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Abstract
Astrocytes have been shown to protect neurons and increase their survival in many pathological
settings. Manipulating astrocyte functions is thus an important strategy to enhance neuronal
survival and improve outcome following cerebral ischemia. Increasing evidence supports the
involvement of microRNAs (miRNA), some of them being astrocyte-enriched, in the regulation of
cerebral ischemia. This mini review will focus on several recently reported astrocyte-enriched
miRNAs (miR-181 and miR-29 families and miR-146a), their validated targets, regional
expression and effects on outcome after cerebral ischemia.

Keywords
Astrocyte; microRNA; miR-181; miR-29; miR-146a; cerebral ischemia

1. Introduction
Cerebral ischemia is a key pathological event in several disease states; stroke, cardiac arrest
and resuscitation, and head trauma being the most common. Stroke is one of the leading
causes of death worldwide and the leading cause of long-term neurological disability.
Despite many clinical stroke trials being conducted, the only efficacious treatment to date is
thrombolysis [5]. Similarly, clinically effective treatment for the cerebral injury resulting
from cardiac arrest and resuscitation is limited to hypothermia [4, 56]. Lack of consideration
of the role of astrocytes, the importance of cell-cell interactions, the complex interplay
among signaling pathways, and poorly defined treatment windows for specific targets are
thought to be factors in the clinical failure of many potential neuroprotective strategies.

Astrocytes play many key roles both in normal and pathological central nervous system
functioning. Astrocytes are central to K+ homeostasis, neurotransmitter uptake, synapse
formation and regulation of the blood brain barrier. Astrocytes are the most abundant brain
cell type, and in addition to multiple important homeostatic roles, they are essential to
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central nervous system development, helping to organize the structural architecture of the
brain and modulate neuronal plasticity (for recent reviews see [3, 12, 54]).

1.1 Astrocytes as targets for protection
In focal cerebral ischemia, modeled commonly in rodents as transient middle cerebral artery
occlusion (MCAO), the neurons die within hours in the center of the ischemic territory
(ischemic core) forming the initial area of infarction (see image in Fig. 1 A) while the
neurons in the adjacent peri-ischemic (penumbral) area may either survive via induction of
pro-survival signaling pathways, or die at a later period of reperfusion (delayed neuronal
death) via initiation of pro-apoptotic pathways [16]. Brief global cerebral ischemia, as seen
with cardiac arrest and resuscitation, and modeled in rodents as forebrain ischemia or four
vessel occlusion, causes delayed loss of neurons, with cornu ammonis 1 (CA1) pyramidal
neurons being most vulnerable (image in Fig. 1B), whereas the nearby dentate gyrus (DG)
neurons are relatively resistant.

It has been shown that loss of key astrocytic proteins and likely astrocyte cell death precedes
delayed neuronal death in permanent focal [31] but not in global [45] cerebral ischemia.
Astrocytic glial fibrillary acidic protein (GFAP) messenger RNA (mRNA) declined more
quickly than neuronal glucose transporter 3 (GLUT3) mRNA in the ischemic core [31]. Our
group showed that loss of glutamate transport activity and immunoreactivity for the
astrocyte-specific glutamate transporter -1 (GLT-1) in astrocytes occurred at early
reperfusion times, hours to days before the death of CA1 neurons [45].

Recently several strategies for protecting neurons by manipulating astrocytes have been
shown to be effective, and the roles of astrocytes as both neuroprotective and neuron
endangering in stroke were reviewed recently [66]. Astrocytes have been shown to protect
neurons from oxidative stress by increasing neuronal glutathione levels, and by the
interleukin 6 (IL6) pathway [19, 37, 50], and preconditioned astrocytes were shown to
release protective factors, including erythropoietin, that protected neurons [60]. In vivo
stimulation of the astrocyte specific purinergic P2Y1 receptor protected neurons from
photothrombotic ischemia [67]. Glial supporting cells were recently shown to protect
neighboring hair cell neurons by release of heat shock protein 70 (Hsp70) [33], and
induction of brain-derived neurotrophic factor (BDNF) in astrocytes by galectin-1 reduced
neuronal apoptosis in the ischemic boundary zone and improved functional recovery [49].
Ceftriaxone treatment, which induces GLT-1 expression, reduces CA1 delayed neuronal
injury in hippocampal slice culture and in transient forebrain ischemia [45]. Finally,
protection by pyruvate against glutamate neurotoxicity is mediated by astrocytes through a
glutathione-dependent mechanism [34]. Thus multiple strategies targeting astrocytes have
been found effective in protecting neurons, encompassing several distinct mechanisms.

