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In 2000, approximately 10 million women were re-
ceiving hormone replacement therapy (HRT) for alle-
viation of menopausal symptoms. A number of prior
animal studies suggested that HRT may be neuroprotec-
tive and cardioprotective. Then, in 2003, reports from
the Women’s Health Initiative (WHI) indicated that long-
term estrogen/progestin supplementation led to in-
creased incidence of stroke. A second branch of the WHI
in women with prior hysterectomy found an even
stronger correlation between estrogen supplementa-
tion alone and stroke incidence. Follow-up analyses of
the data, as well as data from other smaller clinical
trials, have also demonstrated increased stroke severity
in women receiving HRT or estrogen alone. This review
examines the studies indicating that estrogen is neuro-
protectant in animal models and explores potential rea-
sons why this may not be true in postmenopausal
women. Specifically, age-related differences in estrogen
receptors and estrogenic actions in the brain are dis-
cussed, with the conclusion that animal models of dis-
ease must closely mimic human disease to produce clin-
ically relevant results. (4m J Pathol 2011, 178:2450-2460;
DOI: 10.1016/j.ajpath.2011.01.057)

Age is the single greatest risk factor for stroke; yet, most
stroke research utilizes young animals. Failure to account
for age-related changes in the brain may, in part, explain
the failure of successful neuroprotectants in animal stud-
ies to translate into clinically effective therapies in hu-
mans. Estrogen has been repeatedly demonstrated to
confer neuroprotection from neural injury in young ani-
mals. Clinical trials, however, show increased incidence
and severity of stroke in women taking hormone replace-
ment therapy (HRT). Although an effective therapy for
menopausal symptoms, current FDA guidelines for the
use of HRT have been altered to limit patient exposure
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and thereby reduce cardiovascular risk. This review dis-
cusses age-related differences in estrogenic activity in
the brain which may account for discrepancies between
preclinical and clinical data.

Age-Related Differences in Brain Injury

Stroke is the leading cause of long-term disability and the
third leading cause of death in the United States. Trau-
matic brain injury (TBI) is the leading cause of disability for
children and young adults and the primary cause of death
for individuals between 18 and 45 years of age. These
forms of neural injury have similar cellular and subcellular
events that occur after the primary insult, but the typical age
of individuals affected by these injuries is very different.
Most TBI patients are younger than 35 years; however, a
second peak of incidence exists for those older than 65
years, in whom falls account for most TBIs. According to the
American Heart Association, approximately 72% of people
who have a stroke are older than 65 years, almost 25% of
the population older than 75 years will have a stroke, and for
people older than 55 years, the incidence of stroke more
than doubles for each successive decade. Because of the
age distribution for the two main types of neurologic insult,
young animal models have a role in understanding the
mechanisms involved in the injured brain, particularly in the
traumatically injured brain. However, this review argues that
young animal models do not accurately represent the re-
sponse to injury unique to the aged brain; thus, aged ani-
mals must have a place in the study of neural injury, partic-
ularly stroke.

Both basic science’ and clinical studies? indicate that
older age decreases the ability of the brain to recover
from neural injury. Neural injury causes an initial region of
cell death followed by a secondary phase of injury charac-
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terized by release of intracellular glutamate and calcium, an
inflammatory response, activation of apoptotic pathways,
formation of reactive oxygen species (ROS), and blood
brain barrier (BBB) disruption. Animal studies of stroke have
shown unique, age-related differences in both phases of
ischemic injury.># Specifically, aged rats have larger infarct
volume' and less functional recovery® than young adult
rats after transient focal cerebral ischemia. Morphologic
changes in the brain of aged rats after neural injury include
massive infiltration of polymorphonuclear neutrophils, pete-
chiae, and necrosis formation.® These markers of inflamma-
tion are reduced in the postischemic brain of young adult
rats.” Clinically, age-related differences in functional recov-
ery from neural injury are well established. Results from a
recent clinical study assessing more than 400 TBI patients
(ages ranging from 16 to 85 years and divided into three
groups: 16 to 26, 27 to 39, and 40 to 85 years old) at 1 and
4 years after injury showed similar improvements initially
between age groups but vast differences at the 5-year
assessment.? These findings, along with a number of other
investigations, cite age as a predictive factor in functional
outcome from TBI.2 Older age also leads to greater disabil-
ity after cerebral ischemia, including decreased ability to
perform activities of daily living, higher percentage of use of
assistive devices for ambulation, and increased use of in-
stitutionalized care facilities.®

Several hypotheses exist to explain the mechanisms at
work in the aging brain: increased inflammation, de-
creased reserve, and accumulation of ROS. The inflam-
mation hypothesis of aging suggests that increased in-
flammation during the aging process results from
dysregulation of the immune system and a progressive
inability to handle pathologic stimuli.’® Aging in the brain
is characterized by cortical atrophy and an increased
number of activated astrocytes and microglia.’” Another
prominent hypothesis is that aged brains have an accu-
mulation of ROS along with reductions in the enzymes to
control them. Specific genes (ie, age-1, daf-2, methuse-
lah, and shc) have been identified that demonstrate a
definitive connection between accumulation of ROS and
longevity.'? Although aging is a complex process influ-
enced by many factors, the aged brain is clearly unique
from its younger counterpart in both health and disease.

