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Abstract

Microglia are resident CNS immune cells that are active sensors in healthy brain and versatile

effectors under pathological conditions. Cerebral ischemia induces a robust neuroinflammatory

response that includes marked changes in the gene-expression profile and phenotype of a variety

of endogenous CNS cell types (astrocytes, neurons and microglia), as well as an influx of

leukocytic cells (neutrophils, macrophages and T-cells) from the periphery. Many molecules and

conditions can trigger a transformation of surveying microglia to microglia of an alerted or

reactive state. Here we review recent developments in the literature that relate to microglial

activation in the experimental setting of in vitro and in vivo ischemia. We also present new data

from our own laboratory demonstrating the direct effects of in vitro ischemic conditions on the

microglial phenotype and genomic profile. In particular, we focus on the role of specific molecular

signaling systems, such as hypoxia inducible factor-1 and Toll-like receptor-4, in regulating the

microglial response in this setting. We then review histological and novel radiological data that

confirm a key role for microglial activation in the setting of ischemic stroke in humans. We also

discuss recent progress in the pharmacologic and molecular targeting of microglia in acute

ischemic stroke. Finally, we explore how recent studies on ischemic preconditioning have

increased interest in pre-emptively targeting microglial activation in order to reduce stroke

severity.
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Stroke accounts for more than half of all patients hospitalized for acute neurological disease

in the USA and is the second most common cause of death worldwide. Over 80% of strokes

are of the ischemic variety and are due to acute vascular occlusion. Several

pharmacotherapies for acute stroke are currently available, including thrombolytics and

antiplatelet agents; however, their efficacy is modest and their use is limited, owing to

temporal restrictions on administration and risks of adverse events [1]. This situation

prevails despite intense research efforts and numerous clinical trials. To date, drug

development efforts have targeted modulators of ion channels, scavengers of oxygen

radicals, inhibitors of apoptosis and antagonists of excitotoxic neurotransmitters. However,

trials with modulators of these targets have failed so far because of lack of efficacy, adverse

side-effects or shortcomings in experimental design [2–4]. Recently, a new potential target,

the neuroinflammatory response in ischemia, has attracted the attention of a number of

stroke researchers [2,5]. An inflammatory response is initiated in the metabolically active

but neurophysiologically silent region surrounding the infarct core known as the ischemic

penumbra. This response is characterized by an increase in vascular permeability, influx of

leukocytes, hyperthermia and activation of microglia [5].

The temporal sequence of inflammatory events that accompanies an ischemic event has been

well characterized using animal models of focal cerebral ischemia. Early changes involve

activation of astrocytes and microglia that migrate to the site of injury and produce

proinflammatory cytokines, such as IL-1β and -6, as well as TNF-α [6]. In addition, there is

release of chemokines, such as monocyte chemotactic protein-1 (MCP-1/CCL2) and

macrophage inhibitory factor-1α (MIP-1α/CCL3), which recruit leukocytes from the

periphery [6]. Invading leukocytes also release inflammatory cytotoxins such as oxygen

radicals and proteases that may be destructive to the compromized ischemic tissue. Studies

of inhibited leukocyte infiltration have shown a reduction in neuronal damage, confirming

the role that inflammation plays in exacerbating stroke-related tissue injury [7,8]. Several

studies have effectively used ex vivo flow cytometry to characterize the inflammatory

infiltrate in the ischemic penumbra following stroke [9,10]. Microglial and macrophage

infiltration is robust and reaches its peak 48–72 h following transient middle cerebral artery

occlusion (MCAO) in mice [9,10]. Invasion of neutrophils is similarly strong, but occurs

slightly later (peaks at 72 h) [9,10]. There is also infiltration of lympho cytes, dendritic cells

and natural killer cells, albeit in substantially lesser numbers [9].

Microglia, the tissue macrophages of the CNS, are active sensors and versatile effector cells

in normal and pathologic brain [11]. Microglia can shift activity states depending on

surrounding conditions. Under normal conditions they are characterized by a small cell body

with fine, ramified processes and low expression of surface antigens [12]. Although

sometimes referred to as `resting', recent live-imaging studies have demonstrated that

microglial cellular processes are constantly in motion, monitoring their environment for

signals from surrounding neural cells [13,14]. During brain injury, microglia rapidly

undergo a shift in their effector program by transforming their morphology, proliferating,

releasing proinflammatory compounds and increasing expression of immunomodulatory

surface antigens [11,15]. In selected settings, however, `activated' microglia can function in

a neuroprotective manner and promote regeneration by releasing growth factors and

modulating the immune response [15–17]. This neuroprotective phenotype may be the

product of `alternative' activation triggered by IL-4, -10 and -13. These cytokines alter gene

expression patterns away from toxic and proinflammatory mediators such as TNF-α and

IL-1β towards protective and anti-inflammatory mediators such as IGF-1 and TGF-β [18].
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Effects of experimental ischemia on microglia: in vitro studies

In vitro studies examining the direct effects of ischemia on microglia have focused primarily

on cell viability and induction of classical activation parameters under conditions of near

complete oxygen–glucose deprivation (OGD). Using an anaerobic chamber combined with

exposure to an aglycemic medium containing nonmetabolizable glucose-derivative 2-

deoxyglucose (2-DG), Lyons and Kettenmann exposed primary rat microglia to either

severe hypoxia alone (≤0.3% oxygen), aglycemia alone or severe combined hypoxia/

aglycemia for 6 h, and then switched to normoglycemic/normoxic culture medium for the

duration of the experiment [19]. Using both ethidium bromide staining and assays for lactate

dehydrogenase (LDH), they demonstrated that 88% of microglia died by the end of the 6 h

combined severe hypoxia/aglycemia exposure and that this percentage increased slightly to

93% at 7 days following the insult. Microglial cell death immediately following the insult

was less severe when mannitol was substituted for 2-DG, a difference the authors attributed

to the free-radical scavenging capability of mannitol. Interestingly, they carried out parallel

6 h combined severe hypoxia/aglycemia exposure experiments on cultured rat astrocytes and

oligodendrocytes. Astrocytes showed substantially less cell death under these conditions,

although oligodendrocytes showed cell death rates similar to microglia. Under purely

hypoxic conditions (normoglycemia), oligodendrocytes demonstrated a marked increase in

cell death, whereas both microglial and astrocytic cultures were unaffected. Under purely

aglycemic conditions (normoxia), all three glial cell types showed survival patterns

indistinguishable from controls. Yenari and Giffard demonstrated that mouse microglia were

also susceptible to prolonged severe hypoxic (≤0.2% oxygen)/aglycemic injury but resistant

to purely hypoxic injury [20]. However, contrary to the Lyons and Kettenmann study, they

demonstrated that mouse microglia were quite sensitive to glucose deprivation with 40 and

75% cell death at 24 and 30 h, respectively [20]. The increased sensitivity in the Yenari et

al. study most likely reflects the longer time interval of aglycemia exposure; however,

species differences between rat and mouse microglia may also play a role. Park et al.

demonstrated that exposure of primary mouse microglia (pMG), as well as mouse microglial

cell lines BV-2 and N9, to severe hypoxic conditions (≤0.2% oxygen/normoglycemia) for 8

h followed by 24 h incubation in noxmoxic/normoglycemic medium resulted in a significant

release of nitric oxide (NO) [21]. The same conditions resulted in a small but quantifiable

release of TNF-α in BV-2 cells, along with a 72% reduction in cell viability (compared with

normoxic controls) [21]. A total of 6 h of severe hypoxia (without subsequent exposure to

normoxia) was sufficient to increase expression of inducible NO synthase (iNOS) in BV-2

cells [21]. Brief periods of severe hypoxia resulted in phosphorylation of p38 MAPK, but

not other closely related MAPKs ERK1/2 and c-Jun N-terminal kinase (JNK) in BV-2 cells.