Enhancing astrocyte resistance to ischemic stress by overexpressing a heat shock protein or
an antioxidant enzyme resulted in improved survival of CA1 neurons following forebrain
ischemia [61]. These protective proteins, HSP72, or mitochondrial superoxide dismutase,
were genetically targeted for expression in astrocytes using the astrocyte-specific human
GFAP promoter. In both cases we found protection was accompanied by preservation of the
astrocytic glutamate transporter GLT-1, and reduced oxidative stress in the CA1 region [61].
Similarly, selective overexpression of GLT-1 in astrocytes provided neuroprotection from
moderate hypoxia-ischemia [59].

1.2 miRNAs in ischemia
MicroRNAs (miRNAs) are a novel and abundant class of 19- to 22-nucleotide (nt)
noncoding RNAs that control gene expression at the post-transcriptional level. miRNAs
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bind target messenger RNAs (mRNA) and induce mRNA degradation or repression of
translation. Because the targeting or seed sequence is relatively short, individual miRNAs
have many targets, and single mRNAs can be targeted by multiple miRNAs. Increasing
evidence supports a role for miRNAs in the response to cerebral ischemia, for review see
[40, 44]. Changes in miRNAs with ischemic brain injury were first identified using miRNA
profiling techniques in focal cerebral ischemia [14, 25, 32], in forebrain ischemia [64], and
in stroke patients [55]. Recently studies have evaluated the significance of individual
miRNAs and their regional expression in ischemic brain damage. miRNAs participate in
synapse regulation and neuronal activity. The role of miRNAs in excitotoxicity and normal
physiology was recently reviewed [15]. The faster post-transcriptional effect of miRNAs,
and their ability to simultaneously regulate many target genes, suggests they may have
greater therapeutic potential for stroke than therapies targeting a single gene by direct
transcriptional control. Numerous miRNAs are expressed in a cell-specific or cell enriched
manner, some specifically in astrocytes [46, 53].

The importance of astrocytes for neuroprotection after cerebral ischemia has been reviewed
by our group and others recently [3, 54, 66]. This mini review focuses on the novel
regulation of astrocytes by astrocyte-enriched miRNAs in this setting.

2. Astrocyte-enriched miRNAs and their targets
We demonstrated recently that two brain-enriched miRNAs, miR-181a [42] and miR-29a
[46], are involved in the regulation of outcome following cerebral ischemia (Fig. 1) (see
sections 3.1 and 3.2 below). Interestingly, the literature and our experiments suggest that
both the miR-181 and miR-29 families are astrocyte-enriched [22, 46].

To define the role of a miRNA, determining its molecular targets and cellular expression are
the first critical steps. Targets are often determined by testing the ability of the miRNA to
suppress expression when the 3′ untranslated region (UTR) of the putative target mRNA is
placed downstream of the luciferase reporter gene. Several bioinformatically predicted
miRNA targets in cerebral ischemia have been validated. miR-497 was shown to be induced
in mouse brain after MCAO, and knockdown of miR-497 is protective against MCAO-
induced neuronal death [63]. miR-497 directly targets two anti-apoptotic genes, B-cell
lymphoma (BCL) 2 and BCL-w at the same time to trigger ischemic brain cell death [63]
and knockdown of miR-497 enhances BCL2 and BCL-w protein levels in the brain.

A recent microarray analyses of miRNA expression in the four principal cell types of the
CNS (neurons, astrocytes, oligodendrocytes, and microglia) using primary cultures revealed
that neural miRNA expression is highly cell-type specific, with 116 of the 351 miRNAs
examined being differentially expressed fivefold or more across the four cell types [27].
Certain miRNAs are found preferentially expressed in neurons, e.g., miR-124 and miR-128
[27, 30, 53], whereas others seem restricted to astrocytes. The next section focuses on a few
broadly conserved astrocyte enriched miRNA families and their validated targets.

