Chapter 9

Role of Astrocytes in Delayed Neuronal Death:
GLT-1 and its Novel Regulation

by MicroRNAs

Yi-Bing Ouyang, Lijun Xu, Siwei Liu, and Rona G. Giffard

Abstract Astrocytes have been shown to protect neurons from delayed neuronal
death and increase their survival in cerebral ischemia. One of the main mechanisms
of astrocyte protection is rapid removal of excess glutamate from synaptic sites by
astrocytic plasma membrane glutamate transporters such as GLT-1/EAAT-2, reduc-
ing excitotoxicity. Astrocytic mitochondrial function is essential for normal GLT-1
function. Manipulating astrocytic mitochondrial and GLT-1 function 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 isch-
emia. This chapter will first update the information about astrocytes, GLT-1, astro-
cytic mitochondria, and delayed neuronal death. Then we will focus on two recently
reported astrocyte-enriched miRNAs (miR-181 and miR-29 families), their effects on
astrocytic mitochondria and GLT-1 as well as on outcome after cerebral ischemia.
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9.1 Introduction

Cerebral ischemia is a key pathological event in several disease states; stroke, car-
diac arrest and resuscitation, and head trauma being the most common ones. Stroke
is one of the leading causes of death worldwide and the leading cause of long-term
neurological disability. Although many clinical stroke trials have been completed,

Y.-B. Ouyang, Ph.D. (0<) « L. Xu, M.D. * S. Liu, B.S., B.A. * R.G. Giffard, M.D., Ph.D. (<)
Department of Anesthesia, Stanford University School of Medicine,

300 Pasteur Drive, S272A and S290, Stanford, CA 94305-5117, USA

e-mail: ybouyang @stanford.edu; xul @stanford.edu; jliusiwei @ gmail.com;

rona.giffard @stanford.edu

© Springer International Publishing Switzerland 2014 171
V. Parpura et al. (eds.), Glutamate and ATP at the Interface

of Metabolism and Signaling in the Brain, Advances in Neurobiology 11,

DOI 10.1007/978-3-319-08894-5_9


mailto:ybouyang@stanford.edu
mailto:xul@stanford.edu
mailto:jliusiwei@gmail.com
mailto:rona.giffard@stanford.edu

172 Y.-B. Ouyang et al.

the only efficacious treatment identified to date is thrombolysis (Blakeley and Llinas
2007). Similarly, the cerebral injury resulting from cardiac arrest and resuscitation
leads to death and neurological impairment, but clinically this has only been effec-
tively treated with hypothermia (Bernard et al. 2002; THACAS 2002). Lack of con-
sideration of the role of astrocytes, the importance of cell-cell interactions, the
complex interplay among signaling pathways, and poorly defined treatment win-
dows 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 (CNS) functioning. Astrocytes are central to potassium homeostasis, neu-
rotransmitter uptake, synapse formation and regulation of the blood brain barrier.
Astrocytes are the most abundant brain cell type, and in addition to multiple impor-
tant homeostatic roles, they are essential to CNS development, helping to organize
the structural architecture of the brain and communication pathways, and modulat-
ing neuronal plasticity (for recent reviews see Sofroniew and Vinters (2010); Barreto
etal. (2011); Clarke and Barres (2013)). The importance of astrocytes for neuropro-
tection after cerebral ischemia has been reviewed by our group and others recently
(Sofroniew and Vinters 2010; Barreto et al. 2011).

MicroRNAs (miRNAs) are a novel and abundant class of 19- to 22-nucleotide
noncoding RNAs that control gene expression primarily at the posttranscriptional
level. The most common mechanism is for miRNAs to bind to messenger RNAs
(mRNAs), known as their targets, based on sequence complementarity and direct
the degradation or repression of translation of the targeting mRNAs. Recent evi-
dence increasingly supports a role for miRNAs in response to cerebral ischemia, as
we have reviewed recently (Ouyang et al. 2013a). The fast posttranscriptional effect
of miRNAs, and their ability to simultaneously coordinate regulation of many target
genes, suggests that miRNAs may have greater therapeutic potential as candidates
for the treatment of stroke than therapies targeting a single gene by direct transcrip-
tional control. Numerous miRNAs are expressed in a cell-specific manner and some
are enriched in astrocytes (Smirnova et al. 2005; Ouyang et al. 2013b).

