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Abstract

Many advances have been achieved in terms of understanding the molecular and cellular
mechanisms of ischemic stroke. But thus far, clinically effective neuroprotectants remain elusive.
In this minireview, we summarize the basics of ischemic cascades after stroke, covering neuronal
death mechanisms, white matter pathophysiology, and inflammation with an emphasis on
microglia. Translating promising mechanistic knowledge into clinically meaningful stroke drugs is
very challenging. An integrative approach that encompasses the multimodal and multicell
signaling phenomenon of stroke will be required to move forward.
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Introduction

Stroke and cerebrovascular disease is a major cause of mortality and disability worldwide
(1,2). Ischemic stroke is caused by a reduction in blood flow to the brain. Hence, the
decrease in cerebral blood flow (CBF) has received an effective answer: accelerated
reperfusion via thrombolysis using recombinant tissue plasminogen activator (rt-PA) is
associated with an improved clinical outcome. This achievement is now routinely
transferred to practice. This ease of translation is due to the fact that the underlying
conceptual model is simple: an arterial occlusion decreases CBF. So an effective treatment
should increase CBF.

The best way to do this currently might be with rt-PA. However, due to the moderate
recanalization rate, the limited time window, and the number of contraindications for
thrombolysis, only minority of patients receive tPA so other treatments with potential
additive effects are still urgently needed. Furthermore, even in patients who receive tPA,
those with more severe initial strokes often do not significantly improve. In part, this might
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be related to some aspect of reperfusion injury. Overall, additive treatments that combine
with rt-PA should be worth pursuing.

In terms of the blood flow distribution, cerebral ischemic strokes are often focal. In the
central core regions of the insult, there is almost total CBF arrest. This area evolves rapidly
toward death within minutes. Surrounding this core, CBF levels may fall below functional
thresholds yet transiently lie above the threshold of cell death — this zone has been called the
penumbra. The penumbra, a metastable zone, permits only cell survival for a certain period
of time. Thus, this potentially salvageable tissue is the target for neuroprotective therapy.
Over the past two decades, tremendous progress has been achieved in terms of
understanding the intricate cellular and molecular mechanisms of stroke pathophysiology
(3,4). However, to date, we still do not have a clinically effective neuroprotectant. In this
minireview, we briefly survey the fundamentals of the ischemic cascade. Many excellent
and more detailed reviews on this topic have been published (5-7). Our more limited scope
here is focused on an attempt to discuss translational hurdles and identify promising targets.

Neuronal death mechanisms

The most upstream consequence of cerebral ischemia fundamentally is composed of an
energetic problem. In the area of reduced blood supply, adenosine triphosphate (ATP)
consumption continues despite insufficient synthesis, causing total ATP levels to drop and
lactate acidosis to develop with concomitant loss of ionic homeostasis in neurons. Once this
initial step has taken place, an ischemic cascade follows involving a multimodal and
multicell series of downstream mechanisms. The reader is referred to several excellent
reviews for an in-depth discussion of the molecular details (5,8). Here, we will summarize
the key steps and focus on mechanisms of acute neuronal injury.

