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Recent studies describing the seemingly contradictory actions of
estrogens in ischemic stroke injury have led us to reevaluate the
circumstances under which estrogen therapy (ET) provides benefits
against cerebral stroke and decipher its mechanisms of action. One
prominent feature that follows stroke injury is massive central and
peripheral inflammatory responses. Evidence now suggests that
postischemic inflammatory responses strongly contribute to the
extent of brain injury, and 17p-estradiol (E;) may protect the
ischemic brain by exerting antiinflammatory actions. In an attempt
to explain recently reported dichotomous effects of E, in stroke
injury, we tested the hypothesis that an extended period of
hypoestrogenicity both prevents E; from protecting the brain
against ischemia and simultaneously suppresses its antiinflamma-
tory actions. We report that E; exerts profound neuroprotective
action when administered immediately upon ovariectomy, but not
when administered after 10 weeks of hypoestrogenicity. Consis-
tently, E; treatment given immediately at the time of ovariectomy
attenuated central and peripheral production of proinflammatory
cytokines after ischemic stroke. In contrast, E; did not suppress
production of proinflammatory molecules when it was adminis-
tered after 10 weeks postovariectomy. These results demonstrate
that a prolonged period of hypoestrogenicity disrupts both neu-
roprotective and antiinflammatory actions of E;. Our findings may
help to explain the results of the Women'’s Health initiative that
reported no beneficial effect of ET against stroke because the
majority of the subjects initiated ET after an extended period of
hypoestrogenicity.

inflammation | ischemic injury | stroke | Women's Health initiative

S troke is the third major cause of death nationwide, and each
year ~40,000 more women than men are affected by stroke
(1). This gender difference is related to both the longer life
expectancy of women and the protective role of estrogens,
because the incidence of stroke in women dramatically increases
after menopause and the risk continues to increase with age (2).
Over the past two decades, numerous basic science, observa-
tional, and retrospective studies have supported the concept that
estrogen therapy (ET) of postmenopausal women protects
against age-related diseases, including cardiovascular disease
and neurodegenerative conditions associated with stroke (3-8).
Consistently, the absence of ovarian steroid hormones after
menopause makes postmenopausal women more vulnerable to
both cardio- and cerebrovascular diseases compared with age-
matched cycling women. Despite numerous studies demonstrat-
ing cardio- and cerebrovascular benefits of ET, recent results
from the Women Estrogen Stroke Trial (WEST) and the Wom-
en’s Health initiative (WHI) reported that ET afforded no
benefit or increased the risk for stroke (9, 10). Interestingly, the
majority of subjects in both the WEST and WHI were reported
to be postmenopausal for many years before the initiation of ET.
In the WHI, the mean age of the subjects was 63 years, among
which 74% of the participants had never taken hormone treat-
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ment previously (4, 8). Furthermore, women within 1 year of
menopause were excluded from the study (11). In striking
contrast, observational studies that reported cardiovascular ben-
efits of hormone treatment examined women averaging 51 years
of age, many of whom initiated hormone treatment in their
perimenopausal period (1, 11, 12).

Inflammation plays a critical role in stroke, and postischemic
inflammatory responses strongly contribute to the extent of
ischemic brain injury (13, 14). The inflammatory cascades
associated with ischemic stroke are characterized by increased
production of proinflammatory cytokines and chemokines both
centrally and peripherally. Numerous clinical studies have dem-
onstrated that increases in cerebrospinal fluid (CSF) as well as
plasma levels of proinflammatory cytokines after stroke posi-
tively correlate with larger infarct size and poor clinical stroke
outcomes (15, 16). In addition, in experimental animal models
of stroke, it is well established that ischemic injury triggers a
cascade of inflammatory responses that strongly contributes to
the extent of ischemic brain injury (17, 18).

