cause malignant brain infarction [65], and in addition
tandem ICA and MCA occlusion independently predict poor outcomes in response to
intravenous r-tPA [66-68]. We know that theoretically stent deployment for cervical ICA
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dissection could cause distal migration of secondary emboli, vessel laceration, and in-stent
thrombosis [64, 69]. When other criteria are not meet, surgical embolectomy is recommended.

CBF increases significantly after bypass, and flow reservation improves significantly. Patients
with TIA experience less or no recurrence of such episodes after bypass and the neurologic
deficit remains unchanged in patients with complete stroke after bypass, with a very high
satisfaction rate after surgery as assessed by the patients themselves, in comparison to the
conservative treatment [70].

10.2.2. Bypass may be indicated and may be helpful in restoring CBF and reducing the risk of stroke in:

- Atherosclerotic plaque non treatable by endovascular or other means;
- Failure of medications to control TIA symptoms or stroke;

- Imagery (angio, CTA, and MRA) showing intra- and or extracranial arterial stenosis/
occlusion;

—  CBF studies (CT perfusion, positron emission tomography (PET), and SPECT) show
insufficient blood flow due to arterial stenosis [5, 64, 68-70]..

Bypass surgery might improve CBE, but it does not cure (with some exceptions) the underlying
disease.

Outside Inside

Frontal sinus, 1-cm superior Superior

sagittal sinus

Sagittal suture, 1-cm lateral Transverse

sinus
Lambda and lambdoid suture 1-cm superior
Asterion and pterion

With an extensive craniectomy, we can remove an area of bone~60 cm?.

At this range, the volume calculated to protrude through the opening will be a minimum of 60 ml.

This technique has a greater decompression effect on frontal, precentral, superior cerebral, and parietal

veins, with the greatest effects expected on the superior sagittal sinus and the confluence of sinuses.

Sixty milliliter is the maximal volume of compensation before clinical signs of herniation appear

during stroke event.

Table 10. Craniectomy landmarks to consider.
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10.3. Decompressive craniectomy (DC)

10.3.1. Age is not the limit! DC is nor the solution, nor the cure! Hemicraniectomy for malignant MCA
territory infarction

Treatment modalities for stroke has progressed and substantially changed from what we knew
two decades ago; we have now the possibility to use noninvasive treatment options and/or a
combination with surgical techniques as well. Although none of the surgical techniques is the
first to be considered, they are absolutely the last options we can use to treat stroke event and
complications (Table 11) (Diagram 6).

Indications Contraindications

Failure of r-tPA and or endovascular treatment Prestroke mRS score of >2

Failure of bypass Prestroke score Barthel Index of <95
Refractory increase in ICP despite treatment (Graphic 3) GCS of <8

Brain stem involvement and or signs of herniation
Brain stem not involved and before signs of herniation Hemorrhagic transformation of the infarct

Disease affecting ICA, and or MCA, M1, M2, or either of the lastin  Related disease/conditions affecting outcome.

combination with ACA or PCA (rare occurrence) ipsilateral Coagulopathy/systemic-blooding disorders.

Table 11. Hemicraniectomy indications and contraindications in brain malignant infarction.

Minimal effect of craniectomy, before durotomy

Compensatony

Segment

Durotomy

Graphic 3. Volume-pressure changes, graphic.

It may reduce mortality to as low as 32% in nondominant hemisphere CVAs [71], and it can
reduce mortality up to 37% in all corners, with surprising clinical results. Better results occur
with early surgery, before any changes associated with herniation occur [72], but it does not
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treat the underlying cause/s of the edema formation (being it transudate or exudate). It is a
very important treatment procedure that must be considered. As decompression has never

been the first treatment modality, it has mostly been considered the last and in many clinical
situations the first as well.

10.3.2. Surgical techniques and notes

Preferred skin incisions for a large decompressive craniectomy (Table 8, Figure 11) are as
follows:

fagurcn cevelual ems

Pareria

o

Contharnce

of e

Trannverse siesm

Figure 11. Images 1 and 2 identify the major intracranial surgical landmarks to be considered
Question mark extended,;

— U shape extended.

Both incisions expose the scalp greatly, with its borders along the anastomotic segments. U-

shape incision traumatizes the vascular supply to a lesser degree [73]. However, due to the
extensive vascular collateral circulation in the scalp area, scalp necrosis is uncommon.

Surgical landmarks
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Figure 12. Surgical landmarks and area measurements [74, 75].



172

Ischemic Stroke - Updates

Craniectomy landmarks and indications are listed in Tables 10 and 11 (Figure 12).

Alarger craniectomy does not always mean better; however, a smaller craniectomy (the lower
threshold of 12 cm for hemicraniectomy and decompression to the temporal base) is effective
in relieving ICP. The size should always consider the risk of complications, including the
parenchymal shear stress and hemorrhage [74, 75] (Figure 12).

Age should not be the limit (each disease categories), for medical and or surgical modality
treatment decisions, but the existing and past medical conditions of the patient. By contrast,
we should push the limit and provide support for longer life expectancy with a better quality
for stroke-related diseases [76] (Table 11).

Hemicraniectomy is increasingly used as treatment option in stroke and in head trauma, but
little is known on the physiological regional effects of hemicraniectomy in the normal brain.
In their work, Schaller et al. [77] measured in consecutive hours regional CBF, CMR of O,, and
glucose from the brain tissue underneath the craniectomy (hemicraniectomy) of the animals
used in the study. They demonstrated for the first time that decompressive hemicraniectomy
decreases CBF, and to a lesser extent CMR of O, and glucose 2 h after hemicraniectomy in the
normal brain tissues that last for at least 1 day. The underlying basis of these phenomena is
not fully understood; however, their findings implied that persisting pathophysiological
processes are induced by hemicraniectomy and should be taken into consideration for surgical
indications [77].

We can use clinical findings and imagery, and analyze volumetric changes before neuronal
injury and predict which patients may benefit from hemicraniectomy. It is a life-saving surgery
when performed correctly; it can reduce disability and mortality and improve functional
outcome as proved in several controlled trials [75, 78].

10.3.3. Dural incisions and duraplasty

- Cross, extended (Figure 13 f) or standard (Figure 13 d, e) [73, 79]. These incisions create
two smaller triangles superiorly (one and two) (Figure 13 d, e), thus creating the possibility
for a better supply from the anastomotic vessels opposite. If the axial plane of the dural
incision creates equal half’s 1-2 and 3-4), the area requiring blood supply from the
anastomotic branches (one and two) will be greater than what the vasculature can supply,
and this might create the risk of necrosis at the distal margins of each incision.

- “Maple leaf” (Figure 13 a—c): the incisions in this technique follow parallel with the
vasculature of the major branches of the middle meningeal artery supplying the dura, and
respect their segments of anastomosis. At the same time, the wide opening of the dural
leafs exposes the brain-herniating tissue to a lesser pressure.

Standard duraplasty can be performed at the end of the decompression procedure, with aloose
graft.
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10.3.4. When should we put the bone back?

With the patient in stable clinical conditions, we should prepare to put the bone back any time
after gliosis starts forming (>4 weeks). Although ICP helps to set a baseline of when we should
decide to put the bone back (Graphic 3), it is pathologically correct to do so during gliosis and
scar formation (Table 4), usually >2 weeks when glial scar starts to form, and best after the
fourth week when cystic area is surrounded by dense glial fibers.

Figure 13. Dural incision’s techniques.

10.3.5. Suturing of the skin (at the end of the surgery/craniectomy)

The most productive results are with a continuous suture, if a second surgical procedure will
be required; this technique allows you to remove the suture with only two cuts, and pull.

10.4. Possible modality treatments of the future

In the last couple of years, the use of transcranial ultrasound has been modified for therapeutic
use as well [80]. Its promising results will open doors for application in thrombus destruction
during the ischemic event. Its use in trans-BBB (Blood Brain Barrier) delivery of medical
therapy has been published now, as well as its use in functional neurosurgery. This is a novel
technique, noninvasive that is starting to take shape beyond its initial plan of application and
is promising.

We recommend the use of Diagram 6 thatindicates in a step-wise manner all possible treatment
modalities we can chose based on clinical and imagery indications.
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Abstract

Introduction: To emphasize the importance of this kind of stroke, to focus on
secondary stroke prevention and to recognize that the etiology of stroke is funda-
mental for proper prevention. In this chapter, the history of this stroke subtype is
described and its actual specific denomination: embolic stroke undetermined source
(ESUS).

Objectives: To define “cryptogenic stroke,” the main characteristics and therapeutics
proposals.

Discussion: The following main characteristics of this kind of stoke are presented here:
the incidence in several countries and international statistics, the specific physiopa-
thology of this kind of stroke, the different methods for its correct diagnosis and the
importance of exhaustive cardiac investigation, the main cause of ESUS with special
focus in the importance of paroxysmal atrial fibrillation. The new therapeutic options
(anticoagulants versus antiplatelets) are presented and discussed based on the recent
trials.

Conclusion: Importance of correct definition of the stroke etiology for its appropriate
secondary prevention; would anticoagulation be better than antiaggregation for
adequate prevention? We look forward to the results of recent trials in this field.

Keywords: stroke, cryptogenic stroke, cerebral embolism, embolic stroke of undeter-
mined source (ESUS), anticoagulants, atrial fibrillation

1. Introduction

Cryptogenic stroke is a kind of stroke without a known cause, with a negative screening for a
definite cause, such as cardioembolism, atherothrombosis, arterial dissection, and lacunar
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stroke [1]. This term was introduced in 1988 [1] and has gained importance because of the need
to clarify the stroke cause for its effective treatment and secondary prevention. The definition
of the stroke etiology is of great importance since it is directly related to its prognosis and
treatment and guides the secondary prevention strategy.

Known atherothrombotic stroke responds reasonably well to antiplatelet (AG), and cardioem-
bolic stroke responds better to anticoagulant than to AG, and therefore, there should be a
careful etiological definition. The risk of recurrence of a cryptogenic stroke is high [2, 3],
because it surely is not being adequately prevented. Recently, the term ESUS (“embolic stroke
undetermined source”) has been used to describe these cases [4], since most of these cases of
cryptogenic strokes are embolic with an undetermined the source of embolism.

1.1. Etiologic stroke classification

There are several classifications and scales to help determine the etiologic diagnosis of stroke.
The TOAST (Trial of Org 10172 in Acute Stroke Treatment) Subtype Classification System [1]
has been widely used and divides the acute ischemic stroke in five subtypes according to their
causes: atherosclerosis of large arteries (carotid and cerebral), cardioembolic, occlusion of small
vessels (lacunar), certain other causes (e.g., thrombophilias), and undetermined cause (cryp-
togenic stroke). The prevalence of cryptogenic strokes varies from 20 to 40% of all subtypes of
stroke in most studies [2, 3].

Recently, researchers have discussed deeply on why the incidence of this event has remained
high over the years. Often the investigation is incomplete, but in many cases, this investigation
is adequate, and yet it is not possible to identify the cause of the stroke. In these cases, the first
suspicion should be for a transient or reversible mechanism [4, 5].

2. Physiopathology

Many different pathophysiological mechanisms have been proposed as possible causes for a
cryptogenic stroke [4]:

—  Cardioembolic sources, such as mitral annular calcification, aortic valve stenosis, aortic
valve calcification, atrial asystole and sick sinus syndrome, atrial high rate episodes, atrial
appendage stasis with reduced flow velocities or spontaneous echodensities atrial
structural abnormalities, atrial septal aneurysm, Chiari network, moderate systolic or
diastolic dysfunction (global or regional), ventricular non-compaction, endomyocardial
fibrosis, covert paroxysmal atrial fibrillation.

—  Cancer-associated emboli: covert nonbacterial thrombotic endocarditis, tumor emboli
from occult cancer.

- Arteriogenic emboli: aortic arch atherosclerotic plaques, cerebral artery non-stenotic
plaques with ulceration.



Cryptogenic Stroke
http://dx.doi.org/10.5772/65045

- Paradoxical embolism: patent foramen ovale, atrial septal defect, pulmonary arteriove-
nous fistula.

The cardioembolic mechanisms as possible genesis of cryptogenic stroke have been deeply
discussed [4, 6], believing that they are often are not recorded, either for lack of relevant
research or the characteristic paroxysms (as in paroxysmal atrial fibrillation), which may make
this arrhythmia not evident at the time of investigation. The cardioembolic causes has been
the subject of deep and extensive discussions in recent years, with special attention to atrial
fibrillation (AF) and patent foramen ovale (PFO), due to its high prevalence in the general
population.

2.1. Atrial fibrillation

Atrial fibrillation is an example of a transient cause that corresponds to 10% of all stroke and
is estimated to be responsible for 50% of the cryptogenic stroke. The AF is paroxysmal in 30%
of patients with stroke and therefore is often not identified within the first days or weeks after
a stroke, as seen in several trials. It is known that the investigation of AF can present false
negatives because of the possible paroxysmal rhythm, which suggests the need for long-term
monitoring. Several studies have proven that long-term monitoring [7-9] for atrial fibrillation
increases the chances of detecting paroxysmal AF. Several devices have been proven for this,
including outpatient mobile telemetry and the outpatient transtelephonic monitoring,
implantable loop recorder. Culebras et al. [8] describe in the 2014 consensus of the American
Academy of Neurology evidence of the work of the last decade analyzing the effectiveness of
these mechanisms to detect AF (ECG, Holter, event loop, outpatient telemetry / hospital,
outpatient transtelephonic monitoring ECGs series) and showed a tendency that the higher
monitoring time is related to the higher detection rate of the AF.

For example, the study CRYSTAL AF [9] in 2014 studied the presence of AF in patients with
transient ischemic attack (TIA) or stroke cryptogenic for 6 and 12 months, using a insertable
cardiac monitor, a previously validated device for AF detection which is implanted in the
patient and records an electrocardiographic lead. This study showed that when compared to
control groups, AF was observed in 8.9% of patients within 6 months of evaluation, compared
to 1.4% in control patients (p <0.001) and 12.4% of patients 12-month assessment, against 2.0%
in the control group (p < 0.001). Thus, it is clear that patients with cryptogenic stroke should
have a more comprehensive research, in addition to ECG and Holter, since there is evidence
that device is most effective in detecting paroxysmal AF.

A potential biomarker for determining the risk of AF occurring after cryptogenic stroke could
be the dosage of brain natriuretic peptide (sSBNP) serum levels [10], which are high in AF, and
therefore could be useful for the monitoring of these patients; however, this is not consensual
yet and needs further confirmation.

2.2. Patent foramen ovale

Another situation often associated with cryptogenic stroke is the presence of patent foramen
ovale (PFO). This is a common anatomic abnormality in the general population —an estimated
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prevalence of 26% [11]. The PFO appears to be a risk factor for stroke in young adults; one
meta-analysis showed that patients younger than 55 years have higher rates in the presence of
PFO than the control population, and the same does not occur in patients older than 55 years
[11].

The presence of PFO may lead to cerebral ischemia by several mechanisms [6]:
- Paroxysmal embolism of peripheral venous system;

-  Embolization of thrombi in the atrial septum;

- Embolization of thrombi formed by paroxysmal arrhythmias.

The presence of PFO may be associated with the occurrence of atrial septal aneurysm (ASA),
Chiari network, or other atrial septal defects. The presence of PFO and its relationship to stroke
can be difficult to determine. The SPARC study [12] suggests that the presence of an isolated
PFO, adjusted to age and comorbidities, is not considered a risk factor for cerebrovascular
events; however, the risk of stroke in patients with PFO and ASA is four times higher than in
patients without ASA. Other features such as the right-left shunt at rest and septal hypermo-
bility are related to higher risk of stroke than isolated PFO [13].

The diagnosis of PFO is performed by echocardiography; evaluation by transcranial Doppler
can aid the diagnosis in a first approach as it can demonstrate right-left communication
(shunts) when detecting microembolic signals; however, this rating is less sensitive to small
PFOs and does not evaluate cardiac structure anatomically, so that echocardiography is still
the method of choice [6]. The gold standard investigation for PFO is the Transesophageal
echocardiography (TEE) [6].

There is no consensus regarding the treatment of PFO, and its approach includes the use of
antiplatelet agents, anticoagulants, closing by percutaneous, or surgical closure device.
Clinical treatment with warfarin or acetylsalicylic acid (ASA) is indicated as secondary
prophylaxis in cryptogenic stroke in patients with PFO—there is no evidence of superiority of
one treatment compared to another. There is still no clear benefit of PFO closure therapy
because it is not yet clear which the patient that best benefits from this approach, nor what
kind of approach would be superior [14, 15].

3. Etiological investigation

There is no consensus about the etiological investigation stroke, but recent studies cite that the
investigation should include performing computed tomography (CT) or magnetic resonance
imaging (MRI) of the brain, 12-lead ECG, cardiac monitoring for 24 h (Holter), transthoracic
echocardiogram, screening for thrombophilia in patients younger than 55 years, angio-CT/
angio MRI/or cervical and intracranial digital angiography, ultrasonography Doppler of
cervical, and vertebral arteries.

In cases where the cause for the stroke is unknown despite adequate research, it is suggested
to expand the investigation of possible cardioembolic events, given their greater frequency in
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the general population. To this end, it is suggested performing transcranial Doppler, transe-
sophageal echocardiography-TEE (which is the gold standard for cardiac anatomic evalua-
tion), and an increased time heart rhythm study (greater than 24 h), as discussed previously.
The TEE should also evaluate the presence of aortic arch atheroma, as cryptogenic stroke
patients have an increased prevalence of atherosclerotic disease of the aorta, which could lead
to an embolic stroke [16]. The transcranial Doppler may detect microembolic signs [17], which
could be related to PFO or pulmonary arteriovenous fistula for example.

Some authors also suggest including pelvic magnetic resonance venography in patients with
cryptogenic stroke and PFO, as deep vein thrombosis could be a source of paradoxical
embolism in these patients [18].

There seem to be a statistically significant clinical and radiological difference between patients
with cryptogenic stroke and PFO, AF, and aortic arch atheroma. Ryoo et al. [16] described in
one study that patients with PFO had healthy vascular risk and more posterior circulation
involvement; AF-related events present with higher NIHSS scores and larger lesions than other
groups; and aortic arch atheroma was related to small lesions in multiple territories. Although
this needs further studies, these patterns could help guiding the investigation.

In young patients with cryptogenic stroke and already investigated for thrombophilias,
supplementation with genetic study to thrombophilic disease appears to have no benefit [15].
Studying this situation showed no statistically significant increase in the prevalence of Stroke
related to genetic polymorphisms in young patients investigated for thrombophilic causes,
including evaluation of factor V gene Leiden, prothrombin gene, angiotensin-converting
enzyme gene, gene of 5,10-metilenotetrahidrofolate-reductase (MTHFR), endothelial nitric
oxide synthetase gene (ecNOS) activating factor gene of plasminogen activator (tPA) inhibitor
factor-1 gene of plasminogen activator (PAI-1), and Haelll polymorphism of (-fibrinogen
gene [19].

4. Treatment

Considering that the correct secondary stroke prevention depends on the precise knowledge
of the etiology of the stroke, it is very important to define it. Unfortunately, until now, there is
no definition about the best management of secondary prevention in cryptogenic stroke.

The consensus of the American Stroke Association/American Heart Association 2008 specifi-
cally recommends antiplatelet indication for the treatment of cryptogenic stroke. However,
more recent consensus does not specifically comment on managing this stroke subtype [4].

There are few studies analyzing this issue. The WARSS study [20] showed that in a sample
of patients with cryptogenic stroke, the rate of recurrence of the event or death was statisti-
cally lower in patients who used warfarin (target INR between 1.4 and 2.8) than in patients
receiving acid acetylsalicylic (ASA) at a dose of 325 mg/day. Recently, some authors as Hart
et al. [4] suggest the introduction of anticoagulant treatment for secondary prophylaxis in
patients with undetermined etiology stroke. Ongoing trials such as the RES-PECT ESUS [21]
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studies and NAVIGATE ESUS [22] are comparing the use of acetylsalicylic acid to the use of
novel oral anticoagulants and should help to determine the choice of treatment in the future
(Table 1).

Trial Drug Started
RES-PECT ESUS [21] Dabigatran vs. ASA 2015
NAVIGATE ESUS [22] Rivaroxaban vs. ASA 2015

ASA, acetylsalicylic acid.

Table 1. Ongoing trials comparing ASA vs. the new oral anticoagulants in ESUS patients.
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Abstract

Strokes are a major source of morbidity and mortality worldwide. The long-standing
gold standard in stroke therapy, intravenous administration of tissue plasminogen
activator (tPA), is limited by strict timing parameters and modest efficacy in large
strokes caused by thrombi in the proximal cerebral vasculature. Multiple recent
randomized controlled trials have demonstrated the efficacy of mechanical thrombec-
tomy for patients with large vessel occlusions (LVOs). Recent clinical guidelines have
been updated to include mechanical thrombectomy as a standard of care in properly
selected stroke patients, with ongoing and future studies working to refine the optimal
clinical and technical variables of this approach.

Keywords: mechanical thrombectomy, large vessel occlusion, stroke, stent-retriever,
endovascular

1. Large vessel ischemic stroke: an opportunity for improvement

Strokes are the third leading cause of death globally and the leading cause of acquired adult
disability [1, 2]. There are approximately 700,000 strokes annually in the United States and 4.5
million stroke survivors suffering from disability and loss of independence [3]. Proximal large
vessel occlusions (LVOs) are particularly devastating, with an approximate 60-80% risk of 90-
day mortality or severe morbidity [4, 5]. Costs associated with the treatment of stroke patients
are more than 22 billion dollars annually [3, 6]. With an aging global population, the incidence
of stroke is expected to increase over time, making improvements in detection, treatment, and
management essential.
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The pathophysiology of ischemic strokes, which accounts for 85-90% of all strokes, is an
ischemic cascade in the cerebral vasculature that leads to cellular bioenergetic failure. This
injury is caused by cerebral hypoperfusion and subsequent excitotoxicity, oxidative stress,
blood-brain barrier dysfunction, and post-ischemic inflammation that culminate in the death
of neurons, glia, and endothelial cells [2]. Therapies targeting these deleterious pathways have
been shown to improve cerebral perfusion and decrease secondary injury [7, 8], although rapid
restoration of blood flow to affected areas remains the ultimate goal in stroke treatment.

Evidence-based indications (all criteria met)

Pre-stroke mRS 0-1

Acute ischemic stroke of ICA or proximal MCA receiving tPA within 4.5 hours
Age > 18 years

NIHSS/ASPECTS > 6

Thrombectomy initiated within 6 hours of symptom onset

Thrombectomy may be considered (no definitive data and imaging to determine infarct core/penumbra may be helpful)
>6 hours from symptom onset

Patients with contraindications to tPA

Distal MCA, ACA, and posterior circulation occlusions

<18 years of age

Pre-stroke mRS > 1, NIHSS/ASPECTS < 6

Abbreviations: ACA, anterior cerebral artery; ASPECTS, Alberta Stroke Program Early CT score; ICA, internal cerebral
artery; MCA, middle cerebral artery; mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale;
tPA, tissue plasminogen activator.

Table 1. Summary of current indications for mechanical thrombectomy for stroke.