2.1 miR-181 family
The miR-181 family consists of four mature members (miR-181a, miR-181b, miR-181c, and
miR-181d) from three polycistronic miRNA genes – miR-181a-1/b-1, miR-181a-2/b-2, and
miR-181c/d. The miR-181 family was first reported as an important immune cell
development regulator [9]. These studies found that miR-181a and miR-181b, are enriched
in brain [9, 35] and aberrant expression is associated with brain diseases. miR-181a and
miR-181b are reduced in human gliomas and expression is negatively correlated with tumor
grade [52]. miR-181a sensitizes malignant glioma cells to radiation by targeting anti-
apoptotic BCL2 [10]. Expression of the miR-181 family is strongly enriched in cultured
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astrocytes compared to neurons derived from neural stem cells [22], and expression is
significantly higher in adult cortex relative to embryonic telencephalon, an early
developmental stage prior to astrogenesis.

Recently miR-181a was shown to directly target chaperone glucose regulated protein 78/BIP
[42], anti-apoptotic members of the BCL2 family BCL2 and myeloid cell leukemia (MCL) 1
[41] and X-linked inhibitor of apoptosis (XIAP) [22] as well as some targets involved in
controlling mitochondrial function, redox state, and inflammatory pathways (for recent
reviews see [40, 43]). Although miR-181a antagomir reduces miR-181a levels and
significantly inhibits the decrease of GLT-1 after forebrain ischemia, miR-181a does not
directly target GLT-1 [36]. One interesting observation is the difference in effect of anti-
miR-181a treatment in different cell types. Reducing miR-181a increased BCL2 as one of
the targets and increased survival of primary astrocytes [41] while it failed to significantly
change levels of BCL2 and did not change outcome in primary neurons after ischemia-like
injury in vivo [36].

Some evidence supports the concept that not only mature miRNAs but also pri-/pre-
miRNAs function in target recognition and repression [8]. Although miR-181a-2/b-2 and
miR-181a-1/b-1 produce identical mature miR-181a and miR-181b, deletion of miR-181a-1/
b-1, but not miR-181a-2/b-2, selectively inhibits tumor transformation by Notch oncogenes
[17]. Because of the differential effects in neurons vs. astrocytes, future studies should
assess which miR-181a gene(s) (miR-181a-1/or a-2) are expressed and the possible role of
pri/pre-miR-181a in cell type specific responses.

2.2 miR-29 family
The miR-29 family consists of three members (a, b, and c) that map to two genomic loci in
clusters [46]: miR-29 a/b-1 on chromosome 6 in mouse, 7 in human, and miR-29c/b-2 on
chromosome 1 in both species. miR-29a/b-1 is developmentally regulated in mouse brain
with highest expression in adults [21, 29]. During brain development miR-29 is more
strongly expressed in astrocytes than neurons [53]. Recently we compared postnatal brain,
primary neuron and astrocyte cultures, and found miR-29a increased in brain, astrocytes,
and neurons with development, but levels in cultured astrocytes were always 20–40X higher
than in cultured neurons with brain levels about 1/2 that in astrocytes [46]. This suggests
that the developmental increase of brain miR-29a largely reflects increases in astrocyte
miR-29a.

The study of miR-29 began in cancer research and focused on its role in regulation of
apoptotic pathways. However, a question that has stirred controversy is whether miR-29 is
pro-survival or pro-apoptotic [47]. Elevated miR-29 expression in some cancers suggested it
may be an oncogene [18, 20], while other reports suggested tumor suppressor functions for
miR-29 [48, 57]. This question is just as relevant in ischemia research as in cancer. While
downregulation of miR-29 protected hearts against ischemia-reperfusion injury [62],
upregulation of miR-29 protected neurons from apoptosis during neuronal maturation [29]
forebrain [46] and focal ischemia [28].