Pharmacologic inhibition of p38, but not ERK1/2, significantly attenuated the hypoxia-

induced increases in NO, iNOS and TNF-α in BV-2 cells. In primary microglia derived from

rat brain, exposure to 8 h of severe hypoxia (≤0.2% oxygen) resulted in increased expression

of iNOS and TNF-α, as well as phosphorylation of all three of the abovementioned MAPKs

[22]. The same study demonstrated that severe hypoxia potentiated lipopolysaccharide

(LPS)-induced increases in both iNOS and TNF-α [22]. Another recent study demonstrated

that exposure of pMG cells to more moderate levels of hypoxia (≤1% oxygen) combined

with aglycemia for 6 h resulted in marked increases in matrix metalloproteinase (MMP)-9

mRNA expression. Interestingly, this effect was absent in microglia derived from mice that

were genetically deficient for either tissue plasminogen activator (tPA) or low-density

lipoprotein receptor-related protein (LRP)-1 – a known cleavage substrate for tPA. MMP-9,

endogenous tPA and LRP1 have all been implicated in stroke pathophysiology and

particularly with increases in permeability of the neurovascular unit [23].

Although the number of studies examining the direct effects of in vitro hypoxic/ischemic

conditions on microglia is relatively low, a larger number of studies have examined the
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effects of these conditions on peripheral myeloid cell function. Many of these studies have

focused on activation of hypoxia inducible factor (HIF)-1 (Box 1). Most of these studies

have used moderate to mild levels of hypoxia (1–8% oxygen), consistent with the hypoxic

microenvironment found in peripheral tissue following a variety of proinflammatory injuries

[24]. Exposure to 1% oxygen for 16 h markedly increased total cellular HIF-1α protein

levels in both human [25] and mouse [26] macrophages. After 8 h, hypoxia induced 8-, 11-

and 13-fold increases in mRNA levels for HIF-1 gene targets VEGF, PGK1 and Glut-1,

respectively [27]. Conditional targeting of HIF-1α in myeloid cells using Cre/loxP

technology has allowed researchers to investigate the effects of HIF-1α deficiency in the

myeloid-cell lineage (LysMcre/HIF1αloxp mouse strain) using different assays of

inflammation [24]. These important studies have demonstrated that, in macrophages,

glycolysis depends on HIF-1α under both normoxic and hypoxic conditions and that the

decrease in energy production caused by impaired glycolysis in these cells can markedly

inhibit inflammatory responses [27,30,31]. In these studies, HIF-1α was indispensable for

myeloid-cell infiltration and tissue destruction, as well as proinflammatory cytokine

secretion. Furthermore, a number of studies have demonstrated that treatment of peripheral

myeloid cells with pathogen-associated molecular patterns (PAMPs), such as LPS, leads to

induction of HIF-1 activity [30,32–34]. This induction is dependent on the activation of

TLR4 (Box 2) [30,35]. More recently, several groups have reported induction of HIF-1

activity in microglia. Exposure of N9 cells to 1% oxygen for 4 h resulted in a marked

increase in binding of HIF-1 to hypoxia-response element (HRE) DNA sequences by

electrophoretic mobility gel-shift assay (EMSA). The same study reported hypoxia-induced

expression of HIF-1 target gene chemokine CXCR4 [36]. In BV-2 cells, exposure to 1%

oxygen for 6 h induced a threefold increase in HRE luciferase reporter gene activity [41].

Interestingly, treatment with LPS also induced small but significant increases in HIF-1α
mRNA and total protein levels in BV-2 cells. In our laboratory, we were interested in

determining the effects of moderate hypoxia on HIF-1α activity in pMG. We demonstrate

here that treatment with 1% oxygen for 6 h induces an approximately tenfold increase in

steady-state levels of total HIF-1α protein in pMG (Figure 1A). A similar size induction of

HIF-1α in pMG could also be seen following treatment with cobalt chloride – an inhibitor of

prolylhydroxylase proteins (PHDs). When we exposed pMG to moderate hypoxia combined

with hypoglycemia (250 μM glucose) for 24 h, we measured increases in expression of

mRNAs for HIF-1 gene targets VEGF (Figure 1B) and Glut-1 (Figure 1C). Interestingly, as

in peripheral myeloid cells, addition of LPS augmented the hypoxia/hypoglycemia-induced

increases in both VEGF (Figure 1B) and Glut-1 (Figure 1C) mRNAs in pMG. Furthermore,

as in peripheral immune cells, LPS was able to induce expression of at least one HIF-1

target (Glut-1), even in the absence of hypoxia/hypoglycemia (Figure 1C).

In Figure 2, we present additional new experimental data from our own laboratory; genomic

microarray analyses on pMG derived from either wild-type (WT) or TLR4−/− mice

following exposure to either `ischemia–reperfusion' or `control' conditions. These data have

provided further molecular insights into both the effect of ischemia on the microglial

phenotype and the role of microglial TLR4 in ischemia-induced neuroinflammation.

Sequential 24 h intervals of hypoxia/hypoglycemia (ischemia) and then normoxia/

normoglycemia (reperfusion) induced significant differential regulation of 276 and 149

individual genes in WT and TLR4−/−pMG, respectively (Figure 2A). Of these, only 13

(eight plus five) individual genes were regulated in common. Of the 136 (149 minus 13)

genes disparately regulated in the two strains following ischemia/reperfusion, only 19 were

disparately regulated between the two strains under control conditions. In Figure 2B, we

provide selected examples of seven specific biological processes (BP) with relevance to

either microglial function or stroke pathophysiology that were significantly regulated in WT

pMG. Note that only two of the seven BPs were similarly regulated in TLR4−/−pMG. These

data demonstrate several points: first, exposure to ischemia–reperfusion induces numerous
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and robust changes in the transcriptome of WTpMG. These changes are apparent globally at

both the individual gene and BP gene set levels. Second, the genomic responses of WT and

TLR4−/−pMG to in vitro ischemia–reperfusion are markedly disparate. These differences

suggest a fundamental role for TLR4 in determining the microglial phenotype in this setting.

Third, most of the differences in the genomic response of WT and TLR4−/−pMG to

ischemia–reperfusion are independent of baseline differences between pMG from each

strain under control conditions. This suggests that the sequential exposure to hypoxia/

hypoglycemia and normoxia/normoglycemia result in a unique mechanism that specifically

differentiates pMG with intact or deficient TLR4 signaling. One possible explanation is that

ischemia/reperfusion induces release of endogenous TLR4 agonists or danger-associated

molecular patterns (DAMPs) from dying microglia that function in an autocrine/paracrine

manner to activate TLR4 signaling in WT, but not TLR4−/−, surviving pMG (Figure 3).

Fourth, the significant regulation by ischemia–reperfusion in WT, but not TLR4−/− pMG of

certain BP gene sets (e.g., cytokine production and response to oxidative stress) suggests

specific functions for microglial TLR4 in ischemia. For example, it suggests that TLR4

signaling mediates an ischemia-induced upregulation of multiple specific proinflammatory

cytokines in microglia. Data mining in the cytokine production BP reveals genes for a host

of factors involved in proinflammatory pathways, including multiple TLRs, TLR-associated

signaling proteins and interleukins, as well as TNF-ligand and TNF-receptor superfamily

members. Investigating individual gene expression, we identified significant upregulation of