In this chapter we will summarize the central role of astrocytes in cerebral isch-
emia focusing on astrocytic glutamate transporters and then explore the novel regu-
lation of astrocytes by astrocyte-enriched miRNAs.

9.2 Delayed Neuronal Death

The concept of “delayed neuronal death” was described with the development of
forebrain ischemia (Kirino 1982). 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 in cornu ammonis 1 (CA1) pyramidal neu-
rons, a slow process taking 4—7 days before the final morphologic outcome (see mid-
dle panel in Fig. 9.1a) is observed. Later the concept was extended to focal ischemia
referring to neuronal death in the peri-ischemic (penumbral) area (Liu et al. 1999).
In focal cerebral ischemia, modeled commonly in rodents as transient middle cerebral
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Fig. 9.1 Targeted overexpression of HSP72 in astrocytes reduces delayed CA1 neuronal death and
preserves GLT-1 expression. (a) GFAPp-HSP72 or control DNA was injected stereotaxically just
above CALl on one side (black arrow for microinjection track) 2 days before forebrain ischemia.
Selective loss of CA1 hippocampal neurons (between white arrows in middle and lower panels) was
observed at 7 days reperfusion by cresyl violet staining. The loss of CA1 hippocampal neurons was
significantly reduced on the HSP72 injected side compared with the noninjected side (lower panel)
or the control DNA injected hippocampus (middle panel). (b) GLT-1 immunoreactivity was signifi-
cantly greater after GFAPp-HSP72 injection compared with control after 10 min ischemia and 5 h
reperfusion. Propidium iodide (PI) labels cell nuclei. Modified from Figs. 2 and 3 in Xu et al. (2010)

artery occlusion, the neurons die within hours in the center of the ischemic territory
(ischemic core) forming the initial area of infarction while the neurons in the adjacent
penumbra area may either survive via induction of pro-survival signaling pathways,
or die at a later period of reperfusion (also called delayed neuronal death) via initia-
tion of cell death pathways (Ferrer and Planas 2003).

The form of delayed neuronal death is generally believed to be programmed cell
death or apoptosis (Nitatori et al. 1995; Kirino 2000). The mechanisms of delayed
neuronal death are complex but one of the key mechanisms is prolonged excess
release of glutamate, which activates neurotransmitter receptor ion channels and
induces intracellular calcium overload (Choi 1996). Excessive increases in mitochon-
drial matrix calcium alter the function and permeability of mitochondria and finally
lead to opening of the mitochondrial permeability transition pore (Ouyang et al.
1997), causing the release of cytochrome ¢ (Ouyang et al. 1999) and other pro-apoptotic
factors into the cytoplasm. The released cytochrome c activates caspase-3, one of the
executioner caspases to initiate apoptotic cell death (for a recent review, see Ouyang
and Giffard 2012).
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9.3 Astrocytes and Their Vulnerability to Ischemia

For decades, astrocytes have been considered to be non-excitable support cells that
are relatively resistant to ischemic injury. This view has changed radically during
the past 20 years. Multiple essential functions are performed by astrocytes in nor-
mal brain. Astrocytes are dynamically involved in synaptic transmission, metabolic
and ionic homeostasis, inflammatory response, antioxidant defense, trophic support
of neurons, as well as in the establishment and maintenance of the blood brain bar-
rier (Kettenmann and Ransom 2005). Advances in our understanding of astrocytes
include new observations about their structure, organization, and function.
Hippocampal astrocytes occupy exclusive, non-overlapping territories (Bushong
et al. 2002). This pattern develops in the early postnatal period in parallel with neu-
ronal and vascular territories; each astrocyte interfaces with the microvasculature
and thousands of synapses (Bushong et al. 2004). That astrocytes both respond to
signals from and signal actively to neurons, endothelium, and microglia is now well
accepted (for reviews see Ransom et al. (2003); Volterra and Meldolesi (2005)).