Previously our laboratory has demonstrated that 17-estradiol
(E») exerts profound neuroprotective actions in a model of
stroke injury in which the middle cerebral artery is permanently
occluded (19, 20). E; achieves its protective action by altering the
expression of multiple genes involved in neuronal apoptotic
pathways through an estrogen receptor alpha (ERa)-dependent
fashion (20, 21). Accumulating evidence from basic science
studies now suggests that E; exerts its neuroprotective action by
suppressing inflammation through ERa-mediated mechanisms
(22, 23). Indeed, a growing body of evidence from both preclin-
ical and clinical studies leads to the concept that E,’s antiin-
flammatory actions are at the fundamental core of its pleiotropic
protective actions on multiple physiological systems (8).

The goal of the present study was to reevaluate the circum-
stances under which E, provides benefits against ischemic stroke
and to decipher the mechanisms of its action in an attempt to
explain reported inconsistent effects of E, in stroke injury. We
tested the hypothesis that an extended period of hypoestroge-
nicity both prevents E, from protecting the brain against isch-
emic injury and simultaneously suppresses its antiinflammatory
actions. We report that E, exerts profound neuroprotective and
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antiinflammatory actions only when administered immediately
upon ovariectomy, but not when administered after a prolonged
period of hypoestrogenicity.

Results

The Timing of E, Treatment Dictates the Efficacy of Its Neuroprotec-
tive Actions. This study included two experimental paradigms. In
the first paradigm, 19-week-old C57BL/6J mice were ovariecto-
mized and immediately implanted with capsules containing
either oil or E, for 1 week (Fig. 14). This paradigm of E,
treatment allows the maintenance, without interruption, of
stable levels of E, in serum (25 pg/ml) equivalent to low-basal
circulating levels found during the estrous cycle of mice (20).
Subsequently, animals underwent experimental ischemia by
middle cerebral artery occlusion (MCAO). The total, cortical,
and striatal infarct volumes were measured by using 2,3,5-
triphenyltetrazolium chloride (TTC) staining 24 h after the onset
of ischemic injury. The extent of brain injury was clearly
delineated by TTC staining and was distributed throughout the
injured hemisphere (Fig. 1 B and C). Consistent with our
previous observations, where we used young adult mice, low
physiological levels of E, significantly reduced the total infarct
volume (Fig. 1D; P < 0.02) and the extent of injury in both the
cortex (Fig. 1E; P < 0.05) and striatum (Fig. 1F; P < 0.03) of
20-week-old mice.

In the second paradigm, 9-week-old mice were ovariectomized
and 10 weeks later implanted with oil or E; capsules for 1 week
before they underwent experimental ischemia (Fig. 24). This
paradigm of E, treatment led to a prolonged period of hypoestro-
genicity before stable serum levels of E; were achieved through a
delayed implantation of a Silastic capsule, which produced low-
basal circulating levels equivalent to those attained in the first
paradigm. Thus, mice in both paradigms were designed to undergo
ischemic injury at 20 weeks of age. In contrast to animals in the first
paradigm, mice in the second paradigm that experienced a pro-
longed period of hypoestrogenicity before restoration of basal
plasma E; levels exhibited extensive ischemic brain injury regardless
of E; treatment (Fig. 2 B and C). E; did not reduce the total infarct
volume when treatment was initiated after a 10-week period of
hypoestrogenicity (Fig. 2D; P = 0.697). Specifically, E, failed to
reduce brain infarction in the cortex (Fig. 2E; P = 0.447) as well as
in the striatum (Fig. 2F; P = 0.581), compared with oil-treated
counterparts.

Up-Regulation of ER« Is Disrupted After Prolonged Hypoestrogenicity.
To begin to decipher the mechanisms for a loss of neuropro-
tective action of E, after an extended period of hypoestrogenic-
ity, we examined the expression of ER« in the ischemic brain.
Previously, we have shown that the presence of ERe, but not
ERB, is a prerequisite for E; to achieve its protective action (20).
Furthermore, our previous observations have demonstrated that
ischemic injury up-regulates the expression of the ERa gene on
the injured side of the brain (300-450% increase compared with
sham) at the levels of mRNA and protein in both rats (24, 25)
and mice (25, 26), suggesting that this up-regulation of ER«a
mediates the ability of E; to protect against neuronal death. In
the present study, when E, treatment was delayed for 10 weeks
postovariectomy, ischemic injury did not up-regulate ERa pro-
tein on the ipsilateral side of the ischemic brain compared with
sham animals [supporting information (SI) Fig. 5].