TNF-ligand superfamily member 10, IL-18 and NF-κB inhibitor interacting RAS-like

protein-1 (NKiras1) in the WT, but not the TLR4−/−, pMG exposed to ischemia. From the

same BP, TNF-receptor superfamily member 13 was significantly downregulated in the WT,

but not in the TLR4−/−, pMG exposed to ischemia. This pattern indicates that ischemia-

induced expression of specific proinflammatory cytokines from microglia in a TLR4-

dependent manner, while at the same time, desensitizing them to further activation by

decreasing expression of a key cytokine receptor and increasing expression of an inhibitor of

a proinflammatory transcription factor. Other research groups have focused on examining

the indirect effects of in vitro ischemia on microglial activation. These experiments have

characterized the effects of conditioned medium (CM) transferred from OGD-stressed

neuronal or glial cell populations to naive microglial cultures. Kaushal and Schlichter

demonstrated that microglia exposed to OGD-stressed neuronal CM resulted in a selective

classical activation profile: specifically, release of TNF-α and activation of NF-κB, but no

induction of p38 MAPK or NO production. Using a Transwell™ chamber system, the

authors then transferred these `activated' microglia into coincubation with naive neurons and

assessed apoptotic neuronal cell death. Exposure to the `activated' microglia resulted in

significant increases in apoptotic neuronal cell death as determined by both TUNEL/DAPI

staining and assays for caspases 3 and 8. The authors went on to demonstrate that exposing

the microglia to metabatropic glutamate receptor II (mGluRII) agonist DCG-IV (in place of

exposure to CM from OGD-stressed neurons) also resulted in release of TNF-α, but no

induction of NO production. Transfer of the DCG-IV-stimulated microglia into coculture

with naive neurons resulted in a significant increase in TUNEL staining compared with

neurons exposed to untreated microglia. This increase in toxicity could be inhibited by

coexposure of the microglia to mGluRII antagonists (EGLU and LY341495), or coexposure

of the neurons to excess soluble TNF-α receptor (sTNFR)1. OGD-stressed neurons produced

sufficient glutamate to activate microglial mGluRII. Neuronal cell apoptotic cell death

induced by coculturing with activated microglia that had been exposed to OGD-stressed

neuronal CM could again be inhibited by coexposure of the microglia to mGluRII

antagonists, or coexposure of the neurons to excess sTNFR1. Finally, exposing the microglia

to glutamate itself (in place of DCG-IV or CM from OGD-stressed neurons) and then

coculturing with naive neurons resulted in a significant increase in TUNEL staining

compared with neurons exposed to untreated microglia. This increased neurotoxicity could

be inhibited by coexposure of the microglia to mGluRII antagonists or to an NFκB pathway
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inhibitor. The authors concluded that these results point to involvement of glutamate from

OGD-stressed neurons in activating microglial mGluRIIs and increasing their neurotoxic

functions through activation of NFκB and production of TNF-α (Figure 4).

The experimental paradigm described by Kaushal and Schlicter is novel, and in many ways

conforms to their description of it as an in vitro model of the ischemic penumbra. However,

one limitation of their model system is that the microglia themselves are never exposed to

hypoxia/hypoglycemia. This, of course, is not the case during stroke in vivo and it is clear

from earlier published work [19,20,48], as well as the data presented here in Figures 1 & 2,

that ischemia markedly influences microglial phenotype and gene expression. This

limitation is partially addressed in the work of another study.

Lai and Todd have used a similar experimental paradigm to characterize the effects of CM

collected from microglia exposed to moderate hypoxia (≤1% oxygen) and normoglycemia

for 4 h followed by 24 h normoxia on naive neuronal cultures that are subsequently exposed

to moderate hypoxia for 2 h followed by 24 h normoxia [48]. The CM from hypoxic

microglia induced 32% neuronal cell death whereas CM from nonhypoxic control microglia

had no effect. Pretreatment of the microglia with tetracyclines (either minocycline or

doxycycline), prior to the hypoxic pulse attenuated the increase in neuronal cell death

induced by CM from the hypoxic microglia. Tetracyclines have been demonstrated, both in

vivo and in vitro, to inhibit classical proinflammatory microglial activation, including

cytokine release, NO production and prostaglandin release [50,51]. Moderate hypoxia also

induced microglial expression of iNOS, as well as release of NO, IL-1β and TNF-α [48].

These effects were also all attenuated by minocycline. Interestingly, hypoxia also induced

microglial production of neuroprotective factors including BDNF and GDNF [48]. These

effects were unaffected by pretreatment of the microglia with either of the tetracyclines.

These complex but well-controlled experiments suggest that hypoxic microglia increase

their expression of both proinflammatory and prosurvival factors and that some of these

effects can be modulated pharmacologically. One limitation of the Lai and Todd paradigm,

however, is that the hypoxic microglia were not also exposed to hypoglycemia (as they

would be in the ischemic penumbra in vivo [52]). As noted above, microglia respond

differently to the combination of hypoxia/hypoglycemia than to either insult alone [19,20].

A limitation of all the above in vitro ischemia paradigms, including our own, is that they do

not take into account changes in pH levels or the concentration of lactic acid, both of which

are known to be markedly altered in the ischemic penumbra [52].

In vivo, cerebral ischemia is accompanied by breakdown of the BBB and extravasation of

plasma-derived proteins and bioactive phospholipids. The effects of a number of these

factors on microglia in vitro have been well described, including thrombin [53], albumin

[54], immunoglobulins [55], complement [56] and lysophosphatidic acid (LPA) [57].

Similarly, in the ischemic penumbra, there is endogenous release of cytokines and

chemokines, as well as prostaglandins, cannabinoids and nucleotides (particularly ATP),

which induce a variety of responses in microglia [58]. It is likely that all these factors

substantially modulate the microglial response to ischemia [11]. Moreover, microglia in vivo

are in direct contact and constant communication with neurons at baseline, which helps

maintain their non-activated state. Lack of the neuronal membrane glycoprotein CD200, for

example, leads to increased microglial activation in various injury models [59]. Another

mediator, the chemokine fractalkine (CX3CL1), is tonically released by neurons. Absence of

its receptor (CX3CR1) on microglia exacerbates microglial activation and neurotoxicity in

neurodegenerative diseases, including Parkinson's disease and amyotrophic lateral sclerosis

[60]. In addition, microglia express receptors for most neurotransmitters. While activation of

some specific neurotransmitter receptors can lead to microglial activation, in general,

neurotransmitters suppress microglial activation. Adenosine, for example, can stimulate
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resting microglia, but more strikingly attenuates cytokine release following LPS exposure

[61]. Similarly, activation of microglial GABA [62] or adrenergic [63] receptors both

suppress LPS-induced interleukin release. Glutamate has a more complex role: while

activation of mGluR2 causes a neurotoxic microglial response [49], as previously described,

activation of group III mGluR is neuroprotective [64].

In summary, despite inherent limitations to the reductionist approach, in vitro studies have

contributed a sizable amount of information and numerous key insights into the function of

microglia under ischemic conditions. Microglia are clearly susceptible to cell death induced

by severe hypoxia, particularly when combined with aglycemia. However, under more

moderate ischemic conditions (comparable with those observed in the ischemic penumbra),

microglia survive and undergo broad and profound changes in both their genomic profile

and phenotype. In this setting, HIF-1 and its downstream gene targets are induced and

contribute to the ischemia-altered microglial physiologic state. Innovative coculture and

medium-transfer experiments have clearly demonstrated that microglia respond robustly to

soluble signals released from ischemic neuronal and glial cell populations, and, once

activated in this manner, can markedly influence neuronal cell viability.

Effects of experimental ischemia on microglia: in vivo studies

Ischemic injury in rodent models reliably leads to activation and proliferation of microglia.

Studies using immunohistochemical techniques to describe this activation process can be

confusing as a result of the array of different antibodies used. Some of these antibodies

recognize proteins that are expressed by activated cells only, and none are entirely specific

for resident microglia. Significant effort has thus been put into developing better methods to

follow microglia after ischemia. A first step was to identify phenotypic changes associated

with microglial activation in vivo. Ramified `resting' (or more accurately `surveying')

microglia are readily detected throughout the adult brain, using markers such as lectin or

antibodies against ionized calcium-binding adaptor molecule (IBA)-1. At 12–24 h following

permanent middle cerebral artery occlusion (MCAO) in rats, microglia become activated,

they acquire a more amoeboid phenotype with an enlarged cell body and stout processes.

These cells appear in the infarct core, but also in the surrounding tissue, and are followed by

the infiltration of neutrophils into the infarct core, starting at approximately 24 h after

MCAO [65]. A common finding of studies regarding permanent MCAO in rats and mice is

that activated microglia consistently appear in the penumbral tissue at the edge of the infarct

before obvious infarction (as identified by loss of MAP2 reactivity or cresyl violet staining)

or neuronal apoptosis are present [66]. Activated microglia appear not only in the ipsilateral

cortex but also spread to the thalamus and to the contralateral side 7 days after MCAO [67].