It has often been said that neurons are the cells most vulnerable to ischemia. This
view is based primarily on observations that astrocytes in culture show greater resis-
tance than neurons to some ischemia-like insults (Goldberg and Choi 1993; Xu
et al. 2001) and that brief forebrain ischemia apparently results in selective loss of
neurons. However, vulnerability of cultured astrocytes is markedly increased by
acidic conditions relevant to ischemic injury (Giffard et al. 1990; Bondarenko and
Chesler 2001). Several laboratories have pointed out that glial cells may be injured
more readily than previously thought, sometimes before neuronal damage is obvi-
ous (Petito et al. 1998; Liu et al. 1999; Zhao et al. 2003b). Astrocytic processes were
fragmented and mitochondria inhibited after 15 min exposure to acidic conditions
in hippocampal slice cultures (Hulse et al. 2001). Astrocytic demise was found to
precede delayed neuronal death after focal ischemia and astrocytic glial fibrillary
acidic protein (GFAP) mRNA declined more quickly than neuronal glucose trans-
porter 3 (GLUT3) mRNA in the ischemic core (Liu et al. 1999). Astrocytic demise
was also found early after traumatic brain injury (Zhao et al. 2003b). In intact brain
astrocytes are highly metabolically active, while astrocytes in the absence of neu-
rons have few energy demands. We demonstrated that providing astrocytes a trans-
portable substrate, aspartate, markedly increased their vulnerability to ischemia
(Voloboueva et al. 2013). In addition, loss of glutamate transport activity and immu-
noreactivity for the astrocyte-specific plasma membrane glutamate transporter-1
(GLT-1) in astrocytes occurs at early reperfusion times following forebrain isch-
emia, hours to days before the death of CA1 neurons (Ouyang et al. 2007).

9.4 Astrocytic Plasma Membrane Glutamate Transporters

Extracellular glutamate is maintained at low levels, and rapid removal of glutamate
from the extracellular space is required for the survival and normal function of neu-
rons. To date, five brain plasma membrane glutamate transporters have been cloned,
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excitatory amino acid transporters 1-5 (EAAT1-5), of which GLT-1/EAAT2 and
GLAST/EAAT1 are expressed in astrocytes. Although glutamate transporters are
expressed by all CNS cell types, astrocytes are primarily responsible for glutamate
uptake (Anderson and Swanson 2000). Neuronal vulnerability to glutamate is 100-
fold greater in astrocyte-poor cultures than in cultures with abundant astrocytes
(Rosenberg and Aizenman 1989), demonstrating that uptake by astrocytes in par-
ticular is key to neuronal survival. Reduction or loss of astroglial transporters
EAAT2/GLT-1 or EAAT1/GLAST, but not the neuronal subtype EAAT3/EAACI
(excitatory amino acid carrier 1), led to a tonic increase in extracellular glutamate
concentration and subsequent neurodegeneration (Rothstein et al. 1996; Mitani and
Tanaka 2003) and increased ischemic injury after focal cerebral ischemia in rats
(Watase et al. 1998; Fukamachi et al. 2001; Rao et al. 2001). GLT-1 appears to be
especially important in the hippocampus, because mice lacking GLT-1 showed
spontaneous seizures, selective hippocampal neurodegeneration, and exacerbation
of acute cortical injury (Tanaka et al. 1997), whereas mice deficient in GLAST were
more susceptible to cerebellar injury (Watase et al. 1998). We will focus on GLT-1 in
the rest of this chapter.

Ceftriaxone treatment, which induces GLT-1 expression, reduces CA1 delayed
neuronal death in hippocampal slice culture and in transient forebrain ischemia
(Ouyang et al. 2007). Selective overexpression of GLT-1 in astrocytes provided neu-
roprotection from moderate hypoxia-ischemia (Watase et al. 1998). Targeted over-
expression of GLT-1 reduces ischemic brain injury in a rat model of focal ischemia
(Harvey et al. 2011).