The long-standing gold standard for restoration of blood flow to ischemic brain is intravenous
administration of the thrombolytic agent tissue plasminogen activator (tPA) within 3-4.5 hours
of symptom onset [9, 10]. Tissue plasminogen activator leads to a 30% decreased risk of having
no or minimal disability at 30 days [11]. However, strict parameters for tPA administration,
such as its narrow treatment window and requirement that the patient has no recent surgeries,
recent stroke, or prior hemorrhagic stroke, leave tPA underutilized. Only 3-5% of all stroke
patients receive tPA, and less than half of patients that would be eligible for tPA actually receive
treatment [12]. tPA is also associated with a 6% rate of hemorrhagic strokes and a 2% risk of
systemic hemorrhage [13]. Most importantly, in high-risk patients with LVO, tPA has only
modest rates of early reperfusion and thus limited efficacy [4, 5, 14, 15]. The limitations and
risks of medical stroke therapies, particularly in patients with LVO, have led to the exploration
of other reperfusion techniques by mechanical clot removal (thrombectomy). Recently,
multiple large randomized trials demonstrated improved outcomes in patients with LVO [5,
16-19]. Based on this data, mechanical thrombectomy is now a standard of care in appropri-
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ately selected stroke patients with LVO (Table 1) [20]. This chapter focuses on the theory,
technical aspects, current data, and future directions of mechanical thrombectomy for stroke.

2. Introduction to mechanical thrombectomy

Mechanical thrombectomy employs direct arterial access to physically remove a thrombus
from the cerebral circulation, providing in theory immediate and definitive reversal of
hypoperfusion. While intuitively appealing, optimizing the technical aspects of this approach
has delayed its widespread implementation. Early-generation devices included the MERCI
Retriever (Concentric Medical Inc/Stryker Corp., Kalamazoo, MI), a flexible helical nitinol wire
thatis deployed through a microcatheter into the clot under balloon vessel occlusion and large-
bore direct aspiration catheters with or without mechanical clot separators (Penumbra, Inc.,
Alameda, CA). Intra-arterial application of tPA directly to the site of the lesion was also
explored in parallel to the above early techniques.

Initial randomized clinical trials with these devices/techniques demonstrated their safety but
failed to show their superiority to intravenous tPA [4, 21, 22]. Potential reasons for the non-
superiority of endovascular interventions in these trials include prolonged durations between
symptom onset and intervention, poor patient selection as LVO was not in the selection criteria,
and suboptimal recanalization rates likely resulting from use of early generation thrombecto-
my devices.

Newer generation stent retrievers, such as Solitaire FR (Covidien, Ltd., Mansfield, OH) and
TREVO (Stryker Corp.), act as stents that are deployed within the clot and then retrieved to
complete the thrombectomy. These devices have demonstrated superiority to older products
like MERCI [23, 24] and are associated with significantly reduced endothelial damage [25].
Multiple large randomized trials have recently been published demonstrating improved
outcomes in patients with LVO treated with stent retrievers as compared to intravenous tPA
[5, 16-19], with clinical guideline updates including these therapies as standard of care.

3. Updated clinical data on mechanical thrombectomy

The American Heart Association (AHA)/American Stroke Association (ASA) released a set
of updated guidelines for the management of patients with acute ischemic disease regard-
ing endovascular treatment in 2015 after recent randomized controlled trial data clearly
demonstrated the safety and efficacy of mechanical thrombectomy as compared to tPA for
large vessel occlusion [20]. A summary of this clinical data follows and is highlighted in
Table 2.

The Multicenter Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic
Stroke in the Netherlands (MR CLEAN) enrolled 500 patients with anterior cerebral circulation
arterial occlusion and an National Institutes of Health Stroke Scale (NIHSS) score >2, who could
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be treated endovascularly within 6 hours of symptom onset [5]. The effects of intra-arterial
treatment plus standard medical therapy (intervention) versus standard medical therapy alone
(control; including intravenous tPA, if eligible) were assessed. Mechanical thrombectomy was
performed in 195 of 233 patients randomized to the intervention group, with retrievable stents
used in 190 of these 195 patients. A modified thrombolysis in cerebral infarction (TICI) score
of 2b or 3 (indicating >50% or complete distal reperfusion, respectively) was achieved in 58.7%
of patients in the intervention group. This study reported a 13.5% increase in functional
independence in the intervention group (32.6 versus 19.1, p <0.05 as determined by the primary
study outcome 90-day modified Rankin Scale [mRS] < 2), with no significant difference in
mortality or intracerebral hemorrhage rates. Secondary outcomes of the 5- and 7-day NIHSS
score, the absence of residual occlusion at 24 hours, and the infarct volume were also improved
in the intervention group.

The Endovascular Treatment for Small Core and Anterior Circulation Proximal Occlusion
with Emphasis on Minimizing CT to Recanalization Times (ESCAPE) trial enrolled 316 pa-
tients with proximal anterior circulation occlusions, moderate-to-good collateral circulation,
and a small infarct core, up to 12 hours after symptom onset [16]. The effects of intra-arterial
treatment plus standard medical therapy (intervention) versus standard medical therapy
alone (control; including intravenous tPA, if eligible) were assessed. This study was termi-
nated early after an interim analysis demonstrated clear treatment efficacy. One hundred
and fifty-one of the 165 patients assigned to the intervention group received intra-arterial
therapy, with retrievable stents used in 130 of these patients. A modified TICI 2b or 3 score
was achieved in 72.4% of patients in the intervention group. This study reported a 23.7%
increase in functional independence (90-day mRS < 2) with intervention (53.0 versus 29.3%,
p < 0.05; a primary study outcome) and a decrease in 90-day mortality (10.4 versus 19.0%;
p = 0.04). Secondary quality of life outcomes including 90-day Barthel Index (BI), NIHSS,
and EuroQoL Group 5-Dimension Self-Report Questionnaire (EQ-5D) all favored the inter-
vention group as well.

The Solitaire FR with the Intention for Thrombectomy as Primary Endovascular Treatment
of Acute Ischemic Stroke (SWIFT PRIME) trial enrolled 196 patients with confirmed proxi-
mal anterior circulation occlusions and the absence of a large ischemic core that could be
treated within 6 hours of symptom onset [17]. The effects of intravenous tPA (control) ver-
sus intravenous tPA plus stent-retriever thrombectomy (intervention) were assessed. This
study was terminated early after an interim analysis demonstrated clear treatment efficacy.
The intervention group of 98 patients had a median time from qualifying imaging to groin
puncture of 57 minutes. At the end of the procedure, the rate of substantial reperfusion
was 88%. This study reported a 25% increase in functional independence (90-day mRS < 2)
with intervention (60 versus 35%, p < 0.001; a primary study outcome). Secondary out-
comes including 27-hour successful reperfusion and NIHSS were also significantly im-
proved in the intervention group. There were no significant differences between the
intervention and control group in 90-day mortality or symptomatic intracranial hemor-
rhage.
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Trial name Year Study Groups Number of Study Interventional Clinical Reference
design patients criteria outcome outcome

Multicenter 2015 Rando- Intra-arterial 500 (233 Proximal = 58.7% TICI2b 13.5% increase [5]

Randomized mized, treatment +  intra-arterial anterior or 3 score with in rate of

Clinical Trial of contr- usual care treatment  circulation intervention functional

Endovascular olled versususual [81% stent occlusions, independence

Treatment for care alone retriever];  NIHSS>2, (90-day mRS <2)

Acute Ischemic 267 control) treated with intra-

Stroke in the within arterial

Netherlands (MR 6 hours intervention

CLEAN)

Endovascular 2015 Rando- Intra-arterial 316 (165 Proximal ~ 72.4% TICI 2b

Treatment for mized, treatment + intra-arterial anterior or 3 score with
Small Core and contr- usual care treatment  circulation intervention
Anterior olled versususual [78% stent occlusions,
Circulation care alone retriever]; moderate-
Proximal Occlusion 150 control) to-good
With Emphasis on collateral
Minimizing CT to circulation,
Recanalization small infarct
Times (ESCAPE) core, treated

within

12 hours

Solitaire FR With 2015 Rando- Stent-retriever 196 (98 stent Proximal ~ 88% rate of
the Intention for mized, thrombectomy retriever; 98 anterior substantial
Thrombectomy as contr- + usual care  control) circulation reperfusion

Primary olled occlusions,

(32.6 versus
19.1%; p < 0.05).
No significant
difference in
mortality or
symptomatic
intracerebral

hemorrhage

23.7% increase  [16]
in functional
independence
(90-day mRS <2)
with intra-
arterial
intervention
(53.0 versus
29.3%, p <0.05)
and a decrease
in 90-day
mortality (10.4
versus 19.0%;

p=0.04)

25% increase in [17]
functional
independence

(90-day mRS <2)
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Trial name Year Study Groups Number of Study Interventional Clinical Reference
design patients criteria outcome outcome

Endovascular versus usual no large with

Treatment of Acute care alone ischemic intervention (60

Ischemic Stroke

(SWIFT PRIME)

Extending the Time2015
for Thrombolysis

in Emergency
Neurological
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Arterial (EXTEND-

IA)

Endovascular 2015
Revascularization
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Device Versus Best
Medical Therapy in
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Circulation Stroke

Within 8 Hours
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within
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ischemic
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mized, thrombectomy intervention anterior
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ischemic
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within
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86% TICI 2b or
3 score with

circulation intervention

65.7% TICI 2b
or 3 score with

circulation intervention

versus 35%,

p <0.001). No
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symptomatic
intracranial
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functional
independence
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with
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versus 40%;
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15.5% increase  [19]
in functional
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(90-day mRS <2)
with
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(43.7 versus

28.2%, p <0.05).
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Trial name Year Study Groups Number of Study Interventional Clinical Reference

design patients criteria outcome outcome

day mortality or
symptomatic
intracranial

hemorrhage

Abbreviations: mRS, modified Rankin Scale; TICI, thrombolysis in cerebral infarction score.

Table 2. Summary of randomized controlled trials for mechanical thrombectomy in stroke.

The Extending the Time for Thrombolysis in Emergency Neurological Deficits — Intra-Arterial
(EXTEND-IA) trial was designed similarly to SWIFT PRIME and enrolled 70 patients with
confirmed proximal anterior circulation occlusions and the absence of a large ischemic core
that could be treated within 6 hours of symptom onset [18]. Again, the effects of intravenous
tPA (control) versus intravenous tPA plus stent-retriever thrombectomy (intervention) were
assessed, and this study was also terminated early after an interim analysis demonstrated clear
treatment efficacy. The 35 patients in the intervention group had a median time from qualifying
imaging to groin puncture of 93 minutes. A modified TICI 2b or 3 score was achieved in 86%
of patients in the intervention group. This study reported a significant increase in ischemic
territory reperfusion at 24 hours with intervention (median 100 versus 37%; p < 0.001) and
increased neurologic improvement at 3 days (80 versus 37%; p < 0.01). They also report a 31%
increase in functional independence (90-day mRS < 2) with intervention (71 versus 40%;
p = 0.01), with no significant difference in rate of symptomatic intracerebral hemorrhage or
death.

The Endovascular Revascularization with Solitaire Device Versus Best Medical Therapy in
Anterior Circulation Stroke within 8 Hours (REVASCAT) trial enrolled 206 patients with
occlusion of the proximal anterior circulation and the absence of a large ischemic core who
could be treated within 8 hours of symptom onset [19]. The effects of stent-retriever throm-
bectomy plus standard medical therapy (intervention) versus standard medical therapy alone
(control; including intravenous tPA, if eligible) were assessed. This study was terminated early
after an interim analysis demonstrated clear treatment efficacy. Ninty-eight of the 103 patients
in the intervention group underwent thrombectomy, with a median time from stroke onset to
groin puncture of 269 minutes. A modified TICI2b or 3 score was achieved in 65.7% of patients
in the intervention group. This study reported a 15.5% increase in functional independence
(90-day mRS < 2) with intervention (43.7 versus 28.2%, p < 0.05; a primary study outcome).
Secondary functional outcomes including 90-day BI, NIHSS, and EQ-5D all favored the
intervention group, as did the median 24-hour infarct volume. There were no significant
differences between the intervention and control groups in 90-day mortality or symptomatic
intracranial hemorrhage.

These five trials clearly demonstrate the therapeutic efficacy of mechanical thrombectomy with
stent retrievers in stroke patients with LVO. The dramatic results from these studies (with
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multiple trials being stopped early for treatment efficacy) demanded a rapid update of clinical
guidelines.

4. Updates of stoke treatment guidelines: role of mechanical thrombectomy

In response to the above trials and other recent smaller studies, in 2015 the American Heart
Association (AHA) and American Stroke Association (ASA) released a focused update of the
2013 guidelines for the endovascular treatment of patients presenting with acute ischemic
stroke [20].

These updated guidelines fall under several classifications of recommendation and levels of
evidence. Class I recommendations imply that the benefits of the suggested procedure well
outweighs the potential risks, and therefore indicate that the treatment should be adminis-
tered. Class Ila recommendations indicate a moderate outweighing of benefit over risk and
suggest that a treatment is reasonable to consider performing, but further studies are needed
to ensure appropriate clinical application. Class IIb recommendations indicate that the benefits
of the procedure may or may not outweigh its associated risks, and these procedures may be
considered, although higher classifications of treatment recommendations take priority.
Evidence pertaining to individual recommendations is stratified by level, indicating the
strength of supporting data. Level A indicates that multiple populations have been evaluated
and that data supporting the recommendation has been derived from multiple trials. Level B
indicates that fewer populations have been evaluated or that the data supporting the recom-
mendation has been derived from a single trial. Level C data indicates that the only data
supporting the recommendation are the opinions of experts, case studies, or current standard
of care [26].

A summary of the AHA/ASA 2015 guidelines detailing recommendations for treatment of
patients using mechanical thrombectomy is as follows [20]. If patients meet all of the following
criteria, mechanical thrombectomy using stent retriever is indicated and should be performed
(Class I, Level of Evidence A): (a) prestroke mRS (modified Rankin Scale) score of 0 or 1, (b)
presentation of acute ischemic stroke and receiving intravenous tPA within 4.5 hours of
symptom onset, (c) causative occlusion of internal carotid artery or proximal MCA (M1), (d)
age of at least 18 years, (e) NIHSS score of at least 6, (f) Alberta Stroke Program Early CT score
(ASPECTS) of at least 6, and (g) treatment that can be initiated within 6 hours of symptom
onset.

Importantly, eligible patients should receive tPA even if endovascular treatments are being
considered, and contrary to previous guidelines, observation of patients after administration
of tPA for clinical response is no longer required nor recommended prior to initiation of
endovascular treatment (Class III, Level of Evidence B [randomized data]). Additionally, the
ASA states that the use of stent retrievers is preferable to the MERCI device (Class I, Level of
Evidence A) and that the use of alternate mechanical thrombectomy devices aside from stent
retrievers may be acceptable in some cases (Class IIb, Level of Evidence B [non-randomized
datal) [20].
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The new guidelines have also stipulated that the ultimate goal of mechanical thrombectomy
should be a modified TICI score of 2b/3 in angiographic imaging (Class I, Level of Evidence
A), as early as possible and within 6 hours of stroke onset (Class I, Level of Evidence B
[randomized]) [20]. If mechanical thrombectomy following intravenous tPA administration is
not adequate to achieve this angiographic result, the use of additional adjuncts including intra-
arterial fibrinolysis is indicated to maximize the angiographic result (Class IIb, Level of
Evidence B [randomized]). The treatment efficacy of mechanical thrombectomy initiated
longer than 6 hours from symptom onset is unknown; however, additional trials are needed
to determine the clinical benefit in this setting [20].

While adhering to the above recommendations is ideal for maximal clinical benefit, acute
ischemic stroke patients are heterogeneous. The ASA thus included alternate recommenda-
tions for patient subpopulations/clinical situations not covered above. These expanded
recommendations are as follows [20]. The use of stent retrievers alone is reasonable in patients
presenting with anterior circulation occlusion even when intravenous tPA is contraindicated
(i.e., outside of time window, prior stroke, head trauma, hemorrhagic coagulopathy, etc.) (Class
ITa, Level of Evidence C). However, there is currently inadequate data definitively determining
the clinical efficacy of monotherapy alone for this patient cohort. Intra-arterial fibrinolysis may
be considered in these patients, but the clinical benefit of this approach has also yet to be
established (Class IIb, Level of Evidence C).

Although no study-based evidence exists, the ASA recommendations include the use of stent
retrievers in patients experiencing causative occlusions of the M2 or M3 portions of the MCA,
anterior cerebral artery, vertebral arteries, basilar arteries, and posterior cerebral arteries, if
treatment can be initiated within 6 hours of symptom onset (Class Ila, Level of Evidence C).
Stent retrievers may also be appropriate in treatment of patients under 18 years of age with
occlusion of large vessels and patients with an mRS score of >1, an ASPECTS score <6, or an
NIHSS score <6 who present with causative occlusions of the internal carotid artery or proximal
MCA (M1) (ClassIIb, Level of Evidence C). However, randomized trials are required to provide
data on the clinical efficacy of stent-retriever usage in such patients.

Additionally, the updated guidelines discuss multiple technical aspects of endovascular
intervention in strokes [20]. Specifically, they state the use of a proximal balloon guide catheter
or a large-bore distal access catheter to provide flow stasis, and/or simultaneous aspiration as
opposed to a cervical guide catheter alone during stent-retriever thrombectomy may be
beneficial (Class Ila, Level of Evidence C). Future studies are nonetheless needed to determine
the optimal technical approach with regard to recanalization and distal embolization rates.
They also state that angioplasty and stenting of proximal cervical atherosclerotic stenoses or
occlusions at the time of thrombectomy are reasonable (Class IIb, Level of Evidence C),
although the utility of this intervention is currently unknown.

Lastly, the guidelines addressed the issue of conscious sedations versus general anesthesia
during mechanical thrombectomy. However, given a lack of randomized trial data, they state
that anesthetic selection should be patient-based after considering individual risk factors,
tolerance of procedure, other clinical characteristics, and evaluation of a patient’s medical
history [20].
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5. Future considerations in mechanical thrombectomy

Despite being the new gold standard for large vessel acute stroke, there remain multiple
unknown technical and clinical variables regarding the optimization of mechanical throm-
bectomy for strokes. As alluded to in the above guideline summary, outstanding clinical
questions requiring further study include the use of adjunct imaging modalities to further
define an acceptable pre-intervention ischemic core/penumbra (e.g., CT-perfusion/diffusion
and perfusion-weighted imaging), the utility of simultaneous lesional catheter aspiration
versus standard carotid balloon occlusion, the efficacy of thrombectomy in the posterior
circulation, and the maximal acceptable timing of intervention from symptom onset.

Moreover, many technical aspects of the devices employed are still being optimized. Future
device designs will center on reduction of the endothelial footprint both by changing device
design and optimizing device size relative to the vasculature. Additionally, reduction of
embolic complications beyond those afforded by direct lesional aspiration, and increasing first
pass success, will be major driving forces behind future iterations of stent-retriever devices.

Guiding these changes is a fundamental inquiry into stroke physiology, and how device
characteristics beyond efficacy of clot removal can affect outcomes. For example, an area of
ongoing and future study is the potential role of iatrogenic endothelial damage on post-
thrombectomy secondary neurologic injury (Figure 1). The potential importance of endothelial
injury becomes apparent upon close analysis of existing clinical data. Specifically, while the
initial equivocal thrombectomy clinical trial data is likely due in part to lower recanalization
rates than with more recent studies [4, 5, 16-19, 21, 22], another potential explanation may
relate to the increased iatrogenic endothelial injury generated by older thrombectomy devices
when studied in both in vitro and in vivo models [25]. When combined with the known
deleterious effects of physiologic blood flow disruptions on endothelial cell homeostasis and
cytokine signaling [27-37], these findings necessitate future studies to determine how iatro-
genic endothelial damage affects secondary neuronal injury in post-thrombectomy stroke
patients. This line of study is critical to next generation device design.
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Figure 1. Schematic illustration of the potential negative effects of iatrogenic endothelial damage during thrombecto-
my on downstream neurons/glia. Proposed deleterious mechanisms include upregulation of inflammatory pathways,
blood-brain barrier (BBB) disruption, and flow disturbances. Ongoing work to understand these effects will inform fu-
ture thrombectomy device design.
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In summary, mechanical thrombectomy for selected patients with large vessel acute stroke is
the new standard of care based on overwhelming clinical efficacy data. Future studies and
technical and procedural refinements will undoubtedly increase the indications for this
intervention.
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Abstract

Extracranial and intracranial large artery atherosclerosis is often identified as a potential
etiologic cause for ischemic stroke and transient ischemic attack (TIA). Given the high
prevalence of large artery atherosclerosis in the general population, optimally treating
each patient to minimize future stroke risk is paramount. To optimally define treatment,
as based upon the individual patient’s history, examination, and anatomical imaging
findings, clinicians can compartmentalize this disease entity into four distinct clinical
scenarios: 1(a) asymptomatic and 1(b) symptomatic extracranial carotid stenosis, (2)
intracranial atherosclerosis, and (3) atherosclerotic vertebrobasilar disease. In this
chapter, we work to provide a framework for clinicians evaluating and treating such
patients.

Keywords: ischemic stroke, large artery atherosclerosis, risk factors, prevention, treat-
ment, extracranial, intracranial, atherosclerosis, carotid stenosis, carotid endarterecto-
my, carotid angioplasty, stenting

1. Introduction

Large artery atherosclerosis (LAA) of the head and neck is responsible for approximately 15%
of all ischemic strokes. The identification and appropriate treatment of such atherosclerotic
lesions is an essential skill for all physicians diagnosing and treating stroke patients. Broadly,
LAA lesions can be classified into four distinct clinical scenarios as based upon the individual
patient’s anatomical and clinical findings, and these include the following: 1(a) asymptomatic
and 1(b) symptomatic extracranial carotid stenosis, (2) intracranial atherosclerotic disease, and
(3) atherosclerotic disease of the vertebrobasilar system. While each of these scenarios’
anatomical lesion locations differs, it is important to note that they all share the same risk-
factor profiles and somewhat overlapping treatment options. In short, continuous vascular
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risk-factor optimization via sustained behavioral modifications and intensive medical therapy
is critical to prevent stroke in the setting of LAA. In fact, specific to the settings of intracranial
and vertebrobasilar atherosclerosis, as well as asymptomatic carotid atherosclerosis, risk-
factor modification is the primary treatment option. In symptomatic patients with extracranial
atherosclerosis treatment, options also include revascularization procedures including carotid
endarterectomy (CEA) and carotid artery stenting (CAS). Appropriate patient selection and
timing of such revascularization procedures must be considered. Options in symptomatic
intracranial occlusive disease also include stenting vs. medical therapy, but again medical
therapy is the primary treatment modality. Across each of these four clinical situations, the
results of numerous randomized and nonrandomized clinical trials have led to periodically
updated meta-analyses and consensus guidelines that provide evidence-based recommenda-
tions for practicing clinicians. While each of these four clinical situations could easily be (and
are often) the subject of independent reviews, in this chapter we aim to provide a framework
for clinicians evaluating and treating patients across these four clinical scenarios, emphasizing
key considerations, clinical trial evidence, and the most recent professional and societal
guidelines.

