
Neurobiology of Disease xxx (2015) xxx–xxx

YNBDI-03484; No. of pages: 9; 4C: 4

Contents lists available at ScienceDirect

Neurobiology of Disease

j ourna l homepage: www.e lsev ie r .com/ locate /ynbd i
Astrocytic response to cerebral ischemia is influenced by sex differences
and impaired by aging
Nioka C. Chisholm, Farida Sohrabji ⁎
Department of Neuroscience and Experimental Therapeutics, Texas A & M Health Science Center, College of Medicine, Bryan, TX 77807, USA
⁎ Corresponding author at: Department ofNeuroscience a
E-mail address: sohrabji@medicine.tamhsc.edu (F. Soh
Available online on ScienceDirect (www.sciencedir

http://dx.doi.org/10.1016/j.nbd.2015.03.028
0969-9961/© 2015 Published by Elsevier Inc.

Please cite this article as: Chisholm, N.C., Soh
aging, Neurobiol. Dis. (2015), http://dx.doi.o
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 February 2015
Revised 16 March 2015
Accepted 26 March 2015
Available online xxxx

Keywords:
Astrocyte
Stroke
Hormones
Estrogen
Progesterone
Glutamate
Excitotoxicity
Neuroinflammation
IGF-1
VEGF
MicroRNA
Epigenetics
HDAC
H3K4me3
Methylation
Oxidative stress
GFAP
Sex differences
Blood–brain barrier
Ischemic stroke occurs more often among the elderly, and within this demographic, women are at an increased
risk for stroke and have poorer functional recovery thanmen. This is also well replicated in animal studieswhere
aging females are shown to have more extensive brain tissue loss as compared to adult females. Astrocytes pro-
vide nutrients for neurons, regulate glutamate levels, and release neurotrophins and thus play a key role in the
events that occur following ischemia. In addition, astrocytes express receptors for gonadal hormones and synthe-
size several neurosteroids suggesting that the sex differences in stroke outcomemay bemediated through astro-
cytes. This review discusses key astrocytic responses to ischemia including, reactive gliosis, excitotoxicity, and
neuroinflammation. In light of the age and sex differences in stroke outcomes, this review highlights how
aging and gonadal hormones influence these responses. Lastly, astrocyte specific changes in gene expression
and epigenetic modifications during aging and following ischemia are discussed as possible molecular mecha-
nisms for impaired astrocytic functioning.
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Background

By 2030, it is estimated that 19% of the population will be greater
than 65 years of age. As the world's population ages, the prevalence of
age-related neurological diseases will increase. Specifically, the preva-
lence of stroke increases during aging. The average age of ischemic
stroke patients is 71 and 17.8% of the population over 45 years of age
showed at least one stroke-related symptom (Ovbiagele et al., 2013;
Fonarow et al., 2010). The increased risk for stroke during aging is
accompanied with poorer stroke outcomes and the cost associated
with treating stroke totals more than 36 billion dollars annually in the
United States (Go et al., 2014). In addition, elderly patients are less likely
to be discharged home and more likely to die in the hospital (Copen
et al., 2001; Fonarow et al., 2010).

Given the effects of normal aging on the brain (reviewed in Juraska
and Lowry, 2012) it is not surprising that the aged brain responds differ-
ently to stroke than the adult brain. Ischemia leads to a series of events
including increased intracellular calcium levels and increased glutamate
release resulting in excitotoxicity, upregulation of pro-inflammatory
cytokines, such as TNF-α, IL-1β, and IL-6, and loss of normal protein
structure and function (Yenari and Han, 2012). Excessive calcium levels
can trigger activation of signaling pathways that cause an overproduc-
tion of free radicals and dysfunction of mitochondria, which leads to ox-
idative stress and cell death (Starkov et al., 2004). In astrocytes, higher
levels of mitochondrial calcium can also enhance neuroprotection due
to increased in ATP production (Zheng et al, 2010; Zheng et al., 2013).
Furthermore, ischemic injury induces a cascade of events that lead to
disruption of the blood–brain barrier (Yang and Rosenberg, 2011). The
blood–brain barrier is composed of specialized brain microvascular
endothelial cells interconnected by tight junction proteins, surrounded
by pericytes, and a defined basementmembrane. Astrocytic end feet lo-
cated on the outer side of the basement membrane further regulate
blood–brain barrier function and deliver nutrients to nearby neurons
(Figley and Stroman, 2011; Abbott et al., 2006). The blood–brain barrier
is designed tomaintain homeostasis of the brainmicroenvironment and
the known disruption after ischemiamaymake changes during aging
particularly important. In humans, normal aging results in increased
blood–brain barrier permeability (Farrall and Wardlaw, 2009;
Montagne et al., 2015) and decreased microvessel density (Brown
and Thore, 2011). Furthermore, studies in a senescence-accelerated
mouse model have shown that the passage of cytokines through the
blood–brain barrier is altered (Banks et al., 2001; McLay et al., 2000),
the expression of the glucose transporter GLUT-1 is reduced (Vorbrodt
et al., 1999) and there is increased permeability of the blood–brain bar-
rier (Ueno et al., 1993; Pelegri et al., 2007). This increased permeability
in the blood–brain barrier may exacerbate cell loss following ischemia.
Although the blood–brain barrier consists of several different cell types
that are susceptible to age-related changes, this review will highlight
the importance of astrocytes in stroke outcomes during aging with an
emphasis on the influence of sex since both are risk factors for stroke.