Immediate E, Treatment Attenuates Proinflammatory Responses in
the Brain. A mouse cytokine multiplex proteomic array technique
was used to measure proinflammatory cytokines in the brains
from both experimental paradigms. Ischemic injury dramatically
increased the production of monocyte chemoattractant pro-
tein-1 (MCP-1; P < 0.0001 for oil-treated mice; P = 0.0153 for
E»-treated mice) and IL-6 (P < 0.0001 for oil-treated mice; P =
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Fig. 1. Low physiological levels of E, protect the brain against ischemic
injury. (A) C57BL/6J mice (19-week-old) were ovariectomized and immediately
implanted with capsules containing either oil (n = 8) or E; (n = 11) for 1 week.
Subsequently, animals underwent experimental ischemia by middle cerebral
artery occlusion (MCAO) at 20 weeks of age and were killed 24 h after the
onset of injury. (B and C) Infarct volumes were measured by using TTC staining
in oil- (B) or E;- (C) treated mice. (D-F) Immediate E; treatment significantly
reduced the total infarct volume (D; *, P < 0.02) and the extent of injury in
both the cortex (E; *, P< 0.05) and striatum (F; *, P < 0.03) of 20-week-old mice
(unpaired two-tailed t test, mean *= SEM, n = 8-11).

0.0043 for E,-treated mice) on the injured side of the brain
compared with the contralateral side (Fig. 3 A and B). An
immediate E, treatment significantly attenuated ischemia-
induced up-regulation of MCP-1 (P = 0.0093) and IL-6 (P =
0.0271) on the ipsilateral side of the ischemic brain (Fig. 34 and
B). In addition, E, prevented injury-induced down-regulation
(P = 0.0004) of the neuroprotective VEGF (Fig. 3C; P = 0.0024).
In striking contrast, when administered 10 weeks after ovariec-
tomy, E; did not suppress the production of MCP-1 (Fig. 3D; P =
0.285) as well as IL-6 (Fig. 3E; P = 0.541) and did not cause any
changes in the expression of VEGF (Fig. 3F; P = 0.326).

E, Suppresses Peripheral Cytokine Production After Ischemic Injury.
We then measured the levels of peripheral cytokines in plasma
after MCAO-induced ischemic injury. In accordance with its
effects on central inflammatory responses, E, exerted antiin-
flammatory actions only when administered immediately after
ovariectomy (Fig. 4). Ex-suppressed plasma levels of IL-6 (Fig.
4A4; P = 0.004), TNFa (Fig. 4B; P < 0.05), granulocyte macro-
phage colony-stimulating factor (GM-CSF; Fig. 4C; P = 0.0002),
IL-4 (SI Fig. 64; P = 0.0003), and IL-5 (SI Fig. 6B; P < 0.001).
When E; was administered 10 weeks postovariectomy, E, did not
suppress the production of IL-6 (Fig. 4D; P = 0.737), TNFa (Fig.
4E; P = 0.351), GM-CSF (Fig. 4F; P = 0.663), IL-4 (SI Fig. 6C;
P = 0.787), and IL-5 (SI Fig. 6D; P = 0.280).

Discussion

In the present study, we tested the hypothesis that an extended
period of hypoestrogenicity impairs the ability of E, to protect
the ischemic brain and simultaneously prevents its antiinflam-
matory actions. Our study clearly demonstrates that low physi-
ological levels of E, exert profound neuroprotective actions
when administered immediately upon ovariectomy, but not after
a 10-week period of hypoestrogenicity. In addition, an immedi-
ate E, treatment significantly attenuated both central and pe-
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Fig. 2. Prolonged hypoestrogenicity disrupts the ability of E; to protect the
ischemic brain. (A) Nine-week-old C57BL/6J mice were ovariectomized and 10
weeks later implanted with oil (n = 12) or E; (n = 10) capsules for 1 week
before they underwent experimental ischemia. This paradigm of E, treatment
leads to a prolonged period of hypoestrogenicity before stable serum levels of
E; are restored through a delayed implantation of a Silastic capsule. (B and C)
In contrast to animals that received capsules immediately at the time of
ovariectomy (Fig. 1), mice in this group exhibited extensive ischemic brain
injury regardless of E; treatment revealed by TTC staining. (D-F) A delayed E;
treatment did not reduce the total infarct volume (D; P = 0.697). Specifically,
after a prolonged period of hypoestrogenicity, E, failed to reduce brain
infarction in the cortex (E; P = 0.447) as well as in the striatum (F; P = 0.581),
compared with oil-treated counterparts (unpaired two-tailed t test, mean =
SEM, n = 10-12).