The number of activated microglia continues to increase throughout the first week after

MCAO, at which time they cannot be microscopically or immunohistochemically

differentiated from invading macrophages [68]. Schroeter and colleagues designed an

elegant experiment to help differentiate activated, amoeboid microglia from infiltrating

blood-borne macrophages. They depleted peripheral macrophages in rats by using

dichloromethylenediphosphonate and found that, for the first 3 days following

photothrombosis, there was no difference between rats with depleted macrophages and

control animals in the intensity of staining for activated microglia at the edge of the resulting

peripheral cortical infarct. Significant numbers of infiltrating macrophages did not appear in

the infarcted tissue until 6 days after MCAO [69]. The concept that the innate microglia,

rather than blood-borne immune cells, are the predominant immune cells in the brain for the

first days after ischemia (Figure 5) was further verified by Schilling and coworkers. They

transplanted mice with bone marrow from mice expressing green fluorescent protein (GFP)

3 months before subjecting them to 30 min of transient MCAO [70]. Microglia were

activated and proliferated as early as day 1 after ischemia, whereas GFP-positive neutrophils
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did not start infiltrating the ischemic hemisphere until day 2, peaking at day 4. Macrophages

entered the picture late, starting to infiltrate only on day 4 and peaking at day 10 after

ischemia. Using the same model, this group also found that resident microglia were almost

exclusively responsible for phagocytosis of dead and dying neurons during the first 3 days

after ischemia [71].

Flow cytometry is increasingly used to characterize the cellular inflammation that takes

place after cerebral ischemia. Microglia and infiltrating macrophages can be separated based

on a differential degree of myeloid surface marker CD45 expression. While both cell types

express both CD11b and CD45, CD45 levels are high in macrophages and low in resting

microglia [72,73]. The number of CD45high cells in the ischemic hemisphere increases,

starting at 18 h after transient MCAO and continues to increase until 48 h post-MCAO. At

24 h, 40% of CD45-positive cells are CD45high, in other words activated microglia or

macrophages. Neutrophils invade only after microglial activation, starting at 48 h after

MCAO. T cells invade only in small numbers and late after MCAO; T-cell counts increase

twofold at 72 h [10]. A follow-up study by the same group using a similar paradigm

confirmed that, while the percentage of CD45-positive cells that are microglia remains

stable in the ischemic compared with the nonischemic hemisphere 48 h after MCAO

(~60%), the percentage of activated microglia as defined by CD11bhigh compared with

CD11blow expression increases from 25 to 57% [74].

A recent study provided a more in-depth look at the temporal and spatial dynamics of

immune cell infiltration in the ischemic hemisphere after transient MCAO in mice. A

combination of immunohistochemistry and flow cytometry experiments demonstrated that

microglia and macrophages are the most abundant cell types present in the ischemic

hemisphere during the first 72 h following MCAO. In sham-operated animals there were

27,000 microglia/hemisphere (80% of all immune cells). This number increased to 60,000

microglia/ischemic hemisphere on day 1 after MCAO. Invasion of neutrophils started on day

1 but did not reach large numbers (65,000/hemisphere) until day 3. Microglia and

macrophages were differentiated more thoroughly in this study based on their level of CD45

expression: CD45low cells indicated resting microglia, CD45intermediate cells indicated

activated microglia, and CD45high cells indicated macrophages. Based on that definition,

macrophages were increased on day 1 (20,000/ischemic hemisphere) and day 3 (25,000/

ischemic hemisphere) [9].

Positron emission tomography (PET) enables imaging of immune cell aggregation in the

brains of living animals by using specific ligands. Cells of the mononuclear phagocyte

lineage, including macrophages and reactive microglia, express the peripheral-type

benzodiazepine receptor (PBR), whereas PBR expression in the brain is very low under

physiological conditions. The isoquinolinecarboxamide derivative1-(2-chlorophenyl)-N-

methyl-N-(1-methyl-propyl)-3-isoquinolinecarboxamide (PK11195) selectively binds to

PBR, and [3H]PK11195 has been used extensively to detect microglial activation in

ischemic rodent brain tissue by autoradiography [75]. With the aid of PET, PK11195 is

increasingly utilized for the same purpose in living animals [75]. After 60 min transient

MCAO in rats, a PK11195 signal appears at 4 days, and is even more pronounced at 7 days

[75]. Immunohistochemical analysis of animals in the same study corroborated microglial

activation starting at day 1 and increasing until day 7 in the ischemic core. mRNA

expression of PBR in brain tissue was increased at 3 days, preceding the PET signal by 24 h.

A caveat of this study is that PBR expression was heterogeneous, largely owing to high

expression within microhemorrhages that were frequent within the infarct core. In addition,

reactive astrocytes in the periphery of the infarct also expressed PBR, rendering the signal

somewhat unspecific [76].
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Using a newer, more sensitive radioligand for PBR, [18F]DPA (N,N-diethyl-2-(2-(4-(2-

fluoroethoxy)phenyl)5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide)-714, Martin

and coworkers reached similar conclusions. After 2 h MCAO in rats, the PET signal

increased at 7 days, peaked at 11, and was still elevated at 30 days. Most signal colocalized

with immunohistochemically CD11b-positive amoeboid cells that conglomerated in the

infarct core starting at 4 and peaking at 11 days. In parallel, PBR expression increased in

astrocytes that form a glial scar around the infarct core. The number of PBR-expressing

astrocytes increased until 30 days; however, the PET signal followed the microglia/

macrophage profile, peaking at 11 days – a finding that suggests that unspecific detection of

astrocytes may not be a major problem of this technique [77].

Using a rat model of permanent ischemia by macrosphere-embolization and simultaneous

imaging with PK11195 and 18F-2-fluoro-2-deoxy-D-glucose (FDG) to assess tissue viability,

Schroeter and colleagues recently found that the PBR signal was localized not to the infarct

core, but rather to the perimeter of the infarct, which was still perfused (intact perfusion and

increased metabolism) [75]. According to immunohistochemical analysis, activated

microglia and macrophages were localized in this area and formed a thick rim around the

pan-necrotic infarct core. The authors conclude that the increased energy demand in this

area (detected by FDG-PET) puts this area at risk after permanent ischemia. They postulate

that this penumbral region is amenable to protective intervention [75].

PK11195-PET, which attempts to image the activation of innate microglia after ischemia, is

nicely complemented by novel MRI techniques that use systemically applied ultra-small

particles of iron oxide (USPIO) to label and image infiltrating blood-borne macrophages.

USPIO are preferentially phagocytosed by monocytes before clearance within the

reticuloendothelial system of the liver, spleen and lymph nodes. Upon acute migration into

the diseased nervous system, these iron oxide-laden macrophages become visible on MRI

because the superparamagnetic effects of iron oxide result in a signal loss on T2-weighted

and/or bright contrast on T1-weighted MRI. Proof-of-concept for stroke was established by

Rausch and coworkers [78]. They injected rats intravenously with USPIO 5 h after

permanent MCAO, followed by repeated MRI on days 1, 2, 4, and 7. On T2-weighted

images, areas of signal loss were found around the lesion on day 1 and inside the lesion until

day 4, when they started to dissipate. These areas of signal loss were in full spatial

agreement with activated microglia/macrophages, as detected by immunohistology using

ED1. Several investigators using mouse and rat models of permanent and transient ischemia

have since been able to confirm that macrophage infiltration only begins after a significant

delay of several days. Most macrophages, and the correlating loss of T2 MRI signal, are

found at the edge of the infarct and in or around the meningeal vessels [79].

There is some ongoing controversy as to what extent USPIO diffuses passively into the

brain after disruption of the BBB, which could falsely suggest macrophage invasion. Mice

injected with USPIO at 5 h after permanent MCAO and assessed by MRI and

immunohistochemistry at 6 and 24 h demonstrated consistent USPIO-related signal changes

on MRI but no evidence of iron-laden macrophages in the ischemic area, suggesting that

most of the MRI signal is caused by leakage of unbound USPIO through an injured BBB

[80,81]. This appears to be partly related to the type of USPIO used, however, since other

groups using USPIO from a different manufacturer did not confirm significant leakage

through the BBB.