2. Common considerations across all cases of large artery atherosclerosis

Clinical presentation: Defining an ischemic stroke or transient ischemic attack (TIA) as causally
related to LAA lesion can be difficult, as each individual patient’s symptomatology and
workup results can be quite varied. First, it is important to determine if the identified LAA
lesion is proximal to a vascular territory that corresponds to the patients’ stroke on imaging
or symptoms in the setting of a TIA. For example, vague TIA symptoms such as ’'transient
dizziness or lightheadedness’ could potentially infer a posterior circulation etiology but do
not necessitate this fact. Such symptoms could also occur in the setting of cardiac arrhythmias
or dehydration. More definitive symptoms such as transient diplopia or dysmetria increase
the likelihood of a posterior circulation TIA. Again, vague symptoms such as ’transient
dizziness or lightheadedness’ should also not be utilized to classify a patient as 'symptomatic’
for the purposes of managing anterior circulation carotid artery stenosis. To optimize ana-
tomical localization (anterior vs. posterior circulation) in the setting of both stroke and TIA,
clinicians must take a detailed history asking about symptoms (e.g., weakness, sensory
changes, vision changes, balance problems, etc.) and whether these occurred in isolation or
previously, both over the near and long term. Positive imaging demonstrating a clearly defined
stroke can make the LAA etiologic diagnosis easier, assuming that the stroke is located in a
vascular territory distal to a highly stenosed vessel and/or an irregularly calcified plaque.
Stroke in a “'watershed’ pattern distal to an LAA lesion might infer a hypoperfusional etiology,
which may be related to acute changes in blood pressure (BP). However, similar imaging
findings can also be seen in the setting of acute changes to an LAA plaque morphologically
via plaque rupture or an embolus from a more proximal source reducing lumen diameter; such
situations can impede flow distally resulting in reduced perfusion. Tandem lesions in the same
vascular territory can also yield brain regions more at risk for hypoperfusion, as often there
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are sequential pressure drops across each LAA lesion. Such findings complicate management,
as predicting whether an acute intervention would help reduce risk becomes more difficult.
Further, guideline recommendations in such settings are limited. In summary, LAA can lead
to two primary mechanisms of ischemic symptomatology: embolic phenomena and regional
brain hypoperfusion. Clearly embolic phenomena should be considered as symptomatic,
necessitating clinicians to consider the potential revascularization procedures as to be dis-
cussed later in this chapter. Stroke in the setting of LAA hypoperfusional states, while
symptomatic, offers additional choices such as intensive medical therapy or permissive
hypertension (HTN), thereby allowing the individual patient time to develop improved
collateral circulatory pathways, potentially reducing the need for a revascularization proce-
dure.

Workup: All stroke and suspected TIA patients warrant an expedited evaluation that can be
simply defined as from "heart to head.” In other words, evaluations of the heart, the proximal
aorta, the vasculature of the head and neck, as well as clinical and laboratory testing related
to vascular risk factors, should be performed on an inpatient basis. While it is beyond the scope
of this chapter to provide detailed testing recommendations, ideally a transthoracic echocar-
diogram (TTE) and vessel imaging of the head and neck by computed tomographic angiog-
raphy (CTA) or magnetic resonance angiography (MRA) should be performed in all stroke
and TIA patients. If LAA disease is identified, further testing to better define the severity of
the stenosis should be considered; such testing might include carotid Doppler studies to
determine flow velocities or a gadolinium (GAD)-enhanced magnetic resonance angiography
(MRA) of the vasculature in question, among others. While a catheter-based cerebral angio-
gram can be considered, this invasive test has its own procedural risk and should be reserved
for select patients, potentially including those with an “intention to treat’ via CAS. Of note,
there is considerable clinical interest and ongoing research regarding the stability and embolic
potential of LAA lesions, this in an effort to identify those patients at the greatest risk for stroke.
Currently employed techniques include transcranial Doppler (TCD) microembolus detection,
ulceration assessment using three-dimensional ultrasound, plaque echolucency measures,
intraplaque hemorrhage on MRI, and plaque inflammation evaluations via hybrid-imaging
techniques combining positron emission tomography (PET) and MRI [1]. Of these, TCD
embolus detection is a relatively straightforward test that can be utilized to assist in individual
patient risk stratification.

Vascular risk factors: Across all locations of LAA discussed in this chapter, continuous lifelong
vascular risk-factor optimization via sustained behavioral (lifestyle) modifications and
intensive medical therapy is critical for stroke prevention. This point cannot be emphasized
enough. Over approximately the last 10 or so years, our understanding of the importance of
medical management in the setting of atherosclerosis has markedly improved. Population-
wide improved control of hypertension, dyslipidemia, and diabetes coupled with a reduction
in tobacco use has resulted in a decline in stroke mortality from the third leading cause of death
to the fifth cause of death in the USA [2]. Clinicians should take pride in these facts, as these
improvements are based upon their efforts implementing professional societal position
statements and guidelines. As such, maintaining a working knowledge of these evolving
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guidelines and position statements is a critical tool for physicians and other health professio-
nals working to reduce stroke risk. The reduction of cardiovascular disease (CVD) and stroke
related to lifestyle management, treatment of blood cholesterol, and management of obesity
was the focus of statements in 2013 by the American College of Cardiology (ACC) and the
American Heart Association (AHA) [3-6]. They also released a statement regarding hyper-
tension management in collaboration with the Centers for Disease Control (CDC) [7]. Other
professional societies, including the Eighth Joint National Committee (JNC 8) and the Amer-
ican Society of Hypertension/International Society of Hypertension, released separate state-
ments about minimizing cardiovascular risk and complications with optimization of blood
pressure [8, 9]. The American Heart Association and the American Stroke Association (ASA)
also released new Guidelines for the Primary Prevention of Stroke in 2014 [10] and Guidelines
for the Prevention of Stroke in Patients with Stroke and Transient Ischemic Attack [11]. These
recent stroke-prevention guidelines offer individualized approach to lifestyle modification
including physical activity, diet and nutrition, smoking cessation, obesity, and dyslipidemia.
Taken in aggregate, these new guidelines offer up-to-date comprehensive evidence-based
recommendations for the primary and secondary prevention of stroke, including those related
to LAA. While it is beyond the scope of this chapter to cover all the current recommendations
regarding vascular risk-factor control in detail, a few specifics as related to LAA are warranted.

3. Vascular risk-factor control via intensive medical therapy

Based upon the results of numerous recent clinical trials, and as incorporated into the afore-
mentioned recent guidelines, “intensive (or best) medical therapy’ is emphasized for all LAA
patients. While the precise definition of intensive medical therapy can be debated, Table 1
(adapted from [12]) summarizes the key elements. Intensive medical therapy includes smoking
cessation, diet, exercise, and control of blood pressure (including diagnosis of the physiological
drivers of resistant hypertension by measuring plasma renin and aldosterone [13], dual
antiplatelet therapy, and intensive lipid-lowering therapy, not just achieving a target level of
fasting low-density lipoprotein (LDL) cholesterol). Overall, the goals of these therapies are to
first stop, and then reverse plaque progression. Such regimens clearly are effective. One study
demonstrated that by implementing a regimen similar to that as outlined in Table 1, they were
able to reduce the risk of stroke and myocardial infarction by more than 80% among patients
with asymptomatic carotid stenosis [14]. Similarly, the Stenting and Aggressive Medical
Management for Prevention of Recurrent Stroke in Intracranial Stenosis (SAMPPRIS) trial [15]
demonstrated that “aggressive” medical therapy resulted in better outcomes than with
stenting among patients with intracranial stenosis. Several other examples exist.

Antiplatelet agents, including aspirin and clopidogrel, are routinely used for primary and
secondary stroke prevention in the setting of LAA. In higher-risk individuals, whose 10-year
risk of stroke is greater than 10% and whose risk of stroke outweighs the risks associated with
aspirin therapy, the new Guidelines for the Primary Prevention of Stroke recommend the daily
use of aspirin [10]. A cardiovascular risk calculator to assist in estimating 10-year risk can be
found online at http://my.americanheart.org/cvriskcalculator. Of note, in lower-risk individu-
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als, aspirin is not recommended for primary stroke prevention, or in individuals with diabetes
that do not have other high-risk factors. For those using aspirin, the faithful daily use of low-
dose aspirin is deemed sufficient. Since coated aspirin is less efficacious than uncoated aspirin
in ~40% of individuals, uncoated aspirin is recommended [16]. Clopidogrel alone reduces
stroke by only 1.7% greater than aspirin [17] and is thus only marginally better than aspirin,
whereas combined aspirin/dipyridamole is no better than clopidogrel [18]. The SAMPPRIS
study indicated that the combination of clopidogrel and aspirin is more efficacious for
secondary stroke prevention than aspirin alone, with a reduction of stroke by 32% (hazard
ratio (HR): 0.68; 95% confidence interval (CI): 0.57-0.81; p < 0.001) and no increase in major
hemorrhage [19]. More recently, the CHANCE investigators demonstrated that the early
benefit of clopidogrel-aspirin treatment in reducing the risk of subsequent stroke persisted
after 1 year of follow-up [20]. Again, there was no difference in moderate or severe hemorrhage
in the combined treatment group vs. the aspirin-alone group (0.3 vs. 0.4%, respectively; p =
0.44) [21]. Dual antiplatelet therapy with aspirin and clopidogrel was also used in the SAMPP-
RIS trial of intracranial arterial stenosis, which demonstrated that aggressive medical man-
agement was superior to percutaneous transluminal angioplasty and stenting [15]. Of note,
the CHANCE study was performed in China, but the results are thought to be generalizable
in Western populations; this hypothesis is currently being evaluated in the ongoing POINT
trial [22].

Several recent studies utilizing transcranial Doppler evaluations to evaluate for microemboli
found that dual antiplatelet therapy is more efficacious than aspirin alone in the reduction of
microemboli for both intracranial [21] and extracranial arterial stenosis [23]. While dual
antiplatelet therapy is commonly used for risk reduction in the setting of coronary disease,
particularly in the setting of cardiac stenting, it is not widely used in carotid disease as related
to the results of one study in which there was an excess of bleeding in the dual therapy group
[24]. To reduce the risk of intracerebral hemorrhage (ICH) in the setting of dual therapy,
effective blood pressure control is critical, as evidenced by the North American Symptomatic
Carotid Endarterectomy Trial (NASCET) in which effective blood pressure control reduced
ICH to 0.4% of strokes [25]. Gastrointestinal hemorrhages could theoretically be reduced by
the identification and treatment of Helicobacter pylori infections prior to dual therapy, although
this has yet to be definitively proven. In summary, dual antiplatelet therapy should at least be
considered across most settings of LAA, including both symptomatic and asymptomatic
carotid stenosis. The optimal duration of therapy remains a topic of study and debate, but as
consistent with the SAMPPRIS study, 3 months of dual antiplatelet therapy is reasonable while
working to optimize vascular risk factors.

Treatment of dyslipidemia has drastically shifted away from strict LDL goals in accord with the
2013 “ACC/AHA Guideline on the Treatment of Blood Cholesterol to Reduce Atherosclerotic
Cardiovascular Risk in Adults” [5]. The guidelines now promote calculating an estimated 10-
year risk for atherosclerotic CVD than determining the intensity of statin therapy. Although
the new guidelines shift focus away from specific lipid targets, values for total cholesterol,
high-density lipoprotein (HDL), age, sex, race, systolic blood pressure (SBP), hypertension
treatment, diabetes mellitus (DM), and cigarette smoking are incorporated into the cardiovas-
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cular risk calculator (see previously listed link). Statins are the only lipid-modifying therapy
with established benefit on ischemic stroke risk. This has been supported by meta-analysis of
78 trials with 266,973 patients demonstrating an odds ratio (OR) of 0.85 [95% CI: 0.78-0.92] for
decreased risk of total stroke; however, diet, fibrates, and other treatments did not demonstrate
benefit with OR of 0.92 [95% CI: 0.69-1.23], 0.98 [95% CI: 0.86-1.12], and 0.81 [95% CI: 0.61-

1.08], respectively [26].

Measure Intervention
Lifestyle modification
*All Show patients images of their plaque, compare the patient’s plaque burden with that of

*Smoking cessation

eMediterranean diet

*Obesity

eExercise

*Blood pressure
Medical therapy

*Blood pressure

control

eLipid lowering

* Antiplatelet agents

* Anticoagulation
eInsulin resistance
eDiabetes

Other considerations

*Obstructive Sleep
Apnea

ePoor dentition

*Gout

healthy persons of the same age and sex, describe the risks associated with that degree of

plaque burden and progression and the possibility of plaque regression

Counseling, liberal nicotine replacement, varenicline or bupropion (depending on history of

depression)

Counseling, provision of a booklet-summarizing advice, and providing recipes and links to

Internet sites; repeated at follow-up visits as necessary

Counseling on caloric restriction, referral to dietician, bariatric surgery in refractory patients

with severe obesity and diabetes or insulin resistance

Recommendations for moderate exercise at least 30 min a day, with advice tailored to the

patient’s disabilities if any

Advice on how to reduce salt intake, limit alcohol intake, avoid licorice, decongestants

Physiologically individualized therapy for resistant hypertension based on renin/aldosterone
profile 3; switch NSAIDs to sulindac4

Statins dosed according to plaque progression to the highest dose tolerated (with use of
CoQ10 to minimize myopathic symptoms), then addition of ezetimibe, and as needed for low

HDL/high triglycerides, addition of fibrates and/or niacin

Low-dose aspirin, with addition of clopidogrel in patients with severe stenosis or other

indicators of high risk
In patients with atrial fibrillation or other potential cardiac sources of emboli
Pioglitazone, reinforcement of lifestyle issues

Reinforcement of lifestyle changes, referral to diabetes clinic

Causes night-time high blood pressure. Referral for sleep study and faithful CPAP use.

Induces systemic inflammation that can destabilize atherosclerotic plaques. Dental evaluation.

Induces systemic inflammation that can destabilize atherosclerotic plaques. Diagnose and

treat.

Table 1. Key elements of intensive medical therapy (adapted from Spence [12]).
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While a detailed discussion of all lipid-modifying medications is beyond the scope of this
review, recent data regarding niacin use are worth mentioning. Niacin has several favorable
properties, including increases in HDL cholesterol (HDL-C), decreased plasma levels of
lipoprotein(a) (Lp(a)), inhibition of hepatic production of very-low-density lipoprotein
(VLDL), and consequently its metabolite LDL [27]. It raises high-density lipoprotein choles-
terol (HDL-C) levels by as much as 30-35%, both by reducing lipid transfer of cholesterol from
HDL to VLDL and by delaying HDL clearance [27, 28]. While some early trials of niacin
suggested secondary prevention benefits, recent large randomized trials of niacin have raised
serious concerns about its safety and efficacy in combination with statin therapy, and by
extension concerns about niacin monotherapy. AIM-HIGH found no additional benefit with
the addition of extended release niacin to patients treated with a statin with cardiovascular
disease, decreased HDL-C levels, and increased triglyceride levels [29]. Notably, the placebo
arm received 100-200 mg of niacin daily resulting in HDL-C level increase, which may have
reduced the ability to detect a statistically significant benefit. Second, the HPS2-THRIVE trial
randomly assigned 25,673 adults aged 50-80 with vascular disease to receive extended-release
niacin 2 g daily plus laropiprant (a prostaglandin D2 signal blocker used to reduce flushing
from niacin) or placebo; all patients received simvastatin 40 mg daily, and if LDL-C reduction
was inadequate with simvastatin, ezetimibe of 10 mg daily was added [30]. Patients in this trial
had a long run-in phase demonstrating that they could tolerate simvastatin and then the
addition of niacin/laropiprant. After a median follow-up of 3.9 years, there was no reduction
with niacin/laropiprant in the primary end point of first major vascular event (13.2 vs. 13.7%;
risk ratio [RR]: 0.96, 95% CI: 0.90-1.03) and there was also no benefit for this end point in the
subgroup of patients with low HDL-C and elevated triglycerides. Despite the run-in period,
there was also an increase in serious adverse events in those receiving niacin/laropiprant
including myopathy (RR: 3.54), gastrointestinal side effects, and worsened glucose control with
both an increase in new cases of diabetes (RR: 1.32) and serious disturbance in diabetes control
(11.5vs. 7.5%, RR: 1.55; most of these led to hospitalization). Given these results, it advised not
to administer niacin to most patients receiving statin therapy. Patients who are unable to take
other lipid-lowering therapies may consider long-term niacin therapy if their LDL-C is
significantly elevated and is lowered substantially by a trial of niacin treatment.

Hypertension (HTN) is a well-documented and highly prevalent modifiable risk factor for
stroke. In general, the most effective stroke prevention measure across all populations is the
treatment of hypertension. Despite this, the optimal blood pressure (BP) target has not been
elucidated and remains a subject of debate. While decreased BP is associated with reduced
stroke risk, but this may not be ubiquitous across all patient populations, specifically those
with flow limiting LAA, DM, or advanced age. Interestingly, a lack of definitive benefit from
BP clinical trials among older populations was used as the basis to raise the systolic BP
treatment goal recommendation from 140 to 150 mmHg in the JNC-8 guidelines [31]. Regard-
less of this highly controversial change, HTN is often undertreated and an individualized,
multifaceted approach including lifestyle changes and medical therapy is emphasized.

Diabetes mellitus (DM) is a well-established risk factor for stroke. Optimal glucose control is
achieved by reinforcing lifestyle changes (e.g., dietary, regular exercise, and weight loss) and
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through consistent use of medications. As related to LAA, the Atherosclerosis Risk in Com-
munities (ARIC) Study demonstrated that the presence of DM was a predictor of carotid
intima-media thickness (cIMT) progression (p <0.01) [32]. In NOMAS, the duration of diabetes
was independently associated with ischemic stroke risk when adjusting for risk factors [33].
The investigators found that the risk increased 3% each annually, and tripled among those with
diabetes >10 years. Therefore, optimal glucose control is essential to reduce the risk of stroke.

Other emerging factors for LAA have been identified, including elevated homocysteine,
fibrinogen, lipoprotein (a), and C-reactive protein levels [34]. Other risk factors implicated
include obstructive sleep apnea [35], gout [36, 37], and poor dentition [38]. Future studies
should work to verify the results of these preliminary reports while considering any implica-
tions for preventative strategies. From a genetic standpoint, a recently published study by the
National Institute of Health/National Institute of Neurological Disorders and Stroke (NIH/
NINDS) Genetics Network (SiGN) details the largest and most comprehensive genome-wide
association (GWA) study of stroke and its subtypes ever performed [39]. This study verified
several previous genetic associations with ischemic stroke and identified a new risk locus on
chromosome 1p13. Of the replicated loci, it is notable that this report confirms the association
between the HDACY locus and LAA ischemic stroke. Interestingly, this same locus (and the
same specific variant) that was also reproducibly associated with coronary artery disease
suggests a shared underlying causal gene and mechanism. The novel locus identified by SiGN
was detected near TSPAN2 and was also found to be associated with LAA. TSPAN2 is a
scaffolding protein expressed in large arteries. This locus has not been reproducibly associated
with coronary artery disease in GWA studies, suggesting that TSPAN?2 is potentially specific
to ischemic stroke and might therefore provide insight into the pathophysiology of LAA
ischemic stroke, rather than just generic atherosclerosis. Studies regarding the mechanistic
links between both HDAC9 and TSPAN2 with LAA stroke are ongoing. Given the rapid
evolution of genomic medicine, it is anticipated that in the near future we will be able to
genetically determine disease susceptibility within individuals, families, and populations,
thereby allowing preventive stroke therapies as based on individualized genotype.

In summary, the most recent guidelines emphasize intensive medical therapy with a focus on
optimal vascular risk-factor control, but now in a more patient-centered approach than in the
past. Given that the results from multiple clinical trials drive these recommendations, the
applicability of these results at the level of the individual can be confusing, particularly if an
individual does not fulfill the clinical trial inclusion criteria driving the recommendations. As
such, physicians should consider each patient on an individual basis, working to optimize their
risk-factor profile over the long term as based on ever-changing guidelines and information.
With so much ongoing research, the optimization of stroke prevention for individuals requires
physician diligence to identify risk factors as they emerge and physician maintenance of
knowledge to optimally control risk factors in the safest, expeditious, and cost-effective
manner possible. While the described multifaceted approach of intensive medical therapy
reduces stroke risk in all patients with LAA, broadly classifying LAA patients into one of four
clinical scenarios as based upon the individual patient’s history, examination, and anatomical
imaging findings is a useful way to clarify individual treatment options. These four scenarios
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are discussed now and include the following: 1(a) asymptomatic and 1(b) symptomatic
extracranial carotid stenosis, (2) intracranial atherosclerosis, and (3) atherosclerotic vertebro-
basilar disease.

4. Cervical extracranial carotid atherosclerosis

Carotid atherosclerosis accounts for ~10% of ischemic stroke cases. Although carotid artery
stenosis is a risk factor for stroke, not every carotid stenosis carries the same risk for future
stroke. Assuming a relevant stenosis is identified, key factors to consider include the degree
of stenosis and the stability of the plaque, this in the setting of the individual patient. Clinicians
should be geared toward answering two questions: (1) Which patients should opt for revas-
cularization procedures (vs. intensive medical therapy alone) and (2) Which is the appropriate
revascularization procedure (carotid endarterectomy [CEA] vs. carotid artery stenting [CAS])?

Assessment of carotid stenosis: When carotid stenosis produces a pressure drop across the lesion
and/or a flow reduction distal to the lesion that is hemodynamically significant, this typically
equates to 60% diameter reducing stenosis on catheter angiography via the North American
method [10]. The formula is Stenosis = (1 ~ N/D) x 100% (N = diameter at the point of maximum
stenosis, D = diameter of the diameter of the arterial segment distal to the stenosis where the
arterial walls first become parallel) [10]. This is contrasted with the European method, which
estimates the stenosis at the internal carotid bulb. Catheter angiography, considered the "gold
standard’ for assessing stenosis, historically carried a 1% risk of causing a stroke in patients
with atherosclerotic disease; however, the complication rate has been dropping with the stroke
complication rate now <0.2% [40]. Duplex ultrasound is the most commonly used method to
screen the extracranial carotid artery for atherosclerotic stenosis and carries the lowest risks
and costs. Of note, Duplex ultrasound may be insensitive to differentiate between high-grade
stenosis from complete occlusion, with additional testing required in such situations. MRA,
with or without contrast, is another noninvasive method for evaluating arterial anatomy and
has the advantage of providing images of both the cervical and intracranial portions of the
carotid artery and its proximal intracranial branches. Time of flight (TOF) MRA without
contrast may overestimate the degree of stenosis, as such a GAD-enhanced MRA may be more
useful, particularly when working to differentiate high-grade stenosis from total occlusion.
Clinicians should be mindful that nephrogenic systemic fibrosis is a rare complication among
patients with poor renal function in the setting of GAD use. CTA is yet another method that
can be used to evaluate both the extracranial and intracranial carotid circulation. CTA disad-
vantages include radiation exposure and the need for intravenous injection of a contrast
material, with a creatinine greater than 1.7 being a common limiting factor. Additionally,
atherosclerotic calcifications with similar density to the contrast material may confound
accurate measurements of the stenosis. On physical examination, a carotid bruit can reflect an
underlying carotid stenosis; however, sensitivity is limited as evidenced by the NOMAS trial,
in which auscultation had a sensitivity of 56% and a specificity of 98% [41].
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4.1. Asymptomatic extracranial carotid stenosis

All patients with carotid stenosis have atherosclerosis that warrants intensive medical therapy
that should be implemented as soon as possible. As mentioned, several methods exist to
identify those patients with carotid stenosis who are at the greater risk for future events.
Transcranial Doppler (TCD) embolus detection is a well-validated methodology exemplified
by Spence et al. [42], where 10% of the 319 patients with asymptomatic carotid stenosis who
have two or more microemboli in 1 h had a 1-year stroke risk of 15.6%. This was much higher
than the complication rates of stenting and endarterectomy. Another telling result from that
study was that a 1% one-year stroke risk was seen in 90% of patients without microemboli on
TCD. This finding was replicated in a 2010 report of 468 patients [14], and further verified in
the Asymptomatic Carotid Emboli Study (ACES) [43], among 467 patients. As mentioned
previously, other methods exist to identify high-risk patients. As a general guideline, popula-
tion screening for asymptomatic carotid artery stenosis is not recommended by the US
Preventive Services Task Force, which found “no direct evidence that screening adults with
duplex ultrasonography for asymptomatic stenosis reduces stroke [44].” In general, since
~2005, the risk of ipsilateral stroke with intensive medical therapy is much lower than the risk
of CEA or CAS, this even in the carefully controlled clinical trials to be discussed. As such, in
real-world practice the risk of an intervention would be even higher than in a clinical trial,
meaning that CEA or CAS is not indicated for asymptomatic carotid stenosis, less the few
patients at high risk of ipsilateral stroke that are potentially identifiable using TCD.

