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Abstract

Astrocytes are critical regulators of neuronal function and an effective target for stroke therapy in 

animal models. Identifying individual targets with the potential for simultaneous activation of 

multiple downstream pathways that regulate astrocyte homeostasis may be a necessary element for 

successful clinical translation. Mitochondria and microRNAs each represent individual targets 

with multi-modal therapeutic potential. Mitochondria regulate metabolism and apoptosis, while 

microRNAs have the capacity to bind and inhibit numerous mRNAs. By combining strategies 

targeted at maintaining astrocyte function during and following cerebral ischemia, a synergistic 

therapeutic effect may be achieved.
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I. Introduction

Stroke remains a leading cause of death worldwide and the primary source of long-term 

neurological disability [1]. Despite hundreds of clinical trials investigating promising agents 

shown to improve neuronal survival in rodent models of stroke, the only effective clinical 

therapy remains minimizing the duration of ischemia via early thrombolysis [2]. One reason 

for the failure to translate successful findings in animal models to practical clinical therapies 

may reside in the complexity of signaling responses that occur within and between different 

cell types, reducing the likelihood that altering any single target will be effective. This 

suggests that identifying and testing single interventions that target multiple mechanisms to 

promote neuroprotection within the central nervous system (CNS) is a necessary next step in 

broadening the search for effective therapies to minimize injury and improve outcome 

subsequent to stroke.

As the most abundant cell in the human brain, astrocytes represent an attractive cellular 

candidate for stroke therapy. Individual astrocytes occupy discrete domains, with less than 

5% overlap of processes with adjacent astrocytes [3]. In rodent hippocampal grey matter an 

individual astrocyte may contact up to 100,000 neurons [4, 5] and human astrocytes are even 
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larger and more complex [6], emphasizing the significant role individual astrocytes play in 

neuronal regulation, synaptic transmission, and signal integration. Astrocytes also function 

as a coordinated syncytium by communicating with adjacent astrocytes via intercellular gap 

junctions located on extended processes [7], providing an additional astrocyte-dependent 

layer regulating the neuronal network. Because astrocytes have been shown to directly 

modulate neurotransmission, the association between astrocyte processes and neuronal 

synapses has earned the name “tripartite synapse” [8]. Astrocytes perform several aspects of 

neural housekeeping including: active uptake of extra-synaptic glutamate, regulating K+ 

homeostasis, maintaining the integrity of the blood-brain-barrier, clearing metabolic waste 

products, and buffering excess production of reactive oxidants (Fig. 1) [9-11]. During 

stroke, astrocytes have the potential to either protect neurons via these housekeeping 

mechanisms, or exacerbate injury by secreting glutamate, pro-inflammatory molecules and 

facilitating the formation of edema [12, 13]. The potential for astrocytes to either exert a 

multi-modal protective effect versus a damaging one further defines their critical role in 

stroke outcome; their multifaceted nature as potential targets for stroke therapy has been 

recently reviewed [14].

Astrocyte-targeted strategies for stroke therapy

Cerebral ischemia occurs in a number of disease states, including embolic and hemorrhagic 

stroke, subdural and epidural hematoma, subarachnoid hemorrhage, traumatic brain injury, 

cerebral edema, vascular compression secondary to brain mass, cardiac arrest, or any 

physiologic condition resulting in a low cardiac output state. In the experimental setting, two 

widely utilized in vivo rodent models include transient middle cerebral artery occlusion 

(MCAO) to model ischemic stroke, and forebrain ischemia or four-vessel occlusion to 

model transient global cerebral ischemia, as seen clinically with cardiac arrest and 

resuscitation. MCAO is characterized by the rapid development of a core of irreversible 

necrotic cell death commonly in striatum and parts of the motor cortex, surrounded by a 

margin of hypoperfused tissue termed the penumbra (or ischemic boundary zone). Neurons 

in the penumbra may either survive by inducing pro-survival signaling pathways, or die later 

following reperfusion (delayed neuronal death) by initiating pro-apoptotic pathways [15]. 

This vulnerable region of brain therefore represents a potential target for therapeutic 

strategies that seek to improve clinical outcome by ultimately minimizing the total volume 

of infarct, and has been an area of intense scientific focus. However, concerns have been 

raised that in human ischemic stroke, reperfusion is more delayed and less complete than in 

the MCAO model.