Denes and colleagues found no signal loss after repeated USPIO injections up to day 3 after

30 min MCAO in mice and concluded that no significant macrophage invasion occurred at

this early stage of infarct development. They did find infiltration of neutrophils beginning at

48 h using immunohistochemistry. Of note, the authors found that microglia phagocytose
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invading neutrophils, which they speculate may help to control and limit the inflammatory

response after ischemia [82].

Further evidence that microglia may be policing the post-ischemic inflammatory response

comes from a recent study using transgenic mice that express HSV1-thymidine kinase under

control of the CD11b promoter (CD11b-TKmt30 mice). Proliferating microglia/macrophages

were selectively ablated in these animals by ganciclovir treatment starting 48 h before 1 h of

transient MCAO and continuing until 72 h after ischemia [83]. This regimen ablated

proliferating microglia, but did not affect the resting microglia population in CD11b-TKmt30

mice. Interestingly, NF-κB activation was increased at 72 h, although not at 24 h after

ischemia in transgenic animals only. Similarly, mRNA for the cytokines IL-6, IL-1β and

TNF-α, as well as protein expression of IL-6 and TNF-α were significantly increased in

transgenic animals at 72 h after MCAO. In WT animals, cytokine expression was already

decreased at this time point. Furthermore, infarct size at 72 h was increased by 31% in

transgenic mice compared with WT. At the same time, expression of IGF-1 was reduced

1.8-fold when microglia were ablated. In line with this, injection of macrophage-colony

stimulating factor (M-CSF) increased the number of proliferating Mac-2 positive microglia

and increased IGF-1 expression. The authors concluded that proliferating microglia produce

neurotrophic factors such as IGF-1 and help reduce inflammation; thus, they are

neuroprotective after ischemic brain injury. Interestingly, infarct size was only measured at

72 h in this study. Others have reported that infarct size does not change extensively beyond

24 h after transient MCAO in the mouse. Microglial ablation demonstrated no effect on

cytokine expression at 24 h in this study, posing the question of whether infarct size at 24 h

would have been similar between groups and only increased later in the transgenic animals.

One possible interpretation of these findings is that some microglia undergo alternative

activation after ischemia and produce anti-inflammatory cytokines and IGF-1 and, thus,

limit ongoing inflammation that would otherwise lead to infarct size expansion beyond 24 h.

Alternatively, this could also be accomplished by microglia phagocytosing or otherwise

limiting the function of invading neutrophils.

A series of studies using transplantation of cultured microglia to limit ischemic injury

provide further evidence that microglia may have beneficial effects after ischemia. Kitamura

and colleagues injected 4000–50,000 microglia cultured from neonatal rats into the lateral

ventricles of adult rats 1 h into a 2 h transient MCAO procedure. They found that

transplanted microglia were present in the infarcted striatum at 8 days after injury [84] and

reduced infarct size at 3 days, as well as improved behavioral outcome (longer times on the

rotor rod) at 8 days after MCAO [85]. Similarly, neuronal death and functional deficit after

global ischemia induced by two-vessel occlusion could be reduced in gerbils by intra-arterial

injection of 106 cultured microglia immediately before ischemia or after reperfusion [86].

The mechanism by which transplantation of microglia reduces ischemic injury is unclear.

While it is possible that a higher number of microglia are more efficient at limiting invading

neutrophils, the constitutively mildly activated cultured microglia may also elicit an

additional immune response in the brain, which then leads to secondary protection. A

balance between injury and regeneration determines the final extent of tissue damage after

an ischemic insult. While microglia may participate in limiting injury, evidence suggests

that they may also support regeneration after ischemia. Cultured microglia that are activated

by IFN-γ or IL-4 can promote neuronal differentiation of embryonic neurospheres in culture,

partly through IGF-1 signaling [87]. Similarly, microglia proliferate in the subventricular

zone (SVC) and remain there for up to 16 weeks after transient MCAO in rats, during which

time neurogenesis is active in this region. At the same time, IGF-1 production is increased in

the SVC. By contrast, microglial activation and proliferation in the infarct and penumbra

peak at 2 weeks after MCAO and decline thereafter. These findings have led to some

speculation that proliferating microglia in the SVC may provide long-term support for
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neurogenesis in that region after ischemia [88]. However, this is a controversial topic since

there is also evidence that microglia may hinder neurogenesis. In a recent study, rats treated

with minocycline for 4 weeks after transient MCAO had improved functional outcome after

6 weeks. Although infarct size was not affected by minocycline, fewer activated microglia

were present in the dentate gyrus; and this was accompanied by a marked increase in

neurogenesis, as assessed by 5-bromo-2-deoxyuridine (BrdU) and NeuN double-labeled

cells [89].

Much of the evidence supporting a detrimental role of microglia after brain ischemia in vivo

is indirect and derived from observations of negative effects of signaling pathways attributed

to microglia. A prime example is TLR4, which is expressed in high levels at the cell surface

of microglia and is activated by LPS, as well as DAMPs such as HSP and HMGB1 (Box 2

& Figure 3). Some strains of mice either have a deletion of the tlr4 gene (C57BL/10ScNJ) or

possess a tlr4 gene with a point mutation that renders cells that express the TLR4 protein

hyporesponsive to LPS (C3H/HeJ). Neuronal death and infarct size after global, as well as

focal, ischemia is reduced in both of these mouse strains, as is NF-κB activation [90–93]. Of

note, since cerebral blood flow was not measured in these studies, it is unknown whether

insult severity was similar between experimental groups. It should also be noted that neither

neurological outcomes nor infarct volume following MCAO has been reported to date in the

genetically engineered TLR4−/− mice used for the genomic studies on pMG shown in Figure

2. TLR4 protein expression was upregulated in WT mice after global [93], as well as focal

[91], ischemia, and was detected in astrocytes and in lectin-positive microglia [91]. TLR4 is

also expressed at high levels by peripheral macrophages and to a lesser extent by neurons

[94,95]; therefore, microglia may not account exclusively for the beneficial effect of TLR4

abrogation. Additional support for the notion that microglia are mediators of ischemic

damage comes from experiments investigating the induction of ischemic tolerance by LPS

preconditioning (PC) (Box 3). LPS PC, which likely involves signaling via TLR4, not only

reduces infarct size after MCAO, but also blocks microglial activation and infiltration of

neutrophils 48 h after MCAO [74]. Furthermore, TLR4 (and by implication, microglia)

appears to be instrumental in inducing ischemic tolerance by ischemic PC (IPC) (Box 3).

While TLR4-deficient mice generally are advantaged after permanent MCAO and sustain

smaller infarcts compared with WT mice (28 vs 35 mm3), they are resistant to IPC, which

leads to only 18% reduction of infarct size after 6 min PC ischemia compared with a 60%

reduction seen in WT animals [96].

In summary, the role of microglia in cerebral ischemic injury has been examined using a

great variety of in vivo experimental paradigms. It is noteworthy that there are some

significant discrepancies between how microglia behave in vivo compared with in vitro. For

example, in vivo microglia tend to proliferate in the ischemic penumbra following stroke

whereas in vitro they exhibit significant cell death under severe hypoxic/hypoglycemic

conditions. This may be due in part to secretion of growth factors by neighboring astrocytes

and neurons in the in vivo setting. Alternatively, this difference may be due to the greater

availability of potentially metabolizable sources of energy (most notably lactate) in vivo, but

not in vitro. More broadly however, the in vivo findings clearly demonstrate that microglia

function as a central cell type in the pathophysiology of cerebral ischemia. However, the

heterogeneity of these experimental paradigms, the diversity of findings reported and the

limitations in the specificity of microglial markers combine to make it difficult to extract an

exact role specifically for microglia in the ischemic cascade. What is clear, however, is that

microglia are rather complex actors within the interplay of injury and regeneration after

cerebral ischemia in vivo. It is also clear that microglia act in concert with peripheral

immune cells, as well as other CNS-intrinsic glial cells (particularly astrocytes), to

orchestrate both neuroinflammatory and neuroprotective responses.
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Role of microglia in stroke in humans

Similar to the in vivo animal model studies previously discussed, a number of histological

studies have documented the presence of activated microglia in the ischemic penumbra

following stroke in humans. Abundant reactive microglia/macrophages (as determined by

cellular morphology, as well as by immunostaining for a variety of surface antigen and

cytokine markers) have been found in the ischemic core within 1–2 days following ischemic

infarction [105,106]. These cells persist in the ischemic hemisphere for a number of weeks

following stroke. Microglia/macrophages were found predominantly at the periphery of the

ischemic core with significant extension into the peri-infarct zones. Interestingly, there have

been several case reports from autopsies of patients who died shortly after a cerebral

ischemic insult who also had an underlying medical condition resulting in near-complete

depletion of bone marrow reserve. In one case, robust microglial/macrophage staining was

observed in the infarcted cortex 10 days following the event [107]. The authors argued that

this finding supported the concept of an intrinsic brain-derived origin for these macrophage-

like cells. In another case, macrophage-like cells in the infarcted lesion were scarce [108].