Endarterectomy for asymptomatic carotid stenosis: The Asymptomatic Carotid Atherosclerosis
Study (ACAS) (see Table 2) was the first large-scale trial to compare CEA with best medical
therapy vs. best medical therapy alone [45]. The study included 1662 patients from 34 centers
and examined the composite of any stroke or death occurring in the perioperative period and
ipsilateral cerebral infarction thereafter as its primary outcome. The trial was stopped early
because of a clear benefit in favor of CEA. A contrast angiography showed diameter-reducing
lesions of 260% based on the North American method for those patients randomized to surgery.
The aggregate 5-year risk for ipsilateral stroke, any perioperative stroke, and death was 5.1%
for the surgical patients compared to 11% for the medical patients (RR reduction, 53%; 95%
CI, 22-72). The 30-day stroke morbidity and all-cause mortality for CEA, including a 1.2% rate
of stroke with catheter angiography, were 2.3%. The rationale for including complications of
angiography as part of the risk of surgery was that an angiogram otherwise would not have
been performed if surgery was not considered.

The Asymptomatic Carotid Surgery Trial (ACST) (see Table 2) included 3120 patients with
asymptomatic carotid stenoses of 260% as measured by duplex ultrasonography and com-
pared patients undergoing immediate CEA vs. those with an indefinite deferral of the
operation [46]. The trial used perioperative stroke, MI, or death, and non-perioperative stroke
as the primary end points, which differed from those used in the aforementioned ACAS. Stroke
risks were 4.1vs. 10.0% at 5 years forimmediate vs. deferred CEA, respectively, when excluding
perioperative events and non-stroke mortality; this resulted in a gain of 5.9% (95% CI: 4.0-7.8).
The 10-year stroke risks were 10.8 vs. 16.9% for immediate vs. deferred CEA, respectively; this
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resulted in a gain of 6.1% (95% CI: 2.7-9.4). Subgroup analysis demonstrated that the benefits
of CEA were confined to patients <75 years of age.

Some caveats regarding these trials should be considered. First, it should be noted that both
ACAS and ACST were conducted at times when best medical management was far less than
the intensive medical therapy as outlined earlier in this chapter. Second, the surgeons were
subject to intense screening, as such their skills may not be generalizable to the community at
large. For instance, the complication rate of 30-day stroke and death for CEA in ACAS drops
to 1.54% when angiography complications are removed from the analysis [47]. More recently,
complication rates from the CREST trial were reported with CEA in asymptomatic patients
carrying a combined risk of stroke and death of 1.4% [48]. These complication rates appear
lower than what is seen in standard practice. In general, current surgical best practice restricts
surgery for asymptomatic carotid stenosis to patients with >70% carotid stenosis if the surgery
can be performed with <3% risk of perioperative complications. Further research regarding
this topicis ongoing via the National Institute of Neurological Disorders and Stroke-sponsored
Carotid Revascularization of Primary Prevention of Stroke (CREST-2) trial (see Table 2) which
compares centrally managed patients receiving intensive medical therapy with or without
CEA [49, 50].

Endovascular treatment for asymptomatic carotid stenosis: Carotid angioplasty and stenting (CAS)
was initially evaluated in patients thought to be at high risk for CEA. The Stenting and
Angioplasty with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE) trial
(see Table 2) evaluated CAS vs. CEA. The outcome measures included a composite of stroke,
ML, or death within 30 days or death resulting from neurological cause or ipsilateral stroke
between 31 and 365 days. The results showed that CAS was not inferior to CEA (within 3%; p
=0.004) [51]. Approximately, 70% of the subjects had an asymptomatic stenosis. The rates of
stroke, MI, or death were 5.4% with CAS and 10.2% with CEA at 30 days (p = 0.20). The same
composite outcome measures as above occurred in 9.9% of the CAS patients and 21.5% of the
CEA patients after 1 year (p = 0.02). CAS had a significantly higher death rate (20.0%) than
stroke rate (10.1%) after 3 years [52], raising questions about the long-term value of the
procedure in this high-risk cohort. One glaring limitation to this study was the lack of a
medically treated control group because the high complication rates in both Carotid Artery
Stenosis (CAS) and CEA raise questions about the benefit of either intervention over medical
therapy alone.

The CREST study (see Table 2) enrolled patients technically eligible for CEA or CAS with both
symptomatic and asymptomatic carotid stenosis [53]. The inclusion criteria for asymptomatic
patients were stenosis of >260% on angiography, >70% on ultrasonography, or 280% on CTA or
MRA if the stenosis on ultrasonography was 50-69%. Composite of stroke, MI, or death
resulting from any cause during the periprocedural period or any ipsilateral stroke within 4
years after randomization was the primary end point. The estimated 4-year occurrence of the
composite primary end point between CAS (7.2%) and CEA (6.8%) demonstrated no difference
(HR, 1.11; 95% CI, 0.81-1.51; p = 0.51). Symptom status showed no significant heterogeneity.
The CREST study did, however, show an interaction of age on the primary end point. Patients
aged >70 years showed a significant benefit for CEA over CAS. Patients >64 years old who

213



Ischemic Stroke - Updates

214

‘sypuow

9 urgm ygD o81epun pnoys ‘(werdordue 19}

-aed £q 9,062 10 VILD/VAIN/SN 49 %0£2) s1soudis yOI
Texayeqisdr jo aduasard ayy ur Y7, 10 aoxs Surjqesip
-UOU dARY OUM 9,9 UR} SSI[ ST AJI[RIIOW 10 OIS [eInp
-a0oxdirad jo ajer pajedmnue ue aaey oym s [ed13Ins
a8e1aAe 10 MO] Je sjuanjed 10§ pajedIpuI ST ADIAIP UOT)
-59301d dI[OqUIdS YIIM GV “VHD O3 dALRUId}[E Uk SY -
1eak 1 je

VD 03 Touadns aq 0] gy pamoys sisA[eue dnoidqns
“I2AIMOY {SISOUD)S PrjOIeD [erueIdenxa drewoydwise
908 1589 3e Y3Im pio s1eak 0gs syuared ur vy 03
IOLIDJUI-UOU SEM 3DTAIP U010}01d dIjoquia Y3m gy -

‘A19)10 prjored

[EULISIUL ) JO SISOUD)S 9,()/ ULL[} dIOU dABY OYM SJUSL}
-ed onewoydwAse ur ygD) wrojrad 0y sjqeuosear sty -
“VHD JO [ELIDJOP "SA SSLI

19U J[RIOAE] [[EIDA0 UB SMOYS pue a3ons aaneradorrad
-UOU JO YSLI PaseaIdap 0} spea] 1 wiray Suof apy ur jng
“porrad aanjeradorrad apy ur 3se1ea1d st D) JO NS A I -

‘auo[e JuswLFeuew [ed

-1paw 03 101x3dNS 39 03 UMOYS SeMm J1 pue AI1d31e proIed
[EUIIUT 3Y]} JO SISOUR]S 9,09 UBL[} SIOU AL OYM S}UST}
-ed opewoydwAse ur vy wioyrad o) ajqeuosea sty -
‘ouore u:@EmmeME TedsTpawx

‘SA YD WO PAJYoUq SISOUD)S PHOIED [RIURIDRIIXD
onewojduwAse 9,092 YIIM SI[eW TYM A[JURUTWOPA] -

‘SISOUD)S
pnored onewojdwAse 105 “quarayIp A[feonsnels jou (yHD)

%201 "SA (SVD) $'S sem jeap 10 ‘TIA ‘oxoxns [einpadordira -

Jueogrudts A[reonsnels (vVad) %S 1e

'SA (SVD) 6'6 Sem 1edk | je jutod puo Arewrid ayy jo sdouap
-IDUT SATIR[NWND PIMOYS SISOUR)S prjored dnewojduwisy -
(VAD) %EF sa (SVD)

9°() SEM 9)eI UOTRZLIB[NISLADI TedA-T A1} ‘SIaWO0D [[e 10, -
“AJLIOLI9JUI-UOU 10§ JUED

-grudis nq Ajurorradns 107 JuarayIp A[reonsnels JoN (VD)

%1°0Z "sA (SVD) 77l sem jutod pus Arewrrrd oy “(sisouays
proxed onewoydwdse pue onewojdwAs) s1owod [[e 10, -
0T

JO 1831} 0] PIPIIU IDQUINU € JIM ‘94 JO UOLONPAI dO1}S
194~ 9IN[osqe ue pey s1eak (T UM SIsned I9y}0 Woly
{eap Jo pooyi[aI] S Yim pue Adesow Sutromol-prdip

pue SnoquIoIyiiue ‘dAtsuaiadAynue aA101I0 YIIM Sjusie -

‘K[pandadsar aimp

-a001d prjoxed Aue jo [eiIdjap 'SA YHD) dJeTpaWIWI 10J S1edA ()T
1 96°£] "SA H'ET PUB SIEdA G e 96'0] “SA 6'9 SEM NSLI JoU A -

‘Aoanoadsar ‘erpadoxd prjored Aue jo

[ELIDJOP "SA YHD) dJRIPIWWI 10J STeA ()] J€ %6'9T 'SA 0] pue

s1eak G e 9,001 "SA T'F Sem siI axoxs aaneradorrad-uoN-
“%0°€

sem YD JO SAep ()¢ UTLIIM Ljeap I0 NS a5oxs aaneradora -

“Kyieyrowr pue Arpiq

-1ouwr aaneradorrad o,¢ pey Aay ], K19yre prjored Apnjs ayy ur
OIS JO MSLI 1BIL-G PASLAIIIP PIMOYS SISOUDIS PIIOIED 9,9

1SEI] B IIM SajepIpued [ed13ins pood aIom oym sjusaneJ-
-auoe Adeiaipy [edrpaw 10j 9,0 1T
'SA 1°G Wik YD dY) ul parnseaws sem jutod pus Arewrr -

109k 1 pue 1¢ sAep usam)

-9 [9ssaA Apm3s 3y JO A1031119) AU} UT XO1}S
10 UOIJUDAIIUI JO SABP () UIYIIM TN 1O “OY01IS
“yyeap Jo pasoduwiod sem SIyJ, Teak | je sjuana
Ie[noseaorpied rofew sanemuwnd sem jurod
pus Arewt1 ] ‘Apnis AJLIOLIDJUI-UON] :PUW0dINQO
‘SISOUD)S PIOIED 9,8

1SBI JE YIIM SISOUd)s prjored onewojduwsse
ypm pajussard oym syuane :uonendog
(VD) Awoy

-D219}IEPUD PIIOIED “SA 91AdP uondajo1d d1j0q
-we M (D) Sunuays K1ajre prjore)) [sury

‘ayo1s A

-eradorrad-uou pue Ljrprgrow/Ajierow aane
-1adorad arom syurod pus Arewrrr :awodmnQ
EICISHEEICI

SYJUOW 9 UIY}IM Y[ L/901}S OU PUE SISOUS}S
pnoIed 9,09 jsed] e yim sjuane :uogemdog
aanpadoid prjored Aue jo [erdjop ‘sa (YHD)
Au1030919}12PUD PIIOTED D}TPIUIW] ‘SWTY

‘porrad

aaneradorrad ayy 1ayye A1031119) A19)1e ApMys
AU} UI OIS IO YJeap I0/pue O1}S dALR
-1adowrad arom syurod pus Arewrrr :2wodmnQ
“Y11/9¥O0IIS OU PUE SISOUD)S

proIed 9,09 3sed] Je Yim syuane] :uogendog
‘(juowradeurewr

[edIpaw) uoedYIPOW 10joey-ystt pue urid
-se 'sA (YD) Awojara)epus prjoie)) [Suy

$00C -1eaX uonestqng
2002/L

—0002/8 ‘PO Juswjoiuy
[1¢]

sjuanye J NSIY-YSIE] ur Awr
-oj0a1arepUy "sA Sunualg
K19)1y-pro1e)) pajajo1g
‘HITHAAVS

0T0C 189X uonedIqnJ
€00T

€661 ‘PO Juaw[oIuy
[o7] Tern

PoZIWOpUR I3JUSdH[NUL

e :SISOUd)S dIjewt

-oydwfse 10y Awoyoarayrep
-Ud PI}OILd [NJSSIDONS 198
uonuaaaid 93018 1eak-Q1
1LSOV

G661 1eaX uonedrqng
€661/T1-£861/C1

{POLI9 ] JusWI[OIuT

[g¥] stsouaig A1y

-1y prore) onewoydwisy
10§ AWopaIa1IRPUY :SVIV

s1soud)s prjored dnewoydwhsy ‘ep

SISOI3[ISOIdY}e PIJOIEd [EIIAI)) T

donpexd redrurp uo suonedrjdur pue Lrewrung

S}nsay

(s)am
-seawr aurodno Arewrtrj/uorendog/sury

pa
-ysiiqnd pue pauwroyrad
sxeax /oureN [errpprdoy




215

Large Artery Occlusive Disease
http://dx.doi.org/10.5772/65047

SYHUOW 9 UMM YD) 0S19pun pnoys
(wrex3or3ue 1239138 £q %06< 10 VIO/VIIN/SN
£q 9,0£=) s1souays v [exdyeisdr jo aouasard
AU} Ur Y1, 10 3301)s SUI[qeSIP-UoU dABY OYM
st [ed181ns a8eraae 10 Mmof je syuarjed 10, -

‘suonIey
-UI I19Y]} JO UOISISAUO0D DISeyLIowsay aaey Apeax
-[€ 10 “UOISIDAU0D dISeyrIoway jo st y3iy je
suonprejur adre] K194 aaey oym syuaned 10y pa
-JEDIPUTRIIU0D 3 Aew SyPaM 7 uryyim A1a8ing -
‘A1931ns Surkefap ueyy

I9UJeI ‘SaM g UM YT, 10 OIS Y}IM Sjuar}
-ed 105 “pajedtpur uaym “yHD wurojrad oy ajqe
-U0SEaI ST T Jel]} SPUaWIUIOdd] UOTJRID0SSY 1]
UBdLIDULY 34} ‘SSDH pue [HDSVN Uo paseq -
“%66-0L SISOUR)S YOI O

—ewojdwAs ym syuanyed ur suore JusuraSeuew
[eorpaw 03 paredwod 9YOIS pue Yjeap Jo SLI
I9MO] PIMOUS JUSWASLURUL [DIPIW + YHD -

"%9TT sem

VD JO 1yauaq njosqe ay ‘snyj ‘Ajpanoadsar ‘D) 'sa
[0IJUOD 10§ 6°F[ "SA G'9Z SeM SIEdL ¢ Je Y3eap 10 DONS
1ofewr e jo Aouanbaiy ayy Jo sajewnss sarN-ue[dey -
‘K19)10 PIY

-oxed onewoydwids pajeradoun ayy 0 [erajerisdr aons
DIWAYDST J0feur JO SLI 9} PASLaIdUT %(08—(/ dAOqE
SISOUR)S JO AJLI2ASS ‘UOHRZIWOPUERI I9)Je S1EdA ¢—7 10, -
‘Apanpadsar ‘dnoig joruod

*SA VIO 10 9%G"9€ "SA ()€ UT eI 10 OIS I0fe]A -

VD Sumol

-0 9xoxns [exjeisdr Lue jo uononpar s juedyuds

© 9AJIYDE JOU PIP % 6h—(0E JO SISOUDIS piiil [IIM SJUDIIE] -
G'G[ Jea1) 0] papasu

Iaquinu e ur Sunmsar (gy0°0 = d) %S9 sem uonoNpax
S[SHI 9IN[OSqe Sy, "WLIe VH D) 9Y} UT 9%/'GT 0} WLIe [edTpawt
AU} UI 9,7°7Z WOIJ UOTIINPAI YSLI JUedyIusis jnq “1omof
B pamoys YD) ‘SISouays ajpiapous Jyim sjuanjed Suoury -
*XIS 1891} 0} PAPaaU IaqUINU € 0} paje[sue} yorym (1000
> d) 9,/ Sem UOIPNPAI MSI 9IN[OSqe Y, "WIe VD

AU UT 9,6 0} WLIE [EIIPAW DY} U 9,97 WOIJ 901)S [erdje|
-1sdr Aue Jo UOTIONPAI MSII dIEWRIP B PIMOLUS SISOUD)S
240095 ypm syuarjed ‘sreak g jo dn-mojjoy ueaw e 1233y -

yeap 10 axoxs 1ofewr sem jutod pus Arewr

-1 :$3W0dINQ ‘Syjuow g snoradid ayy urgiim sapos
-1da dTUIAYST A10)1119) PTJOIED SIOWI IO SUO PEY OYM
SISOUR}S YD JO 22139p awos ym syuane ] :uorpendog
*dnoi83 jonuod

AY) WoIy 19A0SS0ID M (3[qrssod [re je J1 A1o8ins Aefop
“3°T) JOIU0D *SA (YHD) AW0)0a19)IPUS PTJOIL)) :SULTY

‘sreak

Z e axjoxns [exdjefisdr Aue Jo Su aAnR[NWNY) PDWOdNQ
VD 'sa Aderayp e

-IPaW 0} PAZIWOPUERI dI9M 9(¢ 03 [enba 10 ueyy 1ojea1d
s1soudys prjored onewoydwiAs yym sjusne] :uonemdog
VD 'sa Aderauyy [edIpajA] ‘SuLry

8661 :1EaX UOHEdIAN]
$661-1861 :POLID JuaW[[OIUY

[pa] rery, £123
-mg prjore) ueadony ;1804

1661 :Te9f uonedIqnJ
(A1rea paddoss) 1661/¢
—8861/1 “POHA] JUsWI{[OIUY
[zl e, Awoypararepuy
prore) onewoidwig
uedLPWY YLOoN (LIDSVN

s1soudjs prjored dpewoydwis qp

‘s1eak § 03 dn 1oy5e

-o10y3 oS [exdye[isdl pue uoneziwopuel 1)e skep
$F unm yieap snpd axoxs jo ajrsodwo)) :PuIodNQ
‘A19)10 PrjoIed suo 3sea] Je ur Surmorreu pry

-01eD 9,()/ }SBI] € DALY OYM I9P[O PUE SIEIA GE USWOM
pue s ‘syuanjed gz st [e08 Juawyjoruy :uorendog
Juawadeurw [edIPaW + (§yD) Sunuals pro

-IeD) "SA JudwSeURW [EdIPaW + (YHD) AwojdaIa)Iepud

Surpua :1eax uonedIqn g
SuroSuQ :porId J yuswjoIuy
[6v] T 1e1L

Bunusig ‘sa Awoyararepuy
UOTJRZLIB[NOSeAdY PHOIED) SYL

“BuroduQ ‘BuroSuQ  proIe)) ‘sA SUO[e JUSWFLULW [EIIPAW JAISUSJU :SULLY T-LSTID
paysiqnd pue paurioy
aopoexd yesrurp uo suonedrpdur pue Areunung sjnsay (s)anseawr awodno Arewrrrj/uonemndoj/sury  -1ad sxeag pureN reriy/prdor




Ischemic Stroke - Updates

216

‘SUJUOW 9 UIYIIM YHD 0SI19pun pnoys

(urex3ordue 1a1a13ed £q %05 10 VID/VIAN/SN

£q 9,0/=) s1souays yO [exayerisdr jo souasaxd ayy

Ul VI 10 aoxs SUI[qesIp-UOU dABL OYM %9 UL} SSI]
st Aj1e3ow 10 axjoxs eanpadoxduad jo ayer pajyedon
-Ue Ue 9ABY OUYM S [e2131nS d3eIAR IO MO] J SjUdL
-ed 10§ pajedIpul SI1 Gy ‘YD 0} ALRUIdI[E Uk SY -
“SyHUOW 9 unyIIM

v o81apun pnoys (weidordue 1239yjed Aq 9,062
10 VID/VIIN/SN A9 %0/=) stsousss vy [exarerisdr
Jo uasaxd ay ur Y11 10 axoxs Surjqesip-uou aaey
oym ystI [ed13ims aderaae 10 Mo Je syuanyed 10 -
SUIUOW 9 UTyM

vaD o81apun pnoys (werdordue 1a3ayjed Aq 9,062
10 VID/VIIN/SN 49 %0£) sisouals O [esarefisdr
Jo aouasaxd ayy ur YL 10 30xs Suljqesip-uou aArY
oym yst1 [eo13ins aderaae 10 Mo Je syuanyed 10 -
“VAD 193¢ SIN

QI0W pue Gy 19}k SN OIS 2I0W pey Sjuale] 'Sy
I93Je SaW00IN0 1Paq pey (0z>) syusned 1o8unok pue
VD I93Je sawodno 1o1aq pey (0£<) siuaned 1p[o -

Sypuowr 9 unpim
vaD o81apun poys (werdordue 13ayjed Aq 9,062

10 YLD/ VIIN/SN 4q %0£3) stsoudis O [etapeyisdt
Jo @ouesaid sy} ur Y1, 10 9x013s JurjqesTp-uou aaey

onewoidwdse [ON

mq syuaned onewojdwAs ur gy 105 10y
Apueoyruis sem jeap pue ayoI3s 10§ Msry -
‘OIS TeId

-yeqisdr 10] VHD pue Sy U9aMId] dUSIJIP
JUEDYTUSTS OU SEM I ], "SOUIDHTP JULDYTIU
-815 91oM 10g "VHD 'SA SV 10} %E'T 'SA ['L
P10 [ [eINpado1diIdg "YHD 'SA SV 10§
%E'T 'SA T'H PALINIIO 3X013S [ernpadordiiag -
(%89 'sa

L) VAD pue Sy usamiaq jutod pus Arewr
-11d ur SdULISHTP JUEOYTUSIS OU SeMm I, -

‘A1931ns

3o syjuowr g uryiim juaredde sem jyauaq sy
*04,0£ 159 3 JO SIS0URS YD ul v SuroSiop
-Uun asoy} 10§ 9,/°/ T JO UOHONPAI MSLI IN[OSR
ue Sem 919U} Jey) PI[edAdI SISA[eur Iay}In -
-auofe Adeayy [edrpawt 'sa YD 10§

‘s1e94 § 03 dn 19)3eaIaY]) 9¥OI)S

rexayerisdr 1o pouad [eanpasorduad ay Suump yyeap 10 TN
‘aoxs Aue Jo 9DUSLIMII0 31} Sem jutod pus Arewrt] :durodnQ
‘POPNIUL JOU I9M UOHR[[LIQY [BLIE DIUOIYD

10 9xj01s urqestp snoradxd yIm S{UBTET “9%69-0S SN T VI
10 YI1D08< 10 5N Aq %0/< ‘Ayder8or8ue £q 9,09< Jo sisouays aaey
01 pey sjuened onewoydwAsy *9,69-0g sem S0 JT VAN 10 VIO
£q 90,z 10 punosenn Aq 9,0,z AydeiBordue £q 9,06< aq 03
pey s1sous)s A1ayre prjored auy jusned snewoydwAs 10 ‘uonez
-rwopuel Jo sAep (0g[ UIIIm A1ayre Apnis ayj Jo uonngLysip ayy
U1 9301)s SUI[qeSIP-UOU JOUTW 10 XeSny SISoInewre “y[ 1, se paury
-9p sem SISouR)s pryoIed diewo}dwAg "SISOUd)S PryoIed dHEWo]
-dwdse pue opewojdwiAs yjoq pajenyeasa Apnys ay [, :uonendog
(svD)

Sunuays 10318 proIe) sa (YD) Awo03pa19)repus proIe)) :Swry

“uoeZIWOPUERI JO SABP ()¢ UIYIIM UJeap IO UO[dIe)