9.5 Okxidative Stress and GLT-1

Oxidative stress and inhibition of glutamate transport has been suggested to form a
vicious circle in ischemia whereby increased oxidative stress impairs glutamate
transport, which further exacerbates excitotoxicity which leads to more oxidative
stress (Trotti et al. 1998). There is evidence that several different oxidants, including
peroxide, superoxide, and treatment with amyloid p peptide, can reduce glutamate
transport activity of GLT-1 (Harris et al. 1996; Trotti et al. 1998; Lauderback et al.
2001). Several glutamate transporters, including GLT-1, have redox sensitive
sulfhydryl regulation of activity (Trotti et al. 1997), but strong oxidants such as
peroxynitrite can inhibit glutamate transport in a way that is not fully reversed
by dithiothreitol, suggesting reaction with other sites such as histidine or lysine may
also occur.

Work by Weiss and colleagues (Rao et al. 2003) showed that motor neurons only
died after glutamate transport activity was lost in the astrocytes surrounding the
neurons. This work suggested that oxidative stress eventually compromised astro-
cyte function, which then precipitated neuronal death. Oxidative stress has also
been shown to downregulate astrocytic glutamate uptake in ammonia-induced tox-
icity (Jayakumar et al. 2006). Oxidative stress is known to contribute to damage and
misfolding of proteins, including glutamate transporters (Lauderback et al. 2001).
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In CA1 after transient forebrain ischemia, increased generation of reactive oxygen
species (ROS) compromises astrocyte function, which in turn compromises the
ability of the CA1 pyramidal neurons to survive (Ouyang et al. 2007).

9.6 Mitochondria and GLT-1

Mitochondria play a central role in normal neuronal cell function by controlling
cellular energy metabolism and producing ROS, but also as a central regulator of
cell death via release of apoptotic factors into the cytosol (Murphy et al. 1999;
Beal 2000; Kroemer and Reed 2000; Ravagnan et al. 2002). The mitochondrial
respiratory chain, especially complexes I and III, is the major site of ROS produc-
tion (Lin and Beal 2006). Glutamate uptake in the CNS by high-affinity sodium
dependent transporters such as GLT-1 requires large amounts of energy, largely
adenosine triphosphate (ATP) produced from mitochondrial respiration. It may be
noted that glycolytically/glycogenolytically derived ATP may play an important
role for maintenance of glutamate uptake capacity in astrocytes since glycolytic
enzymes, the sodium-potassium ATPase and the glutamate transporters are tightly
coupled (Voloboueva et al. 2007; Parpura et al. 2012). Oxygen deprivation or mito-
chondrial inhibition causes reductions of ATP in brain or cultured astrocytes, and
produces reductions in glutamate transport capacity (Longuemare et al. 1994;
Swanson et al. 1994; Ouyang et al. 2007). In the extreme case of ATP depletion, as
occurs during severe ischemia, all of these membrane gradients collapse. This
results not only in cessation of uptake, but also efflux of glutamate via uptake
reversal (Szatkowski et al. 1990).

9.7 Astrocytic Mitochondria as Targets for Protection

Several studies in the literature suggest that neuronal mitochondria and astrocytic
mitochondria respond differently to ischemic stress. Reichert et al. (2001) found
that although co-cultured neurons and astrocytes subjected to combined oxygen
glucose deprivation both showed marked loss of mitochondrial membrane potential,
the astrocytes were able to recover over a period of more than an hour of reperfu-
sion, while the neurons did not. Bambrick and coworkers have also pointed out
differences between neuronal and astrocytic mitochondria and suggested that astro-
cyte mitochondria might be a potential target for treatment (Bambrick et al. 2004).
Mitochondrial dysfunction has been implicated in the selective vulnerability of
CAL cells after ischemia, because cell death in this region after global ischemia is
inhibited by cyclosporin A, a known inhibitor of the calcium-induced mitochondrial
permeability transition in brain mitochondria (Uchino et al. 1995). The observation
that cyclosporin A can protect mitochondria from calcium insult in astrocytes, but
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not in neurons (Bambrick et al. 2006; Kahraman et al. 2011), suggests that astrocyte
mitochondria are central to protection by this drug in vivo. Methods to protect astro-
cyte mitochondria are described next.