Correspondingly, the authors suggested a predominantly hematogenous origin for

macrophage-like cells in stroked human brain in patients without underlying bone marrow

depletion (i.e., the vast majority of stroke patients). Despite technical advances in

microscopy, the question of origin of the macrophage-like cells in stroked human brain has

been difficult to fully resolve using traditional staining and immunohistochemistry

approaches. However, novel radiologic methods have provided data that has led to important

insights into the temporal and spatial dynamics of inflammatory cell infiltration into the

ischemic brain in humans.

PET imaging of radiolabeled ligand11C-(R)-PK11195 has been used effectively to map the

presence of activated microglia/macrophages in a variety of neurological diseases, including

stroke [109]. Using this method, combined with structural brain imaging by MRI, Price et

al. sequentially and quantitatively demonstrated that intrinsic activated microglia map to the

peri-infarct zone in the subacute phase of ischemic stroke (Figure 6) [110]. Importantly,

these findings were corrected for changes in cerebral blood volume (CBV) and referenced to

non-involved ipsilateral cerebellar tissue [110]. The temporal characteristics of the response

showed minimal binding within the first 72 h after stroke but rose significantly over the first

week with some reduction by weeks 3 to 4. Spatially, binding was high within the ischemic

core within 48 h but did not extend to the peri-infarct zones until 7–10 days after stroke

onset. The authors commented that the extended time period for maximal 11C-(R)-PK11195

signal (and presumptive microglial activation/macrophage infiltration) may present a target

for novel therapeutic agents designed to limit late neuronal damage and improve outcome

[110]. Another PET study in human stroke patients reported long-lasting and significant

increases in 11C-(R)-PK11195 binding in the thalamus ipsilateral to the affected hemisphere

[111]. This increase was again observed 7 days after the infarct and persisted for a period of

more than 4 weeks. The authors suggested that these findings indicated pathologic changes

secondary to retrograde or anterograde degeneration of connecting fibers. A MRI-based

study using USPIO particles suggested hematogenous uptake of macrophages within brain

parenchyma within a similar time frame but independent of BBB function [112]. Another

recent study of neutrophil migration in ischemic stroke suggests that there is a

heterogeneous response across ischemic strokes of similar types, of which microglia form

only a part [113]. These latter two studies in human stroke [112,113], along with similar

data in rodent models [9,10], are important reminders that the role of microglial activation in

ischemic stroke pathophysiology needs to be viewed in the context of a broader post-stroke

immune response.
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To summarize the above histological and radiological data from humans, it is likely that

both intrinsic brain-derived microglia and invading peripheral macrophages enter the

ischemic penumbra in large numbers following stroke in humans. The overall temporal and

spatial dynamics of this response in human stroke resembles that described in the various in

vivo animal models discussed in the previous section, although the time intervals involved

for both infiltration and persistence of inflammatory cells in the ischemic human brain are

significantly longer.

Therapeutic approaches targeting microglial function in stroke

Several means of modulating microglial responses are currently under investigation as

potential therapeutic interventions in a variety of neurological diseases [58]. There is some

in vitro evidence to suggest that specific viral vectors can be used to carry out effective

targeted gene delivery to microglial cells [114]. The ability of viral vectors to carry out

similar functions in vivo awaits further investigation. Work by several groups have

demonstrated that modulating the systemic immune system by active or passive

immunization with myelin-derived proteins can markedly reduce infarct volume and

attenuate the neuroinflammatory response following acute ischemic injury [115,116].

Interestingly, administration of LPS at the time of reperfusion in these tolerization models

results in sensitization to CNS antigens (rather than tolerance), increases in classical

proinflammatory responses in the brain and worsening of neurological outcome [117].

While the mechanism of this LPS-triggered transformation from tolerance to sensitization in

not completely understood, it likely involves modulation of both the innate and adaptive

immune responses in both the brain and the periphery. Finally, pharmacologic agents that

modulate microglial function (either by attenuation of classical proinflammatory pathways

or by stimulation of alternative immunomodulatory programs) are of particular interest. As

mentioned above, minocycline has anti-inflammatory properties related to the

downregulation of microglial activation. In one small randomized, controlled, clinical trial

in which minocycline (or placebo) was administered orally for 5 days starting within 6–24 h

of stroke onset, neurological outcomes at 90 days were significantly better in the

minocycline-treated patients [118]. Larger randomized clinical trials will be required to

determine if minocycline is an effective treatment for acute ischemic stroke. In addition,

since minocycline has multiple mechanisms of action, additional basic science mechanistic

studies will be required to determine the contribution of microglial inhibition to any

potential therapeutic effect. As previously described, multiple specific molecular targets that

are expressed extensively, albeit not exclusively, on microglia are actively being

investigated as potential therapeutic targets in acute ischemic stroke in humans. These

include TLRs, thrombin receptor (proteolytically activated receptor [PAR]1) and

prostaglandin receptor antagonists. Much of the focus to date has been on the ability of these

antagonists to attenuate deleterious inflammatory responses in the penumbra following

stroke (and thus be used as treatments in the immediate aftermath of stroke). However, data

from PC studies suggests that pharmacologic agonists for these same signaling systems

could be useful as pre-emptive protective agents [38,119]. A major theme in these PC

studies focuses on the ability of the PC stimulus to attenuate and reprogram the CNS

inflammatory response to subsequent injurious ischemia [74,99]. Although this strategy, at

first glance, might seem impractical, it is important to keep in mind that robust clinical

epidemiological data indicate high rates of ischemic stroke in the immediate aftermath of a

transient ischemic attack [120] or in the perioperative period following particular surgeries

such as carotid endarterectomy [121] and coronary artery bypass [122]. Thus, with the ready

identification of large numbers of immediate high stroke-risk patients, pre-emptive/

protective approaches, including ones that target microglia/macrophages, become more

plausible and attractive.
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Future perspective

Therapeutic strategies that specifically target microglia are not yet available; however, the

use of viral vectors, immune tolerance strategies and specific pharmacological agonists/

antagonists all represent viable approaches to future therapies for acute ischemic stroke. All

of these approaches could plausibly modulate microglial function to a large extent following

ischemic injury. Given the complex interplay between intrinsic brain-derived microglial

responses and peripheral immune cell responses following stroke; and the fact that microglia

and peripheral macrophages share extensive overlap in their surface antigen repertoire and

cellular receptor profile, it may be neither feasible nor desirable to fashion future therapeutic

approaches that target microglia to the exclusion of macrophages. A more promising

approach might be to pursue strategies that result in favorable modulation of, and

complementary shifts in, the genomic profile and phenotypic state of both of these critical

immune cell types in the setting of ischemia. As described above, recent in vitro and in vivo

studies on microglia have identified a number of molecular targets and signaling systems,

modification of which could result in these desired effects. In characterizing the efficacy of

these various therapeutic approaches in a nimal model systems, it may be helpful to use a c

ombination of immunohistochemical, ex vivo flow cytometric and radiological methods to

assess cell-type specific effects on microglia and invading macrophages in addition to

monitoring stroke outcome measures. A comprehensive dataset of this nature can then be

used to o ptimize and refine therapeutic approaches in an iterative manner and to add

considerably to our mechanistic understanding of ischemic stroke pathophysiology.