-UT IO UOTNQLISIP [9SS9A APNIS S} UT Y], OPUIDSII) :_DW0dIN0
‘swojdwAs Sunuasad auy 03 [exajerisdr 9,0g ueyy 3eaid sis

-oua)s prjored paurrguod Ayderdordue pey oym a501s dTuaydst
[rews 10 Y11, Jo sAep g1 uryym pajuasaid oym uspy :uonendog
-auofe Aderay) [edrpaut 3saq ‘SA

010C 18K Uonedqng
8002/£-0002/T1

TPOLIdJ JUWI[OIUT

[8¥] reny Sunuag

'sa AwojoaIa)repUy UOT
-RZLIR[NDSEASY PriOILD) 9y
:LSTUD

1661 “Tedx uonedrqng
1661/T

-8861/, :porrad juswrjoruyg
[sc] sisouaig prored
onewoydwAg ur eruraydsy
[21G913D) JO UOHUDSAIL] pue
Auwroyararepuy proie))

oym yst1 [ed13ins aderaae 10 Mo Je syuanjed 10 - %¥'61 "SA £/ urumoys jutod pus Arewrif - Aderayy [edrpaw 3s9q pue (YHD) AW0302I)IRPUD PIJOIR) [SULLY 'SOVA
pa

-ystqnd pue paurroyrad

donpoexd peorurp uo suongedsridur pue Arewrung symsay (s)ainseaw dwodno Arewrrj/uorendog/sury sxeay /oureN ey Prdoy,




217

Large Artery Occlusive Disease
http://dx.doi.org/10.5772/65047

*SISOUR)S [eLID}IE [eIURIORI)
-ur Jo JuduIjea) 10§ pasn aq pnoys uurdsy -
‘SJUDAD ISIOA

-pe zolewr roy8y AppuedoyTudis Yjm pajernosse
Sem pue [er siyj Jo awodino Arewrrd ayy ur ur
-11dse 19A0 JJAUA( OU PIJRNSUOWIDP ULIBJIEAA -

"vaD 03 paredwod

sarmpadoid renoseaopus ur uonuasaxd axoxs
rexayeqisdr uo ssaUBANIOAYS 10 SYSLI 1ofewr

AU} UT DUDIIIIP JULDYIUSIS OU SeM I, -

"SYIUOW 9 UTLIM

D o81apun pnoys (weiordue 13ayjed

49 %082 10 VIO/VIIN/SN A9 %0£3) sisouais
DI [exarerisdr jo aduasaid ay ur v 10 axo1s
Surjqestp-uou 9L OYM 9,9 ey ssa st A1[e)
-1ou 10 axoxs [eanpadoirduiad jo ajex pajedion
-Ue Ue 9ABY OYM SLI [ed181ns 98eIaAe 10 MO]
je syuanjed 10y pajedtpur st 9d1A9p uonj01d
Soquia UM SV ‘VHD 0} AlRUIR}[R U SV -
*SISOUR)S prjored dnewodwAs

yim pjo s1eak (gs spuaned ut yED 03 JoLajur
-uou sem 201AP uondajoId drjoquId Ym gy -

‘uLreyrem ‘sa utidse 1oy (yueoyruSis

A[reonsne)s jou) 9,8° 17 'SA 'z Ul pa1mosdo jutod pua Arewrr -
‘surre uLIdse "SA ULIBJIEM UT 9,6°7 "SA €/ Y19 USppns I0 A -
‘sure uridse ‘SA uLreyIem ur 9,z'¢ "sa ¢'g a3eyrioway Io0fejA| -
‘surre uLIidse "SA ULIRJIeM UT 9,¢F "SA /6 UIed( -

-axoxs [exadjeisdl 10 d)er ur 9dUIHIP JUEdYIUIIS OU PIMOYS
uoneznuopuer 1jje s1eak ¢ 0y dn sisA[eue [eAraIns ayJ, -
ueoyrudis A[reonsne)s ‘sarmpasoid re[noseaopua

ur 9,0 Mq juaned yHD JO 9%/°'§ Ul parmddo yjedoiau feruer)) -
‘KyserdorBue uooj[eq JuamIapun 9, p/,

pue Sunua)s JuUaMIapUN 9,9z ‘saImpadold Ie[ndseaopud ay JO -
Juedytudts A[eonsneis

jou ‘Appandadsar ‘D 'sa Aderay) ze[noseaopus 10j 9,66 ‘SA
0°0T Ul PaLINddO0 Yjeap 10 sAep / ueyy a1ow 3unse| ajo1s Auy -
quedyrudis A[reonst

-1e3s Jou ‘Apandadsar ‘D) 'sa aanpadord Ie[NISLAOPUS 10§ %6'S
*SA 9 Ul PALINDO SAEP ()¢ UIIIM L3eap 10 a3oxs Sur[qesi(] -

JuaIayIp A[[esnsne)s jou

(VAD) %E°6 SA (SVD) T'C Sem SABP (¢ UIJLM SISOU)S PrjoIed ot
-yewoydwAs ur jurod pus Arewrid jo aduapoUI [eINPad0Id-}SO ] -
JuaIayIp AJ[ed

-As1EIs J0U (VD) %S 9L SA (SVD) §'91 Sem SISOUD)s pryoed ot
-yewroydwiAs ur jurod pus Arewrrid jo sdouapoUT dATIEINWND YT, -
(VED) %EF sa

(SVD) 9°0 Sem d)eI UOTJRZIIR[NISLAdT TedA-T 9} ‘SIOWO0D [[e 10 -
“Ayrrorx

-9Jur-uour 10§ juedyrudts nq Ajrorradns 103 JULIHIP Arednsness
10N (VAD) %1°02 'sA (SVD) 7'zl sem jutod pua Arewrd ay (sis
-oua)s prjored onewojduwdse pue donewojdurAs) sowod [[e 10, -

‘ayons
e} 190 SISNED Ie[NdSeA WOIJ 3eap 10

‘98 ey LI0WaY UTeIq ‘930I}s JTWAYDS] W00
‘A19)10 [eTURIDRIUT Iofew € U SISOud)s

%66-0S Payuaa Ayderoidue Aq pasned axyons
DTWAPST 10 VL [IIM sjuane ] :uogendog
“Arep Sw

00€1 utatdsy 'sa (0°€-0°Z AN UMEJIBA ‘SULY

‘JudauIeal) Jo SAep Og UILIIM jeap

10 )01} AUe ST aU0INO ATRWIL ] :dW0dNnQ
‘SISOUD)S p1j

-oxed onewoydwiAs ypm syusne] :suonemdog
(vaD)

Awopasyrepus prjored ‘sa (Sunjuays 10 Lserd
-or3ue uooj[eq) Aderay) re[nosesopuy :SuIy

‘1eak | pue 1¢ sAep usamy

-aq [9ss9A Apnys ayy Jo A1031119) U3 UI O1IS
10 UOIJUIAIIUL JO SABp ()¢ UIUIIM JIA] 1O ‘9Y0xs
“yyeap Jo pasoduwiod sem SIyJ Tedk | Je SjudAd
Ie[noseAorpied 1ofew aagenwnd sem jurod
pus Arewt1 ] “Apnis AJLIOLIDJUI-UON :dW0d)NQ0
*SISOU)S prOILd

9,0 1B J& YIIM SISOUd)S prored dnewojdwss
ypm pajussard oym syuane :uogemndog
(vaD) Aw

-030219}1ePUD PLOILD ‘SA DIAP uonddjo1d drjoq
-w Ym (gyD) Sunuays K1ayre prore)) [suy

S00T :1ea) uonedrqng

€00T/L

—6661/C POLIRJ JusW[oIUY

[69] ssouaig rerroiry feru
-exdenu] opewoydwAg 1oy urind
-Sy pue urreyrepp jo uostredwo))
‘dIsvm

SISOII[ISOIdYJe [eIUeHENU] 7

100T :1eax uonestqng

L661/L

—T661/€ PO Judw[oIuy
[€9] 1143 paz:

-UOpUDL D S LAY UL SISOU)S
prored yym syuared ur jusux
-jear) [e218INS "SA Ie[NdSeAOpUY
[eL1} paznuopuer e :Apmg
KyserdorBuy reurwnisuery,
K191V [RIQOMIDA PUE PLjOIED)
'SVIVAVD

00T :1eax uonesqng

200T/L

—0002/8 :POH_J JuawW[OIu7

[16] syuaneq xsry

-yS31 ur AwoydpIajrepuy “sa 3ur
-JUd)g A19)1y-prjoIe)) pajdojoL ]
‘HAIHAAVS

a1
-oexd yeorurp uo suonedrfdur pue Arewrung

S}NSIRY

()21
-seaur auwrodino Arewrtij/uonerndog/sunry

paysiqnd pue paurioy
-1ad sxeax oureN ey prdor




Ischemic Stroke - Updates

218

*SONOI)S 10 YT, JudI
=-Imodalx \ﬁhmw wO SLI pasealdurl ue ypum —UWuMMUOmmm
SI SISOUQ)S IL[ISLOIA)IdA ()G JO duasaxd ayT, -

*S10308J MSLI Ie[NISeA JO UOTIONPal

a1mbar 9seasIp Ie[ISEqOICRIIDA YIIM SJUdLE ] -
"9[013S IB[ISEqOIG}IdA UBY) POL

-ad dn-morjoy s [erny ay3 Surmp [ 10 9018 £10}
-1119) PjOIED dARY 0} A[DYI[ SIOW JIIM SJUSE] -
‘[rews sem 97 jo azis a[dwes

Ay} 1Nq ‘SISOUR)s A1a)Ie [e1galiaa 10 Aderap
IR[NDSEAOPUS JO }IJoUI] MOYS JOU PIp [ern} 3], -

‘MOl sem auore Aderarp

[edIpawW JAISSAISSe YIIM O3S JO YSLI Y, -
Y31y sem Sunuays 193je 9013s A[1ed JO NSLI Y], -
‘SISOUR)S

proxed onewoydwAs ypm syusryed ur Sunusys
pue Aserdor8ue reurwunjsuery snosuejndrad

0} 10119dNs ST JusWeURW [LITPIUWT dAISSAISIY -

'sajer JuaAd Aep-06

19y31y Appueoyrudis pue uonejuasaid je sy oafd
-[NUW YJIM PIJRIDOSSE SEM 9,()GZ SISOUD)S I[ISLqoIq
-9}I9A “S)ULAd UOR[NOID Jot1sod ypim syuaned ufg -
'SJUAD AIOJLLID) PIIOIELDd UL

SISOUD}S PTjOILD 9,(G< JO ddudead1d ayy uey) 10yeard
SI SISOUR)S IR[ISLqOIQaLIdA 9,06 JO Aduanbauiy ay ] -

oxs

£1031119) P1joIed 10 TIA] IOYHID JO J[NSAI © Se PaIp

wre yoea ur sjuaned da1y ], *a5o1s AI0JLLId) Te[iseq
-01q9}194 © paduaLadxe dnoid rayye ur jusned oN -
2anpadoxd ayy Jo sAep ¢ UMM S90S

10 sypeap aaneradorrad ou a1am a1ayy Ing Guaa
-jean) re[noseaopua SuLmp yiL pey syuaned om[ -
‘wire oes 03 pazrwopuer aram syuaned pydie AjuQ -

*dnoi8 juaweGeuew [edrpaw 'sa Junuals ur

9,8°G "SA /[ Sem jeap 10 djer axoxns Aep-Any], -
‘A[pAandadsar JuawaGeuew [edrpaw ‘s Sunuays
10§ 9,7°Z1 "SA (07 Ul pa1mddo jutod pus Arewri -

V1L 10 9301)S JUILINDAI AeP-()6 WM

SN ‘PIOFXO punole pue ur S[enpIarp

-ur 00016 Jo Apnys paseq uonemndo ] :suoryerndog
'SJUIAD

£I0J1119) PIJOIED SA UOTIR[NDIID IOLID)SO ] :SULIY

"UOTIUDAIDIUT

I9}JE 9¥O0I}S IL[ISLqOIGI}IdA JUDLINDY :DW0dNQO
*SISOUD}S AId}Ie [eiq

-oy194 dnpewoydwiAs Yym syusne ] g :suonemdog
*9UO[E JUSW} LI} [edIPAW 353q "SA (Surjua)s 10
AKyserdor3ue uooyreq) Aderaiy renosesopuy SuLry

‘K1ayxe Suikyienb ayp jo K103

-19} AU} UI O}S 10 UOTJRZLIB[NISEASI I9})Je IO JUSL
-[[01UD JO SAeP ()¢ UIYILM YJeap 10 3OS :PDuodnQ
*(%66-0.) SISOUL)s A19)1€ [eTURIDRIUL I0feur 0}

aNp 3X01S 10 Y1 U1 YIm sjudne :uogendog
-Sunuays pue Lserdordue reurunsuer) sno
-ouejndrad snid yuswaSeuew [edrpawr aa1ssa133e
‘SA QUOTE JUSUIdeURL [EIIPAW JAISSaISTY ‘surry

£00€ Ieak uonestqng

L661/4-T661/€ 1POLId ] yuswyoug

[08] Apmys paseq-uonendod aan
-dadsouid :s1souays Arayre refiseq 10 [eiq
93104 drpewoydwAs 9,06z jo sisoudord
pue dUIpLU] ‘APNIg Ie[NdSeA PIOJXO
DSVAXO

G661 :1edak uonedrqng

€661/T1-L861/C1 ‘POMRJ JuswoIuy

l64] svIvaAvO

u1 S150U2jG A421Yy7 [1492349/ Jo Juanival]
[et

pazrwopuer e :Apmg Aysejdorduy reurur
-njsuei], A19}1y [e1Ga}I9A pUe proIe)
‘SVIVAVD

9seasIp AI9}ae [1G9}I9A [RTURIDRIIXT '€

TT0T “Tedax uonedrqng

1102/¥-8002/11 :POLIa JuawjoIuy

[g1] stsouag [erLyry [eruenenu] 10y Ad
eI, [eDIPIJA 2A1SSa138Y 'sa Sunualg
‘STIdIININVS

donpexd reorurp uo suonedrfdur pue Arewruing

S}NSaY

(s)a1nseawr aurodino Areurtrj/uonendog/sutry

paystqnd
pue paurroyiad sreag pureN Terry/prdor




219

Large Artery Occlusive Disease
http://dx.doi.org/10.5772/65047

"S3IPNJS SISOIAISOIY e A1a)re adre] *g d[qeL

‘(paymads
9s1MIa30 Jou) Adediyo widy Suof pue ysir daneradord ] PdwoednQ
‘sjuanied gg[ sem JUSUNINIDSI [210], "UORZIWOPUERT ONIANHJ :Tedx uonedIqng

JO SYJUOW ¢ UIIIM VLI 10 9013s Sur[qesip-uou pue sisoud)s A1) G102/2-8002/0T :POLId ] Judwj[oIuy

-Ie [eIQOIIDA 9,()G< SABY OUM IS0 10 (o7 a3e sjuane ] :suogendog [z8] rerr
-auoe Ade Sunua)g erwseyds] A19)1y [RIGIIIIA
‘Gurpuad symsar ‘pajardwio)  -1ay) edIpaw 359q ‘sa Ajsejdordue/3unus)s A1o)Ie [RI9IIIA [SULIY :LSIA

‘s1soud)s A1ayre [erq

93104 drpewoydwiAs jo yuauyear)
paxrayaxd au st Adexay) [edrpay -
*9Y01)$ JUILINDAI SE [[oM

se suorjedrduwod re[nosea rofeur

JO suLIa) Ul Ysu mo] pamoys Ad
-eIaY) [edrpau o[Iym syuarjed Jo 9,6
mogqe ur suonedrdwod reanpadord
-11ad JIM PajeIdosse sem SISoud)s
A1911e TRIga}IaA DTjRWOIdWAG -

“uonnq
-LsIp A1931e [eaqayro dnewoyduwAs ayy ur sayons
pey dnoid yuswaGeuew [esrpawr ay) ur (%)
sjuaned 1oy pue dnoi8 Sunuays ayy ur (9z1) sjuan
-ed uaAds paeasar s1eak ¢ Jo dn-mofoy uerpaA -
‘dnoi8 juauryear) fedrpaw oy ur

swodino Arewrtrd sy pey syusryed gg jo (9,7) dUQ -
‘dnoi8 Sunuays ayy ur swod

-mo Areuwrnid ayy pey syuanjed /g jo (9,6) 9214, -
‘K19)1e [RIq

-91I9A TeTueIDRIUT 3} Ul pade[d axom S yorym
Jo Juawde[d Jud)s JuamIdpUN (G ‘Surjua)s A1a)re
[e1qaraa 0} paudisse Ajwopuer syuanyed /g a3 JO -

‘skep (g unpIm

aoxs Aue 10 “UOTDIBJUT [RIPIEDOAW “YIeap Te[ndSeA :_PUIodInQ

‘(4081 = u 193183

QLT = 1) SYHUOW 9 SNOTAdId UT 30138 DIWAYIST 10 SDLJJe DI

-ST JUDISUET} TR[ISEqOIGI}IdA PUR 9GS SISOUD)S AI9}Ie [RII}IIA [
-TueIRnUI I0 [eruenenxa dnewojdwAs yim syuane ] :suogendog
*aUOTE JUAUIILdI] [EDIPAW ‘SA SUnjua)s AI9)Ie [eIqO}I9A (SULIY

10 :1edk uoned1[qn g
€10T/7-800¢/1 *POLIdJ Judt[[OIUY
[18] usunyean

[eJTPAW 3S3(] IO JUSUIILI]} [EDTPAW 1S3

snid Sunyuays 03 oner 1:1 e ur syusny
-ed Sunesorre Apwopuer rein g aseyd
v — (e Sunualg A10)1y [eIgalIA
2LSVA

sonperd resturp
uo suoyedrdur pue Arewrung

S}NSay

(S)aInseawr aurodino Areurtij/uonje[ndog/sutry

paysiqnd pue
paunoyiad sxeag /pureN rerryprdoy,




220

Ischemic Stroke - Updates

underwent CAS had a higher periprocedural stroke/death rate. Therefore, age is an important
factor to consider when deciding between the two procedures. The results were further
evaluated by comparing periprocedural rates stroke and MI for CAS vs. CEA. There was a
significant difference (p = 0.01) for periprocedural stroke, which was higher in patients
undergoing CAS (4.1%) vs. CEA (2.3%). The periprocedural rate of MI, however, was signifi-
cantly lower (p = 0.03) for CAS (1.1%) compared with CEA (2.3%). However, CAS had
significantly higher (p = 0.03) overall estimated 4-year rate of any periprocedural stroke or
death or post-procedural ipsilateral stroke when compared to CEA with a HR, 1.50 (95% CI,
1.05-2.15). Both procedures had relatively low point estimates (2.5% in CAS vs. 1.4% for CEA,
p = 0.15) for rates of any stroke or death in the periprocedural period among asymptomatic
patients. There was a trend favoring CEA over CAS in symptomatic (HR, 1.37; 95% CI: 0.90-
2.09; p = 0.14) and asymptomatic (HR, 1.86; 95% CI: 0.95-3.66; p = 0.07) patients, but the study
was not powered for this evaluation. The advantage of revascularization over medical therapy
by itself was not addressed by CREST, which did not randomize a group of asymptomatic
subjects to medical therapy without revascularization. Unfortunately, as consistent with
several of these trials, the lack of medically treated control groups complicates their interpre-
tation. The ongoing National Institute of Neurological Disorders and Stroke-sponsored
CREST-2 trial (Table 2) will be comparing centrally managed, intensive medical therapy with
or without carotid stenting with embolic protection [49, 50].

In summary, the vast majority (~90%) of patients with asymptomatic carotid stenosis would
be better served by intensive medical therapy than by endarterectomy or stenting. The ~10%
who could possibly benefit from intervention can be identified by microemboli detection on
transcranial Doppler or other techniques. Routine intervention for asymptomatic stenosis
without such risk stratification is unwarranted. Most of the high-risk patients (~10%) would
be better served by CEA than by CAS. The patients who are most appropriate for CAS within
the high-risk group would be those at high risk of stroke and who have anatomical features
that make CEA difficult. High-risk patients are those with severe cardiac, lung, and renal
morbidities and changing anatomy. The specific details are listed in the AHA/ASA guidelines
[11]. While anatomic high risk has generally been accepted, improving anesthetic and critical
care management may alter medical high-risk criteria.

4.1.1. Asymptomatic carotid stenosis: recommendations (adapted from [10, 11])

1. Patients with asymptomatic carotid stenosis should be prescribed daily aspirin and a
statin. Patients should also be screened for other treatable risk factors for stroke, and
appropriate medical therapies and lifestyle changes should be instituted.

2. In patients who are to undergo CEA, aspirin is recommended peri- and postoperatively
unless contraindicated.

3. CEA is a reasonable consideration in asymptomatic patients with >70% stenosis of the
internal carotid artery (ICA) if the risk of perioperative stroke, MI, and death is <3%. The
data that support this recommendation did not include the current standard for best
medical management.
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4. Itisreasonable to repeat duplex ultrasonography annually by a qualified technologist in
a certified laboratory to assess the progression or regression of disease and response to
therapeutic interventions in patients with atherosclerotic stenosis of >50%.

5. The effectiveness of prophylactic CAS compared to medical therapy alone in asympto-
matic carotid stenosis is not well established, but it can be considered in highly selected
patients.

6. In asymptomatic patients at high risk of complications for carotid revascularization by
either CEA or CAS, the effectiveness of revascularization vs. medical therapy alone is not
well established.

7. Screening low-risk populations for asymptomatic carotid artery stenosis is not recom-
mended.

4.2. Symptomatic carotid stenosis

Over the last half century, numerous clinical trials have compared CEA plus medical therapy
to medical therapy alone in the setting of symptomatic carotid stenosis. Again, most of these
studies predate the intensive medical therapy now recommended. Surgical techniques have
also evolved. Furthermore, carotid angioplasty and stenting (CAS) has emerged as an alter-
native treatment for stroke prevention in patients in this setting.

Endarterectomy for symptomatic carotid stenosis: Three major randomized trials (see Table 2) have
demonstrated the superiority of CEA plus medical therapy over medical therapy alone for
symptomatic patients with a high-grade (>70% angiographic stenosis) atherosclerotic carotid
stenosis, and include (1) the European Carotid Surgery trial (ECST) [54], (2) the North
American Symptomatic Carotid Endarterectomy Trial (NASCET) [25], and (3) the Veterans
Affairs Cooperative Study Program (VACS) [55]. Symptomatic patients included those who
had >70% ipsilateral carotid stenosis with a non-disabling stroke, TIA, or transient monocular
blindness. A pooled analysis of ECST, NASCET, and VACS found a 30-day stroke and death
rate of 7.1% in surgically treated patients [56]. In patients with a 70-99% (severe) stenosis,
NASCET found that for every six patients treated, one major stroke would be prevented at 2
years (i.e., a number needed to treat (NNT) of six). Additionally, these three seminal trials
showed that patients with stenoses <50% (mild) did not have benefit in terms of stroke risk
reduction with surgical intervention. The role of CEA was less clear among patients with
symptomatic stenosis in the 50-69% (moderate) range. NASCET evaluated 858 symptomatic
patients with a stenosis of 50-69%, and in the surgically treated patients the 5-year rate of any
ipsilateral stroke was 15.7% compared with 22.2% in those treated medically (p = 0.045) [25].
Thus, the number needed to treat was 15 (i.e., 15 patients would have to undergo CEA to
prevent one ipsilateral stroke during the 5-year follow-up period). Therefore, CEA is justified
only in appropriate cases when the risk-benefit ratio is favorable for the patient when evalu-
ating surgical and anesthesia risks. In NASCET, the rate of perioperative stroke or death was
6.7%, with more recent population-based studies reporting a rate of 6% [57]. Given that medical
management has improved since NASCET, current guidelines advise proceeding with CEA
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in the setting of symptomatic stenosis only if the surgeon’s rate for perioperative stroke or
death is <6% [10, 11].