Severe cerebral ischemia leads to a loss of energy stores resulting in ionic imbalance and
neurotransmitter release and inhibition of reuptake. It is especially the case for glutamate,
the main excitotoxic neurotransmitter. Glutamate binds to ionotropic N-Methyl-D-aspartate
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors
(iGIuRs), promoting a major influx of calcium. This calcium overload triggers
phospholipases and proteases that degrade essential membranes and proteins (9). In addition,
the glutamate receptors promote an excessive sodium and water influx with concomitant cell
swelling, edema and shrinking of extracellular space (9). Massive calcium influx activates a
catabolic process mediated by proteases, lipases, and nucleases. In experimental models,
blockade of GIuRs can reduce infarction volume via three ways: first, reducing calcium
influx and its related proteases activations; second, attenuating cortical spreading
depressions (CSDs); third, triggering in neurons the subfamily of metabotropic mGIuRs
toward prosurvival or prodeath signaling (10). This glutamate excitotoxicity concept raised
major hope for stroke new therapies. Despite validation of the concept in many experimental
models, all the trials targeting NMDA and AMPA receptors failed to improve outcome of
the patients (11,12), likely for reasons beyond methodological shortcomings in study designs
(13).
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High calcium, sodium, and adenosine diphosphate (ADP) levels in ischemic cells stimulate
excessive mitochondrial oxygen radical production within other sources of free radicals
production such as prostaglandin synthesis and degradation of hypoxanthine. These reactive
oxygen species (ROS) directly damage lipids, proteins, nucleic acid, and carbohydrates (3).
They are especially toxic for the cells because baseline levels and any corresponding
upregulation of antioxidant enzymes [superoxyde dismutase (SOD), catalase, glutathione]
and scavenging mechanisms (a.-tocopherol, vitamin C) are too slow to offset ROS
production. Downstream of free radicals, other neuronal death mechanisms will also be
induced involving, e.g. mitochondrial transition pore formation (14), the lipoxygenase
cascade (15), the activation of poly ADP-ribose polymerase (PARP) (16) and amplified
ionic imbalance via secondary recruitment of calcium-permeable transient receptor potential
ion (TRPM) channels (17). Furthermore, ROS and reactive nitrogen species also has the
potential of modifying endogenous functions of proteins, which may be neuroprotective
(18). Ultimately, these multimodal cascades will result in a complex mix of neuronal death
comprising, necrosis, apoptosis, and autophagy (19).

In parallel with the molecular events briefly outlined here, a physiologic process called
cortical spreading depression (CSD) has also been recently identified as a candidate target
for stroke. CSD is an intense depolarization of neuronal and glial membranes slowly
propagating by way of gray matter contiguity at a speed of two- to six-millimeters per
minute. It is characterized by near complete breakdown of ion gradients, near complete
sustained depolarization, extreme shunt of neuronal membrane resistance, loss of electrical
activity, and neuronal swelling and distortion of dendritic spines (20,21), associated with a
shrinkage of extracellular volume. CSD occurs when extracellular K+ concentrations exceed
a critical threshold. Glutamate, inhibitors of the sodium pump, hypoxia, hypoglycemia,
ischemia, electrical stimulation, and status epilepticus are other well-described triggers.
Gene mutations affecting either ions channels such as calcium channel (22) or the astrocytic
sodium pump decrease the level for CSD (23). Interestingly, the Neurogenic locus notch
homolog protein 3 (NOTCH3) gene mutation causing cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy syndrome (CADASIL) is
also associated with susceptibility to CSD linking CSD with the neurovascular unit (24).
Moreover, CSD is illustrating another aspect of the normal neurovascular coupling of
regional cerebral blood flow (rCBF) and physiological neuronal activity. Under
physiological conditions, CSD is associated with a major CBF rise in an attempt to match to
the increase in metabolic demand. This sharp hyperemia is followed by a long lasting
oligemia associated with abnormal vascular responses. Under pathological conditions such
as ischemia, an inverse hemodynamic response characterized by a CBF reduction spreading
ischemia can be observed (25). In ischemia, these waves of CSD originating in the peri
infarct area can invade repeatedly peri-ischemic tissue, adding a major metabolic demand on
penumbra, and at term, the spreading depolarization expands the volume of infarction
(20,26,27). After decades of clinical doubt, CSD has now been demonstrated in patients
suffering from brain trauma, sub-arachnoid hemorrhage, spontaneous intracerebral
hematoma, and ischemic strokes (28-30).

It is tempting to target CSD as they increase the volume of infarction. NMDA antagonists
can effectively suppress CSDs (31). But this class of drugs has failed before in many clinical
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stroke trials. Some differences between animal and human ischemic brains such as presence
of gyri (32) or astrocytes—neurons ratio (33) may explain differences in occurrence and
consequences of CSD. Nontraumatic methods to study CSD in humans and better methods
to block CSD and improve stroke outcomes will have to be developed.