Age-Related Differences in Estrogen Activity
in the Brain

The secondary phase of neural injury activates numerous
inflammatory, proapoptotic and antiapoptotic, and angio-
genic factors. These processes respond to estrogen differ-
entially, depending on age. There is substantial evidence
that estrogen is an effective neuroprotectant. Studies per-
formed by a variety of investigators clearly show that estro-
gen reduces infarct size,"® neuronal cell death, ' and mor-
tality 'S after neural injury. One common variable in almost
all studies showing neuroprotection by estrogen is the
use of young animals. The few studies that have exam-
ined age-related differences in estrogenic effects have
used models of injury that do not mimic stroke or methods
of estrogen supplementation that do not mimic its clinical
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use. One study that investigated age-related differences
in estrogenic actions used a 10-minute period of global
ischemia—an injury that mimics cardiac arrest rather
than stroke.'® A study concluding that estrogen supple-
mentation attenuates stroke injury in aged female rats
used only 1 week of estrogen exposure before middle
cerebral artery occlusion by intraluminal filament."” Clin-
ical trials, however, have shown a clear relationship be-
tween increased stroke incidence and severity with es-
trogen supplementation in postmenopausal women.®1°

Clinical Trials Show Estrogen Increases Stroke
Risk and Stroke Severity

The Women’s Health Initiative (WHI) randomized con-
trolled trials investigated the benefits and risks of 0.625
mg/d of conjugated equine estrogen (CEE) plus 2.5
mg/d of medroxyprogesterone acetate (MPA) in 16,608
women. The trials were terminated before the planned
end date because of elevated breast cancer risk along
with other risks defined in the global index as time to
incident coronary heart disease, stroke, pulmonary em-
bolism, hip fracture, or death from other causes.'® The
average follow-up of women in the CEE/MPA trial was 5.6
years. In that time, the CEE/MPA group experienced 151
strokes (1.8%), whereas the placebo-treated group had
107 strokes (1.3%). The hazard ratio (HR) for all stroke
subtypes was 1.31 [95% confidence interval (Cl), 1.02 to
1.68]. For ischemic stroke, however, the HR was 1.44
(95% ClI, 1.09 to 1.90), indicating an approximate 31%
increase in stroke risk with CEE/MPA compared with pla-
cebo. The elevated risk of stroke with CEE/MPA could not
be attributed to any other risk factor and did not appear
until after the first year of treatment.

A second branch of the WHI simultaneously studied
the effects of CEE alone in 10,739 women with prior
hysterectomy.® Researchers also found an increased
risk of ischemic stroke with CEE, warranting the early
termination of those trials as well. When the CEE trial was
stopped, the participants had an average of 6.8 years of
follow-up. The HR for stroke in those taking CEE versus
placebo was 1.39 (95% CI, 1.10 to 1.77), with an absolute
excess risk of 12 additional strokes per 10,000 person-
years. Although this elevation of stroke risk may be as-
sociated with an observed increase in systolic blood
pressure, there are likely more global effects of CEE
requiring further investigation.

Smaller-scaled clinical trials have shown increased
stroke severity with estrogen treatment in women with
known vascular disease. The Women'’s Estrogen for Stroke
Trial was a randomized, double-blind, placebo-controlled
trial of 664 postmenopausal women that demonstrated in-
creased risk of fatal stroke and worse neurologic outcome
from stroke in women taking estrogen (17B-estradiol, 1
mg/d) after a first cerebral ischemic event.?® The Heart and
Estrogen/progestin  Replacement Study (HERS) investi-
gated the use of CEE/MPA (0.625 mg/d of CEE and 2.5
mg/d of MPA) in 2763 women with coronary heart disease
and found that treatment was not significantly associated
with risk of stroke (HR, 1.23; 95% ClI, 0.89 to 1.70), but it also
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did not reduce the incidence of coronary or cerebrovascu-
lar events as expected.?! Interestingly, HERS®? and the
unblinded follow-up study (HERSII) found a significant
increase in the risk of thromboembolic events (deep vein
thrombosis and pulmonary embolism) in women taking
HRT compared with those taking placebo (HR, 2.08; 95%
Cl, 1.28 to 3.40),2® indicating a possible role of estrogen
in thrombus creation. Two separate meta-analyses com-
bining data from each of these three clinical trials and
many other smaller trials have shown a clearly increased
risk of stroke incidence and severity with HRT 2425