Another setting is that of global or transient forebrain ischemia, which mimics the global 

hypo-perfusion that occurs with cardiac arrest and resuscitation. When the ischemic time is 

short this results in delayed neuronal cell death occurring primarily in the hippocampus. In 

this model neuronal cell death occurs selectively in the hippocampal cornu ammonis 1 

(CA1) subregion, while neurons in the nearby dentate gyrus (DG) are preserved, a 

phenomenon independent of regional perfusion differences.

Despite the clear role astrocytes play in maintaining neuronal homeostasis, few studies have 

investigated the effect of directly targeting astrocyte survival in the setting of cerebral 
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ischemia. However, of the recent studies undertaken specifically targeting astrocytes, several 

strategies for improving outcome following stroke have been shown to be effective in rodent 

models. Induction of brain-derived neurotrophic factor (BDNF) in astrocytes reduced 

neuronal apoptosis and improved functional recovery [16]. Astrocytic pyruvate protected 

against glutamate excitotoxicity via a glutathione-dependent mechanism [17]. Ceftriaxone 

treatment, which induces astrocytic glutamate uptake via increased transporter (glutamate 

transporter 1/GLT-1, excitatory amino acid transporter 2/ EAAT2) expression, decreased 

neuronal injury [18]. We utilized a genetic approach to generate astrocyte-specific 

overexpression of superoxide dismutase 2 (SOD2), an endogenous mitochondrial 

antioxidant, using the astrocyte-specific glial fibrillary acidic protein (GFAP) promoter [19]. 

Overexpression of SOD2 in astrocytes was accompanied by preservation of GLT-1, and 

reduced evidence of oxidative stress in the CA1 region [19]. Similarly, selective 

overexpression of GLT-1 in astrocytes provided neuroprotection from moderate hypoxia 

ischemia [20]. Although astrocyte-targeted studies have been limited, successful strategies 

have encompassed several independent mechanisms. Approaches that harness a larger 

number of protective targets may prove to be more clinically effective.

III. Mitochondria: master regulators of cell survival

Therapeutic strategies seeking to optimize mitochondrial homeostasis may offer a single 

approach to influence multiple injury pathways. Mitochondria are central regulators of 

apoptosis, buffer increases in the concentration of free cytosolic calcium ([Ca2+]c), and 

maintain availability of ATP. Disruptions of mitochondrial homeostasis induce both 

apoptotic and necrotic cell death following cerebral ischemia. Depletion of energy reserves 

leads to a massive rise in free [Ca2+]c, both from the endoplasmic reticulum (ER) and from 

the extracellular space, which is transmitted to the matrix of mitochondria by voltage-

dependent anion channels (VDACs) on the outer mitochondrial membrane and the 

mitochondrial Ca2+ uniporter (MCU) on the inner membrane (Fig. 2). Direct transfer of 

Ca2+ from ER to mitochondria can occur at sites of ER-mitochondrial apposition termed the 

mitochondrial-associated membrane (MAM) containing the ER-localized Ca2+-release 

channel inositol 1,4,5-trisphosphate receptor (IP3R), mitochondrial VDAC, and several 

other proteins (Fig. 2) [21]. When mitochondrial matrix Ca2+ exceeds buffering capacity, 

mitochondrial function becomes impaired and can result in opening of the mitochondrial 

permeability transition pore [22], releasing cytochrome c [23, 24] and other pro-apoptotic 

factors into the cytoplasm. MPTP opening can result in variable effects on free radical 

production, either increased or decreased, depending in part on the duration of ischemia 

[25]. Moreover, mitochondrial calcium handling and cellular buffering of reactive oxygen 

species appear to be intimately related [26], further emphasizing the central role of 

mitochondria in cell survival.

Two families of well-known cell protective proteins, the heat shock protein 70 family 

(HSP70) of chaperones and the apoptosis-regulating B-cell lymphoma 2 (BCL2) family, 

have been shown to be integral to maintaining mitochondrial homeostasis. The HSP70 

family of chaperones is a functionally related group of proteins that assist in the folding or 

unfolding of proteins, sequestration of denatured proteins, and assembly of protein 

complexes. HSP72, the strongly stress-inducible cytosolic member of the HSP70 family, is 
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known to protect from both necrotic and apoptotic cell death, and affects several different 

steps in the apoptosis cascade including reduction of mitochondria-dependent apoptotic 

signaling [27]. Astrocyte-specific overexpression of HSP72 helped preserve GLT-1 and 

reduced evidence of oxidative stress in the hippocampal CA1 region following transient 

forebrain ischemia [19]. GRP75 (HSP75/mortalin), a mitochondrial-localized member of the 

HSP70 family is an important molecular chaperone that in involved in mitochondrial Ca2+ 

homeostasis by participating in the MAM complex with VDAC and IP3R (Fig. 2) which 

regulates direct Ca2+-transfer between the ER and mitochondria [28]. Overexpression of 

GRP75 reduced damage in both in vitro and in vivo models of ischemic stroke [29, 30]. 