9.7.1 Molecular Chaperones

Originally molecular chaperones were defined as functionally related groups of
proteins that assist in the folding or unfolding of proteins, the sequestration of dena-
tured proteins, and the assembly or disassembly of multiprotein complexes.
Recently, a more complex role of these chaperones has been recognized, that of
functioning as a chaperone network, contributing to organelle interactions.
Chaperones act within and between organelles to integrate and support essential
cellular functions (Ouyang and Giffard 2012). The heat shock protein 70 kDa fam-
ily (HSP70) is the most extensively studied ATP-dependent chaperone family, and
includes a cytosolic form HSP73 (also HSC70), an inducible cytosolic form HSP72,
a mitochondrial form HSP75/GRP75/mortalin, and an endoplasmic reticulum (ER)
form, GRP78/BIP. HSP70 family members that are involved in ER-mitochondria
crosstalk and calcium transfer during cerebral ischemia (Ouyang and Giffard 2012).

Work from our lab and several others has demonstrated neuroprotection from
ischemic brain injury with overexpression of chaperones and co-chaperones, both in
animal stroke models and in cultured brain cells (for a recent review, see Ouyang
and Giffard (2013)). Our group has shown that selective overexpression of HSP72 in
astrocytes reduces death of CA1 neurons (Fig. 9.1a). HSP72 was genetically tar-
geted for expression in astrocytes using the astrocyte-specific human GFAP pro-
moter (Xu et al. 2010). Protection was accompanied by preservation of astrocytic
GLT-1 (Fig. 9.1b) and mitochondrial respiratory complexes I and IV activities, and
reduced oxidative stress in the CA1 region (Xu et al. 2010).

9.7.2 Superoxide Dismutase 2

Superoxide dismutases (SODs) comprise a family of metal-containing proteins that
catalyze dismutation of superoxide radicals. Among the SOD family members,
SOD1/CuZn-SOD is a copper and zinc-containing homodimer, primarily localized
in the cytoplasm; SOD2/Mn-SOD is a manganese-containing enzyme exclusively
localized in mitochondria; and SOD3/EC-SOD is a copper- and zinc-containing
tetramer, present largely in the extracellular space (Zelko et al. 2002). SOD overex-
pression provides direct neuroprotection, glioprotection, and protection of the blood
brain barrier (Jung et al. 2009). Reduction of SOD2 activity was shown to increase
neuronal death induced by transient cerebral ischemia (Chan 2005). We have shown
that targeting SOD2 overexpression to hippocampal astrocytes improves the sur-
vival of CA1 neurons and reduces ROS production and GLT-1 loss after transient
forebrain ischemia (Xu et al. 2010).
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9.7.3 BCL2 Family

The BCL2 protein family, central regulator of life/death decisions in cells (Adams
and Cory 2007) largely influences cell death through regulating mitochondrial
membrane integrity and function. The BCL2 protein family is classified into three
subgroups according to structural homology (BCL2 homology [BH] domains): the
pro-survival proteins of the BCL2 family (BCL2, BCL-xL, BCL-w, MCL1, and
Al), 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 cell’s decision to
undergo apoptosis is determined by interactions between these three groups within
the BCL2 protein family.

We and others have reported that overexpressing pro-survival BCL2 family
members protects against cerebral ischemia in vivo (Kitagawa et al. 1998; Zhao
et al. 2003a) and in vitro (Xu et al. 1999). Neuroprotection involved maintaining
mitochondrial function (for review see Ouyang and Giffard (2004)). Decreased
BCL2 and increased BAX and BH3-only proteins were reported in CA1 neurons
after global ischemia (Martinez et al. 2007). After global ischemia PUMA
(p53-upregulated modulator of apoptosis) is upregulated in CA1 neurons, localizes
to mitochondria, and binds BCL-xL and BAX (Niizuma et al. 2009). Selective CA1
injury induced by proteasomal inhibition was strongly reduced in PUMA knockout
mice (Bonner et al. 2010; Tsuchiya et al. 2011). Interestingly anti-apoptotic protein
BCL2 also exists in mitochondrial associated membranes (Ouyang et al. 2013a), a
site of mitochondria and ER interaction, and affects ER and mitochondrial calcium
homeostasis (Foyouzi-Youssefi et al. 2000).