The BCL2 protein family, central regulator of life/death decisions [1], largely influences cell
death through regulating mitochondrial membrane integrity and function. The BCL2 protein
family consists of 3 subgroups: the pro-survival proteins (BCL2, BCL-xL, BCL-w, MCL1
and A1), the multi-domain pro-apoptotic proteins (BAX and BAK) and the BH3-only pro-
apoptotic proteins (BIM, PUMA, BID, BAD, BIK, BMF, HRK, NOXA). In response to
diverse intracellular and extracellular signals the decision to undergo apoptosis is
determined by interactions between these three subgroups. Luciferase assays indicate that
the miR-29 family targets both pro- and anti-apoptotic BCL2 family members including
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BCL-w, MCL1, BAK, BMF and PUMA (Fig. 2). Our results demonstrating targeting of
several BCL2 family members strongly suggests that the reported pro-apoptotic and anti-
apoptotic effects of miR-29 likely reflect inhibition of different targets in different cells
(similar to miR-146a in astrocytes and neurons mentioned below) and under different
physiological or pathological settings. Kole et al., reported that miR-29b is activated during
neuronal maturation and targets pro-apoptotic BIM, BMF, HRK, PUMA, and BAK in the
BCL2 family [29]. We found that miR-29a targets PUMA and reduces neuronal
vulnerability to forebrain ischemia [46]. Loss of miR-29b assessed in the infarct, contributed
to injury in focal ischemia [28]. Another study reported miR-29b increased with MCAO, but
these authors measured miR-29b in whole brain after stroke, so it is unclear if the increase
was primarily on the contralateral side [51].

2.3 miR-146a
Of the miR-146 family (miR-146a, miR-146b and miR-146c) only miR-146a is found
enriched in human brain in astrocytes [2, 13]. miR-146a is brain abundant and widely
investigated as a key regulator of the astrocyte-mediated inflammatory response [23] in
neurological diseases such as epilepsy [2] and Alzheimer’s Disease [13]. In situ
hybridization confirmed the increased expression of miR-146a in reactive astrocytes [23] in
disease. Using primary cultures from newborn rat cortex, miR-146a was strongly expressed
in astrocytes but reduced in neurons [27].

The miR-146a promoter contains two consensus nuclear factor (NF)-κB sites that are
essential for the transcriptional activation of miR-146a in response to inflammatory stimuli
(for recent review [6]). By repressing tumor necrosis factor (TNF) receptor-associated factor
6 (TRAF6) and IL-1 receptor associated kinase 1 (IRAK1), miR-146a acts as a negative
regulator of the NF-κB pathway and an important regulator of toll-like receptor signaling
[6]. In the astrocyte-mediated inflammatory pathway miR-146a has many targets including
IRAK-1, IRAK-2, TRAF-6, IL-6 etc. [23]. Recently miR-146a was reported to target
superoxide dismutase (SOD) 2, an endogenous mitochondrial antioxidant enzyme, and
regulate cell viability in H2O2 treated PC12 cells [26]. Astrocyte-enriched miRNAs such as
miR-146a target some astrocyte-specific mRNAs and promote astrocytic differentiation in
neural stem cells [27]. Interestingly miR-146a has the opposite effect on proneuronal
differentiation by targeting neuroligin 1 (Nlgn1) [27]. Thus expression of miR-146a
regulates redox and immune response in astrocytes prevents astrocytes from adopting
neuron-specific phenotypes.

3. Targeting protection of astrocytes to protect neurons: the potential of
miRNAs

Because of the importance of astrocytes in the brain and their early changes after cerebral
ischemia, they are now recognized as important targets for manipulation of delayed neuronal
injury after both focal and global cerebral ischemia. Indeed our studies and those of other
laboratories have demonstrated that this can be a successful strategy. Here we examine
possible uses of miRNAs in this context.

3.1 Astrocyte-enriched miRNA-181a
Recently a few studies have evaluated the significance of some of the astrocyte-enriched
miRNAs mentioned above and their regional expression in ischemic brain damage. As
described above, miR-181a increased in vulnerable regions [36, 42], and decreased in
ischemia-resistant areas. Antagomir to miR-181a reduced infarct size in focal ischemia (Fig.
1A) [42], CA1 neuronal loss in global cerebral ischemia [36], and inhibitor protected
primary astrocyte but not neuronal cultures from ischemia-like stresses [36, 41].
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3.2 miR-29a and miR-29b
Interestingly, another astrocyte-enriched miRNA, miR-29a, changed in the opposite
direction compared to miR-181a after transient forebrain ischemia, decreasing in CA1 and
increasing in DG [46]. Overexpressing miR-29a protected CA1 neurons from forebrain
ischemia (Fig. 1B) [46]. A recent report demonstrated that delivery of miR-29b mimic
decreased MCAO infarct [28] and reported that miR-29b levels were regulated by 12-
lipoxygenase activity.