Ultimately, blocking integrated mechanisms of neuronal death in the ischemic cascade may
be difficult. But this is not because these targets are invalid. Indeed, the fundamental
neurobiology of these molecular mechanisms is sound. From a clinical perspective, blocking
these early targets is difficult because the therapeutic time windows may be extremely
narrow. Furthermore, the majority of these pathways do not necessarily occur during the
period of arterial occlusion but when the tissue is reperfused or some significant blood flow
still persists (34). Hence, the clinical rationale herein might not be driven by a stand-alone
neuroprotective treatment but instead aimed at a combination therapy to be given along with
thrombolytic or mechanical reperfusion. Indeed, a recent powerful study provides proof of
concept. Tymianski and colleagues recently showed that a compound that blocks the post-
synaptic density protein post-synaptic density protein-95 (PSD-95) was able to reduce
infarction in a nonhuman primate model of transient focal cerebral ischemia (35).

White matter mechanisms

As seen earlier, remarkable research efforts have been revealing basic mechanisms
underlying neuronal death. Thus far, however, many drug candidates targeting the neuronal
death pathways have all failed in clinical trials (36-38). Of course, there are many reasons
for our translational difficulties (3,39,40). In this section, we address one of them, i.e. the
question of white matter. The majority of our mechanisms and targets in experimental
models remain mostly focused on neurons in gray matter. In human stroke, however, a
significant portion of white matter injury is surely involved.

Nonneuronal cells and white matter are extremely vulnerable to ischemic stress (41-43).
White matter is primarily composed of axonal bundles ensheathed with myelin. The cells
forming these sheaths are the oligodendrocytes, which tend to be arranged in rows parallel to
axonal tracts. Just before and after birth, oligodendrocyte precursor cells (OPCs) multiply
rapidly, mature into OLGs, and develop processes for myelin formation. White matter blood
flow is lower than in gray matter, and there is little collateral blood supply in the deep white
matter (44). Hence, white matter ischemia will be typically severe with rapid cell swelling
and tissue edema. White matter ischemia activates several kinds of proteases, which weaken
the structural integrity of axons and myelin sheath (3). Demyelinated axons may be more
susceptible to ischemic injury due to their heightened metabolic requirements caused by loss
of energy-efficient salutatory conduction and leaky sodium channels (45). Moreover,
mechanisms responsible for ischemic cell death may be different between gray matter and
white matter. While an increase in intracellular Ca2+ is involved in both white and gray
matter ischemia, the routes of Ca2+ entry might differ. In white matter, pathological Ca2+
entry occurs in part due to increased intracellular Na+ and membrane depolarization (46—
48). In contrast, voltage-dependent Ca2+ channels and glutamate-activated ionic receptors in
gray matter have been traditionally viewed as the primary routes of pathological Ca2+ entry
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(49,50). For a more detailed analysis of mechanistic and cell-based models of white matter
injury, please refer to a previous review on this topic (3,51).

Although there are no validated drugs to prevent white matter injury in stroke, promising
leads may perhaps be found in other fields. A noncompetitive NMDA receptor antagonist
memantine is now licensed for moderate-to-severe Alzheimer’s disease in the United States
and the European Union (52). At least two studies suggest that memantine may be protective
to white matter (53,54). Furthermore, antioxidant drugs would be also potent therapeutic
candidates for white matter stroke. Although the radical spin trap disufenton sodium
(NXY)-059 failed in a final phase 3 clinical trial (55); it is now suspected that drug
penetration through the blood-brain barrier might have been low for this specific compound.
ROS are known to be deeply involved in white matter pathophysiology. Axons contain
abundant mitochondria, which is an organelle for a source of ROS. Free radical scavengers
significantly reduce white matter injury in rodent stroke models (56-59). Whether we can
develop a radical scavenger that effectively penetrates white matter in large human brains
remains to be seen. Another potential example may be found in the antiplatelet drug
cilostazol, a type 11l phosphodiesterase (PDE3) inhibitor. Cilostazol is approved for the
treatment of intermittent claudication and improves pain-free walking distance in patients
with peripheral arterial disease (60). But recent report proposed that cilostazol may also be
used for white matter protection (61). Future studies are warranted to dissect the
mechanisms how PDES3 inhibition contributes to defend white matter from ischemic stress.