ripheral production of proinflammatory cytokines after ischemic
stroke injury. To our knowledge, this is the first study to show
that E, attenuates postischemic inflammatory responses in the
brain as well as in the peripheral blood in vivo. We also showed
that the ability of E; to suppress the production of deleterious
proinflammatory molecules was obliterated when E, was ad-
ministered after 10 weeks postovariectomy.

Controversies over the Efficacy of Estrogen Therapy. Over the past
two decades, numerous observational, retrospective, and inter-
ventional studies demonstrated the cerebrovascular benefits of
ET among postmenopausal women (reviewed in refs. 3-8).
However, recent clinical trials including the WEST and WHI
reported that ET increased the risk for stroke or afforded no
benefit (9, 10). Although the majority of controlled trials only
investigated the risk and benefit of ET, both the WEST and WHI
also reported the effect of ET on stroke outcomes (1, 9, 27). In
the WEST, women who took E, replacement had marginally
greater neurological deficits after nonfatal stroke compared with
women in the placebo group (9). In the WHI, although hormone
therapy did not exaggerate stroke disability outcomes, it did not
exhibit any beneficial actions (27). It is important to remember
that the vast majority of women who engaged in these trials were,
on average, 12 years postmenopause before the initiation of
hormone therapy (4, 8). In striking contrast, in observational
studies that reported beneficial effects of ET, the majority of
subjects initiated hormone replacement in their perimenopausal
period (11, 12). Thus, to explain reported inconsistent effects of
ET in stroke injury, we tested the hypothesis that the long
duration from surgically induced menopause to the initiation of
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Fig. 3. Immediate E, treatment attenuates proinflammatory responses in

the brain. In the first paradigm, mice were ovariectomized at 19 weeks of age
and immediately implanted with capsules containing either oil (n = 5) or E;
(n = 8) for 1 week. (A and B) A mouse cytokine multiplex proteomic array
revealed that ischemic injury increased the expression of monocyte chemoat-
tractant protein-1 (MCP-1; #, P < 0.0001 for oil-treated mice; #, P = 0.0153 for
E>-treated mice) and IL-6 (IL-6; #, P < 0.0001 for oil-treated mice; #, P = 0.0043
for Ey-treated mice) on the injured side of the brain compared with the
contralateral side. An immediate E, treatment attenuated ischemia-induced
up-regulation of MCP-1 (*, P= 0.0093) and IL-6 (*, P = 0.0271) on the ipsilateral
side of the ischemic brain. (C) E; prevented injury-induced down-regulation (#,
P = 0.0004) of the neuroprotective VEGF (¥, P = 0.0024). In the second
paradigm, mice at 9 weeks of age were ovariectomized for 10 weeks and
subsequently implanted with an oil (n = 5) or E; (n = 6) capsule for 1 week. (D)
When administered 10 weeks after ovariectomy, E, did not suppress (P =
0.285) the injury-induced production of MCP-1 (#, P = 0.0052). (E) Similarly, E
did not attenuate (P = 0.541) the ischemia-induced up-regulation of IL-6
production (#, P=0.0261). (F) Adelayed E; treatment caused no changes in the
expression of VEGF (P = 0.326). In both paradigms, data represent the mean =+
SEM of five to eight animals per experimental group.

ET negates the beneficial effects of E; on the outcomes of
experimentally induced ischemic stroke.