Knowing that the targets of miR-181a and miR-29a validated to date (GRP78, BCL2 family
members) are ER-mitochondria related [39, 40, 44], a common mechanism for these two
miRNAs in regulating cerebral ischemia may involve influencing mitochondrial function.
Indeed using primary cultured astrocytes we have found that miR-181a inhibitor and
miR-29a mimic both preserve mitochondrial function and protect astrocytes from ischemia-
like stress [42, 46].

3.3 miR-146a
Recently miR-146a was found to be involved in ischemia-reperfusion injury in liver [11],
heart [58] and small intestine [7]. A study of 678 patients with ischemic stroke reported that
miR-146a is associated with risk of silent brain infarction (evident by brain imaging but
without clinical prsentation) [24]. Interestingly the only efficacious treatment of stroke to
date using tissue plasminogen activator (tPA) for thrombolysis correlates with increased
miR146a [65]. Because inflammation is one of the widely accepted mechanisms of cell
death after cerebral ischemia (for recent reviews, see [38, 43]) and miR-146a has been found
to target several proteins involved in astrocyte-mediated inflammation, it will be interesting
to explore the regional and cellular expression as well as the effect of this astrocyte-enriched
miRNA in different models of ischemic brain damage in future research.

4. Future directions
Strategies to improve the neuronal supportive functions of astrocytes have been used
successfully in animal and in vitro studies. We speculate that miRNAs may have greater
therapeutic potential as candidates for the treatment of stroke than therapies targeting
induction of a single gene because of their faster post-transcriptional effect and their ability
to simultaneously regulate many target genes. Several astrocyte-enriched miRNAs such as
miR-181a and miR-29a have been demonstrated to regulate focal and global cerebral
ischemia in animal models by targeting several important cell death/survival pathways (Fig.
3). While pretreatment has been tested in these early studies, investigating post-treatment
effects of manipulating these astrocyte-enriched miRNAs is an essential next step. Recent
work suggests that in some settings individual miRNAs have modest effects, while
coordinate changes in several miRNAs targeting the same mRNA may produce large effects.
Thus combination therapy with astrocyte-enriched miRNAs may be even more
neuroprotective than a single one. Several miRNAs are already in clinical trials in other
diseases, suggesting that formulation and administration will be possible in a new disease
setting or for a new miRNA target.
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Highlights

1. Astrocytes and miRNAs are key players in cerebral ischemia

2. Some miRNAs are astrocyte-enriched

3. Targeting astrocyte-enriched miRNAs protects neurons from ischemia

Ouyang et al. Page 11

Neurosci Lett. Author manuscript; available in PMC 2015 April 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Effect of miR-181a and miR-29a on focal and global cerebral ischemia. A. Representative
cresyl violet-stained coronal sections demonstrate a decreased infarct size in miR-181a
down-regulated brain compared with brain treated with miR-181 mismatch (Ctrl) subjected
to 1 h MCAO and 48 h reperfusion. The bar graph shows quantitation of infarct size
(modified from Fig. 5 in [42]). B. Representative cresyl violet-stained coronal hippocampal
sections demonstrate selective loss of CA1 neurons (between white arrows) at 6 days
reperfusion after 10 min forebrain ischemia in control ischemic animals and protection with
miR-29a overexpression. Quantitation of CA1 neuronal loss is shown in the bar graph
(modified from Fig. 6 in [46]).
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Figure 2.
Luciferase assay validates miR-29 family targets. Dual luciferase activity assays using the
wild type 3′UTRs or their seed mutants (SM) of five BCL2 family members shows that
miR-29ab reduces luciferase activity. miR-29ab targets all and miR-29c targets four. Assays
were performed 3 times in triplicate. *P<0.01 compared to the 3′UTRs-SM group.
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Figure 3.
Targeting protection of astrocytes using astrocyte-enriched miRNAs or their antagomirs
improves neuronal survival after cerebral ischemia. A. Cerebral ischemia induces changes in
astrocyte-specific miRNAs (increase in miR-181a and decrease in miR-29a and miR-29b) in
vulnerable regions of the brain. By targeting specific proteins astrocyte mitochondrial
function is inhibited and inflammatory pathways activated in astrocytes, producing
“unhappy” astrocytes that endanger neurons. B. Treatment with miR-181a antagomir,
miR-29 and possibly miR-146a protects astrocyte function and supports neuronal survival.
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