There are well documented sex differences in stroke risk and stroke
outcomes. According to the Framingham Heart Study, women had an
overall lower risk of stroke than men (Petrea et al., 2009), however
although men and women had a similar prevalence of stroke at age 35
to 44 years, between the ages of 45 and 54 women were more than
twice as likely to have had a stroke than men (Towfighi et al., 2007).
In addition, partially due to longer life-spans and age of stroke,
women are discharged to long term care facilities more often, have
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poorer functional outcomes, and a lower probability of achieving in-
dependence in activities of daily living after discharge (Appelros et al.,
2009; Fukuda et al., 2009; Kapral et al., 2005; Gargano et al., 2011). A re-
cent study found that even though acute stroke care was similar be-
tween males and females, women had poorer functional outcomes
and increased dependence on nursing care threemonths after ischemia
(Gattringer et al., 2014).

Preclinical studies have historically examined stroke severity and
recovery in young animals; however, in agreement with the human
data, more recent animal studies have shown that the aged brain re-
sponds differently to experimental stroke than the young brain. For
example, following cerebral ischemia adult females (3–7 months)
have smaller infarcts than middle-aged females (rats: 9–12 months,
mice: 12–15 months) (Selvamani and Sohrabji, 2010b; Manwani
et al., 2011; Selvamani et al., 2014) and aged females (N16 months)
(Rosen et al., 2005; DiNapoli et al., 2008; Liu et al., 2009). However,
studies examining the outcome of ischemia and the effects of aging
in male animals have produced varying results. Similar to the results
observed in females, several studies have shown that aged male ro-
dents exhibit larger infarcts, increased edema, and worse neurologi-
cal functional deficits compared to adult males (Dong et al., 2014;
Miao et al., 2013; Tennant et al., 2014). The accelerated development
of degenerating neurons and apoptotic cells following ischemia in
males may contribute to the poorer outcomes (Popa-Wagner et al.,
2007). There is also evidence that chronic infection resulting in
pre-existing inflammation, a condition known to influence stroke
outcome, results in increased infarct size in aged male mice but not
in young mice 24 h post stroke (Dhungana et al., 2013). Importantly,
some studies have found opposite effects of aging or no effects of
aging in male mice following ischemia. For example, 16 month old
male mice have smaller infarcts and less atrophy than adult male
mice following transient focal ischemia (Liu et al., 2009; Manwani
et al., 2011), and adult rats had more extensive neurological damage
than aged rats following occlusion of the external carotid artery
(Shapira et al., 2002). In contrast, other studies have shown no dif-
ferences in infarct volumes following ischemia between adult and
middle-aged males (Selvamani et al., 2014). These differences sug-
gest that several factors may influence the outcome of ischemia dur-
ing aging, including the type of occlusion, inclusion of middle-aged
versus aged animals, and the time point examined following stroke.
Irrespective of infarct size, several studies have found more severe
behavioral deficits and poorer functional recovery in aging animals
following stroke than adult animals. Whereas adult males began to re-
cover sensorimotor functioning 1–2 days after stroke and fully recov-
ered within 15 days, this was delayed in aged rats and functionality
only returned to 70% of pre-stroke levels at day 15 (Popa-Wagner
et al., 2007). Although rehabilitative training on a novel task following
ischemia resulted in behavioral improvement in adult males, improve-
ment was only observed in aged males with a previously learned task
(Tennant et al., 2014).