Box 1. Hypoxia inducible factor

■ Hypoxia inducible factor (HIF)-1 is a heterodimeric transcription factor that

consists of the constitutively expressed HIF-1β subunit and the oxygen-tension

regulated HIF-1α subunit. In the presence of oxygen, hydroxylation of the

proline residues in the oxygen-dependent degradation domain of HIF-1α is

catalyzed by the prolylhydroxylase proteins prolylhydroxylase protein

(PHD)-1 and -3 [28].

■ Prolyl-hydroxylated HIF-1α is subsequently targeted for ubiquitin-dependent

degradation. Thus, HIF-1α is present only at very low levels under normoxic

conditions.

■ However, in hypoxic conditions, PHD-1 and -3 are themselves targeted for

ubiquitin-dependent degradation leading to stabilization of HIF-1α. HIF-1α
enters the nucleus, dimerizes with HIF-1β (to form the HIF-1 complex) and

promotes transcription of genes with hypoxia response elements (HRE) in their

promoter regions (Figure 3) [28]. These genes encode proteins involved in

glucose transport/metabolism (glucose transporter-1 and

phosphoglyceratekinase-1), vascular tone (adrenomedullin and endothelin-1),

proliferation (PDGF and TGF-β), angiogenesis/neuroprotection (erythropoietin

and VEGF) [28].

■ Many of these HIF-1-induced genes enhance hypoxic resistance and some

researchers have hypothesized that HIF-1 plays an important role in

neuroprotective phenomena, such as ischemic preconditioning (Box 3) [29].

Box 2. Toll-like receptors

■ Toll-like receptors (TLRs) are a family of pattern-recognition receptors

involved in the identification of, and response to, foreign pathogens.
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■ To date, 11 TLRs have been identified in mammals, and each recognizes

different pathogen-associated molecular patterns. TLRs are expressed on

antigen-presenting immune cells and are critical in the innate immune

response.

■ The TLR family includes receptors for bacterial cell wall/membrane

components, such as lipotechoic acid (TLR2), peptidoglycan (TLR2) and

lipopolysaccharide (LPS; TLR4). Other TLRs specifically recognize viral

RNA (TLR3) and DNA (TLR9) molecules as well as bacterial cellular

structures such as flagellin (TLR5) [37,38].

■ TLR4 induces signaling through recruitment of two competing sets of

intracellular adaptor proteins: first, myeloid differentiation factor 88 (MyD88)

and MyD88 adaptor-like protein (Mal) and, second, Toll–IL-1 receptor

domain-containing adaptor factor (TRIF) and TRIF-related adaptor molecule

(TRAM) (Figure 3).

■ Recruitment of the MyD88/Mal adaptor protein set leads to formation of the

IL-1 receptor-associated kinase (IRAK) complex and downstream signaling

cascades resulting in activation of the nuclear transcription factor NF-κB.

■ Activation of NF-κB in turn initiates a robust proinflammatory genomic

program that includes induction of expression of cytokines such as TNF-α and

IL-6. By contrast, recruitment of the TRIF/TRAM adaptor proteins results in

downstream signaling that activates IRF3.

■ Activation of IRF3 in turn induces cell protective and anti-inflammatory

changes in gene expression, including induction of immunomodulatory

cytokine IFN-β. Activation of TLRs by endogenous ligands released from

ischemia-injured cerebral vasculature and parenchyma has been proposed as a

possible mechanism for initiation of proinflammatory responses in stroke

(Figure 3) [37]. These endogenous ligands are sometimes referred to as

danger-associated molecular patterns.

■ Proposed endogenous activators of TLRs include components released from

necrotic cells (heat shock proteins [HSP], high mobility group box 1),

extracellular matrix (fibronectin, hyaluronic acid and heparan sulfate),

damaged blood vessels (fibrinogen/fibrin) and immune cells (defensin and

elastase).

■ Many of these studies are limited by the possibility of LPS contamination in

commercial-grade tissue/plasma-derived reagent preparations [39]. However, a

recent carefully controlled investigation using highly purified, low endotoxin

reagents has confirmed HSP60 as a legitimate endogenous activator of TLR4

[40]. In this study, HSP60 triggered neuronal injury in a mixed cortical cell

culture model specifically by activating microglia in a TLR4- and MyD88-

dependent manner.

Box 3. Preconditioning induces tolerance to subsequent ischemic insults
by a brief exposure to ischemia or other non-lethal stress

■ Ischemic preconditioning (IPC) imposes a brief episode of ischemia to induce

a delayed window of transient tolerance. The protective effect of IPC requires

24−48 h to develop but is extremely robust and has been confirmed in

numerous animal models. Whether the human brain can be preconditioned to
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tolerate ischemia is unknown. A number of recent clinical studies suggest that

stroke patients who suffered a recent prior transient ischemic attack (TIA) have

better outcomes than those who did not, implying that a human correlate to

experimental IPC exists [97,98].

■ A number of additional stimuli can induce similar cross-tolerance towards

ischemia, including short episodes of hypoxia, cortical spreading depression,

hyperthermia, certain drugs and lipopolysaccharide (LPS).

■ The mechanism of LPS-induced preconditioning (PC) in the brain is an active

area of investigation [74,99]. The specific cell type(s) that mediate the effect

are unknown; however, LPS-induced PC strongly attenuates the robust

microglial cell activation seen in the ischemic penumbra following prolonged

ischemia [74].

■ In addition, the proinflammatory cytokine TNF-α, which is made

predominantly by microglia in the brain [100], appears to play a critical role in

LPS-induced PC as the phenomenon is completely absent in TNF-α-knockout

mice [99].

■ PC genetically reprograms the brain's response to ischemia, which in turn

forms the basis of ischemic tolerance [101]. Novel genomic approaches have

recently been introduced and have demonstrated a striking array of gene

expression changes in whole brain following a PC stimulus [101].

■ Interestingly, genetic reprogramming induced by PC using the antibiotic

erythromycin attenuates the expression of inflammatory mediators after

ischemia [102]. This PC-induced reprogramming may involve alternative

activation of microglia, which is characterized by preferential expression of

anti-inflammatory mediators and downregulation of proinflammatory

cytokines [18].

■ A recent study indeed found that the inflammatory response to stroke after

LPS-induced PC was shifted in this way to a type I interferon response,

mediated by signal transduction through IRF3 [103].

■ The relevance of this phenomenon for ischemia-induced PC is unclear,

however, since recent observations suggest that the innate immune response

can differentiate between pathogen-associated molecular patterns such as LPS,

and danger-associated molecular patterns such as HSP60 or HMGB1, which

are released after ischemia [104].

■ The cell type-specific contribution of microglia to these genomic changes and

the preconditioning phenomenon is currently under investigation.

Executive summary

Microglia & neuroinflammation in stroke

■ A robust inflammatory response occurs in the ischemic penumbra following

stroke. This response begins immediately but evolves over hours and days.

■ The response is complex and multifaceted but is characterized in part by an

influx of leukocytes and a marked alteration in the microglial phenotype.

■ Responding to soluble signals from ischemic neurons and astrocytes, as well as

plasma-derived factors, microglia proliferate and undergo a shift in their
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effector program, transforming their morphology and releasing both

proinflammatory and immunomodulatory compounds.

■ The microglial response is modulated directly by ischemia itself and through

exposure to danger-associated molecular patterns (DAMPs) released in the

injured brain.

Effects of experimental ischemia on microglia: in vitro studies

■ In culture, severe ischemic conditions induce significant reductions in

microglial viability.

■ Microglia are considerably more sensitive than astrocytes to ischemic injury.

■ While direct effects of ischemia on classical proinflammatory parameters in

microglia are modest, combined hypoxia/hypoglycemia induces significant

and broad-spectrum changes in the microglial genomic profile.

■ Ischemia induces robust activation of hypoxia inducible factor (HIF)-1 in

microglia and expression of downstream HIF-1 gene targets (VEGF and

Glut-1).

■ HIF-1 responses in microglia are augmented by DAMP-induced activation of

surface receptors, including Toll-like receptors (TLRs).

■ Coculture and medium transfer experiments demonstrate that microglia

respond to soluble signals released from ischemic neurons and glia.