Timing of Initiation Hypothesis

Researchers have responded to these reports by arguing
that variations in the timing of initiation of estrogen treat-
ment is the probable reason for differences between an-
imal studies and the clinical trial data. They contend that
a period of hypoestrogenicity after menopause leads to
irreversible vascular changes that are not mimicked in
ovariectomized animals immediately supplemented with
estrogen. Participants in the WHI trials were between 50
and 79 years old, with an average age of 63 years (ap-
proximately 12 years after the average age of meno-
pause). However, subsequent analyses of WHI data of
women with prior CEE and/or CEE/MPA use that began
within 5 years of menopause have not supported the
timing of initiation hypothesis.?® However, basic science
research from proponents of the timing of initiation hypoth-
esis has supported the idea that a period of hypoestroge-
nicity negates the neuroprotection afforded by constant es-
trogen exposure. In particular, one study examining the
timing of initiation hypothesis showed a significant differ-
ence between infarct volumes of mice supplemented with
estrogen immediately after ovariectomy and a placebo-
treated control group. A second comparison was made
between mice undergoing a 10-week period of no estrogen
exposure compared with a second control group, showing
no significant differences in infarct volumes.” The key com-
parison, however, was not presented in that study, namely,
differences in infarct volumes between mice immediately
supplemented with estrogen and those undergoing a pe-
riod of hypoestrogenicity. By comparing each treatment
group to a control (placebo-treated) group rather than to
each other, no conclusions regarding the timing of initiation
hypothesis can be made. Furthermore, these studies,
among others, using young animals cannot be used to
predict the role estrogen plays in the aged brain.

Age, Not Timing, Determines Response
to Estrogen

Age is the likely variable accounting for the contrast be-
tween animal studies and clinical trial findings. Most ba-
sic science studies in neural injury, including studies on
the effects of estrogen, use young animals. This research
is based on the assumption that aging is a linear process,
whereas studies on aging do not support that claim.?®
Therefore, assessment of the response to neural injury in
young or middle-aged rats cannot be used to extrapolate

data to predict a postinjury response in an aged animal
or, more importantly, in an aged patient. Together, these
factors indicate that more studies on estrogenic effects
on stroke, using clinically relevant animal models, are
warranted. Evidence presented in this review suggests
that estrogenic down-regulation of the postischemic in-
flammatory response may contribute to worsened stroke
injury by attenuating beneficial downstream antiapoptotic
and angiogenic pathway activation.

Estrogen Receptors within the Central
Nervous System

Estrogen mediates many of its actions in the periphery via
two forms of the estrogen receptor (ER), ERa and ERB,
encoded on chromosomes 6 and 14, respectively. There
are at least three known ERa isoforms and five known
ERB isoforms, with varying degrees of transactivation
function.®® Some ER agonists bind preferentially to one
form of the ER. Estrone binds with greater affinity to ERa,
whereas estriol and raloxifene preferentially bind ERB. 17-
Estradiol binds equally well to both forms of the ER; thus, it
is used as the most common form of estrogen supplemen-
tation in research. On activation, these receptors act as
ligand-dependent transcription factors by either binding di-
rectly to estrogen response elements on target DNA se-
quences or interacting with nuclear proteins to alter gene
expression. Estrogen-induced genomic actions are well un-
derstood and occur in hours or days.*°

Neuroprotection by estrogen in young animals is
thought to be partially mediated through ERa-dependent
activity. ERa and ERB are constitutively expressed in
cortical®" and hippocampal®® neurons in addition to cells
in many other brain regions; yet, only ERa is up-regulated
in astrocytes and microglia after injury.3® Estrogen-in-
duced neuronal sparing from ischemia is abolished in
ERa knockout mice compared with exacerbated infarcts
in ERB knockout mice.®* However, studies using both the
ERa and ERB knockout mice are likely confounded by the
fact that ERB knockout mice have been shown to be in a
state of systemic hypoxia.3® ERB is highly expressed in
type | and type Il pneumocytes, and the deletion of this
gene leads to fewer alveoli®® and reduced lung volume.3’
In treadmill tests, ERB knockout mice are highly suscep-
tible to ischemic injury compared with wild-type litter-
mates,3® thus making this transgenic model less than
ideal for the study of cerebral ischemia.

The G-protein coupled ER 30 has also been found and
cited as the possible mediator of rapidly occurring, non-
genomic estrogenic action.®® Specifically, estrogen has
been shown to directly stimulate calcium mobilization, acti-
vate cAMP-mediated signaling, and activate extracellular
signal-regulated kinase 1/2 (ERK1/2) activity in multiple cell
types.3® However, debate still exists regarding the role of
the G-protein coupled ER 30. One study found that the
receptor was not activated by radioactive estradiol and that
estradiol exposure did not lead to elevations in intracellular
CAMP or calcium levels.*® Another hypothesis is that rapidly
occurring, nongenomic actions of estrogen are mediated
through membrane-bound ER. Some reports have shown



evidence of an association between a membrane-bound
ER and insulin-like growth factor 1 (IGF-1) receptors. Colo-
calization studies indicate that IGF-1 is present in neurons
expressing ERa and in neurons expressing ERB in the hy-
pothalamus, hippocampus, and cerebral cortex.*’ Al-
though these studies provide important information on ER-
independent activity, to date a complete understanding of
the mechanisms of estrogenic effects on the brain are still
unclear and warrant further investigation.