In summary we propose a mechanism of selective astrocyte dysfunction as illus-
trated in Fig. 9.2. Differences in mitochondrial response lead to greater production
of ROS in astrocytes, which leads to greater energetic compromise, oxidative dam-
age, and loss of GLT-1 function. The impaired astrocytes may be unable to carry out
many of their normal functions, such as glutamate uptake, antioxidant defense, and
regulation of extracellular ions, which eventually leads to neurotoxicity and delayed
neuronal death. Protecting astrocytic mitochondrial function by increasing expres-
sion of HSP70 family members, SOD2, or anti-apoptotic members of the BCL2
family protects mitochondria to better maintain energy production and reduces
ROS, maintaining GLT-1 function. By decreasing extracellular glutamate GLT-1
keeps CA1 neurons alive.

Despite the importance of GLT-1 in both physiological (Lopez-Bayghen and
Ortega 2011) and pathological (Kim et al. 2011) conditions, relatively little is known
about the regulation of GLT-1 expression, especially by miRNAs. Global disruption
of astroglial miRNA biogenesis through selective deletion of Dicer in cerebellar
astrocytes significantly reduces GLT-1 expression (Tao et al. 2011). Recently a neu-
ron-specific miRNA-mediated regulation of GLT-1 protein expression has been
described. Neuronal exosomes containing miRNA 124a regulate astrocytic GLT-1
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Fig. 9.2 Proposed mechanism of astrocyte contribution to delayed neuronal death. (a) Transient
forebrain ischemia selectively decreases mitochondrial membrane potential (Ay;,) and increases
ROS in CALl astrocytes. The greater production of ROS leads to astrocyte impairment including
oxidative damage of GLT-1 on the astrocyte membrane. The loss of GLT-1 contributes to the
increase of extracellular glutamate and excitotoxicity of the pyramidal neurons. (b) By protection
of astrocytic mitochondria using HSP72 or SOD?2 or anti-apoptotic members of the BCL2 family,
astrocytic GLT-1 is preserved and extracellular glutamate is decreased, which results in survival of
CAI neurons. Modified from Fig. 6 in Ouyang et al. (2007)

expression by transfer from neuron into astrocytes (Morel et al. 2013). However the
results in the paper indicate that upregulation of GLT-1 protein expression by miR-
124a is likely to be indirect. In the following section we will focus on astrocyte-
enriched miRNAs and their possible role in regulating GLT-1.

9.8 Astrocyte-Enriched miRNAs as Potential Targets
for Protection

We demonstrated recently that two brain-enriched miRNAs, miR-181a (Ouyang
et al. 2012a) and miR-29a (Ouyang et al. 2013b), are involved in the regulation of
outcome following cerebral ischemia. Interestingly, the literature and our experi-
ments suggest that both the miR-181 and miR-29 families are astrocyte-enriched
(Hutchison et al. 2013; Ouyang et al. 2013b).
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9.8.1 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 reported first as an important
regulator of immune cell development (Chen et al. 2004). These earlier studies found
that the miR-181 family, especially miR-181a and miR-181b, are enriched in brain
(Chen et al. 2004; Miska et al. 2004) and their aberrant expression has been associated
with brain diseases. miR-181a and miR-181b are reduced in human gliomas and gli-
oma cell lines and expression is negatively correlated with tumor grade (Shi et al.
2008). miR-181a sensitizes human malignant glioma cells to radiation by targeting
anti-apoptotic protein BCL2 (Chen et al. 2010). It was found recently that expression
of the miR-181 family was strongly enriched in cultured astrocytes compared to neu-
rons derived from neural stem cells (Hutchison et al. 2013). miR-181 family members
were expressed at significantly higher levels in adult cortex relative to embryonic tel-
encephalon, an early developmental stage prior to astrogenesis.