Dichotomous Actions of E; in the Ischemic Brain. Our findings clearly
show that ET must be initiated immediately upon ovariectomy
to exert beneficial actions on the outcomes of stroke injury. We
found that a prolonged period of hypoestrogenicity entirely
prevents E, from exerting these powerful neuroprotective ac-
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Fig. 4. E; exerted antiinflammatory actions only when administered imme-
diately after ovariectomy. (A-C) Immediate E; treatment (n = 9) suppressed
plasma levels of IL-6 (A; *, P = 0.004), TNF« (B; *, P < 0.05), and GM-CSF (C; *,
P = 0.0002), compared with oil-treated controls (n = 8). (D-F) When E, was
administered 10 weeks postovariectomy (n = 11), it did not suppress the
production of IL-6 (D; P = 0.737), TNFa (E; P= 0.351), and GM-CSF (F; P = 0.663),
compared with oil-treated counterparts (n = 14). In both series, data represent
the mean = SEM of 8-14 animals per experimental group.

tions. Specifically, E, significantly decreased the size of the
infarct when administered immediately upon ovariectomy, but
not when administered after a 10-week period of hypoestroge-
nicity. Previously we have shown that E, exerts profound neu-
roprotective actions in young (2- to 3-month-old) mice (20). In
the current study, we demonstrate that E, also effectively
reduces the infarct volume in 5-month-old mice. Together our
findings show that a constellation of factors mediating E;’s
protective actions is preserved in mice approaching middle age.

To begin to discern why E, treatment does not exert its
protective action after an extended period of hypoestrogenicity,
we examined the expression of ER« in the ischemic brain. Our
earlier studies that used both ERa and ERB knockout mice
demonstrated that ER«, but not ERB, mediates the ability of E,
to protect the brain against ischemic injury (20). Consistently,
ischemic stroke injury only up-regulates the expression of ER«
without inducing ER 8 expression on the injured side of the brain
(24-26). The dramatic reexpression of ER« after injury appears
to be a recapitulation of its expression during fetal and neonatal
development when E, plays pivotal trophic roles in neurite
outgrowth, synaptogenesis, and neuronal organization. There-
fore, the injury-induced reappearance and up-regulation of ER«
may allow E; to act once again as a trophic and neuroprotective
factor in the adult ischemic brain. Interestingly, we found that
ischemic injury did not up-regulate ERa protein expression
when E, did not protect the brain against stroke injury after
delayed E, treatment. This finding is in striking contrast to our
previous observation that ER« is highly up-regulated (300% to
450% increase compared with sham animals) when E, treatment
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is given immediately at the time of ovariectomy (24-26). Taken
together, these findings suggest that a prolonged hypoestroge-
nicity impairs the ability of the injured brain to provide signals
conveying the need for the reappearance of ER«, which likely
mediates the protective actions of E, against neuronal death.

Ischemic Stroke Induces Massive Proinflammatory Responses in the
Brain. We observed in our animal model of stroke that produc-
tion of MCP-1 is up-regulated on the injured (ipsilateral) side
compared with the uninjured (contralateral) side of the ischemic
brain. MCP-1, a member of the cysteine-cysteine chemokine
family, is a potent chemoattractant factor known to play dele-
terious roles in the brain after stroke injury (28). It increases
infiltration of inflammatory cells (i.e., macrophages, monocytes,
and neutrophils) from circulation into the ischemic brain, lead-
ing to the development of ischemic brain injury (29, 30).
Consistently, overexpression of MCP-1 in mice exacerbates
ischemic brain injury, enhances migration of macrophages and
neutrophils into the ischemic brain, and increases brain infarc-
tion (29).

We also observed that ischemic injury up-regulated IL-6 on
the injured side of the brain. Although there is debate over
whether an up-regulation of IL-6 after stroke simply indicates
the degree of brain damage or represents an actual neuropatho-
genic step that leads to neuronal death, clinical studies have
shown that higher IL-6 levels in stroke patients at the time of
hospital entry positively correlate with further brain infarction
and accompanying neurological worsening, regardless of the
initial size and topography of ischemic infarction at hospital
entry (13, 14). Consistent with our observation, previous studies
have shown that experimental stroke induces massive up-
regulation of IL-6 in mice (17, 18). IL-6 has been shown to
contribute to the development of ischemic brain injury by
increasing the production of acute-phase proteins and inducible
nitric oxide synthase, as well as by activating the hypothalamic—
pituitary—adrenal axis after stroke (31). Among stroke patients,
hypercortisolism is positively correlated with cognitive dysfunc-
tion and increased mortality (32).