ERs Differ in the Aged Brain

Evidence of a differential effect of estrogen with age has
been demonstrated in the brain and other tissues. Animal
models show decreased nuclear ER concentrations in
selected brain regions of middle-aged rats compared
with young adult counterparts.*? Further investigation has
shown differential response to estrogen supplementation
with age in the hypothalamus and pituitary, although it is
unknown whether the same age-related changes occur in
other brain regions. Specifically, ovariectomized, young
animals supplemented with estrogen showed increased
ER expression, whereas middle-aged and aged animals
had little or no increase in ER in cytosolic or nuclear
fractions of hypothalamus and pituitary, despite similar
increments in plasma estrogen levels in all age groups.*®

More recently, postmortem analysis of specific human
brain regions has demonstrated age-related changes in
levels of a certain ERa splice variant known as mamillary
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body exon 1.4* Discovered in 2005, this receptor protein
variant lacks exon 1, giving it an expected fourfold de-
crease in transactivation function, which would alter its re-
sponse to estrogen.?® Similarly, aging has been associated
with reduced expression and activity of ERa-transactivation
domain interacting protein, metastasis-associated protein
1, an important regulator of histone deacetylation and tran-
scriptional control.*® These findings suggest that the aged
brain may respond differently to circulating estrogen (Table
1). Although these studies do not provide a complete
understanding of age-related differences in estrogenic
activity in the brain, emerging evidence supports the idea
that estrogen has differential effects, depending on age
both in health and after neurological insult.

Estrogen Produced Endogenously by Aromatase

Local production of estrogen by aromatase may play an
important role in recovery from neural injury, particularly
in postmenopausal females and males. Aromatase is a
cytochrome P450 enzyme that converts testosterone to
estradiol and androstenedione to estrone and provides
the only source of estrogen in men. Aromatase is bound
to the endoplasmic reticulum and under physiologic con-
ditions is expressed at low levels in the brain after the
perinatal period.*® Studies have shown the presence of
aromatase in both neurons*® and, after insult, in glia.>®
Testosterone, administered before or immediately after
penetrating brain lesion, has been shown to decrease

Table 1. Reported Age-Related Differences in Estrogenic Actions and Receptors in the Brain

Model Treatment Injury

Age-related difference Reference

Postmortem human

Aged mouse

Aged female
mouse

60-day time release pellet of
1.7 mg of 17B-estradiol

Aged female rat 6 ng/kg of 17B-estradiol

(iv)

Aged female 0.2 ng of 17B-estradiol (s.c.)

Increased MB1 splice variant of ERa in 44
hypothalamus of aged women
compared with younger women

Decreased expression of MTA1 and 45
decreased interaction with ERa
transactivation domain compared with
young adult female mice

Decreased astrocytes and microglial 46
cells in dentate gyrus and CA1
compared with young adult female
mice

Decreased ER levels in nucleus in 42
multiple brain regions compared with
young adult female rats

Decreased ER and decreased binding 43

mouse kinetics of ER in hypothalamus/pituitary
compared with young adult female
mice
Aged female rat 60-day time release pellet of Forebrain excitotoxic Increased IL-18 expression and 47
1.0 mg of 17B-estradiol injury decreased nerve growth factor

Aged female gerbil Single, high-dose 4-mg/kg
pretreatment

Aged female rat
25 ng of 17B-estradiol for of MCA

7 days

Global ischemia

3-week time release pellet of Filament occlusion

compared with placebo-treated, aged
female rats

Improved performance on memory tasks, 16
fewer TUNEL and caspase 3 positive
cells in CA1 and CA2 compared with
placebo-treated, aged female gerbils

Reduced cortical and striatal infarct 17
volume and no changes in cerebral
blood flow compared with placebo-
treated, aged female rats

CA, cornu ammonis; MB1, mamillary body exon 1; MCA, middle cerebral artery; MTA1, metastasis associated protein 1; TUNEL, terminal deoxynu-

cleotidyl transferase mediated dUTP nick end labeling.
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expression of vimentin immunoreactive astrocytes in
male orchidectomized rats®': however, this effect is likely
due to a local conversion of testosterone to estrogen by
aromatase. Both in vitro®? and in vivo®® studies with male
aromatase knockout mice and cell cultures from these
transgenic animals show greater cell death from experi-
mental neural injury compared with wild-type counter-
parts. These reports suggest a significant role for the
endogenously produced estrogen that arises in response
to neural injury. Levels and activity of neural aromatase
have not been reported in aged animals.

Estrogen Reduces Inflammation

Neuropoietic Cytokines and the JAK/STAT
Pathway

Inflammation contributes to neural damage in ischemic
injury models. Injury leads to increased NF-kB activation,
which causes induction of many mediators of inflamma-
tion. TBI causes elevation of IL-6, IL-18, and tumor ne-
crosis factor-a (TNF-a). IL-1 is also a key component of
the inflammatory response to neural injury and has been
shown to cause neuronal cell death.®* IL-1 receptor-1 null
mice subjected to neural injury demonstrate decreased
edema, leukocyte infiltration, and overall cell death, as
well as decreased astrocytic reactivity,®® indicating that
IL-1 receptor activation may be detrimental to recovery
from neural injury.