It was demonstrated by our group that miR-181a increased in vulnerable regions
such as the ischemic core in focal ischemia (Ouyang et al. 2012b) or the hippocam-
pal CALl region after global ischemia (Moon et al. 2013), and decreased in the
ischemia-resistant areas, the penumbra and hippocampal dentate gyrus, respec-
tively. Antagomir to miR-181a reduced miR-181a levels in the brain and reduced
infarct size in focal ischemia (Ouyang et al. 2012b) and CA1 neuronal loss in global
cerebral ischemia (Moon et al. 2013). Anti-miR-181a reduced miR-181a levels in
the brain and reduced infarct size in focal (Ouyang et al. 2012b) and CA1 neuronal
loss in global cerebral ischemia (Moon et al. 2013). Furthermore, transfecting pri-
mary cultures with miR-181a inhibitor led to protection of astrocytes, but not neu-
rons from ischemia-like stresses (Ouyang et al. 2012a; Moon et al. 2013).

Recently, miR-181a was shown to directly target molecular chaperone GRP78
(Ouyang et al. 2012b), anti-apoptotic members of the BCL2 family BCL2 and
myeloid cell leukemia (MCL) 1 (Ouyang et al. 2012a), and X-linked inhibitor of
apoptosis (XIAP) (Hutchison et al. 2013) as well as some target proteins involved
in controlling mitochondrial function, redox state, and inflammatory pathways (for
recent reviews see Ouyang and Giffard (2013); Ouyang et al. (2013a)). 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 (Moon
et al. 2013). One interesting observation is the difference in effect of reducing miR-
181a in different cell types. Reducing miR-181a increased BCL?2 as one of the tar-
gets and increased survival of primary astrocytes (Ouyang et al. 2012b) while it
failed to significantly change levels of BCL2 and did not change outcome in pri-
mary neurons after ischemia-like injury in vivo (Moon et al. 2013).

Some evidence supports the concept that not only mature miRNA but also pri-/
pre-miRNA functions in target recognition and repression (Chen 2013). One
relevant observation is that 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
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not miR-181a-2/b-2, selectively inhibits tumor transformation induced by Notch
oncogenes (Fragoso et al. 2012). Because of the different effects of miR-181a it is
interesting to further assess which miR-181a gene(s) (miR-181a-1/ or a-2)
is expressed in brain cells and if pri/pre-miR-181a are also involved in cell type
specific response in astrocytes compared to neurons.

9.8.2 miR-29 Family

The miR-29 family consists of three members (a, b, and c¢) that map to two distinct
genomic loci in clusters (Ouyang et al. (2013b)): miR-29 a/b-1 on chromosome 6 on
mouse and 7 in human, and miR-29¢/b-2 on chromosome 1 in both mouse and
human. It has been demonstrated that miR-29a/b-1 is developmentally regulated in
mouse brain with the highest expression observed in adults (Hebert et al. 2008; Kole
et al. 2011). During brain development miR-29 was found more strongly expressed
in astrocytes than neurons using primary cultures (Smirnova et al. 2005). The inves-
tigators used an equimolar mixture of the miR-29b and miR-29c¢ isoforms as a probe
for Northern blot analysis of miRNA expression in mouse brain development.
Recently, using qPCR we compared postnatal brain, primary neuron, and astrocyte
cultures, and showed the strongly astrocytic expression of miR-29a (Ouyang et al.
2013b). While miR-29a increased in brain, astrocytes, and neurons with develop-
ment, at each time point levels of miR-29 in cultured astrocytes were 20—40 times
higher than in cultured neurons, and levels in brain tissue were about 1/2 that seen in
cultured astrocytes. This suggests that the increase of miR-29a in the brain with
development may largely reflect increases in astrocyte miR-29a.