No matter how compelling our molecular targets might be, it may still be difficult to reach
all stroke patients in time for acute therapy. Hence, we will also need to consider how to
efficiently promote rehabilitation and repair after stroke. This may be especially relevant for
white matter where ‘repairing or readapting the wiring” in neuronal networks is essential for
functional recovery. In the chronic phase after stroke, several endogenous responses should
be induced for repairing white matter damage. Although the population of OPCs is relatively
low in the adult white matter, OPCs may play substantial roles for remyelination after
injury. During development, OPCs migrate from the ventricular zone to their final
destination and then differentiate to from myelin sheaths (62,63). But, after brain injury,
they are guided to the site for contributing to myelin repair (64). It remains to be fully
elucidated how oligodendrogenesis occurs. But it is likely that multiple cell—cell trophic
interactions may be involved. Recent findings suggest that there might exist an oligovascular
niche in white matter wherein cell—cell trophic coupling between cerebral endothelium and
oligodendrocyte helps sustain ongoing oligodendrogenesis and angiogenesis (65). In
addition, astrocytes may secrete trophic factors to support OPC survival (66,67). Hence,
cell—cell trophic coupling in white matter may provide an essential mechanism for repairing
damaged white matter in the chronic stroke phase. In this regard, cell-based treatment would
be promising as a restorative therapy in white matter stroke. Some experimental studies
suggest that injected stem cells (and their derivatives) could survive, differentiate into not
only neurons/astrocytes but also oligodendrocytes (68). Furthermore, cellular therapies may
be additionally beneficial because these cells produce a rich broth of trophic factors that
stimulate endogenous repair of host tissue.
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Inflammation and microglia

Inflammation is an important part of stroke pathophysiology, especially in the context of
reperfusion. Restoring CBF is an obvious and primary goal. But as discussed earlier,
ischemia—reperfusion itself can also set off numerous cascades of secondary injury. Reactive
radicals will be generated, blood-brain barrier integrity may be compromised, and
multimodal neuronal death processes composed of programmed necrosis, apoptosis, and
autophagy may still continue unabated. Along with these central neuronal responses, an
activation of peripheral immune responses is now known to occur as well. Over the course
of days to weeks, a complex and orchestrated influx of inflammatory cells begins to take
place. Proof of concept has been repeatedly obtained — blocking various steps in the
inflammatory cascade prevents central accumulation of deleterious immune cells such as
neutrophils and T cells, and improve outcomes, at least in experimental models, Many
recent excellent reviews on this topic have been published and readers are referred to these
for more in-depth discussions (69,70). In this section, we will focus on microglia, to ask
whether these central responders in fact may comprise promising targets.

Microglia are resident immune cells of the central nervous system (CNS) and serve as
sensors and effectors in the normal and pathologic brain (71,72). Microglia are involved in
most CNS pathologies and constantly monitor the microenvironment and respond to any
kind of pathologic change, thus exerting typical macrophagic functions, such as
phagocytosis, secretion of proinflammatory cytokines, and antigen presentation. Microglia
have important roles even in normal brain. In fact, it has been suggested that the term
‘resting microglia’” should be changed to ‘surveying microglia’ to describe how microglia
continuously monitor the healthy CNS — these are not functionally silent cells (71,73).
Microglial processes are highly dynamic in intact cortex (74,75). A recent imaging study
demonstrated that the dynamic matility of ‘resting’ microglial processes in vivo may be
because microglia constantly monitor and respond to the functional status of synapses (76).
In the adult brain, microglia contribute to synapse remodeling and neurogenesis (77-80).
Furthermore, microglia may also interact with axons (81), be involved in blood vessel
formation (82), and act as phagocytes for the removal of dying cells during the process of
programmed cell death (83).