Yet, not all inflammatory factors have adverse effects.
In some types of neural injury, such as cerebral ischemia,
the inflammatory response contributes to the induction of
genes that aid in microvessel regrowth and the salvage of
cells through activation of antiapoptotic pathways.®® Spe-
cifically, IL-6 and other neuropoietic cytokines act on type
1 cytokine receptors, composed of a ligand-binding do-
main, CD126, and a signal-transducing domain, glyco-
protein 130 (gp130). Intracellular regions of the trans-
membrane gp130 molecule are coupled to the Janus
kinase (JAK)/signaling transducer and STAT pathway,
most notably STAT3.57 STAT3 is activated by phosphor-
ylation on a tyrosine residue on its C terminus. On phos-
phorylation, STAT3 forms a heterodimer or homodimer
and translocates to the nucleus, where it activates tran-
scription of target genes, including proteins that are in-
volved in cell survival and proliferation, such as bcl-2,
bel-xL, mel-1, Fas, survivin, cyclin D1, cyclin E1, and p21.58
In addition, other transcription factors, including c-myc,
c+un, and c-fos, are STAT3 targets.>® Vascular endothe-
lial growth factor and brain-derived neurotrophic factor
have also been shown to be targets of STAT3 and con-
tribute to angiogenesis.®®

The IL-6 signaling pathways, specifically JAK2/STATS3,
play a major role in modulating the complex relationship
between aging and disease. Research demonstrates that
not all actions mediated by IL-6 are beneficial. Elevated
central nervous system levels of IL-6 lead to increased
astrogliosis and BBB permeability, and IL-6 activation of
the JAK2/STAT3 pathway contributes to neuronal loss
after transient focal cerebral ischemia.®’ Unpublished

IL-8/LIF/OSM E

VEGF, BDNF,
bel-2, bel-xI

Figure 1. Estrogenic effects on gp130 signaling. gp130 signaling plays an
important role in the injured brain. Although quiescent in the healthy brain,
on injury, STAT3 activation leads to transcription of genes that promote cell
survival. STAT3 gene deletion studies show enhanced neuronal apoptosis
and increased infarct size after middle cerebral artery occlusion. Estrogen has
been shown to increase levels of activated STAT3>*; however, estrogen also
increases inhibitors of the pathway, ERK1/2 and SOCS$3.°> BDNF, brain-
derived neurotrophic factor; VEFG, vascular endothelial growth factor.

data from our laboratory indicate that dysfunction of the
JAK2/STAT3 pathway plays a significant role in the in-
creased injury and decreased functional recovery ob-
served in studies of ischemic injury in aged animals.
Specifically, during the acute phase after injury, JAK2/
STATS signaling contributes to a robust proinflammatory
response that leads to an early, more severe BBB dis-
ruption. As the injury response continues, JAK2/STAT3
signaling is attenuated by desensitization or increased
negative regulation by the suppressor of cytokine signal-
ing 3 (SOCS3), resulting in decreased angiogenesis and
increased apoptosis. Data from clinical studies confirm
that an elevated plasma IL-6 level is predictive of greater
stroke severity and worsened functional outcome in older
adults,®? indicating a connection among the inflammatory
response, stroke severity, and aging. However, studies
on aging show that STAT3 expression is decreased in the
rodent brain with increasing age. The counterpart of
STAT3, known as STAT1, is associated with detrimental
effects after neural injury and remains unchanged with
age.®® Studies have shown that estrogen increases acti-
vation of STAT3 in young adult rats after ischemic in-
jury,®® but it is unknown whether this occurs in aged rats
after neural insult. Other studies indicate that estrogen
also increases inhibitors of the JAK2/STAT3 pathway.®*
Figure 1 indicates known effects of estrogen on gp130
signaling through JAK2/STAT3 pathway. It is unknown
what the ultimate results of estrogenic actions are on
STATS3 activation in aged animals after neural injury.
Other neuropoietic cytokines also use gp130 and ac-
tivate STAT3. Leukemia inhibitory factor (LIF) and on-
costatin M (OsM) are two neuropoietic cytokines of par-
ticular interest in the injured brain. LIF has a myriad of
actions throughout the body, including enhancing migra-
tion of inflammatory cells to damaged neuronal tissue.®®
During mammary gland involution, LIF induces expres-
sion of the two phosphatidylinositol-3-kinase (PI3K) reg-
ulatory subunits p50 and p55 via STAT3, resulting in



diminished levels of Akt activity and eventually leading to
apoptosis.®® OsM reduces excitotoxic damage, similar to
that occurring in the peri-infarct region after ischemia/
reperfusion injury,®” and activates STAT3 to induce
apoptosis and cell cycle arrest in certain tumor cells.
Unpublished data from our laboratory suggest that aged
rats have a more robust postischemic increase in LIF, OsM,
and SOCS3 compared with young adult rats, indicating a
potential role of these neuropoietic cytokines and SOCS3-
mediated inhibition of STAT3 in the worsened recovery from
experimental stroke observed in aged animals.