GRP78/BiP, another member of the HSP70 family, regulates the ER unfolded protein 

response. GRP78 is largely localized to the endoplasmic reticulum but has been shown to 

translocate to mitochondria [31], suggesting a possible role in MAM-dependent Ca2+ 

transport between ER and mitochondria (Fig. 2). Overexpressing GRP78 protected 

astrocytes against ischemic injury and preserved respiratory activity and mitochondrial 

membrane potential after ischemic stress [32]. The BCL2 protein family is a central 

regulator of cell survival by helping maintain mitochondrial membrane integrity and 

function, and coordinating apoptotic-signaling [33, 34]. Overexpressing pro-survival BCL2 

family members protected against cerebral ischemia in vivo [35, 36] and in vitro [37]. 

Cytosolic BCL2 was shown to contribute to MAM formation by localizing to both the ER 

and mitochondrial outer membranes (Fig. 2) [38], and to affect ER and mitochondrial Ca2+ 

homeostasis after cerebral ischemia [39, 40].

In addition to coordinating apoptosis, mitochondria are fundamental to maintaining ATP 

levels by oxidative phosphorylation. Neurons have a relatively high rate of ATP 

consumption, requiring a constant source of reducing equivalents to re-phosphorylate ATP 

from ADP and AMP. ATP is required to establish and maintain resting electro-chemical 

gradients, repolarize membranes after depolarization and synaptic transmission, and for a 

host of intracellular signaling and biosynthetic functions. During cerebral ischemia substrate 

for oxidative phosphorylation (i.e. oxygen and glucose) are reduced, and energy deprivation 

results in impaired cellular function and eventually cell death (for review see [41]. 

Historically, glucose has been considered the primary source of energy for neurons [42]. 

However, neurons do not normally store glucose as glycogen, and must rely on a steady 

exogenous delivery of substrate [43, 44]. Astrocytes, which can store glycogen, appear to be 

critical in maintaining a source of metabolic fuel to neurons during conditions of oxygen/

glucose deprivation [43, 44]. Evidence now suggests that lactate generated by astrocytes is 

transported into neurons via the monocarboxylate transporter-2 (MCT-2, [42], which can 

serve as a metabolic fuel to maintain basal neuronal activity, particularly when the blood 

supply of glucose is interrupted as occurs during stroke [45, 46]. Triggering astrocytic 

glycolysis is at least in part due to adenosine monophosphate-activated protein kinase 

(AMPK), an evolutionarily conserved enzyme that functions as an energy sensor by 

coupling changes in ATP supply to ATP production [47]. A recent study [48] demonstrated 

a critical role for AMPK in neuronal-astrocyte energy coupling. In vitro ischemia (oxygen-

glucose deprivation, OGD) induced neuronal release of tissue plasminogen activator (tPA), a 

strong activator of AMPK in astrocytes. This activation resulted in augmented astrocytic 

production and release of lactate, which was transported into neurons via a MCT-2-
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dependent mechanism, increasing neuronal survival. However, in the non-stressed state, and 

particularly in the post-stroke/recovery phase when energy requirements are high, a return to 

oxidative phosphorylation with glucose as the substrate is preferred [41].

The astrocytic syncytium may influence neuronal survival by coordinating the spatial 

delivery of metabolic fuels and thereby maintain both mitochondrial and cellular integrity. 

Gap junctions are permeable to both glucose and lactate [49], and have the potential to 

facilitate delivery of substrates to metabolically active neurons in local areas of decreased 

perfusion. However, the role of astrocytic gap junctions in stroke remains controversial: 

indiscriminate passage of molecules <1000 kDa may be either beneficial or harmful, 

influencing stroke outcome [50]. For example, if astrocytic gap junctions remain open 

following ischemia [51], they can allow pro-apoptotic factors and other molecules to spread 

through the syncytium, expanding the size of the infarct [52].