Patient-selection criteria influencing surgical risk often include gender and age. There is some
concern, as based on the NASCET subgroup analyses, that CEA may not be beneficial in
women with symptomatic carotid stenosis. Although women were not well represented and
the effect of gender was not overwhelming [25], these data did demonstrate a significant
difference (p = 0.008) suggesting that woman are more likely to have poorer outcomes as
compared to men when undergoing CEA [58]. The surgical mortality, neurological morbidity,
and recurrent carotid stenosis were 14% in women and 3.9% in men (p = 0.008) [58]. Notably,
CREST was designed with pre-planned subgroup analysis intended to evaluate the effects of
gender and age on the primary outcome end point. CREST included both symptomatic and
asymptomatic patients, and found no significant interaction in the primary end point by
gender. However, CREST did show superior results for CEA as compared with CAS in patients
aged >70 years old [53, 59]. Of note, there are limited age-related data on the safety and efficacy
of carotid revascularization because patients 80 years old or older were often excluded from
trials, including NASCET. However, safe CEA in patients >80 years of age has been docu-
mented in case series [60]. Some studies comparing CAS and CEA have focused specifically
on patients considered at high risk for surgical intervention and will be discussed in greater
detail in the upcoming section on CAS. In summary, outcome differences in age and gender,
along with medical comorbidities, should be considered when deciding whether or not to
proceed with carotid revascularization. The optimal timing of carotid revascularization via CEA
after a completed non-disabling stroke has been defined to be within 2 weeks if there are no
contraindications. This time period is driven by data from the three major randomized
controlled trials (RCTs) mentioned above, among others [25, 53, 59]. In these trials, patients
were randomized to surgery within 2-14 days (median) and a third of the perioperative strokes
occurred during this same time period. The first 2 weeks represented the greatest stroke risk
in medically treated patients. After 2-3 years, the annual rate of stroke among the medically
treated patients approached the rate observed for asymptomatic patients. Further analysis of
patients with >70% carotid stenosis in ECST and NASCET showed a reduction in attributable
risk from 30 to 18% when surgery occurred within 2 weeks vs. at 2-4 weeks, then to 11% for
surgery at 4-12 weeks for any ipsilateral stroke or any stroke or death within 30 days of trial
surgery [61]. These three trials included only patients with non-disabling stroke or TIA and
reported low rates of ICH associated with surgery (0.2%). The risk for perioperative ICH may
be increased with early surgery in patients with major cerebral infarction via a hyper- or
reperfusion syndrome, this because of the sudden increase in perfusion of the vasculature
distal to stenosis. Optimal control of blood pressure during and post-procedure is emphasized.

Endovascular treatment for symptomatic carotid stenosis: CAS has emerged as a therapeutic
alternative to CEA for the treatment of extracranial carotid artery occlusive disease. The
theoretical advantages of being a less invasive procedure resulting in decreased patient
discomfort and a shorter recovery period were indeed born out in CREST, with an improved
health-related quality of life in the perioperative period, although this difference was not
sustained at 1 year [62]. As mentioned above in the asymptomatic carotid section, the historical
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use of CAS was typically reserved for patients considered at high risk for CEAs. Many of the
reported trials have been industry sponsored and evaluated the efficacy of a single-stent/
neuroprotection system in an effort to garner Food and Drug Administration (FDA) approval.
The first large randomized trial was the Carotid and Vertebral Artery Transluminal Angio-
plasty Study (CAVATAS —see Table 2) [63]. CAVATAS randomized patients suitable for either
stenting or surgery, and if patients were unsuitable for surgery, they were randomized to either
stenting or medical management. The results showed that CAS and CEA had comparable
results with 30-day rate of stroke or death of 6% in both groups. Preliminary analyses dem-
onstrated no stroke rate differences 3 years after randomization. The major limitations were
that a minority (55 of the 251 patients) in the endovascular group was treated with a stent and
embolic protection devices were not used. Of note, embolic protection devices are now
required in endovascular procedures reimbursed by the Centers for Medicare & Medicaid
Services. Such devices aim to reduce periprocedural stroke rates. The Stenting and Angioplasty
with Protection in Patients at High Risk for Endarterectomy (SAPPHIRE - see Table 2) had the
primary objective of comparing the safety and efficacy of CAS with an embolic protection
device to CEA; 334 symptomatic and asymptomatic high-risk patients were randomized [51].
The outcomes by which they studied safety included the cumulative incidence of stroke,
myocardial infarction, or death. In the periprocedural period, the rate was 4.8% in patients
assigned to receive a stent vs. 9.8% assigned to undergo endarterectomy in an intention-to-
treat analysis (p =0.09). Those patients who actually underwent stenting and CEA had primary
outcomes incidence of 4.4 and 9.9%, respectively (p = 0.06). The 1-year rates of the aforemen-
tioned primary end pointin addition to ipsilateral stroke or death of neurological causes within
31 days to 1 year were 20.1% for CEA and 12.2% for CAS (p = 0.05). The conclusion from the
trial was that CAS was non-inferior to CEA in this specific high-risk patient cohort in spite of
the fact that these differences primarily represented differences in periprocedural MI rates.
Overall, the post-procedure morbidity and mortality for asymptomatic patients in both CAS
and CEA were high enough to question the benefit of either procedure compared with medical
management.

There have been several other RCTs comparing CEA and CAS for symptomatic patients. These
trials include EVA-3S (Endarterectomy vs. Angioplasty in Patients with Symptomatic Severe
Carotid Stenosis), SPACE (Stent-Supported Percutaneous Angioplasty of the Carotid Artery
vs. Endarterectomy), and ICSS (International Carotid Stenting Study) trials [64]. In a meta-
analysis of these studies, the rate of stroke and death at 120 days after randomization was
significantly higher for CAS (8.9%) compared to CEA (5.8%) with HR 1.53 (p = 0.0006). Notably
subgroup analyses revealed a higher rate of stroke or death at 120 days for CAS (12.0%) vs.
CEA (5.9%) among patients aged >70 (HR, 2.04; p = 0.0053). No significant difference was
observed in patients younger than 70 years of age [65].

CREST is an important recent RCT that compared the efficacy of CAS with that of CEA [48,
53]. In CREST, 2502 symptomatic and asymptomatic patients with carotid stenosis were
recruited from the US and Canadian centers. Carotid stenosis was defined as >70% by
ultrasonography or >50% by angiography. The primary outcome was a composite measure of
30-day rate of stroke, death, and MI and 4-year ipsilateral stroke. The primary outcome was
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observed at a rate of 7.2% in CAS and 6.8% in CEA (p = 0.51). The 4-year rate of the primary
end point in asymptomatic patients was 5.6% with CAS vs. 4.9% with CEA (HR 1.17; 95% CI:
0.69-1.98; p = 0.56). By comparison, the rates were 8.6% with CAS vs. 8.4% with CEA in
symptomatic patients (HR 1.08; 95% CI: 0.74-1.59; p = 0.69). Analysis of symptomatic and
asymptomatic patients together showed an interaction between age and treatment efficacy (p
=0.02). The HR for the primary outcome increased (CAS compared to CEA) when stratifying
by age; HR was 0.6 (95% CI, 0.31-1.18) for patients <65 years of age, 1.08 (95% CI, 0.65-1.78)
for patients 65-74 years old, and 1.63 (95% CI, 0.99-2.69) for patients aged >75 years. The risk
of MI did not increase with age for either CEA or CAS. The effect of age was primarily driven
by stroke risk, with greater stroke risk by age, with this effect stronger in the CAS group as
compared to the CEA group. The HR became 1.0 at 70 years old for the primary outcomes
and 64 years old for stroke. Gender was examined for periprocedural events, there was a trend
for fewer events in women undergoing CEA compared to CAS; no periprocedural differences
were seen in men. Periprocedural complication rates were lower in CREST as compared to
prior trials. In the first 30 days, the rate of any stroke, MI, or death was 5.2% with CAS vs. 4.5%
with CEA (HR 1.18; 95% CI: 0.82-1.68). Analyses regarding the type of periprocedural
complications identified important differences. First, patients who had CAS had lower rates
of MI than patients who had CEA (1.1% vs. 2.3%; HR: 0.50; 95% CI: 0.26-0.94) but higher rates
of stroke (4.1% vs. 2.3%; HR: 1.79; 95% CI: 1.14-2.82). Second, complication rates also differed
according to the surgical indication; asymptomatic patients had a rate of 3.5% for CAS vs. 3.6%
with CEA, and symptomatic patients had a rate of 6.7% with CAS and 5.4% with CEA [48, 53].

Other considerations: strong evidence regarding follow-up imaging and re-stenosis after CEA or CAS
is lacking. The Asymptomatic Carotid Atherosclerosis Study (ACAS) trial demonstrated that
risk for re-stenosis after CEA was highest in the first 18 months after surgery (7.6%). The
incidence decreased to 1.9% in the next 42 months. These data are comparable to the CEA arm
of the CREST trial 18-month estimates which showed 6.3% risk of re-stenosis (>70% stenosis)
after 24 months of observation. Other smaller studies have variable re-stenosis rates after CEA,
but there are many limitations to these studies including the imaging technique utilized, length
of follow-up, stenosis criterion, patient loss rates, and case mix. According to a recent narrative
review, the rate of hemodynamically significant re-stenosis after CEA is probably 5-7% during
variable periods of follow-up [53]. In older trials, the rates of re-stenosis were reportedly higher
after CAS than after CEA. In the SPACE trial [64], the rate of re-stenosis (>70% luminal
occlusion) was 10.7% for CAS compared with 4.6% for CEA after 2 years. In CAVATAS, the
rates after 5 years were 30.7% for CAS as compared with 10.5% for CEA. In a relatively recent
review of 2191 CREST patients with follow-up at 2 years, highly standardized ultrasonography
data were used to examine the incidence of re-stenosis and found no differences [66], although
independent predictors of re-stenosis including DM, hypertension, and female sex were
identified. Smoking was also an independent predictor for re-stenosis, but only with CEA, not
CAS. In summary, the most current data suggest that rates of re-stenosis are similar between
CEA and CAS. Moreover, there is no clear association between re-stenosis and increased risk
for stroke. Therefore, routine surveillance for re-stenosis in asymptomatic patients is not well
established.
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Extracranial-intracranial bypass. The International Cooperative Study of Extracranial/Intracra-
nial Arterial Bypass (EC/IC Bypass Study) was the first major trial of EC/IC bypass surgery.
The trial randomized 1377 patients within 3 months of a TIA or minor ischemic stroke to either
surgery or best medical care [67]. Patients who were eligible for inclusion in the study had
narrowing or occlusion of the ipsilateral middle cerebral artery (MCA), stenosis of the
(surgically inaccessible) ipsilateral distal internal carotid artery (ICA) or the occlusion of the
ipsilateral mid-cervical ICA. The primary outcome was fatal or nonfatal stroke. After nearly 5
years, the primary outcome was more common in patients who underwent surgery. A later
trial [68] selected a high-risk group to examine with the goal to evaluate the effectiveness of
EC/IC bypass for the prevention of ipsilateral stroke. The trial enrolled 195 patients who had
evidence on positron emission tomography (PET) scanning of hemodynamic cerebral ischemia
distal to a symptomatic ipsilateral carotid occlusion [68]. TIA or ischemic stroke within 4
months of randomization, such as the previous study, was required for eligibility. The trial was
terminated early for futility given a 30-day rate of ipsilateral stroke of 14.4% in the surgical
group and 2.0% in the non-surgical group. The same outcome at 2 years was similar in both
groups, 21.0% in the surgical group and 22.7% in the nonsurgical group (p = 0.78).

4.2.1. Symptomatic extracranial carotid disease: recommendations (adapted from [10, 11])

1. CEAisrecommended for patients with a TIA or ischemic stroke within the past 6 months
who have severe ipsilateral (70-99%) carotid artery stenosis when the perioperative
morbidity and mortality risk is estimated to be <6%.

2. CEA is recommended for patients with patient-specific factors (i.e., age, sex, medical
comorbidities) when they have had a recent TIA or ischemic stroke as well as moderate
ipsilateral (50-69%) carotid stenosis and the perioperative morbidity and mortality risk is
estimated to be <6%.

3. When the degree of stenosis is <50%, CEA and CAS are not recommended.

4. When revascularization is indicated for patients with TIA or minor, non-disabling stroke,
it is reasonable to perform the procedure within 2 weeks of the index event rather than
delay surgery if there are no contraindications to early revascularization.

5. CAS can be considered as an alternative to CEA for symptomatic patients at average or
low risk of complications associated with endovascular intervention when the anticipated
rate of periprocedural stroke or death is <6%.

6. Ageshould be considered when deciding which procedure is appropriate in symptomatic
carotid stenosis. CEA was associated with improved outcomes in patients older than 70
years especially when anatomy is unfavorable for CAS. The periprocedural risk due to
stroke, MI, or death and long-term risk for ipsilateral stroke are equivalent for CAS and
CEA in younger patients.

7. Inpatients at high of complications of surgery due to anatomical or medical factors, CAS
isareasonable alternative compared to CEA for patients with symptomatic severe stenosis
(>70%).
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8. The accepted periprocedural stroke and mortality rates for symptomatic carotid stenosis
are <6% for operators performing CAS and/or CEA.

9. Routine, long-term follow-up imaging of the extracranial carotid circulation with carotid
duplex ultrasonography is not recommended.

10. For patients with a recent (within 6 months) TIA or ischemic stroke ipsilateral to a stenosis
or occlusion of the middle cerebral or carotid artery, EC/IC bypass surgery is not recom-
mended.

11. EC/IC bypass is considered investigational in patients on optimal medical therapy with
recurrent/progressive ischemic symptoms ipsilateral to a stenosis/occlusion of surgically
inaccessible portions of the carotid artery.

12. Optimal medical therapy including antiplatelet therapy, statin therapy, and risk-factor
modification is recommended for all patients with carotid artery stenosis and a TIA or
stroke.

5. Intracranial atherosclerosis

Intracranial atherosclerosis is a common cause of stroke carrying a high risk for recurrence. To
date, there have only been a few large, multicenter randomized trials evaluating stroke-
preventive therapies for this disease, the two primary trials include WASID [69] and SAMPP-
RIS [15] (see Table 2).

The WASID study was a double-blind trial that included 569 patients. Patients included in the
study were required to have stroke or TIA attributable to 50-99% intracranial stenosis of the
MCA, intracranial ICA, intracranial vertebral artery, or basilar artery. The patients were
randomized to receive either aspirin 1300 mg or warfarin with a target international normal-
ized ratio (INR) between 2 and 3. WASID was stopped early because of higher rates of death
and major hemorrhage in the warfarin arm. The primary end point, the composite rate of
ischemic stroke, brain hemorrhage, and non-stroke vascular death occurred in 22% of patients
in both treatment arms over a mean follow-up of 1.8 years. The 1- and 2-year rates of stroke in
the territory of the stenotic artery occurred in the aspirin arm 12 and 15% at 1- and 2-years,
respectively. The 1- and 2-year rates of stroke in the warfarin arm were 11 and 13%, respectively.
Both arms demonstrated higher rates of stroke in the territory of the stenotic artery with higher
degrees of intracranial stenosis. For patients with >70% stenosis, the stroke rate at 1 year was
18% and the rate was 7-8% in patients with 50-69% stenosis [70]. This was supported by a
multivariate analysis, which demonstrated that the risk of stroke in the territory of the stenotic
artery was highest for severe stenosis (>70%) and for patients enrolled early (<17 days, which
was the median time to enrollment in the trial) after their qualifying event. Analyses also
showed that women appeared to be at increased risk. No subgroup in the post hoc analyses
benefited from warfarin. Controlling BP and LDL-C may reduce the risk of subsequent stroke
based on WASID results. Contrary to the argument that BP lowering may impair cerebral blood
flow and thus increase stroke risk in patients with large artery stenosis, post hoc analysis
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showed that patients with mean SBP of >140 mmHg had a significantly increased risk of
recurrent stroke compared with patients with mean SBP of <140 mmHg (HR 1.63; p =0.01) [71].
Additionally, the patients with high LDL-C levels (mean 2100 mg/dL) were 1.72 times more
likely (p=0.03) to have stroke compared to lower LDL-C levels (mean <100 mg/dL). A low rate
of vascular events was observed in the small subset of patients with LDL-C of <70 mg/dL [72].

The SAMMPRIS trial compared endovascular therapy with medical therapy for the prevention
of recurrent stroke in patients with symptomatic intracranial arterial stenosis [15]. In SAMMP-
RIS, patients with TIA or stroke within the past 30 days related to 70-99% stenosis of a major
intracranial artery were randomized to aggressive medical management alone or aggressive
medical management plus percutaneous transluminal angioplasty and stenting (PTAS, self-
expanding Wingspan stent). Intensive medical therapy was aspirin of 325 mg/d, clopidogrel
of 75 mg/d for 90 days after enrollment, intensive risk-factor management that primarily
targeted SBP of <140 mmHg (<130 mmHg in patients with DM) and LDL-C of <70 mg/dL, and
a lifestyle modification program. Enrollment was stopped early after 451 patients because the
primary end point of stroke and death was significantly higher in the PTAS arm at 30 days (p
=0.002), 14.7% in PTAS arm and 5.8% in medical arm. The rate of the primary end point at 1
year was also significantly higher in the PTAS arm (20.0%) vs. 12.2% for the medical arm (p =
0.009). These 1-year event rate differences were driven by the increased 30-day events in the
PTAS arm. Periprocedural ischemic strokes were associated with older age, diabetes mellitus,
basilar stenosis, and non-smoking. Of the strokes that occurred within 30 days, 10 of 33 (30.3%)
in the PTAS arm and none of 12 (0%) in the medical arm were symptomatic brain hemorrhages
(p =0.04). Estimated 1-year rates of major hemorrhage (any brain hemorrhage or major non-
stroke-related hemorrhage) were 9.0% in the stenting arm and 1.8% in the medical arm (p <
0.001). Of note in SAMMPRIS, the event rates in the PTAS arm (14.7%) were significantly higher
than anticipated from the Wingspan stent registry (4.5%) [73]. The results of the medical arm
demonstrated better than expected event rates as compared with WASID at 1 month (5.8%
observed rate in SAMMPRIS vs. 10.7% expected based on WASID) and at 1 year (12.2%
observed vs. 25% expected). These improved outcomes were deemed related to the intensive
medical therapy utilized in the trial. Importantly, 284 of the 451 patients (63%) enrolled in
SAMMPRIS had their qualifying event while undergoing antithrombotic therapy. In this
subgroup of the SAMMPRIS cohort, the rates of the primary end point were 16.0% in the
stenting arm and 4.3% in the medical arm at 30 days. At 1 year, the rates were 20.9 and 12.9%
for the stenting and medical arms, respectively (p = 0.028) [74]. These results indicate that
stenting (with the Wingspan system) is not a safe or effective rescue treatment for patients who
experience a TIA or stroke while already being treated with antithrombotic therapy. Results
from extended follow-up of the SAMMPRIS cohort were published in 2014 and demonstrated
persistence of the early benefit of medical management over stenting with the Wingspan
device [75]. In comparison, patients in the WASID trial were treated with aspirin of 1300
mg/d. In the SAMMPRIS trial, the medical arm used aspirin of 325 mg/d (in combination with
clopidogrel of 75 mg/d) and achieved favorable rates of stroke outcome compared with the
intervention arm. Lower doses of aspirin were effective in other large trials of secondary
prevention, most of which enrolled patients with more heterogeneous subtypes of stroke. In
aggregate, these data suggest that doses lower than 1300 mg/d are probably effective in patients
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with intracranial stenosis and that dual antiplatelet therapy while optimizing vascular risk-
factor control is reasonable. Of note, the SAMMPRIS results are a major contributor to the
current recommendations regarding the intensive medical therapy now recommended in
many societal and professional stroke-prevention guidelines [76].

A subsequent detailed analysis of the 30-day events in the SAMMPRIS PTAS arm revealed that
a large number of the ischemic strokes occurred from occlusion of perforators (basilar
perforators to the pons or lenticulostriate perforators from the middle cerebral artery) with the
PTAS occluding the perforator takeoffs’ (i.e., ostium). Other periprocedural risks demonstrat-
ed by SAMMPRIS included those associated with wire-vessel perforation causing subarach-
noid hemorrhage (SAH) and ICH as associated with dual antiplatelet therapy in the setting of
increased perfusion of an ischemic vascular bed. Balloon angioplasty alone without stenting
has been proposed as a method to reduce perforator strokes; however, no randomized trials
have compared angioplasty against intensive medical management. Re-stenosis rates after
angioplasty alone or PTAS in this setting are uncertain.

One other notable study in the setting of intracranial stenosis is the previously described
International Cooperative Study of Extracranial/Intracranial Arterial Bypass (EC/IC Bypass
Study) [67]. This study included patients with MCA stenosis and ICA stenosis above the second
cervical vertebra in addition to the symptomatic patients with extracranial carotid occlusion.
The patient population included 109 patients with >70% MCA stenosis and 149 patients with
>70% ICA stenosis. These groups were randomized to bypass surgery or medical treatment
with aspirin of 1300 mg/d. The mean follow-up was 55.8 months. The rates of stroke during
follow-up in patients with >70% MCA stenosis were significantly lower in the medical arm
(23.7%) compared to the bypass arm (44%). There was no statistically significant difference in
patients with >70% ICA stenosis above C2 between the medical arm (36.1%) and bypass arm
(37.7%). The results of this study have led to EC/IC bypass being largely abandoned as a
treatment for intracranial stenosis.

5.1. Intracranial atherosclerosis: recommendations (adapted from [10, 11])

1. For patients with a stroke or TIA caused by 50-99% stenosis of a major intracranial artery,
aspirin of 325 mg/d is recommended in preference to warfarin.

2.  For patients with recent stroke or TIA (within 30 days) attributable to severe stenosis (70—
99%) of a major intracranial artery, the addition of clopidogrel of 75 mg/d to aspirin for 90
days might be reasonable.

3. There are insufficient data for the usefulness of clopidogrel alone, aspirin + dipyridamole
or cilostazol alone in patients with stroke or TIA attributable to 50-99% stenosis of a major
intracranial artery.

4. For patients with a stroke or TIA attributable to 50-99% stenosis of a major intracranial
artery, the maintenance of SBP below 140 mmHg and high-intensity statin therapy are
recommended.
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5. Angioplasty or stenting is not recommended in patients with stroke or TIA attributable
to moderate stenosis (50-69%). Medical management is the recommended treatment.

6. Irrespective of whether a patient is on antithrombotic therapy at the time of the stroke or
TIA, the Wingspan stent system is not recommended as the initial treatment for patients
with severe stenosis (70-99%).

7. For patients with stroke or TIA attributable to severe stenosis (70-99%) of a major
intracranial artery, the usefulness of angioplasty alone or placement of stents other than
the Wingspan stent is unknown and is considered investigational.

8. In patients with recurrent TIA or stroke after maximization of medical management
(aspirin or clopidogrel therapy, SBP of <140 mmHg and high-intensity statin therapy) in
patients with severe stenosis (70-99%) of a major intracranial artery, the usefulness of
angioplasty alone or the placement of a Wingspan stent or other stent is unknown and is
considered investigational.

9. In patients with actively progressive symptoms despite starting aspirin and clopidogrel,
the usefulness of angioplasty alone or the placement of a Wingspan stent or other stents
is not known and considered investigational in patients with severe stenosis (70-99%) of
a major intracranial artery.