Estrogen Attenuates Inflammation in Vivo
and in Vitro

Estrogen plays a significant role in regulation of inflam-
matory pathways.®® In young animals treated with estro-
gen before middle cerebral artery occlusion, there are
reductions in IL-6 and monocyte chemoattractant pro-
tein-1.27 Further evidence of estrogen-mediated attenua-
tion of neuroinflammation indicates specific estrogenic
effects on microglia after exposure to lipopolysaccharide
(LPS) in female ovariectomized rats.®® It is unknown
whether such a reduction in microglia reactivity occurs in
aged animals after neural injury. The anti-inflammatory
action of estrogen is also supported in cell culture models
of neural injury. Primary rat microglia cell lines exposed to
LPS show reduced microglial superoxide release and
phagocytic activity when pretreated with estrogen. These
effects are abolished by both ER inhibitor and mitogen-
activated protein kinase (MAPK) inhibitor.”® However, no
effect is seen in NF-«kB levels, suggesting that estrogen-
induced anti-inflammatory actions in microglia are likely
dependent on ER-mediated activation of MAPK. MAPK
promotes cell survival through cAMP response element
binding protein transcription pathways.

Microglial cell cultures treated with estrogen also have
reduced basal levels of TNF-a and reduced TNF-«a after
exposure to LPS.”" However, in animal models using
N-methyl-p-aspartic acid-induced cytotoxic injury, the ef-
fects on IL-1B expression are dependent on age and
hormonal status.*” Therefore, the ability of estrogen to
attenuate inflammation may only occur in young animals
or may occur to a lesser extent or by different mecha-
nisms in aged animals. In aged brains, the inflammatory
response may serve a vital purpose that becomes weak-
ened by anti-inflammatory activity of estrogen. After isch-
emic injury, gp130-mediated up-regulation of angiogenic
and antiapoptotic factors may serve to protect the peri-
infarct region from cell death and aid in regrowth of
microvessels to the damaged area. If these processes are
inhibited by estrogen in aged animals, perhaps due to dif-
ferential expression of ERa splice variants and their respon-
siveness to circulating estrogen, then exacerbated injury
may result.

Estrogen Attenuates Reactive Gliosis

Estrogen may also exert effects on astrocytes and their
response to neural injury. Reactive astrocytes undergo
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gliosis after neural injury, which involves a continuum of
specific molecular and morphologic changes. In patient
studies of ischemic stroke, there is severe reactive astro-
gliosis accompanied by proliferation of astrocytes, form-
ing a glial scar at the infarct border. Although some
evidence suggests that glial scar formation serves to limit
and contain postischemic neuronal death, gliosis has
also been shown to inhibit axonal regeneration and re-
myelination, thereby hindering recovery from injury.”?
Likewise, astrocytes release a host of proinflammatory
cytokines that may contribute to neuronal damage. As-
trocytic response to neural injury may be directly affected
by estrogen because studies have shown that astrocytes
express both nuclear ER and membrane-associated
ER.”® Several in vivo models of neural injury, including
penetrating brain lesion, excitotoxic-induced neurode-
generation, and cholinergic basal forebrain lesion, dem-
onstrate estrogen-mediated reduction in glial fibrillary
acidic protein and vimentin expression, indicating estro-
genic attenuation of postinjury activation of astro-
cytes.®® 7 This activity appears to be preserved with age
because long-term estrogen treatment also attenuates
age-related astrocyte activation in hippocampus of 20-
month-old mice.*®

Estrogen Affects the BBB

The BBB is a functional element of the neurovascular unit,
an extensive network composed of the endothelium, glia,
pericytes, neurons, and extracellular matrix. The BBB
partitions the systemic circulation from brain parenchyma
and serves to establish, maintain, and regulate discrete
microenvironments within the brain for optimal neuronal
function.”® The neurovascular unit undergoes a number
of morphologic and functional changes during the aging
process that make the BBB more vulnerable to insult.”®
After injury, there are two principle mechanisms by
which brain edema develops: cytotoxic and vasogenic.
Cytotoxic edema results from a loss of ionic homeostasis
and can occur as astrocytes increase glutamate uptake
in an attempt to limit excitotoxicity, which requires glu-
cose use and leads to intracellular water and sodium
accumulation. Neurons can undergo cytotoxic swelling
when ionic exchangers dysfunction or as part of the met-
abolic consequences of excitotoxicity. Vasogenic edema
occurs when there is a breakdown in the tight junctions
between the endothelial cells of the BBB or up-regulation
of water transport channels in perivascular cells, allowing
fluid to enter the brain parenchyma. Although relatively
little is known about the specific mechanisms by which
estrogen attenuates postinjury edema, evidence sug-
gests it inhibits BBB breakdown after neural insult.””