Sex has been identified as an important variable for stroke outcome
in animal models of stroke as well. In particular, adult females have
smaller infarcts and better cerebral blood flow than adult males (Hall
et al., 1991; Alkayed et al., 1998; Selvamani et al., 2014), however the
sex difference is reversed in aging and middle-aged females have
larger infarct volumes than middle-aged males (Manwani et al.,
2013). In a direct comparison of adult and middle-aged male and fe-
male rats, adult females displayed smaller infarct volumes as
to cerebral ischemia is influenced by sex differences and impaired by
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compared to middle-aged females and young males, while young
and middle-aged males did not differ (Selvamani et al., 2014).
These studies indicate that ischemia may be more detrimental to
aging females than aging males. Despite the increased burden of
stroke on aging females, very little is known about how ischemia dif-
ferentially affects males and females.

In view of the effects of age and sex on stroke outcomes, it is not sur-
prising that these two factors influence the effectiveness of potential
therapeutics. Although treatment with apocynin, a NOX2 inhibitor,
prior to middle cerebral artery occlusion (MCAO) increased mortality
and failed to reduce infarct volume in aging female rats, treatment in
adult females resulted in decreased infarct volumes and improved
functional recovery (Kelly et al., 2009). Co-administration of EEIIMD, a
plasminogen activator inhibitor type 1 derived peptide, and tPA result-
ed in significant improvement in cortical and total infarction volumes,
edema formation, and functional outcome in adult females, whereas
infarct volume was decreased in aged females without a reduction in
edema or functional improvement (Tan et al., 2009). Several studies in
males have also shown age differences in the effectiveness of various
treatments. The recombinant T-cell receptor ligand, RTL1000, was re-
cently shown to decrease infarct volume in both adult and aged male
mice following ischemia albeit through differentmechanisms of protec-
tion (Dotson et al., 2014). In aged animals this protection was due to a
reduction in the number of activated microglia, T cells, and dendritic
cells in the ischemic hemisphere following MCAO, however, treatment
in adult mice reduced the percentage of T cells and macrophages in
the spleen (Dotson et al., 2014). Furthermore, post-conditioning with
sevoflurane significantly reduced infarct size and edema formation,
and improved the neurological outcome in adult male rats but failed
to alter these in aged males (Dong et al., 2014). Interestingly, overex-
pression of adiponectin, an adipose-specific plasma protein, reduced is-
chemic brain injury and promoted neurobehavioral outcomes in aged
male mice more efficiently than in adult animals (Miao et al., 2013).
Sex has been shown to alter the effects of hypothermia on brain injury
withmales displaying greater response to therapy than females. For ex-
ample, hypothermia reduces markers of oxidative damage in cerebral
spinal fluid after brain injury to a greater degree in males than females
(Wagner et al., 2004) and after traumatic brain injury protects against
neuronal loss in males, but not in females (Suzuki et al., 2003).

The mechanism underlying the ‘young female advantage’ is not
well understood, although the ovarian hormones, estrogen and pro-
gesterone, are believed to play a role in mediating neuroprotection
(Simpkins et al., 1997). The sex difference in infarct volume observed
between intact adult males and females is abolished with removal of
the ovaries which results in larger infarcts in adult females (Alkayed
et al., 1998) and this is prevented by administering estrogen to ovariec-
tomized adult females (Dubal et al., 1998; Rusa et al., 1999; Selvamani
and Sohrabji, 2010b). In addition, estrogen treatment improved senso-
rimotor deficits and spatialmemory deficits thatwere observed after is-
chemia in ovariectomized females (Li et al., 2004; Gulinello et al., 2006).
A recent meta-analysis of preclinical studies concluded that progester-
one administration results in reduced lesion size following experimen-
tal stroke (Wong et al., 2013). Additionally, deletion of the gene that
codes for aromatase P450, an enzyme involved in the biosynthesis of
estrogen, results in greater ischemic damage as compared to wild type
animals (McCullough et al., 2003).