10. For patients with stroke or TIA attributable to 50-99% stenosis of a major intracranial
artery, EC/IC bypass surgery is not recommended.

6. Extracranial vertebral artery disease

Extracranial vertebral artery stenosis (ECVAS) is a well-recognized cause of posterior circula-
tion stroke. Proximal vertebral (V1 segment) lesions may account for ~9% of all posterior
circulation strokes [77], while vertebral artery ostial lesions may account for another third [78].
As consistent with the anterior circulation, there are two primary stroke mechanisms including
(1) plaque rupture with subsequent artery to artery thromboembolism and (2) hemodynamic
insufficiency. Treatment options for symptomatic ECVAS include intensive medical therapy,
endovascular stenting, and in rare cases open surgical revascularization. Unfortunately, scant
RCTs results exist specific to this setting. There was a small subset of 16 CAVATAS trial (see
Table 2) participants with symptoms in the vascular territory supplied by a stenosed vertebral
artery that were randomized to receive either endovascular therapy (angioplasty or stenting)
or medical management alone [79]. Participants had a mean follow-up of 4.7 years. No patient
in either group experienced a vertebrobasilar stroke. Among the eight patients in the endo-
vascular group, six patients underwent percutaneous transluminal angioplasty alone while
the other two had stenting, two periprocedural TIAs in the endovascular group. The investi-
gators concluded that medical treatment should focus on global vascular risk reduction after
three patients in each arm of the study died of MI or carotid territory stroke during follow-up.
The Oxford Vascular Study (OXVASC) (see Table 2) is a population-based study of incidence
and prognosis of 250% symptomatic vertebral or basilar artery stenosis [80]. Medical therapy
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was determined by the patient’s general practitioners. Of the 141 patients with posterior
circulation events (26.2%) had >50% vertebral and basilar stenosis, compared with 41 (11.5%)
patients with >50% ipsilateral carotid stenosis. The presence of >50% vertebral and basilar
stenosis was unrelated to age, sex, or vascular risk factors. Carotid stenosis of >50% was
associated with the evidence of coronary/peripheral atherosclerosis but not vertebral and
basilar stenosis of >50%. In patients with posterior circulation events, 250% vertebral and
basilar stenosis was associated with multiple transient ischemic attacks at presentation and
with a significantly higher 90-day risk of recurrent events (OR 3.2; p = 0.006), reaching 22% for
stroke and 46% for transient ischemic attack and stroke combined. These rates were higher
than the recurrence rates of events in patients with carotid stenosis, although to re-emphasize,
the medical therapy was not standardized in this study. A more recent phase 2 study performed
in the Netherlands, the Vertebral Artery Stenting Trial (VAST) (see Table 2) identified patients
with a recent transient ischemic attack or minor stroke associated with an extracranial (or
intracranial) vertebral artery stenosis of at least 50% and randomized patients to stenting plus
best medical treatment or best medical treatment alone [81]. All patients received "best medical
treatment’ at the discretion of the treating neurologist, including antithrombotic agents, a
statin, and 'rigorous control’ of other vascular risk factors. The primary outcome was the
composite of vascular death, myocardial infarction, or any stroke within 30 days after the start
of treatment. The trial was stopped after inclusion of 115 patients because of new regulatory
requirements. Fifty-seven patients were assigned to stenting and 58 were assigned to medical
treatment alone. The primary outcome was observed in three patients in the stenting group
within 30 days after the start of treatment (5%, 95% CI: 0-11) vs. one patient in the medical
treatment group (2%, 95% CI: 0-5). During the complete period of follow-up (4 years), there
were 60 serious adverse events (eight strokes) in the stenting group and 56 (seven strokes) in
the medical treatment alone group. The investigators concluded that stenting of symptomatic
vertebral artery stenosis was associated with a major periprocedural vascular complication in
about one in 20 patients and the risk of recurrent vertebrobasilar stroke under best medical
treatment alone was low, with these results leading the authors to question the need for a phase
3 study. Another study that recently completed enrollment in February 2015 is the Vertebral
Artery Ischaemia Stenting Trial (VIST) [82]. This is a UK-based multiple-center RCT that will
compare vertebral artery stenting/angioplasty vs. the best medical therapy alone in patients
with symptomatic vertebral artery stenosis of >50%. Recruitment was stopped early due to a
cessation of funding as related to a low recruitment rate. A total of 182 patients were recruited.
The stated primary end points were perioperative risk and long-term efficacy, not further
specified; results are forthcoming. Lastly, one can also infer from the SAMMPRIS trial [15],
which evaluated the similar condition of recently symptomatic large-vessel intracranial
stenosis, that aggressive medical therapy strategy including dual antiplatelet therapy for 3
months, along with statin therapy, blood pressure, and glycemic control, and risk-factor
modification is highly effective for secondary prevention of stroke. It remains unclear if
aggressive medical therapy would be as effective for patients with symptoms caused by
hemodynamic compromise from ECVAS.

Specific to stenting in the setting of ECVAS, there has been numerous retrospective, non-
randomized case series published. One review including 980 patients from 27 studies dem-
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onstrated a technical success rate of 99%, with a periprocedural risk of 1.2% for stroke and
0.9% for TIA [83]. In this study, participants were followed up for an average of 21 months
perioperatively, with vertebrobasilar territory stroke or TIA only occurring in 1.3 and 6.5%,
respectively. A prospective database of 114 patients undergoing stenting for symptomatic
vertebral ostial stenosis demonstrated a recurrence of symptoms at 1 year after stenting of just
2% [78]. In another review of 300 endovascular interventions in symptomatic vertebral artery
origin stenosis, periprocedural neurologic complications occurred in 5.5% and the re-stenosis
rate was 26% [84]. Nevertheless, at long-term follow-up (mean 14.2 months), the risk of death
was 0.3%, and the risk for posterior stroke was 0.7%. In general, the risks of adverse events are
higher with distal vertebral or basilar interventions and when interventions are performed in
the setting of urgent revascularization.

Symptomatic re-stenosis rates in this setting are ECVAS stenting, which remain uncertain and
a topic of study. A recent pooled analyses [85] of five studies comparing drug-eluting (DES)
vs. bare-metal stents (BMS) found no significant difference in the technical success (OR 1.53;
p = 0.62), clinical success (OR 1.92; p = 0.27), and periprocedural complications (OR 0.74; p =
0.61) between the two stent types. An OR of 0.388 for no re-stenosis in the BMS to DES arms
(p=0.001) indicated a significantly higher re-stenosis rate in the BMS group relative to the DES
group (33.57 vs. 15.49%). When compared with the DES group, the BMS group had a signifi-
cantly higher rate of recurrent symptoms (2.76 vs. 11.26%; OR 3.32; p = 0.01). In summary, a
significantly lower rate of re-stenosis and recurrent symptoms was noted in the DES group
compared with the BMS group.

Open surgical procedures for revascularization of ECVAS include vertebral artery endarter-
ectomy and vertebral artery transposition. While such procedures are performed rarely, they
can be considered in patients with persistent symptoms despite intensive medical therapy. In
one older series of 27 patients, there was no perioperative stroke or death [86]. In that same
series, there were two permanent neurological complications: one case of Horner syndrome
and one case of vocal hoarseness. Additionally, two patients developed neurological symptoms
localizable to the posterior circulation after the perioperative period [86]. In closing, larger
randomized trials will be necessary to better define evidence-based recommendations for
ECVAS patients and to assess whether vertebral artery stenting is of relevance as a primary
treatment strategy in patients with symptomatic ECVAS.

6.1. Extracranial vertebrobasilar disease: recommendations (adapted from [10, 11])

1. Routine preventive therapy with emphasis on antithrombotic therapy, lipid lowering, BP
control, and lifestyle optimization is recommended for all patients with recently symp-
tomatic extracranial vertebral artery stenosis.

2. Endovascular stenting of patients with extracranial vertebral stenosis may be considered
when patients are having symptoms despite optimal medical treatment.

3. Open surgical procedures, including vertebral endarterectomy and vertebral artery
transposition, may be considered when patients are having symptoms despite optimal
medical treatment.
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7. Conclusion

Extracranial and intracranial large artery atherosclerosis is a common cause of ischemic stroke
and TIA. Lifelong vascular risk-factor optimizations via sustained behavioral modifications
and intensive medical therapy are the key elements to reduce future stroke risk in these
settings. Intensive medical therapy achieves low rates of stroke and death in asymptomatic
carotid stenosis. Evidence indicates that patients with moderate to severe symptomatic carotid
stenosis should undergo carotid revascularization sooner rather than later and that the risk of
stroke or death is lower using carotid endarterectomy than carotid stenting. Specific to stenting,
the risk of stroke or death is greatest among older patients and women. When considering a
revascularization procedure for carotid stenosis, patient demographics, comorbidities, as well
as the periprocedural risks of stroke and death should be carefully considered.
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Abstract

Stroke has remained the leading cause of morbidity or mortality worldwide over the
past decade. Stroke survivors suffer various degrees of disability and also contribute to
the large socioeconomic disease burden. Traditional Chinese medicine (TCM) serves as
an important alternative or complementary therapy in many countries. This chapter
aims to explore the utility of TCM for ischemic stroke, including a review of recent
literature on the mechanisms of herbal medicine and acupuncture therapy on ischemic
stroke, a summary of clinical trial results for the safety and efficacy of acupuncture, and
finally a discussion of acupuncture as a preventive therapy for ischemic stroke in clinical
practice. On the basis of these reports, more and more scientific evidences suggest that
TCM use was safe for ischemic stroke at acute and subacute stages. Moreover, TCM has
benefit for stroke recovery as well as it reduces the likelihood of hospital readmission
for cardiovascular or subsequent stroke events.

Keywords: ischemic stroke, traditional Chinese medicine, acupuncture

1. Introduction

Stroke has remained the leading cause of death worldwide over the past decade despite a
gradual decline in stroke mortality in many industrialized countries. Stroke survivors suffer
various degrees of disability, including urinary incontinence, dysarthria, limb deficits,
swallowing deficits, dysphasia, and consciousness disorders. Stroke also contributes to the
largest socioeconomic disease burden together with ischemic heart disease [1, 2]. Additional
treatment strategies are needed to improve poststroke recovery. Traditional Chinese medicine
(TCM) serves as an important alternative or complementary healthcare option in many
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countries. The purpose of this review was to investigate and discuss the utility of TCM as a
complementary therapy for ischemic stroke. English and Chinese articles on TCM and
acupuncture for ischemic stroke published between 2006 and 2015 were sourced from the
Cochrane Library, PubMed, and China National Knowledge Infrastructure databases. On the
basis of these reports, this chapter presents a brief description of the pathophysiology of
ischemic stroke, a review of recent literature on the mechanisms of herbal medicine and
acupuncture therapy in ischemic stroke, a summary of clinical trial results for the safety and
efficacy of acupuncture, and finally a discussion of acupuncture as a preventive therapy for
ischemic stroke in clinical practice.

2. Ischemic stroke

2.1. Pathophysiology of ischemic stroke

Ischemic stroke accounts for approximately 80% of stroke events and is an acute neurological
injury that occurs as a result of reduced cerebral blood flow [3]. Reductions in cerebral blood
flow in ischemic stroke can be due to decreased systemic perfusion, severe stenosis, or blood
vessel occlusion. Decreased systemic perfusion can be the result of low blood pressure, heart
failure, or blood loss. Aninfarcted brain is initially pale due to a lack of perfusion. Within hours
to days, the gray matter of an infarcted brain becomes congested with engorged, dilated blood
vessels, and minute petechial hemorrhages. When an embolus blocking a major vessel
migrates, lyses, or disperses, recirculation into the infarcted area can cause an additional
hemorrhagic infarction and may aggravate edema formation due to disruption of the blood-
brain barrier (BBB) [3]. Given the diversity of stroke characteristics, an accurate determination
of the type of stroke can influence the treatment indicated.

2.2. Stroke subtypes

Acute ischemic stroke subtypes have been classified in clinical studies using a system devel-
oped by the Trial of Org 10172 in Acute Stroke Treatment (TOAST) trial [4]. The TOAST
classification denotes five subtypes of ischemic stroke according to underlying cause: (1) large-
artery atherosclerosis, (2) cardioembolism, (3) small-vessel occlusion, (4) stroke of other
determined etiology, and (5) stroke of undetermined etiology.

2.3. Cerebral autoregulation during stroke

Cerebral autoregulation is the maintenance of cerebral blood flow at a relatively constant level
despite moderate variations in perfusion pressure. Importantly, cerebral autoregulation is
impaired during ischemic stroke. Normally, as cerebral perfusion pressure falls, cerebral blood
vessels dilate to increase cerebral blood flow. However, a decrease in perfusion pressure
beyond the compensatory ability of blood vessels results in an overall reduction in cerebral
blood flow. In response to the impairment of cerebral autoregulation, the oxygen extraction
fraction is initially increased in order to maintain necessary levels of oxygen delivery to the
brain. With time, these mechanisms fail and a state of ischemia occurs [5-7].
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2.4. Mechanisms of ischemic cell injury and death

The human brain is exquisitely sensitive and susceptible to even short durations of ischemia.
Because the brain contains little or no energy stores of its own, it relies on blood flow for the
delivery of important resources. Thus, even brief blood flow deprivation can lead to cellular
death in affected brain tissue.

During ischemic stroke, reduced blood flow results in simultaneous glucose and oxygen
deprivation [3]. Ischemic cell injury initiates a cascade of events that finally lead to cell death
including adenosine triphosphate (ATP) depletion, changes in intracellular ionic concentra-
tions of sodium, potassium, and calcium, increased lactate formation, acidosis, accumulated
oxygen free radicals, intracellular accumulation of water, and the activating proteolytic
processes [8, 9].

2.5. Loss of brain structural integrity

Cerebral ischemia and infarction lead to decreases in the structural integrity of the affected
brain tissue and blood vessels [9]. This process of tissue damage and neurovascular disruption
is mediated in part by the release of various proteases including matrix metalloproteases
(MMPs) that degrade components of the basal lamina [8]. Loss of vascular integrity leads to
breakdown of the blood-brain barrier and the development of cerebral edema.

2.6. Cerebral edema

Cerebral edema occurring as a complication of stroke can cause secondary damage via several
mechanisms, including increased intracranial pressure. Intracranial pressure can lead to
decreases in cerebral blood flow and the life-threatening displacement of brain tissue from one
compartment to another (i.e., herniation).

Two types of cerebral edema can follow ischemic stroke [9]. Cytotoxic edema is caused by the
failure of ATP-dependent sodium and calcium ion transport across the cell membrane. The
result is cellular water accumulation and swelling of neurons, glia, and endothelial cells.
Alternatively, vasogenic edema is caused by breakdown of the vascular endothelial cells and
tight junctions that constitute the BBB [10]. Increases in the permeability of the BBB during
vasogenic edema allow proteins and other macromolecules to enter the extracellular space,
resulting in increased extracellular fluid volume.

3. Mechanisms of herbal medicines in ischemic stroke

3.1. Limiting postischemic inflammation as a mechanism of neuroprotection

Astrocytes, endothelial cells, and pericytes constitute a neurovascular network that attends the
metabolic requirements of neurons. These cells contribute to postischemic inflammation
during different stages of ischemia [11]. Upon ischemia onset, resident microglia and astro-
cytes as well as infiltrating immune cells become activated and release inflammatory factors
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including cytokines, chemokines, enzymes, free radicals, and other small molecules. These
inflammatory factors not only mediate further brain damage but also affect brain repair.

Recent research indicates that postischemic inflammation is an important therapeutic target
for stroke [12-14]. In this context, TCM and related natural compounds are recognized as
important resources for drug discovery. In the past decade, significant progress has been made
in the identification of active compounds from herbal medicines useful for limiting postische-
mic inflammation [11]. In the subsequent sections, we discuss the different roles of inflamma-
tory pathways in ischemic stroke, from initial arterial occlusion to brain repair, and review
active ingredients observed to have antiinflammatory and neuroprotective properties relevant
to ischemic stroke.

4. Chinese herbal formulas used in patients with ischemic stroke

4.1. Di Huang Yin Zi (DHYZ)

A double-blind randomized controlled trial (RCT) was conducted to investigate the safety and
therapeutic efficacy of the Di Huang Yin Zi (DHYZ) herbal formula in patients affected by
ischemic stroke [15]. In this study, 100 patients with an ischemic stroke event occurring in the
previous 30 days were randomly assigned to receive either DHYZ treatment or placebo for 12
weeks. Both groups also received rehabilitation therapy during the study period. The results
indicated that there were increases in both Fugl-Meyer Assessment (FMA) scores and Barthel
index (BI) scores in both groups at 4, 8, and 12 weeks relative to baseline. However, FMA scores
in the DHYZ group were statistically better than those in the placebo group at 8 and 12 weeks
(P <0.05), and BI scores were significantly higher in the DHYZ group at 12 weeks (P < 0.05).
By the end of the study, DHYZ produced significantly greater improvements in FMA score
than placebo (44.4% vs. 23.8%, respectively, y* = 4.09, P < 0.05). It was concluded that DHYZ
showed good efficacy, safety, and tolerability in patients affected by ischemic stroke [15].

4.2. Bu-yang-huan-wu-tang (BYHWT) and Dan Shen

A study was conducted to investigate the prescription patterns and combinations of traditional
Chinese herbal products (CHPs) for ischemic stroke in Taiwan. Every CHP prescription with
a leading diagnosis of ischemic stroke between the years 2000 and 2010 (15,896 patients) was
obtained from the National Health Insurance Research Database (NHIRD) of Taiwan and
included for analysis. Bu-yang-huan-wu-tang (BYHWT) was by far the most frequently
prescribed CHP formula for ischemic stroke (40.32%), while BYHWT with Shu-jin-huo-xue-
tang (SJHXT) was the most commonly prescribed CHP formula combination (4.40%). Dan Shen
was the most commonly prescribed single CHP for ischemic stroke (16.50%), and Shi Chang
Pua with Yuan Zhi was the most commonly prescribed single-CHP combination (4.79%). These
results provide information about individualized stroke therapy and propose specific CHP
components and formulas for further pharmacological investigation and clinical evaluation
[16].
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4.3. Rhubarb root and rhizome (RRR)-based Chinese herbal prescriptions

Rhubarb root and rhizome (RRR)-based Chinese herbal prescription is one of the principal
treatments for stroke. A systematic literature search of six databases was performed to identify
RCTs comparing RRR-based prescriptions with Western conventional medicine (WCM) for the
treatment of acute ischemic stroke [17]. A total of 968 participants were included from 12
eligible studies. The methodological quality of RCTs was assessed independently based on the
12 criteria recommended by the Cochrane Back Review Group. While all trials were deemed
to have high a risk of bias, RRR-based prescriptions had a significantly better effect clinical
efficacy rate (n = 10) and improved Barthel index scores (n = 5), National Institutes of Health
Stroke Scale scores (1 = 2), Glasgow Coma Scale scores (1 = 1), and neurological deficit scores
(n = 5) relative to WCM (P < 0.05 or P < 0.01) in the included studies. Six trials reported no
adverse events for RRR-based prescriptions, while the remaining studies did not report
adverse effect monitoring. Despite these positive findings, it is premature to recommend the
routine use of RRR-based prescriptions for acute ischemic stroke due to methodological flaws
in the aforementioned studies. However, RRR-based treatments merit further development
and research. Larger sample sizes and more rigorously designed RCT paradigms are required
in the future (Table 1).

Study N Design Chinese herbal Outcomes

formulas
Yu et al. 45:42  Double-blind RCT DHYZ DHYZ significantly improved FMA scores after 12 weeks
(2015) [15] of treatment relative to placebo control. DHYZ showed

good efficacy, safety, and tolerability.

Hungetal. 15,896 Observational BYHWT and BYHWT and Dan Shen were the most frequently

(2015) [16] study from Dan Shen prescribed formula and single CHP, respectively, for
NHIRD ischemic stroke.

Luetal 968 Systematic review RRR-based RRR-based prescriptions had a significantly better effect

(2014) [17] of RCT prescriptions clinical efficacy rate (1 = 10) and improved BI scores (1 =

5), NIHSS scores (1 =2), GCS scores (1 =1), and
neurological deficit scores (1 = 5) relative to WCM

(P<0.05 or P<0.01).

NHIRD: National Health Insurance Research Database

Table 1. Chinese herbal formulas used in patients with ischemic stroke.

5. The mechanism of acupuncture therapy in ischemic stroke

5.1. Acupuncture promotes neurogenesis in experimental ischemic stroke

Previous studies have reported that acupuncture enhances stroke recovery by promoting
neurogenesis. A systematic review and metaanalysis of preclinical studies assessing acupunc-
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ture inischemic stroke identified a total of 1617 animals in 34 eligible studies [18]. Neurogenesis
markers including BrdU, Nestin, PSA-NCAM, NeulN, and GFAP were selected as major
outcomes. The pooled results of 15 studies evaluating BrdU incorporation showed a significant
positive effect of acupuncture on proliferation relative to control (P < 0.01); 13 studies evalu-
ating Nestin labeling corroborated this finding (P <0.01). Four studies examining PSA-NCAM
identified a significant positive effect of acupuncture on cell migration (P < 0.01) while four
studies examining NeuN labeling demonstrated a significant effect of acupuncture on
neuronal differentiation (P < 0.01). These findings suggest that acupuncture is a prospective
therapy for targeting neurogenesis in ischemic stroke.

5.2. Neuroprotective effects of electroacupuncture (EA) in experimental stroke

It is well established that EA has neuroprotective effects in animals [19]. A series of studies
have proposed EA as a promising method for reducing brain damage after stroke and inducing
brain ischemic tolerance prior to a stroke event. The mechanism of action for EA has been
reported to involve the promotion of angiogenesis, alleviation of the inflammatory response,
regulation of the BBB, and inhibition of apoptosis.

5.3. Acupuncture regulates cerebral glucose metabolism in functional regions

A previous study using (18)FDG PET-CT analyzed the relevance between acupuncture and
cerebral glucose metabolism in functional regions of the brain in poststroke patients [20]. Forty-
three patients with ischemic stroke were randomly assigned to five groups: a Waiguan (TE5)
needling group, a TE5 sham needling group, a sham point needling group, a sham point and
sham needling group, and a nonneedling group. Needling at TE5 resulted in the activation of
Brodmann area (BA) 30. Sham needling at a sham point led to the deactivation of BA6, whereas
needling or sham needling at TE5 or needling at the sham point did not deactivate any cerebral
areas. Compared with sham needling at TE5, needling at TES activated BA13, BA19, and BA47,
but did not deactivate any areas. Compared with needling at the sham point, needling at TE5
did not activate any areas but did deactivate BA9. This study concluded that needling at TE5
has a regulatory effect on cerebral glucose metabolism that potentially relates to its impact on
poststroke recovery in patients [20].

5.4. Effects of acupuncture on motor function and white matter microstructure

Evidence shows that ischemic stroke can induce structural reorganization of the brain. One
study used diffusion tensor imaging (DTI) to evaluate 14 ischemic stroke patients one month
after either conventional treatment or acupuncture treatment [21]. While significant functional
improvements as measured by FMA score were observed in the acupuncture group relative
to the conventional treatment group, no significant differences in DTI indices were identified
between the two groups. However, postpair t-tests in each group revealed that diffusion
indices were significantly altered in the body of the corpus callosum, bilateral corticospinal
tracts, inferior longitudinal fasciculus, inferior frontooccipital fasciculus, superior longitudinal
fasciculus, forceps minor, cingulum gyrus, and thalamic radiation one month after treatment
intervention. These data indicate that while successful treatment produced alterations in white
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matter regions of the brain, the changes did not correlate with differences in functional

improvement.