IV. The role of microRNAs in astrocyte-targeted strategies

microRNAs (miRs) are important post-transcriptional regulators that interact with multiple 

target messenger RNAs (mRNA) to coordinately regulate protein expression. A short (5-7 

nucleotide-long) sequence in the mature miR determines the specificity of binding to 

mRNAs, so miRs can bind multiple mRNAs and mRNAs can be bound by multiple miRs, 

creating a new and complex layer of post-transcriptional control. As targets for stroke 

therapy, miR-based strategies provide the advantage of rapid onset of action, a critical 

element in developing effective clinical treatments for stroke. A successful phase 2 trial of 

the first miR-targeted drug, a locked nucleic acid targeting miR-122 to treat hepatitis C, has 

recently been completed [53], demonstrating that rapid translation of miR-based therapies 

from bench to clinic may be possible once candidate targets are identified. Studies 

investigating the role of miRs in cerebral ischemia are recent, and most have focused on 

changes in miR expression patterns with ischemia [54-56]. Cerebral ischemia induces 

several genes [57], which activate molecular cascades leading to both necrotic cell death in 

the anoxic core, and delayed neuronal cell death in the surrounding area [58, 59].

Subsequent studies have utilized profiling data to develop interventional strategies aimed at 

manipulating levels of miRs in the brain with the goal of mitigating injury and improving 

outcome following stroke. For example, miR-497 was increased in brain after MCAO, and 

knockdown of miR-497 was protective against MCAO-induced neuronal death [60]. To 

define the role of a miR, bioinformatically predicted molecular targets complementary to the 

binding sequence of the miR are testing for the ability of the miR to suppress expression 

when the 3’ untranslated region (3’UTR) of the putative target mRNA is placed downstream 

of a luciferase reporter construct. Using this approach, miR-497 was shown to directly target 

two anti-apoptotic genes, BCL-2 and BCL-w [60]. Our group utilized this approach to 

demonstrate that two brain-enriched miRs, miR-181a and miR-29a, are important mediators 

in the evolution of injury and determining outcome following stroke. Interestingly, a recent 

[61] microarray analysis of miR expression in the four principal cell types of the CNS 

(neurons, astrocytes, oligodendrocytes, and microglia) delineated a preferential cellular 

expression pattern of individual miRs; of note, miR-181a and miR-29a appear to be more 
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highly expressed in astrocytes, corroborating both our own [62] and others’ [63] 

observations.

A recent review by our group [64] outlines in detail the effects of these astrocyte-localized 

miRs. Of interest, miR-181a and miR-29a each coordinate mitochondrial homeostasis via 

independent pathways. For example, miR-181a was shown to directly target GRP78 [65], 

anti-apoptotic members of the BCL2 family, BCL2 and myeloid cell leukemia 1 (MCL1) 

[66], and X-linked inhibitor of apoptosis (XIAP) [63], as well as additional targets involved 

in controlling mitochondrial function, redox state, and inflammatory pathways (for recent 

review see [67]. Overexpression of miR-181a in astrocytes subjected to glucose deprivation 

decreased mitochondrial membrane potential and increased reactive oxygen species (ROS) 

formation and cell death [66]. Concordant with the finding that miR-181a is expressed at 

greater levels in astrocytes, targeted reduction of miR-181a increased BCL2 and increased 

survival of primary astrocytes [66] while in primary neurons it failed to significantly change 

levels of BCL2 and did not improve survival after ischemia-like injury [68].

Regulation of mitochondrial homeostasis by miR-29 represents a more complex picture. We 

observed that miR-29a significantly increased in the resistant DG, but decreased in the 

vulnerable CA1 [62]. In the setting of in vitro ischemia, we demonstrated that miR-29a 

mimic protected and miR-29a inhibitor aggravated astrocyte injury and mitochondrial 

function by targeting the BCL2-family member p53 upregulated modulator of apoptosis 

(PUMA) [62]. However luciferase assays indicate that the miR-29 family targets both pro- 

and anti-apoptotic BCL2 family members [64]. While downregulation of miR-29 protected 

hearts against ischemia-reperfusion injury [69], upregulation of miR-29a protected neurons 

from apoptosis during both global [62] and focal cerebral ischemia [70]. Our results 

demonstrating targeting of several BCL2 family members strongly suggest that the reported 

pro-apoptotic and anti-apoptotic effects of the miR-29 family likely reflect inhibition of 

different targets in different cells and under different physiological or pathological settings. 