Menopause, which usually occurs between 45 and 55 years of age,
results from a depletion of ovarian follicles that leads to increased
follicle-stimulating hormone and luteinizing hormone levels and a dra-
matic decrease in estrogen and progesterone levels. The sex difference
in risk for stroke in humans reverses around the time of menopause in
females and because of this gonadal hormones may also play a role in
stroke risk and outcome during aging. However, the effects of ovarian
hormones on stroke outcome in aging animals are complex. Although
middle-aged constant diestrus females have larger lesions than adult
females, treatment with estradiol increases infarction in aging animals
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rather than providing neuroprotection (Selvamani and Sohrabji,
2010b; Leon et al., 2012; De Butte-Smith et al., 2007; however see
Inagaki and Etgen, 2013). Progesterone administration following
ischemia decreased lesion size in aging females but had no effect on
neurological outcome (Gibson et al., 2011).

In adult males, several studies have shown that castration reduces
infarct size and androgen replacement increases infarct to levels similar
to that observed in intact males (Cheng et al., 2007, 2009; Vagnerova
et al., 2010). In agreement with this, circulating levels of androgens de-
crease during aging in males, and aging males have smaller infarct vol-
umes and less atrophy than adult males (Liu et al., 2009; Manwani
et al., 2011). However, some studies have shown dose-dependent effects
of androgen treatment and not all studies have shown that low levels of
androgens result in reduced infarcts (Cheng et al., 2009; Uchida et al.,
2009). There is evidence that the effects of gonadal hormones may be
mediated in part though the actions of astrocytes (Wang et al., 2014).
Astrocytes produce and respond to gonadal hormones

No longer considered merely a brain support cell, astrocytes are
known to regulate the levels of extracellular glutamate and thereby in-
fluence synaptic activity, release several gliotransmitters and play a role
in the elimination of useless synapses (Pfrieger, 2010; Stipursky et al.,
2011; Jourdain et al., 2007; Araque and Navarrete, 2010). Astrocytes
from both males and females express estrogen receptor (ER) α, ERβ,
the transmembrane ER, GPR30, and progesterone and androgen recep-
tors (Azcoitia et al., 1999; Pawlak et al., 2005b; Arnold et al., 2008;
Duncan et al., 2013; Kuo et al., 2010b) and estradiol facilitates the syn-
thesis of progesterone in astrocytes (Micevych et al., 2007; Chaban
et al., 2004). In addition, astrocytes were found to be themost steroido-
genic brain cells producing several neurosteroids, such as progesterone,
testosterone, and estradiol, and expressing enzymes involved in
hormone synthesis, including aromatase (Zwain and Yen, 1999). PPT,
a selective ERα agonist, induced a similar calcium response as estradiol
in astrocytes and was able to facilitate progesterone synthesis by
astrocytes. The estradiol induced response was attenuated in ERαKO
mouse astrocytes, suggesting that estradiol signaling occurs through
the membrane receptor ERα (Kuo et al., 2010b). Interestingly, the
neuroprotective effects of an ERα ligand in experimental autoimmune
encephalomyelitis, a model of brain inflammation, were completely
prevented by deletion of ERα from astrocytes (Spence et al., 2011).
Not surprisingly, some of the effects of sex hormones on astrocytes are
sexually dimorphic. Estradiol treatment increased insertion of ERα
into the cell membrane, and enhanced progesterone synthesis in female
astrocytes, but failed to alter these measures in male astrocytes (Kuo
et al., 2010a). Astrocyte estrogen receptors appear to be altered by
the hormone loss that occurs during aging. Cortical astrocytes from
regularly cycling middle-aged females retained normal ERα levels
whereas acyclic middle-aged females had increased expression of ERα
(Arimoto et al., 2013) (Fig. 1).