Effects of experimental ischemia on microglia: in vivo studies

■ Immunohistochemical and ex vivo flow cytometric techniques have defined the

temporal and spatial dynamics of immune cell infiltration in the ischemic

penumbra.

■ Microglia are the first responders, followed closely by neutrophils and

macrophages, and later by lymphocytes.

■ Positron emission tomography (PET) tracing microglia/macrophage selective

radioligands and novel MRI techniques using ultra-small particles of iron

oxide (USPIO), have confirmed a robust microglial/macrophage presence in

the ischemic penumbra following stroke.

■ A transgenic mouse model that allows for selective ablation of proliferating

microglia/macrophages has hinted at a neuroprotective function for myeloid

cells in the acute phase of ischemic stroke.

■ Microglia also participate over longer time intervals in postischemic

regeneration and neurogenesis.

■ A number of in vivo studies have implicated microglia as a critical cell-type in

both the lipopolysaccharide preconditioning and ischemic preconditioning

(IPC) phenomena.

Role of microglia in stroke in humans

■ PET and MRI techniques have confirmed the presence of activated microglia

and macrophages in the peri-infarct zone during the subacute phase of stroke

in humans.

■ The temporal and spatial dynamics of the inflammatory response in human

stroke is similar to that seen in animal models; however, the time intervals for

infiltration and persistence of microglia/macrophages are longer in humans.
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Therapeutic approaches targeting microglial function in stroke

■ Strategies employing myeloid selective viral vectors, as well as both passive

and active immunization approaches are ongoing areas of research in the field.

■ Numerous pharmacologic agents that modulate microglial function are also

under investigation.

■ Some of these pharmacologic agents function as receptor antagonists that

dampen the inflammatory response following stroke and are thus envisioned as

treatments in the immediate aftermath of stroke.

■ Other agents function as either receptor agonists or activators of protective

signaling pathways that could be used clinically in a pre-emptive manner in

selective populations of patients at high and immediate risk for stroke.
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Figure 1. Induction of hypoxia-inducible factor-1 and its downstream gene targets in primary
microglia

For determination of total cellular  (A), wild-type (WT) primary mouse microglia

(pMG) were serum-starved and then either unstimulated, stimulated with cobalt chloride

(200 μM) or treated under hypoxic conditions (pO2 = 1%) for 6 h. Lysates were prepared

and total cellular HIF-1α ELISA carried out as per manufacturers' instructions (R&D

Systems, MN, USA). In (B & C), serum-starved pMG were exposed to either normoxic

(pO2 = 21%)/normoglycemic (5 mM glucose) conditions or hypoxic (pO2 = 1%)/

hypoglycemic (250 μM glucose) conditions ± 100 EU/ml LPS (Associates of Cape Cod,

Inc., MA, USA) for 24 h. Total RNA was extracted and samples were processed by qRT-

PCR for steady-state levels of VEGF and Glut-1 mRNA as described [42]. In (A−C), each

bar in the graph shows the result of a representative individual experiment (n = 2 for all

conditions).

HIF: Hypoxia inducible factor; LPS: Lipopolysaccharide.
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Figure 2. Microarray analyses on wild type and TLR4
−/− primary mouse microglia following

exposure to experimental or control conditions

WT and TLR4−/− primary mouse microglia (pMG) were exposed to hypoxic/hypoglycemic

(`ischemic') or normoxic/normoglycemic (`control') conditions for 24 h in triplicate. All

cells were then exposed to 24 h of normoxic/normoglycemic (`reperfusion') conditions.

RNA was extracted, analyzed and processed for cDNA synthesis and cDNAs were

hybridized to a Mouse Gene 1.0 ST Array and raw data processed, normalized and analyzed

as described [43,44]. Individual genes with evidence for significant differential expression

between strains (WT vs TLR4−/−) and/or conditions (ischemia–reperfusion vs control) were

identified as described [45]. Comparisons showing distinct and overlapping subsets of

regulated individual genes are presented as Venn diagrams (A). Individual genes were sorted

into biological processes (BP) using gene-set enrichment analyses (GSEA), as described

[46,47]. Differential ischemia-induced regulation of selected BP categories between strains

is presented here as a bar graph (B). All microarray data have been deposited in the Gene

Expression Omnibus Database under accession number GSE18602.

KO: Knockout; TLR: Toll-like receptor; WT: Wild-type.
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Figure 3. Select TLR4 and HIF-1α signaling pathways in microglia

Pathways associated with normoxia, hypoxia/ischemia and TLR4 activation by LPS are

outlined in blue, red or green, respectively. †DAMPS include HSP, HMGB1 and other

endogenous ligands for TLR4.

DAMP: Danger-associated molecular pattern; HIF: Hypoxia inducible factor; LPB: LPS-

binding protein; LPS: Lipopolysaccharide; PHD: Prolylhydroxylase protein; TLR: Toll-like

receptor; TRAM: TRIF-related adaptor molecule; TRIF: Toll–IL-1 receptor domain-

containing adaptor factor.
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Figure 4. Summary of findings and model of the ischemic penumbra

(A) Representative confocal micrographs of the healthy rat cortex, showing the dense

network of ramified microglia whose processes are in close apposition to the neurons. Scale

bars: left, 200 μm; right, 10 μm. A higher-magnification image shows a typical microglial

cell with processes abutting the neuronal cell body (near top) and wrapping around the

axonal processes. Microglia are labeled with a rabbit polyclonal antibody against a

membrane protein, IBA1, and an Alexa 488-conjugated goat anti-rabbit secondary antibody

(green). Neurons are labeled with a mouse monoclonal MAP2 antibody and Cy3-conjugated

goat antimouse secondary antibody (red). (B) After a stroke, an inflammatory response

develops over time, microglia become activated (their processes retract and they migrate to

the damage site), and neuronal damage propagates into the surrounding tissue, the ischemic

`penumbra'. Note that the colors are reversed from (A); microglia (red) are labeled with

IBA1 antibody and a Cy3-conjugated secondary antibody, whereas rat cortical neurons

(green) are labeled with microtubule-associated protein-2 and a FITC-conjugated secondary

antibody. Author's interpretation [49]: “In these representative confocal micrographs from

the rat brain after a stroke, microglia (green) are ramified and densely distributed in the

uninjured contralateral hemisphere (top image), but retract their processes and eventually

become rounded up as they progressively activate on the damaged ipsilateral side (bottom

two images). In this study, using an in vitro model of the stroke penumbra, we identified

several events: glutamate, released by the oxygen–glucose deprivation-stressed neuron–

astrocyte cultures, reached sufficient concentrations to stimulate microglial mGluRIIs; this

stimulation was blocked by the selective mGluRII antagonists, EGLU or LY341495;

microglial activation was accompanied by activation of NF-κB, not p38 MAPK; activated

microglia produced and released TNF-α; TNF-α interacted with the target neurons,

activating their p55/TNF1 receptors, as judged by activation of caspase-8. Neurotoxicity was

reduced by scavenging TNF-α with sTNFR1; the target neurons died by apoptosis, as judged

by caspase-3 activation and TUNEL; caspase 3 activation was required for excess neuron

killing, because it was prevented by the caspase-3 inhibitor, DEVD-CHO, and by the broad-

spectrum caspase inhibitor, Boc-D-FMK.”

mGluR: Metabatropic glutamate receptor II; sTNFR1: Soluble TNF-α receptor 1; TNFR:

TNF receptor.

Adapted with permission from [49].
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Figure 5. Temporal course of infiltration of inflammatory cells in experimental models of stroke

Activated microglia appear in the ipsilateral hemisphere early after focal ischemia, followed

by an influx of neutrophils into the parenchyma. Macrophage infiltration after ischemia is a

later event in most experimental paradigms.
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Figure 6. 11C-(R)-PK11195 radiolabeled activated microglia map to the peri-infarct zone in the
sub-acute phase of stroke in humans

Case shown depicts PET and MRI imaging findings at 2, 13 and 30 days postischemic

infarction in the left basal ganglia of a 43-year-old woman. A color binding potential scale

referring to the left hand column is provided. The right hand column demonstrates

significant binding potential within the ischemic core (purple) and peri-infarct penumbra

(green).

Adapted with permission from [110].
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