After an ischemic lesion, resident microglia are activated within minutes of ischemia onset
(84) and accumulate at the lesion site and in the penumbra. Postischemic microglial
proliferation peaks at 48—72 h after focal cerebral ischemia and may last for several weeks
after initial injury (85,86). Upon activation, microglia undergo proliferating, morphological
change from a ramified to few and thicker processes or amoeboid appearance, producing
cytokines, chemokines, and growth factors, generating reactive oxygen and nitrogen species,
increasing expression of immunomodulatory surface markers, and having the ability of
presenting antigen (87,88).

Traditionally, activated microglia would be viewed as deleterious actors in stroke.
Overactivated microglia can be neurotoxic by releasing ROS via NADPH oxidase (89),
proinflammatory cytokines [e.g. tumor necrosis factor (TNF)-a., interleukin (IL)-1p] (90—
93), and neurovascular proteases such as matrix metalloproteinase (MMP-9) (94). But it is
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now increasingly recognized that microglial activation may not always be bad after stroke.
Microglial activation is not a univalent state, and activated microglia can exhibit phenotypic
and functional diversity depending on the nature, strength, and duration of the stimulus
(87,95). At least two activated phenotypes, “classically activated’ (also called M1) or an
‘alternatively activated’ (also called M2), have been identified (96-99). Inflammatory
microglia (M1) release a number of proinflammatory cytokines such as TNF-a and IL-1p,
and ROS and nitrous oxide (NO). While anti-inflammatory microglia (M2) are considered
less inflammatory than M1 cells, they are characterized by reduced NO production and
increased production of anti-inflammatory cytokines and neurotrophic factors such as
GDNF, BDNF, bFGF, insulin-like growth factor (IGF)-1, TGF-B, and VEGF (78,85,100—
102).

Indeed, beyond stroke per se, whether microglial activation is neurotoxic is a long-standing
debate in neurobiology. Some degree of microglial activation reflects its important
physiological function to protect neurons and the integrity of CNS, while overactivation or
loss of microglial functions exacerbates a preexisting neuropathology or this function gets
lost in neurodegenerative diseases (103). There is clear evidence shows that activated
microglia can maintain and support neuronal survival (104,105) by release of neurotrophic
and anti-inflammatory molecules, the clearance of toxic products or invading pathogens, as
well as the guidance of stem cells to inflammatory lesion sites to promote neurogenesis
(79,80,106). Hence, microglia can be potentially beneficial in some circumstances. Selective
ablation of proliferating resident microglia results in a significant increase in the size of the
infarction associated with an increase in apoptotic neurons and a decrease in the levels of
IGF-1 in transient focal cerebral ischemia (85). Moreover, these results reveal a marked
neuroprotective potential of proliferating microglia serving as an endogenous pool of
neurotrophic molecules such as IGF-1. Exogenous microglia isolated from brain cultures
injected into the subclavian artery of Mongolian gerbils results in increased numbers of
surviving neurons in ischemic hippocampus (107). Administration of exogenous microglia
increases the expression of BDNF and GDNF in the ischemic hippocampus, which may
explain the positive effect of microglia on neuronal survival. Similarly, exogenous microglia
microinjected into the ventricles of rats can migrate into brain parenchyma and significantly
decrease neuronal loss induced by focal ischemia and reperfusion (108).

The most likely reason why the activation of microglia has contradictory influence on stroke
outcome lies in the timing and the degree of the expression of the cytokines. TNF-a is a
prime instance. Overexpression of TNF-a is detrimental to stroke outcome (109). However,
some studies have shown that microglia-derived TNF-a can be neuroprotective in cerebral
ischemia in mice (110) and that TNF-a-p55 receptor knockout mice have an increased
infarction volume (110,111). It is important to understand the different states of microglia in
diseases, and consequently, modulating the duration and the magnitude the expression of
cytokines and growth factors will critically affect the results.