Brain injury and cerebral ischemia induce aromatase activity and ex-
pression in astrocytes (Garcia-Segura et al., 1999; Carswell et al., 2005)
and inhibition of aromatase exacerbates neuronal death following
kainic acid treatment indicating that this response is neuroprotective
(Azcoitia et al., 2003). Furthermore, an increase in astrocyte derived es-
tradiol was accompanied with neuroprotective and anti-inflammatory
effects following global ischemia, an effect that was blocked by aroma-
tase antisense oligonucleotides (Zhang et al., 2014). Sex differences in
aromatase activity and expression following brain injury provide an
alternative mechanism for the sex differences in stroke severity. Female
astrocytes were more resistant to oxygen glucose deprivation and
resilient to H2O2 induced oxidant stress and this was mediated in part
by an increased expression of P450 and aromatase activity in female
astrocytes as compared to males (Liu et al., 2007). Deletion of the
P450 aromatase gene significantly increased cell death after oxygen
to cerebral ischemia is influenced by sex differences and impaired by
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Fig. 1.Age differences in cortical astrocytes. Cortical astrocytes fromacyclicmiddle-aged females have increased ERα expression (Arimoto et al., 2013). Following ischemia, astrocytes from
middle-aged females secrete less IGF-1 and clear less glutamate as compared to adult astrocytes and this is not explained by a difference in GLT-1 expression between groups (Lewis et al.,
2012; Selvamani and Sohrabji, 2010a). Astrocytes isolated from adult females had more H3K4me3 enriched genes, including the mir17-92 cluster and VEGFa, and this was accompanied
with greater mir20a mRNA expression and protein expression of VEGF in astrocytes from adult females relative to aging females following ischemia (Chisholm et al., 2015). Decreased
H3K4me3 in astrocytes from middle-aged females would result in heterochromatin and reduced gene transcription.
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glucose deprivation in female astrocytes and abolished this sex differ-
ence (Liu et al., 2008).

Reactive astrocytes: a response to aging and injury

Astrocyte morphology changes and GFAP expression increases pro-
gressively during aging in humans and rodents (Middeldorp and Hol,
2011). Astrocyte proliferation is an indication of reactive gliosis, a pro-
cesswhichmay enhance neuronal damage (Arevalo et al., 2013). Impor-
tantly, an increase in reactive astrocytes has been shown to occur in
response to a variety of brain diseases and brain traumas (Sofroniew
and Vinters, 2010; Eng and Ghirnikar, 1994) and this response appears
to aid in recovery following brain injury (Liu et al., 2015). For example,
GFAP/vimentin double knockout mice subjected to photothrombotic
stroke had attenuated astrocytic reactivity in response to injury and
this resulted in reduced neurological recovery (Liu et al., 2015). Howev-
er, aging alters the proliferation of reactive astrocytes after injury and
this results in accelerated glial scar formation in aged animals which
may not benefit stroke recovery (Badan et al., 2003). Along with an ac-
celerated astrocytic response, the expression of GFAP positive cells was
increased in the aged brain versus adult brain and this increase was still
present 30 days following stroke (Manwani et al., 2011). Gene expres-
sion studies have shown that reactive astrocytes display a unique gene
expression profile relative to quiescent astrocytes (Zamanian et al.,
2012) and that aged reactive astrocytes have an altered response to
stroke including an upregulation of genes associatedwith inflammation
and scar formation as compared to adult astrocytes (Buga et al., 2008).

Reactive astrocytes: influence of ovarian hormones

Several studies have provided evidence that estrogen and proges-
terone treatment decrease astrocyte proliferation following injury
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(Perez-Alvarez et al., 2012; Garcia-Estrada et al., 1993, 1999; Djebaili
et al., 2005). Sex differences have been observed in GFAP expression
in the hippocampus of adult animals and the number of GFAP positive
cells varied with the estrous cycle (Arias et al., 2009). Live imaging of
the ischemic brain found significantly greater GFAP induction in adult
female mice in diestrus, as compared with males and this upregulation
of GFAP in response to ischemia was dependent on the estrus cycle and
serum estrogen levels (Cordeau et al., 2008). Similarly, following kainic
acid induced injury, astrocyte proliferation is enhanced in aging females
as compared to aging males (Zhang et al., 2008). There is evidence that
estrogen may influence astrocyte proliferation by increasing N-myc
downstream-regulated gene 2 expression, a protein known to inhibit
cell proliferation (Ma et al., 2014).

Release of neurotrophic factors: impact of aging

Reactive astrocytes release a variety of trophic factors that promote
neuronal survival (Ridet et al., 1997). Astrocytes synthesize and release
IGF-1 and therefore may play an important role in neuroprotection, in
view of the beneficial effects reported for this growth factor in stroke
(Sohrabji, 2015). Recently it was shown that astrocytes protect neurons
from oxidative stress induced by H2O2 and this neuroprotection is abro-
gated with blockade of the IGF-1 receptor in astrocytes (Genis et al.,
2014). In addition, IGF-1 protected astrocytes, but not neurons against
H202-induced death (Genis et al., 2014). IGF-1 plasma levels are
decreased inmiddle-aged females, and astrocytes frommiddle-aged fe-
males secrete significantly less IGF-1 as compared to adult astrocytes
(Lewis et al., 2012; Selvamani and Sohrabji, 2010a) (Fig. 1). The age-
related decreases in secreted IGF-1 observed in aging astrocytes may
result in more severe stroke outcomes observed in this group.