Study N Design Possible mechanisms

Luetal. 1617 1. Systematic review and metaanalysis Neurogenesis markers including BrdU, Nestin,

(2016) [18] 2. Neurogenesis markers PSA-NCAM, NeuN, and GFAP are increased
3. Animals model after acupuncture.

Feng et al. 1. Review study EA reduces brain damage and induces brain

(2014) [19] 2. Animal model ischemic tolerance by promoting angiogenesis,

alleviating the inflammatory response,

regulating the BBB, and inhibiting apoptosis.

Huangetal. 43 1. Functional neuroimaging (F-18 FDG PET/CT) Needling at TE5 regulates cerebral glucose
(2012) [20] 2. Acupoint: Waiguan (TE5) metabolism functional areas of the brain.
3. Five groups: TE5 needling group, the TE5
sham needling group, the sham point needling
group, the sham point sham needling group and

the nonneedling group.

Lietal. (2015) 7.7 1. Diffusion tensor imaging studies Acupuncture had better functional benefits
[21] 2. Acupoints: Baihui (GV20), Fengchi (GB20, than conventional stroke therapy, but white
bilateral), Xuanzhong (GB39, bilateral), Quchi ~ matter microstructure changes were not
(LI11 bilateral), Hegu (LI4, bilateral), Zusanli significantly different from those elicited by
(ST36, bilateral), and Sanyinjiao (SP6, bilateral). ~conventional therapy.
3. Conventional treatment group (CG) and

acupuncture treatment group (AG).

Lietal. (2015) 5:;5 1. Functional magnetic resonance imaging study Deqi can be observed as a change in brain
[22] 2. Acupoint: Waiguan (S]5) activity during acupuncture. Cerebellar
3. Deqi group, non-Deqi group activation may be a central mechanism of the

beneficial effect of acupuncture in stroke.

Table 2. The possible mechanisms of acupuncture therapy in ischemic stroke.

5.5. Brain activation in response to acupuncture and Deqi

The Deqi response in acupuncture (obtaining Qi, causing the acupuncture needle to elicit the
patient’s feeling of soreness, numbness, distension, heaviness, or even electric shock sensation
around the acupuncture point together with the practitioner’s feeling of tenseness around the
needle) during acupuncture is a key factor that influences treatment outcome. Recent studies
have mainly focused on the functional effects of Deqi in a physiological brain state. A functional
magnetic resonance imaging (fMRI) study was conducted on 12 ischemic stroke patients
receiving acupuncture at Waiguan (5J5) and patients were group according to Deqi sensation
[22]. In the Deqi group, the activated and deactivated areas were the left superior temporal
gyrus (BA39) and the right anterior lobe of the cerebellum as well as left thalamus, respectively.
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In the non-Degqi group, activated areas included the medial frontal gyrus of the right frontal
lobe (BA11), right limbic lobe (BA30, 35), and left frontal lobe (BA47), while the right parietal
lobe (BA40) was deactivated. Compared with the non-Deqi group, the Deqi group exhibited
marked activation of the right anterior lobe of the cerebellum and right limbic lobe (BA30).
These findings confirm that Degqi is a clinically measurable effect of acupuncture. Given the
importance of Deqji for treatment outcome, cerebellar activation may be a central mechanism
of the beneficial effect of acupuncture on ischemic stroke (Table 2).

6. Clinical studies of acupuncture therapy in ischemic stroke

6.1. A case match-controlled study of acupuncture in acute and subacute ischemic stroke

In order to reduce the healthcare burden of stroke, the Taiwan Department of Health initiated
the Pilot Scheme of the Health Policy in Stroke Adjuvant Acupuncture Therapy (HPSAAT) in
2006. This study was conducted with cross-sectional, hospital-based, case match-controlled
method retrospectively analyzed the clinical characteristics of acute and subacute ischemic
stroke patients who electively joined the HPSAAT between 2006 and 2008 [23]. The study also
evaluated the safety and clinical benefits of adjuvant acupuncture in acute and subacute
ischemic stroke. Adjuvant acupuncture was concluded to be safe in the acute and subacute
stages of ischemic stroke; however, due to uneven baseline severity between the 26 HPSAAT
participants and 52 age- and sex-matched controls, the ability of acupuncture to reduce
neurological deficits and improve functional recovery was not determined by this study [23].

6.2. Prospective RCTs of acupuncture in acute ischemic stroke

Inastudy of 290 first onset acute ischemic stroke patients aged 40-75 years old, patients initially
(after 24 hours but within 14 days of the stroke event) received standard treatment and were
then randomly allocated into an intervention group (treated with resuscitating acupuncture)
or a control group (treated with sham acupuncture) [24]. Primary outcome measures included
the Barthel index (BI), relapse, and mortality within a six-month period. There was one case
of mortality in the intervention group and two cases in the control group (P=0.558). Six patients
experienced relapse in the intervention group whereas 34 patients experienced relapse in the
control group (P < 0.001). The mean values for BI at six months were 70.25 + 20.37 and 57.43
+19.61 for the intervention and control groups, respectively (P < 0.01). The mean values for
NIHSS score were also significantly different between groups at four weeks (4.15 + 2.032 vs.
6.35 + 3.131, respectively, P < 0.01) but not at two weeks. Acupuncture also produced greater
improvements via the Chinese Stroke Scale (CSS) at four weeks (9.40 + 4.51 vs. 13.09 + 5.80,
respectively, P <0.001) and via the Stroke-Specific Quality-of-Life Scale (55-QOL) at six months
(166.63 +45.70 vs. 143.60 + 50.24, respectively, P <0.01). The results of this clinical trial therefore
identified not only a clinically relevant decrease in relapse in patients treated with six months
of resuscitating acupuncture, but also demonstrated improvements in self-care ability and
quality of life as evaluated by the BI, NIHSS, CSS, Oxford Handicap Scale (OHS), and SS-QOL
at various time points during and after treatment [24].
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Another prospective RCT of acupuncture in 120 ischemic stroke inpatients and outpatients
was conducted at Huashan Hospital and Fudan University in China [25]. Acupuncture,
physiotherapy, and combined acupuncture with physiotherapy were utilized. Motor function
of the limbs was measured using the FMA and the modified Barthel index (MBI) was used to
rate activities of daily living. On the first day of therapy, FMA and MBI scores did not differ
significantly among the treatment groups. By day 28 of therapy, the mean FMA scores for the
physiotherapy, acupuncture, and combined treatment groups had increased relative to
baseline by 65.6, 57.7, and 67.2%, respectively, and the mean MBI scores had increased by 85.2,
60.4, and 63.4%, respectively. FMA scores did not differ significantly among groups. By day
56, FMA scores had increased by 88.1, 64.5, and 88.6%, respectively (P < 0.05) and MBI scores
had increased by 108.0, 71.2, and 86.2% at day 56, respectively (P <0.05). FMA and MBI scores
in the physiotherapy group were statistically higher than those in the acupuncture group
(P <0.05). No significant differences were identified between the combined treatment group
and the other groups; in addition, FMA subscores for the upper extremities did not reflect any
significant improvement in any group on day 56 of treatment [25]. The results of this study
indicated that acupuncture is less effective than physiotherapy for rehabilitation. Moreover,
the therapeutic effect of combined acupuncture and physiotherapy was not superior to that of
physiotherapy alone. A larger-scale clinical trial is necessary to confirm these findings.

6.3. A pilot RCT of triple stimulation EA in ischemic stroke

A pilot study was conducted to objectively assess the effect of triple stimulation technique
(TST) EA on motor functional recovery in patients with acute ischemic stroke [26]. Patients
received either EA plus WCM (n = 32) or WCM alone (1 = 31) for 14 days. EA plus WCM had
a statistically higher total clinical effective rate than WCM alone (P < 0.01) and furthermore
produced better improvements in FMA score, NIHSS score, and TST ratio (P <0.01). Both before
and after treatment, there was a positive correlation between the TST ratio and the NIHSS
score (P <0.01) and a negative correlation between the TST ratio and the FMA score (P <0.01).
Furthermore, there were no statistical differences in adverse events, electrocardiogram data,
liver function, or kidney function between treatment groups. EA was concluded to be generally
safe and beneficial for the motor functional recovery of patients with acute ischemic stroke.
Moreover, TST was validated as a quantitative indicator of motor functional recovery that can
objectively analyze the injury and recovery of corticospinal tract impairments.

6.4. A metaanalysis of EA RCTs in acute ischemic stroke

A systematic review was conducted to assess the effectiveness and safety of EA for acute
ischemic stroke [27]. Eight databases were searched for relevant RCTs published prior to June
2013. Ultimately, 67 studies were identified and 1411 individuals from 18 studies were included
in the analysis. According to the GRADE approach, the quality of evidence was mostly high
or moderate. A significant difference in the total clinical efficacy rate was identified between
EA and WCM, and significant effects of EA were observed on the Bl score, FMA score, NIHSS
score, and Revised Scandinavian Stroke Scale score relative to WCM. EA was well tolerated in
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the six studies that monitored adverse events. Thus, this metaanalysis produced evidence
supporting the use of EA acute ischemic stroke.

6.5. A multicentered RCT of EA in China

As aforementioned, acupuncture is frequently used as a complementary treatment for
ischemic stroke in China; however, evidence available from previous RCTs was considered to
be inconclusive. Thus, a more robustly designed, larger-scale trial was conducted. A multi-
centered, single-blinded RCT of 862 hospitalized patients with limb paralysis between 3 and
10 days after ischemic stroke onset was treated with either acupuncture plus routine care or
routine care alone [28]. Acupuncture therapy was conducted five times per week for 3-4 weeks.
The primary outcomes were defined as follows: (1) death/disability according to BI score and
(2) death/institutional care at 6 months. Fewer patients were classified as having death/
disability in the acupuncture group (20.7%) than in the control group (25.8%) at 6 months (odds
ratio [OR], 0.75; 95% confidence interval [CI], 0.54-1.05). In a subgroup receiving >10 sessions
of acupuncture (OR, 0.68; 95% CI, 0.47-0.98) was found therapeutic benefit. There was no
significant difference in death/institutional care between two groups (OR, 1.06; 95% CI, 0.63-
1.79). Severe adverse events occurred in 7.6 and 8.3% of patients in the acupuncture and control
groups, respectively. The study concluded that acupuncture appeared to be safe in the subacute
phase of ischemic stroke. However, confirmation of the observed therapeutic benefit is
necessary in order to facilitate the widespread use of acupuncture in subacute ischemic stroke
(Table 3).

Trial N Design Test group ~ Control Acupoints Outcomes/conclusion

group
Wei 26:52  Case Acupuncture  WCM NA Acupuncture was concluded to
etal. controlled plus WCM be safe for use in the acute and
(2011) study subacute stages of ischemic
[23] stroke.

The clinical benefits in reducing
neurological deficits and
functional recovery were not

concluded.

Shen  145:145RCT Acupuncture Sham- PCé6, DU26, SP6, (1) BI at six months (P < 0.01).
etal. acupoints HT1, BL40, LU5. (2) NIHSS at four weeks
(2012) auxiliary acupoints: (P <0.01).
[24] GB20, TE17, GB12,  (3) CSS at four weeks (P < 0.001).

LI4, CV23, EX-HN  (4) SS-QOL at six months

12, EX-HN 13; (P<0.01).

cross-foot, puncture—

GB40 toward KI 6.
Bai et al.39:40:41RCT 1) Physiotherapy GV20, LI15, SI9, FMA and MBI scores did not
(2013) Acupuncture only LI11, TE5, L14, significantly differ between the
[25] group GB34, physiotherapy and the combined

(2) Combined BL60, GB39, GB30,  therapy groups. The therapeutic

therapy group GB31, PCe, SP5, effect of combined acupuncture
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Trial N Design Test group  Control Acupoints Outcomes/conclusion
group
LR3, SP9, SP6, K110, and physiotherapy was not
PC7, 114, SI3, HT1,  superior to that of physiotherapy
LU5, PC3. alone.
Tan 32:31 Pilot RCT EA plus WCM LI15 and TE14, (1) FMA score (P <0.01).
etal. WCM LI11 and LI4, LU5  (2) NIHSS (P <0.01).
(2013) and PC6 ST36 and ~ (3) TST,,4, (P <0.01).
[26] GB34, ST40 and EA was concluded to be safe and
GB39, SP6 and LR3  beneficial for motor functional
(at hemiparetic recovery.
limb).
Liu 1411  Systematic EA WCM NA (1)BI (P <0.00001).
etal. review and (2)FMA score (P < 0.00001).
(2015) metaanalysis of (3)NIHSS (P < 0.00001).
[27] RCT (4) RSSS (P < 0.00001).
This metaanalysis produced
evidence supporting the use of
EA for acute ischemic stroke.
Zhang 427:  Multicentered, Acupuncture WCM DU26, PC6, SP6, Acupuncture appeared to be safe
etal. 435 RCT plus WCM DU20, ST36, ST40,  in the subacute phase of ischemic
(2015) LK3, LL5, GB20, stroke.
[28] RN6 Subgroup analysis showed

that only when patients who
received > 10 sessions of
acupuncture had a significant
difference in death or
dependency at 6

months (OR, 0.68; 95% CI,
0.47-0.98; NNT 15).

CSS, Chinese Stroke Scale; EA, electroacupuncture; FMA, Fugl-Meyer assessment; MBI, modified Barthel index; NNT,
number needed to treat; RSSS, Revised Scandinavian Stroke Scale; SS-QOL, Stroke-Specific Quality-of Life-Scale;
WCM, Western conventional medicine.

Table 3. Clinical trials of acupuncture therapy in ischemic stroke.

7. Scalp acupuncture (SA)

Scalp acupuncture (SA) is one of the several specialized acupuncture techniques. Although SA
has been practiced for thousands of years, SA was only developed for clinical use in recent
decades. In 1984 and 1989, a standard nomenclature for acupuncture points was developed
and redesigned to combine the teachings of different schools of SA, and resulted in the proposal
of 14 therapeutic lines or zones [29]. Subsequently, “A Proposed Standard International Acupunc-
ture Nomenclature: 3.6 Scalp acupuncture lines” was formally published by the World Health
Organization in 1991 [30]. SA therapy for both ischemic stroke and hemorrhagic stroke has
been empirically established and is now widely used in clinics around the world [31, 32].
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7.1. A metaanalysis of SA RCTs in acute ischemic stroke

A metaanalysis of RCTs of SA in acute ischemic stroke was conducted [33]; a total of 538 acute
ischemic stroke patients from eight eligible studies were included [34—41]. The main findings
were that SA therapy improved neurological deficits and had a better clinical effective rate
relative to WCM. However, this evidence was insufficient to warrant a clinical recommenda-
tion due to the generally low methodological quality of included studies.

7.2. Baihui (GV20)-based SA in experimental ischemic stroke

A systematic review and metaanalysis was conducted to assess current evidence for a
beneficial effect of Baihui (GV20)-based SA in animal models of focal cerebral ischemia [42].
Six databases were searched for relevant studies published prior to June 2013. Primary
outcomes were infarct size and neurobehavioral outcome. Ultimately, a total of 1816 animals
from 54 eligible studies were included in the analysis. Twelve studies reported significant
effects of Baihui (GV20)-based SA on infarct volume in middle cerebral artery occlusion
(P <0.01), and 32 studies reported significant beneficial effects of Baihui (GV20)-based SA on
neurological function relative to control (P < 0.01). Therefore, in conclusion, Baihui (GV20)-
based SA may specifically improve infarct volume and neurological function in experimental
ischemic stroke (Table 4).

Study N Study Test Control ~ Outcomes/conclusion
design group group
Wangetal. 538 Metaanalysis of SA SA WCM 6 RCTs improving neurological deficit scores
(2012) [33] RCTs (P <0.01); 4 RCTs favoring the clinical effective
rate (P <0.01).

Wangetal. 1816 1.Systematic review  GV20- MCAo 12 studies improving infarct volume (P < 0.01)
(2014) [42] and metaanalysis based SA group 32 studies improving the neurological function
2. Animal model score (P <0.01).
Baihui (GV20)-based SA improves infarct volume
and neurological function in experimental

ischemic stroke.

MCAo, middle cerebral artery occlusion.

Table 4. Scalp acupuncture in ischemic stroke.

8. Specific acupuncture points studied in the context of ischemic stroke

8.1. Waiguan (SJ5)

Sixteen patients with ischemic stroke were randomly assigned to receive either true point
acupuncture at right SJ5 or sham point acupuncture during fMRI. SJ5 acupuncture produced
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activation in the right parietal lobe (BA7 and BA19), right temporal lobe (BA39), right limbic
lobe (BA23), and bilateral occipital lobes (BA18) as well as deactivation of the bilateral frontal
lobes (BA4, BA6, and BA45), right parietal lobe (BA1 and BA5), and left temporal lobe (BA21).
Sham point acupuncture produced activation in the precuneus of the right parietal lobe (BA7)
and deactivation of the left superior frontal gyrus (BA10). Compared with sham point
acupuncture, SJ5 acupuncture inhibited the contralateral BA5 in stroke patients. These results
suggested that altered specificity of the sensation-associated cortex (BA5) is a possible
mechanism of the beneficial effect of SJ5 acupuncture in stroke patients [43].

8.2. Hegu (LI4)

A 14-day treatment study was conducted to determine the clinical efficacy of acupuncture at
LI4 in central facial nerve paralysis after ischemic stroke and to explore the dose-response
effect of different stimulation intensities [44]. Patients received either different stimulation
intensities of acupuncture at LI4 combined with facial paralysis acupoints including Yingxiang
(LI20), Dicang (ST4), Jiache (ST6), and Quanliao (SI18), acupuncture at facial paralysis
acupoints alone, acupuncture at stroke acupoints including Neiguan (PC6), Shuigou (GV26),
and Sanyinjiao (SP6), or medication treatment. The House-Brackmann Facial Nerve Grading
System (H-B), Toronto Facial Grading System (TFGS), Degrees of Facial Nerve Paralysis
(DENP), Facial Disability Index (FDI), and clinical efficacy were used as outcome measures.
Various intensities of LI4 stimulation improved H-B score, TEGS score, DENP score, and FDI
physical function score (P <0.05), but L14 stimulation had no effect on FDI social function score.
No changes were observed in the control group. The study concluded that LI 4 acupuncture
had clinical efficacy in central facial nerve paralysis after ischemic stroke and that oblique
needle insertion along the opposite direction of the meridian with five seconds of twirling
manipulation had the best clinical effect (Table 5).

Study N Study Test Control  Acupoint Outcomes/conclusion
design group group
Qietal. 77 fMRI SJ5 Sham Waiguan SJ5 acupuncture altered specificity of the
(2014) acupuncture acupoint (S]5) sensation-associated cortex (BA5) is a possible
[43] mechanism of the beneficial effect in stroke
patients.
Lietal. 50  Case Hegu 1 WCM Hegu (LI4) H-B in the Hegu 1 to 4 groups (P < 0.05).
(2014) controlled  Hegu 2 combined TFGS in the Hegu 2 group (P < 0.05).
[44] study Hegu 3 with facial DFNP in the Hegu 1 and Hegu 2 groups
Hegu 4 paralysis (P<0.05).
acupoints LI4 acupuncture had clinical efficacy in central

facial nerve paralysis after ischemic stroke.

H-B, The House-Brackmann facial never grading systems; TFGS, Toronto facial grading system; DENP, degrees of
facial never paralysis; FDI, facial disability index.

Table 5. Specific acupuncture point study.
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9. The role of acupuncture therapy in preventive medicine

On average, the annual risk of ischemic stroke after an initial ischemic stroke event or transient
ischemic attack is 3—4% [45, 46]. Antiplatelet therapy is a preventive medical option that has
utility for the prevention of hypertension, atrial fibrillation, arterial obstruction, and hyperli-
pidemia [1]. However, preventive options for ischemic stroke are limited. Therefore, the role
of acupuncture therapy in preventive medicine was explored in a preliminary study.

9.1. The effect of acupuncture on stroke recurrence

A retrospective study evaluated 30,058 cases of first onset ischemic stroke between the years
2000 and 2004 based on claims history from the Taiwan National Health Insurance Research
Database [47]. Uses of acupuncture treatment and stroke recurrences were identified in a
follow-up period between 2000 and 2009. Use of acupuncture treatment was associated with
a decrease in the rate of stroke recurrence from 71.4 to 69.9 cases per 1000 person-years
(P<0.001). Acupuncture treatment was also associated with a reduced risk of stroke recurrence
(hazard ratio [HR], 0.88; 95% CI, 0.84-0.91). The effect of acupuncture on stroke recurrence was
noted in patients independent of medical treatment for stroke prevention: the HRs of stroke
recurrence for those had medical treatment, acupuncture, and both were 0.42 (95% CI, 0.38-
0.46), 0.50 (95% CI, 0.43-0.57), and 0.39 (95% CI, 0.35-0.43), respectively. However, the effect
of acupuncture on stroke recurrence decreased with patient age. This study raises the possi-
bility that acupuncture may have utility for preventing stroke recurrence after an initial event,
even in patients already taking medications for stroke prevention. Confirmation in the form
of a prospective RCT is required to establish the efficacy of acupuncture as a preventive practice
in ischemic stroke [47].

9.2. The effect of acupuncture on acute myocardial infarction (AMI) risk after stroke

A retrospective study evaluated 23,475 stroke patients aged 40-79 years who received acu-
puncture treatment and 46,950 propensity score-matched control stroke patients who did not
receive acupuncture treatment between the years 2000 and 2004 based on claims history from
the Taiwan National Health Insurance Research Database [48]. Both stroke cohorts were
followed until the end of 2009. Stroke patients who received acupuncture therapy (9.2 per 1000
person-years) had a lower incidence of AMI compared with those who did not receive
acupuncture therapy (10.8 per 1000 person-years), with an HR of 0.86 (95% CI, 0.80-0.93) after
adjustment for age, sex, low income, coexisting medical conditions, and medications. These
results reveal that acupuncture therapy may be useful for the prevention of AMI in stroke
patients aged 50-69. However, the study was limited by lack of information relating to stroke
severity and acupuncture points. Further prospective randomized trials are required to
establish the efficacy of acupuncture for preventing AMI after stroke.

9.3. The effect of acupuncture on stroke risk after traumatic brain injury (TBI)

Patients with TBI are subject to an increased risk of stroke. A retrospective study evaluated
7409 TBI patients who received acupuncture treatment and 29,636 propensity score-matched
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control TBI patients who did not receive acupuncture treatment between the years 2000-2008
based on claims history from the Taiwan National Health Insurance Research Database. Both
TBI cohorts were followed until the end of 2010. TBI patients who received acupuncture
treatment (4.9 per 1000 person-years) had a lower incidence of stroke compared with those
who did not receive acupuncture treatment (7.5 per 1000 person-years), with an HR of 0.59
(95% ClI, 0.50-0.69) after adjusting for sociodemographic information, coexisting medical
conditions, and medication use. Moreover, TBI patients who received acupuncture treatment
during the follow-up period had a lower probability of stroke than those who did not receive
acupuncture treatment (P < 0.0001). However, this study was limited by lack of information
regarding lifestyle, biochemistry results, TBI severity, and acupuncture points [45].

10. Conclusions

The use of complementary therapies in stroke is increasing due to a rising demand for better
poststroke rehabilitation and management. TCM is a popular complementary therapy in East
Asia and throughout the world. Increasing scientific evidence suggests that TCM can signifi-
cantly improve stroke recovery as well as reduce the likelihood of hospital readmission for
cardiovascular or subsequent stroke events. Therefore, patients can benefit from comprehen-
sive treatment plans that combine standard and complementary therapies to address imme-
diate medical concerns, minimize the occurrence of future complications, and ultimately
decrease medical costs. Further studies on the therapeutic targets mediating the beneficial
actions of TCM may additionally lead to the development of novel therapeutic strategies.
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