Estrogen Inhibits Postinjury Edema via Multiple
Mechanisms

Some evidence suggests that estrogen-mediated atten-
uation of BBB breakdown may be related to inhibition of
matrix metalloproteinases (MMPs), the enzymes respon-
sible for extracellular matrix remodeling.”® Although the
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effects of estrogen on the family of MMPs have long been
studied in regard to reproductive physiology and dis-
eases of the endometrium, recent research has focused
on the effects of estrogen on centrally located MMPs,
particularly in relation to BBB disruption. This research
has led to potential mechanisms by which estrogen helps
maintain functional integrity of the BBB after insult. In
particular, estrogen has been shown to significantly de-
crease Evans blue extravasation into the brain,”® a com-
mon assay for assessment of BBB disruption. Evans blue
complexes to albumin, making it a 68-kDa marker, the
passage of which through the BBB indicates marked
disruption. More subtle changes are better assayed with
dextrans (10 to 60 kDa), inulin (5 kDa), or sodium fluo-
rescein (8376 Da), but the effects of estrogen on BBB
permeability to those markers have not been measured to
date. Estrogen also decreases local MMP2 and MMP9
activity after ischemia/reperfusion injury.”® By inhibiting
the enzymes responsible for injury-induced BBB break-
down, estrogen indirectly preserves BBB integrity. Sev-
eral reports have also indicated that estrogen can mod-
ulate injury-induced ROS generation,”®8° which may
contribute to the maintenance of BBB functional integrity
after insult. Because ROS contribute to BBB breakdown
through lipid membrane peroxidation, attenuation of ROS
production should protect BBB integrity. F(2)-isopros-
tanes result from free radical oxidation of arachidonic
acid and are lower in cerebrospinal fluid from female
patients with severe TBI than in male counterparts®’:
thus, antioxidant activity may account for estrogen-medi-
ated protection of the BBB. Estrogen decreases ROS-
related cell death through a nongenomic mechanism of
action in organotypic hippocampal slice cultures.”® Alter-
natively, this BBB-sparing effect may be attributable to
antioxidant capacity of progesterone, which decreases
F(2)-isoprostanes in vitro.8?

In addition to the mechanisms by which estrogen in-
hibits BBB disruption, the hormone is also involved in
formation and clearance of the subsequent edema
through its regulation of the major water transport chan-
nel in the brain, aquaporin 4. In LPS-induced BBB dis-
ruption models, estrogen attenuates the induction of
aquaporin 4 in perivascular glial cell processes, thereby
decreasing the associated edema.®® Together, these
studies demonstrate that estrogen has potential use in
the short-term treatment of neural injury. Some studies on
estrogenic neuroprotection in young animal models have
used short-term treatment after neural insult and found
promising results.®*85 In terms of treatment for stroke,
however, aged animal models must also have a place in
validating the results.

ERs in Cerebral Vasculature

After TBI, signs of postinjury neuronal hypoxia, including
hypoperfusion and jugular venous desaturation, have
been observed. Estrogen may have a role in reducing
injury-induced hypoxia through actions on cerebral vas-
culature because the vasorelaxing property of estrogen
has been demonstrated. Middle cerebral arteries isolated

Vascular smooth muscle

B

Vascular endothelium

Figure 2. Estrogenic effects on cerebral vasculature. Although ERa immu-
noreactivity has been found in the nucleus, in the mitochondria, and on the
membrane of endothelial cells from cerebral blood vessels, the role of these
receptors in estrogen-mediated vasodilation is unclear. Evidence suggests
that estrogenic alteration in myogenic tone occurs via activation of eNOS and
COX-1, which result in vasodilation. E2, 17B-estradiol; NO, nitric oxide; PGL,,
prostaglandin I,.

from female ovariectomized rats supplemented with es-
trogen show greater increase in diameter in response to
elevated transmural pressure compared with untreated
and male rats; yet, differences in vascular responsive-
ness between groups are abolished by removal of the
vascular endothelium or by inhibition of both nitric oxide
synthase and cyclooxygenase.®® These studies and oth-
ers suggest that activation of ERa leads to cyclooxygen-
ase-1 (COX-1) induction of prostacyclin® and enhanced
nitric oxide synthesis in cerebral vasculature®” (Figure 2).
Cerebral blood vessels isolated from estrogen-treated
rats have increased COX-1, prostacyclin synthase, and
prostacyclin expression.®8 Prostacyclin is a prostanoid
product of COX-1 that acts on both platelets and endo-
thelial cells and activates the protein kinase A pathway,
resulting in smooth muscle relaxation and subsequent
vasodilation. Estrogen-treated animals also show ele-
vated levels of endothelial-derived nitric oxide synthase
(eNOS) mRNA and protein, suggesting a role for eNOS-
dependent vasodilation.®® This mechanism of estrogen-
mediated vasodilation is further supported by studies
using mouse cerebral arteries that demonstrate a rever-
sal of estrogen-mediated changes in vascular tone when
eNOS is inhibited®® (Figure 2). Similar results are found in
cultured cerebral vessels, where eNOS levels are signif-
icantly depressed by ER antagonist treatment.®® Modu-
lation in local eNOS levels may be the predominant vas-
cular effect of estrogen. Evidence from eNOS knockout
mice show elevated COX-1 and prostacyclin compared
with control, estrogen-treated animals, although the vascu-
lar responses in both groups are similar.®" However, in
studies using young adult female rats, ERa immunoreactiv-
ity is not present in only vascular smooth muscle cells;



rather, ERa immunoreactivity is also found in the nucleus, in
the mitochondria, and on the membrane of endothelial
cells.®® Any potential differences in the effects of estrogen
on cerebral blood vessels in the aged brain have not been
elucidated but may be an interesting area for future inves-
tigation because of the vasogenic actions of estrogen and
the known age-related changes in cerebral vasculature.