Astrocytes also produce vascular endothelial growth factor (VEGF), a
potent angiogenic factor that induces endothelial cell proliferation,
to cerebral ischemia is influenced by sex differences and impaired by
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inhibits apoptosis, and promotes cell migration (Neufeld et al., 1994).
Coexpression of GFAP and VEGF in the entorhinal cortex decreases dur-
ing normal aging and there is decreased gene expression of VEGF in the
dentate gyrus in aged female rats (Bernal and Peterson, 2011). Further-
more, VEGF plays a major role in cell protection and recovery after
cerebral ischemia (Sun et al., 2003; Wang et al., 2012). There is an
enhancement of VEGF expression in astrocytes after ischemia that pro-
motes astrocyte activation (Liu et al., 2014a).

Astrocyte regulation of glutamate homeostasis: impact of aging and
ischemia

Under basal conditions, astrocyte specific glutamate transporters,
GLT-1 and GLAST, respond to neuronal activity by clearing glutamate
from the extracellular space (Anderson and Swanson, 2000). Glutamate
in astrocytes is converted to glutamine and released by astrocytes to be
taken up by neurons (Cotrina and Nedergaard, 2002). Disruption in the
ability of astrocytes to remove glutamate can result in excitotoxicity and
several studies have shown that aging astrocytes have an impaired glu-
tamatergic response. Normal aging resulted in decreased amounts of
vesicular glutamate transporters and reduced astroglial glutamate up-
take capacity inmale rats (Latour et al., 2013). A recent publication sug-
gests that not only is the effect of aging on astrocytes region-specific but
it is also dependent on the astroglial marker used (Rodriguez et al.,
2014). A significant increase in GFAP surface was detected during
aging in hippocampus but a reduction was observed in the entorhinal
cortex of male mice (Rodriguez et al., 2014). However, the same study
found a decrease in cellular service area positive for glutamine synthe-
tase in the hippocampus, whereas no changes were observed in the
entorhinal cortex (Rodriguez et al., 2014). Importantly, glutamine syn-
thetase converts glutamate to glutamine, which is then released by
astrocytes and used by neurons for the synthesis of glutamate and
GABA (Verkhratsky and Kirchhoff, 2007). Using D-galactose to induce
aging inmale astrocytes resulted in a down-regulated expression of glu-
tamine synthetase mRNA and decreased cell viability after glutamate
exposure (Shen et al., 2014). Ischemia induces a neurotoxic cascade
that results in increased glutamate release resulting in excitotoxicity
which is likely a determining factor in the extent of the ischemic lesion.
The baseline differences in the aging astrocytes' ability to maintain glu-
tamate homeostasis provide a possible mechanism for larger infarcts
observed in aging animals.

In addition to changes observed during normal aging, aging astro-
cytes are also impaired following ischemia. Cortical astrocytes collected
from the ischemic hemisphere of aging females cleared less glutamate
than astrocytes from adult females and this was not explained by a dif-
ference in GLT-1 expression between groups (Lewis et al., 2012) (Fig. 1).
These age-related changes in the glutamate/glutamine cycle may alter
glutamate balance and synaptic transmission as well lead to poorer out-
comes following ischemia.

Astrocyte regulation of glutamate homeostasis: influence of estrogen

To our knowledge only two studies have directly compared the abil-
ity of male and female astrocytes to maintain normal glutamate levels.
Spinal astrocytes from female neonates cleared glutamate at a faster
rate than male astrocytes (Morizawa et al., 2012) whereas there were
no differences in the clearance of glutamate between adult male and fe-
male astrocytes following ischemia (Lewis et al., 2012). Although few
studies have directly compared astrocyte functioning between males
and females, it is known that estrogen regulates the expression of astro-
cytic components involved in removing excess extracellular glutamate.
Estrogen treatment increased the expression of GLT-1 andGLASTmRNA
and protein (Pawlak et al., 2005a) and increased glutamate transporter
function (Lee et al., 2009). These results indicate that estrogen enhances
glutamate uptake in astrocytes which could explain the age effect
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observed in Lewis et al. (2012), since the middle-aged females in that
study were in constant diestrus, a state characterized by low estrogen
levels.