Interestingly miR-29a changed in the opposite direction compared to miR-181a
after transient forebrain ischemia, showing a decrease in CA1 and increase in den-
tate gyrus area (Ouyang et al. 2013b). The protective effect of miR-29a on CAl
delayed neuronal death was demonstrated after forebrain ischemia by overexpress-
ing miR-29a (Ouyang et al. 2013b).

The study of miR-29 began primarily in cancer research and focused on its role
in regulation of apoptotic pathways. However, a question that has stirred contro-
versy for several years is whether miR-29 is pro-survival or pro-apoptotic (Pekarsky
et al. 2006). While miR-29 expression is elevated in some cancers where it appears
to function as an oncogene (Gebeshuber et al. 2009; Han et al. 2010), others have
found miR-29 to have tumor suppressor functions (Pekarsky et al. 2006; Wang et al.
2008). This question is not only relevant in cancer research but is also important in
ischemia research. While downregulation of miR-29 protected hearts against
ischemia-reperfusion injury (Ye et al. 2011), upregulation of miR-29 protected neu-
rons from apoptosis during neuronal maturation (Kole et al. 2011) and forebrain
cerebral ischemia (Ouyang et al. 2013b). Luciferase target assays conducted in our
lab indicate that the miR-29 targets both pro- and anti-apoptotic BCL2 family mem-
bers (Ouyang et al. 2014b). The results strongly suggest that the reported pro-
apoptotic and anti-apoptotic effects of miR-29 result from different targets of
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Fig. 9.3 Protecting 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) in vulnerable regions of the
brain. They target specific proteins that disturb astrocyte mitochondrial function, increase produc-
tion of ROS and damage GLT-1 in astrocytes, producing “unhappy” astrocytes and leading to
delayed neuronal death. (b) Treatment with miR-181a antagomir or miR-29a protects astrocyte
mitochondria, reduces ROS and protects GLT-1, supporting neuronal survival. Modified from
Fig. 3 in Ouyang et al. 2014b

miR-29 being inhibited in different cells or under different physiological or patho-
logical settings. A group has reported that miR-29b is activated during neuronal
maturation and targets several pro-apoptotic genes, BIM, BMF, HRK, PUMA, and
BAK in the BCL2 family (Kole et al. 2011). We found that miR-29a targets BH3-
only protein PUMA and reduces neuronal vulnerability to forebrain ischemia
(Ouyang et al. 2013b). In contrast, increasing miR-29b had the effect of promoting
neuronal cell death in focal ischemia by inhibiting BCL-w, an anti-apoptotic mem-
ber of the BCL?2 protein family (Shi et al. 2012).

Knowing that the targets of miR-181a and miR-29a validated to date (GRP78,
BCL2 family members) are ER and mitochondria related (Ouyang and Giffard 2012,
2013; Ouyang et al. 2013a), a common mechanism for these two miRNAs in regulating
cerebral ischemia may involve manipulating mitochondrial function. Indeed, using
primary cultured astrocytes we have found that miR-181a inhibitor and miR-29a
mimic both preserve mitochondrial function, reduce ROS production and protect
astrocytes from ischemia-like stress (Ouyang et al. 2012a, 2013b) (Fig. 9.3).

9.9 Future Directions

Strategies to improve the neuron-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
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targeting induction of a single gene because of their faster posttranscriptional 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 regu-
late focal and global cerebral ischemia in animal models by targeting several
important cell death/survival pathways through specific mRNA targets (Fig. 9.3).
While pretreatment has been tested in these early studies, investigating the effect of
manipulating these astrocyte-enriched miRNAs after the onset of ischemia is an
essential next step for translating these ideas toward clinical use. An increasing
body of literature suggests that individual miRNAs may have modest effects on
their target mRNAs, and several miRNAs may be required for larger effects. This
raises the possibility that combination therapy with astrocyte-enriched miRNAs
may be even more neuroprotective than a single miRNA. Several miRNAs are
already in clinical trials in liver diseases, suggesting that formulation and adminis-
tration will be possible in a new disease setting or for a new miRNA target. Work
remains to be done to target different organs.
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