From a clinical perspective, targeting inflammation may not be easy. Previous clinical trials
attempting to block intercellular adhesion molecule (ICAM)-1 on cerebral endothelium did
not work and treated patients actually got worse (112,113). In part, this was because of
complications that were not predicted in mouse models — the ‘humanized’ anti-ICAM
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antibodies ended up triggering deleterious complement activation that worsened injury after
stroke (112). Differences in systemic blood and immune responses in animal models vs.
human patients may make it difficult to safely and effectively broadly block inflammatory
pathways. In this regard, searching for ‘druggable’ mechanisms in central compartment
microglia may represent an alternative approach. However, careful attention will have to be
paid to the notion that microglial responses after stroke might be biphasic as well, i.e. a mix
of deleterious and beneficial effects that evolve over time.

Conclusions

The search for effective acute stroke treatments has encountered many failures in clinical
trials. In contrast, stroke prevention has gained major successes in recent years. For
example, lowering blood pressure is associated with a significant reduction of stroke risk.
Why? In part, this is because stroke prevention strategies address efficient targets that share
an underlying linear and monotonic model. Taking hypertension as a paradigm, shear stress
increase related to high blood pressure increases production of free radicals via NADPH
activation and uncoupling of nitric oxide synthase, key steps in hypertension-related
vascular oxidative stress (44). Once these proximal triggers are initiated, parallel
downstream actions are induced. Loss of vasoregulatory nitric oxide leads to
vasoconstriction, microvascular flow impairment, leukocytes adhesion, and smooth muscle
cell proliferation. This integrated response then promotes cytokine and matrix
metalloprotease-mediated inflammation in systemic and cerebral blood vessels (4). Thus, a
‘single” vascular risk factor is able to trigger oxidative stress and inflammation to
deleteriously affect the entire neurovascular unit (neuronal, glial, and vascular
compartments) (3,4). From the molecular level to cellular injuries and vascular and brain
consequences, each step of severity in risk factors amplifies the consequences, and can be
integrated to the higher level (Fig. 1). These effects accumulate over time — the longer a
subject is exposed to a risk factor, the more severe are the consequences. The effects of ‘risk
factors’ are inherently complex. But these effects can be easily detected even in simplified
animal models. For example, the free radical scavenger NXY-059 was much less effective in
spontaneously hypertensive rats compared with normotensive rats (114). Hence, any
translation of therapies from models to humans should require rigorous attention to how
these targets are influenced by the entire range of risk factors inherent in stroke patients.

If such conceptual models work for stroke prevention, can they also work for our ongoing
search for acute stroke treatments? The concept of the neurovascular unit has been useful in
this regard. For perhaps far too long, we were focused only on the “‘neurobiology’ of stroke.
But brain function (and dysfunction) is not only based on neurons but on cell—cell signaling
between all cell types. Thus, stroke therapeutics should seek not only to prevent neuron
death but to rescue functional crosstalk between all cells in the neurovascular unit (3,4).
Embedded into this conceptual framework are the spatial and temporal aspects of stroke
pathophysiology. Cell—cell interactions evolve depending on baseline risk factors and
inflammation. And ultimately, the model is not monotonic — the same mediators can be
deleterious or beneficial depending on the state of tissue injury and progression. Cell—cell
interactions within the neurovascular unit underlie function, dysfunction, and remodeling
(115). In this minireview, we have tried to briefly summarize the basics of stroke
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mechanisms, with a focus on neuronal death mechanisms, white matter pathophysiology,
and inflammation. With a truly integrative approach that includes multimodel and multicell
signaling that captures the gradients of both acute stroke injury and delayed stroke recovery,
we may eventually make headway in this difficult disease.
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Fig. 1.

Schematic showing the nonlinear and highly integrative aspects of stroke pathophysiology.
Mechanisms can be manifested at multiple levels of phenomenology, ranging from
molecular and cellular biology to whole animal physiology and pharmacology to individual
human subjects and population responses. The influence of genetics and risk factors adds to
this complexity. And ultimately, these multifactorial processes connect into spatial and
temporal gradients of tissue injury and repair. Altogether, this matrix represents a series of
hurdles that must be considered before translation can take place. Finding clinically effective
therapeutics for stroke prevention, treatment, and recovery is challenging. Multitarget
integrative solutions may be required.
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