Effects of Estrogen on Excitotoxicity

Most data regarding the effects of estrogen on excitotox-
icity rely on cell culture models. Evidence from these
models suggests that estrogen affects the extent of ex-
citotoxic cell death by modulating glutamate-induced
cellular influx of calcium.®®°4 Research demonstrates
that estrogen acts directly on N-methyl-p-aspartic acid
receptors to enhance excitatory amino acid activity,®®
which would enhance glutamate toxicity; however, in
cultured hippocampal neurons, estrogen can de-
crease excitoxicity.®® Other evidence indicates that es-
trogen down-regulates ionotropic glutamate receptor
subunits in neurons, which would attenuate the effects of
excess extracellular glutamate like that occurring after
neural injury.®* Estrogen also acts to increase glutamate
uptake by astrocytes, thus limiting excitotoxic insult to
neurons,®” although this effect was observed in cultured
human astrocytes of Alzheimer’s disease patients, so it is
unknown whether the same response to estrogen would
occur in acute neural injury.

Estrogen Modulates Apoptotic Signaling
Pathways

After direct, excitotoxic, oxidative, or hypoxic injury, cells
in the brain parenchyma may undergo apoptosis or ne-
crosis. Research has shown that estrogen inhibits apop-
totic cell death after neural injury in young animal models.
Specifically, estrogen activates MAPK by triggering cal-
cium influx through L-type calcium channels®® and in-
creases levels of activated bcl-2 present in the nucleus of
neurons in the peri-ischemic area of young adult rats
subjected to focal cerebral ischemia.®® Further evidence
of neuronal sparing by estrogen comes from immortal-
ized hippocampal cell lines, which show rapid estrogen-
induced cAMP response element binding protein phos-
phorylation that is blocked by both ER inhibitors and
MAPK inhibitors.®

Estrogen also modulates levels of IGF-1,%% which is a
potent activator of the Akt signaling pathway. Akt inhibits
apoptosis by inactivating proapoptotic proteins, such as
bcl-xl/bcl-2—-associated death promoter, and activating
NF-«B for transcription of survival-promoting genes.
Studies demonstrate estrogenic activation of Akt and the
family of MAPK known as ERK1/2 independent of IGF-1
signaling,®' although estrogen-mediated increases in
IGF-1 may bolster this response. Furthermore, estrogen
activates the PI3K signaling cascade through an ER-
mediated binding with PI3K regulator, p85.2" The inter-
action between ER and p85 leads to activation of both Akt
and ERK1/2 in cortical neurons in a time-dependent man-
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ner.3" Overall, estrogenic effects on apoptotic pathways
are complex, a complete understanding of which has yet
to be elucidated.

Conclusion

The idea of estrogen as a neuroprotectant first emerged
with evidence that premenopausal females experience
less damage and greater functional and cognitive recov-
ery from neurologic insult than males, with this disparity
disappearing around the age of menopause. In hypoxia/
ischemia models of neural injury, many studies have
shown estrogen to be neuroprotective, 11780190 with an
equal number of mechanisms postulated to explain these
results. Estrogen attenuates BBB disruption from neuro-
logic insult, reduces edema, lowers levels of inflamma-
tory mediators,®® activates antiapoptotic pathways,*® and
has antioxidant capabilities”® in young animals and cell
culture models. Some of these actions are receptor me-
diated, whereas others have nongenomic mechanisms.

However, many questions regarding the mechanisms
by which estrogen acts remain unanswered. Specifically,
why is estrogen neuroprotective in young animals but not
in postmenopausal women? An estimated 10 million
women were receiving HRT in 2000 for alleviation of
menopausal symptoms. Then, after the release of reports
from the WHI and subsequent analyses of that data
showing that estrogen increases the incidence and se-
verity of stroke, 8192425 widespread use of estrogen
therapy is no longer recommended. By more fully under-
standing the mechanisms of estrogenic action in the
aged, injured brain, parameters for the safe and effective
use of female gonadal hormones may be possible. How-
ever, most basic science research in neural injury is
conducted on healthy, young animals, despite the fact
that there are age-related differences in estrogenic ac-
tivity in the brain (Table 1). Animal studies show age-
dependent alterations in ER levels after estrogen treat-
ment,*>#®  whereas studies from human cadavers
demonstrate age-related changes in the specific splice
variant of the ER,** indicating that aged individuals may
have greater levels of a less active form of ER in specific
brain regions. This disregard of age-dependent differ-
ences in the actions of female gonadal hormones has led
to unnecessary patient morbidity and mortality'®; thus,
research models of disease that account for age-related
differences must have a place in future investigations of
estrogenic activity.
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