Astrocytes and neuroinflammation following injury: impact of aging

Neuroinflammatory responses play a critical role in stroke outcomes
and early inflammatory events are mediated in part by astrocytes (Xia
et al., 2010), which are both targets for and producers of cytokines
and proinflammatory mediators (Sofroniew, 2014; Pineau et al.,
2010). The astrocytic response to neuroinflammation is altered by age
and sex. NFκB is a transcription factor that is sequestered in the cytosol
under basal conditions and then translocates to the nucleus upon stim-
ulation where it induces genes involved in inflammation. Astrocytes
from adult males showed moderate activation of cytosolic NFκB after
stimulation with IL-1β, whereas astrocytes from aging males showed
a much stronger response and had a larger increase in nuclear translo-
cation of NFκB (Jiang and Cadenas, 2014). H2O2 production promotes
activation of NFκB and the rate of H2O2 release was increased 50%
from primary astrocytes isolated from aged males as compared to
adult astrocytes (Jiang and Cadenas, 2014). Similarly, in vivo, normal
aging is associated with increased release of inflammatory cytokines in-
cluding IL1β and TNFα and the expression of these cytokines wasmost-
ly attributed to astrocytes (Campuzano et al., 2009). These studies
suggest increased inflammatory responses in aging astrocytes which
could result in detrimental stroke outcomes.

Astrocytes and neuroinflammation following injury: influence of
estrogen

In addition, sex differences have been observed in the inflammatory
response and there is evidence that this may be mediated through the
estrogen's actions on astrocytes (Azcoitia et al., 2010). Neonatal astro-
cytes treated with lipopolysaccharide (LPS) showed significant in-
creases in levels of inflammatory markers including, IL-1β, IL6, and
TNFα in bothmales and females; however, this increasewas significant-
ly greater in astrocytes frommales as compared to females (Loram et al.,
2012; Santos-Galindo et al., 2011). Pre-treatment with estradiol
prevented the LPS induced increase in IL-1β, TNFα, andMMP-9 in astro-
cyte media derived from young and middle-aged females supporting
the involvement of estrogen in this sex difference (Lewis et al., 2008).
Furthermore, the LPS induced increase in the expression of IL-6 and
interferon gamma-induced protein (IP-10) mRNA levels in astrocytes
was attenuated by selective estrogen receptor modulators (Cerciat
et al., 2010) and estradiol repressed NFκB-dependent transcription in
astrocytes (Giraud et al., 2010). Reactive oxygen species production, a
trigger for inflammatory responses, is increased in astrocytes after
oxygen–glucose deprivation and this is prevented with estradiol treat-
ment (Guo et al., 2012). Therefore, the effects of estradiol on astrocytic
inflammatory responsesmay be onemechanism involved in the sex dif-
ferences documented previously.

Gene expression and epigenetic modifications: impact of aging and
ischemia

More recently, research has focused on the molecular mechanisms
that may underlie changes in cellular function during aging. Gene ex-
pression is altered with aging; however, it is not clear how aging alters
gene expression (Xu et al., 2007; Berchtold et al., 2008; Lu et al., 2004).
Epigenetic processes, such as histone acetylation and DNAmethylation,
are critical regulators of transcriptional activity and studies have shown
that aging influences acetylation levels (Peleg et al., 2010; Castellano
et al., 2012). Levels of acetylation are maintained by a balance between
histone acetyltransferases (HATs) and histone deacetylases (HDACs)
(reviewed in Yang and Seto, 2007) and changes in both the activity
to cerebral ischemia is influenced by sex differences and impaired by
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and cellular localization of HDAC's have been identified during aging
(Dos Santos Sant'Anna et al., 2013; Baltan, 2012). Understanding how
these enzymes are influenced by aging and sex may provide a target
for blunting some of the negative aspects of normal aging.