Indeed, verification of predicted miR targets by luciferase assay reflects only the potential to 

target in vivo; cell-type specific actions appear to play a substantial role in the physiological 

activity of individual miRs, and also require validation. However, cell-type specificity 

reveals an additional level of endogenous regulation that may be exploited for cell-type 

specific therapies aimed at reducing cerebral ischemic injury.

V. Future directions

The failure to translate successful findings in animal models to practical clinical therapies is 

likely multi-dimensional. Traditionally, stroke research has focused on exploiting a single 

mechanism, targeting a single cell type, the neuron. While methodologies overexpressing 

single genes, such as SOD2 and BCL2, have proven effective in minimizing injury in animal 

models, the clinical utility of such approaches has not been demonstrated. At this point in 

time, expanding the search for an effective clinical therapy to include multiple and 

alternative targets may be a new and helpful direction. Mitochondrial- and miR-based 

approaches each offer the unique potential for a single manipulation to evoke multiple, 

coordinated, and complementary cellular responses to improve astrocyte survival. Studies in 

our laboratory focusing on combining these modalities into a single intervention (i.e. 
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altering levels of a single miR that targets mitochondria in astrocytes) have yielded 

promising results. However, as a result of their ability to target numerous genes systemic 

administration of miRs may also have unintended effects on other organ systems, which 

may limit the clinical applicability of a given miR. Another potential pitfall of RNA-based 

treatment paradigms is miR degradation by endogenous RNAases, thereby limiting their 

pharmacological efficacy. However, in addition to their rapid post-transcriptional effect, 

miRs can be readily chemically modified to enhance both stability and transfer across cell 

membranes. Moreover, miRs have been shown to exist endogenously in the circulation 

circulation [71] and may be a novel mode of astrocyte-neuronal communication via 

exosomes [72]. Exploring more clinically relevant approaches to alter endogenous miR 

production, such as intravenous or intraperitoneal delivery of chemically-stabilized miR 

mimics and inhibitors, and investigating post-treatment effects of manipulating these 

astrocyte-enriched miRs, are essential next steps for effective clinical translation.
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Figure 1. 
Astrocyte-targeted therapies can elicit multiple mechanisms of neuroprotection. ROS = 

reactive oxygen species.
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Figure 2. 
Mechanisms for mitigating cell death include targeting endogenous regulators of 

mitochondrial homeostasis and intracellular Ca2+ handling, HSP75, GRP78 and BCL2. 

When mitochondrial matrix Ca2+ exceeds buffering capacity mitochondrial function 

becomes impaired and results in opening of the mitochondrial permeability transition pore 

releasing cytochrome c and other pro-apoptotic factors into the cytoplasm. With energy 

depletion, increased free cytosolic Ca2+ is transmitted to the matrix of mitochondria by 

voltage-dependent anion channels (VDACs) on the outer mitochondrial membrane (OMM) 

and the mitochondrial Ca2+ uniporter (MCU) located on the inner mitochondrial membrane 

(IMM). Direct transfer of Ca2+ from the endoplasmic reticulum (ER) to mitochondria can 

also occur via the mitochondrial-associated membrane (MAM) complex, formed by the ER 

inositol 1,4,5-trisphosphate receptor (IP3R), mitochondrial VDACs, and other proteins. 

HSP75 modulates the activity of MAM while GRP78 serves to mitigate Ca2+ release from 

the ER to cytosol. BCL2 coordinates both mitochondrial function and induction of 

apoptosis.
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Figure 3. 
Effective astrocyte-targeted strategies for inducing neuroprotection vary in complexity. 

“Upstream” strategies, such as increasing or decreasing endogenous miRs to improve 

astrocytic mitochondrial homeostasis, target a greater number of mechanisms and may have 

a greater downstream effect on overall cellular homeostasis and neuroprotection. BCL2 = B 

cell lymphoma 2; BDNF = brain derived neurotrophic factor; GLT-1 = glutamate 

transporter 1; GRP78 = glucose regulated protein 78 (BiP); HSP72 = heat shock protein 72; 

HSP75 = heat shock protein 75 (GRP75 glucose regulated protein 75 also known as 

mortalin); MCL1 = Myeloid cell leukemia 1; PUMA = p53 upregulated modulator of 

apoptosis.ROS = reactive oxygen species; XIAP = X-linked inhibitor of apoptosis.
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