Furthermore, disruption of epigenetic measures may be involved in
the aging brain's inability to mount effective cellular and molecular re-
sponses to ischemia. At themolecular level, ischemia results in changes
in transcriptional activity of several genes (Kim et al., 2002, 2004; Kury
et al., 2004). Age differences have been observed in gene expression
following stroke in male rats, with adult male rats upregulating genes
involved with the oxidative stress whereas aged rats displayed in-
creased expression of pro-apoptotic and phagocytosis-promoting
genes (Buga et al., 2012). A second study examined transcriptional re-
sponses across the lifespan following ischemia in males and found
that genes involved in the inflammatory and immune response are reg-
ulated in an age-dependent manner (Sieber et al., 2014). It is notable
that the previously mentioned literature on gene expression and epige-
netic modifications in normal aging and following stroke examined
males only. However, a recent profiling study of microRNAs, post-
transcriptional gene regulators, found that five days following stroke,
there is a unique expression pattern of microRNAs in adult females, as
compared to adult males and middle-age males and females, including
age differences in several microRNAs that are members of the mir17-
92 cluster (Selvamani et al., 2014).

Astrocyte specific changes in gene expression and epigenetic
modifications

In addition to the whole brain changes that have been observed
during aging and following ischemia in gene expression and epigenetic
modifications, astrocyte specific alterations have been identified. Astro-
cytes isolated from adult mice showed higher expression of genes in-
volved in hemoglobin synthesis and neuronal differentiation than
aging astrocytes, while aged astrocytes showed higher expression of
genes implicated in zinc ion binding and an increased inflammatory
phenotype indicating that that normal aging alters gene expression
profiles in astrocytes (Orre et al., 2014). Our lab has shown recently
that astrocytes from adult females had greater H3K4 specific methyl-
transferase activity than middle-aged females following ischemia and
consistent with this finding, astrocytes from adult females displayed
more H3K4me3 enriched peaks than middle-aged females (Chisholm
et al., 2015). This study also identified astrocytes as a potentialmediator
in the increased expression of circulating microRNAs previously ob-
served in adult females following ischemia (Selvamani et al., 2014).
Astrocytes isolated from adult females had more H3K4me3 enriched
peaks at the mir17-92 cluster and greater mir20a mRNA expression
as compared to astrocytes from middle-aged females. In addition,
H3K4me3 was increased at the VEGFa gene and protein expression of
VEGF was increased in astrocytes from adult females relative to aging
females following ischemia (Chisholm et al., 2015) (Fig. 1). This sug-
gests that increased astrogliosis in aged animals discussed previously
is not due to overproduction of VEGF. However, the reduced VEGF levels
in aging astrocytes may mediate a loss of neuroprotection and conse-
quently, increase brain vulnerability to ischemia. Some of the age-
related changes mentioned earlier appear to be more plastic and inde-
pendent of H3K4me3. For example, the age-related changes that were
previously observed in astrocytic IGF-1 secretion and glutamate clear-
ance (Lewis et al., 2012) occur without changes in H3K4me3 at the
IGF-1, GLT1 and GLAST genes (Chisholm et al., 2015). Functioning of
the glutamate transporter is known to be improved by IGF-1 (Suzuki
et al., 2001) and thus dysfunction in these systems may be attenuated
with IGF-1 treatment rather than altering gene expression.

The finding that astrocytes from adult females havemore genes that
are differentially enriched for H3K4me3 following ischemia (Chisholm
et al., 2015), suggests that future therapies that target epigenetic
modifications may confer neuroprotection during aging. Indeed, recent
Please cite this article as: Chisholm, N.C., Sohrabji, F., Astrocytic response
aging, Neurobiol. Dis. (2015), http://dx.doi.org/10.1016/j.nbd.2015.03.028
research has shown beneficial effects of the pan HDAC inhibitor, resver-
atrol, in astrocyte cultures exposed to stressors (Venturelli et al., 2013).
Resveratrol was able to attenuate the increase in reactive astrocytes as
well as decrease the production of pro-inflammatory mediators follow-
ing astrocyte activation with beta amyloid 1-42 (Scuderi et al., 2014).
Importantly, a separate study found that resveratrol was able to de-
crease the levels of TNF-α and IL-1β and increase the glutamine synthe-
tase activity and glutathione levels in astrocytes from adult and aged
male rats (Bellaver et al., 2014) suggesting that the neuroprotective
properties of resveratrol are mediated through astrocytes and are
maintained during aging. In order to develop new effective therapies
for stroke, a better understanding of age-related epigenetic changes,
and how these are influenced by sex and ischemia, is necessary.
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