In addition, we observed that ischemic injury caused down-
regulation of VEGF on the ipsilateral side of the brain. VEGF
is an angiogenic protein with therapeutic potential in ischemic
disorders, including stroke, because of its neurotrophic and
neuroprotective properties (33). In experimental stroke, admin-
istration of VEGF reduces brain infarction (34) and simulta-
neously improves neurological outcomes (35). Thus, down-
regulation of VEGF may cause a detrimental effect on the
development of ischemic brain injury.

Parallelism Between the Ability of E; to Protect and Its Antiinflam-
matory Action. We found that an immediate E, treatment not only
protected the brain, but also significantly attenuated ischemia-
induced up-regulation of MCP-1 and IL-6 in the ischemic brain.
In contrast, E; did not exert protective action and did not
suppress production of proinflammatory molecules when it was
administered 10 weeks postovariectomy. This striking parallel-
ism between protective and antiinflammatory actions of E;
suggests that E, protects the brain against neuronal death by
inhibiting ischemia-induced proinflammatory cascades. Inflam-
mation is known to play a critical role in stroke, and postischemic
inflammatory responses strongly contribute to the extent of
ischemic brain injury (13, 14). A growing body of evidence now
suggests that E, exerts neuroprotection by exerting antiinflam-
matory actions through ERa-mediated mechanisms (22, 23).
Consistently, E, down-regulates the expression of proinflamma-
tory cytokines, including IL-6 (36), MCP-1 (37), and TNF-« (38).
Although the promoter regions of IL-6, MCP-1, and TNF-«
genes lack a classical estrogen response element, E; inhibits the
expression of these genes through either NF-«B and/or activator

Suzuki et al.
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protein-1 (AP-1) response elements (39). It is well established
that ERa mediates E>’s negative regulation of proinflammatory
cytokines; however, only a few studies have examined the roles
of ERB (38). Taken together, we hypothesize that a prolonged
hypoestrogenicity disrupts the ability of the injured brain to
up-regulate ERq, an essential mediator for antiinflammatory
and neuroprotective actions of E,, thus eliminating the beneficial
effects of E, treatment.

Interestingly, an immediate E; treatment prevented ischemia-
induced down-regulation of VEGF. Previous studies have iden-
tified a functional estrogen response element in the VEGF
promoter, which mediates estrogenic regulation of VEGF pro-
duction (40). Importantly, E; has been shown to prevent injury-
induced down-regulation of antiapoptotic factor Bcl-2, a key
regulator of apoptosis, both in vivo (24) and in vitro (41). Thus,
E> may confer neuroprotection in the ischemic brain by addi-
tionally preventing down-regulation of this important protective
factor. When E; was administered 10 weeks after ovariectomy,
E, failed to prevent down-regulation of VEGF, further pointing
to the importance of the proper timing of E; administration after
ovariectomy in achieving powerful protective actions of this
hormone.

E; Inhibits Postischemic Peripheral Inflammatory Responses. In ad-
dition to local brain inflammation, ischemic stroke triggers
deleterious peripheral inflammatory reactions (15-18). Recent
evidence demonstrates that peripheral inflammatory responses
contribute to the extent of ischemic brain injury, and this
communication between peripheral and central inflammation is
a critical component of damaging mechanisms during stroke (13,
14). We observed that immediate E, treatment significantly
reduced plasma levels of IL-6 and TNF« after ischemic injury.
Previous studies have demonstrated that experimental stroke
induces production of IL-6 and TNF« in plasma (17, 18), and our
results extend these findings to show a neuroprotective action of
E, to attenuate production of deleterious proinflammatory
cytokines after stroke injury. Importantly, human stroke patients
also exhibit elevated levels of plasma IL-6 and TNFe«, which
positively correlate with larger brain infarction and poor neu-
rological outcomes (14, 42-44). Thus, data from both basic
science and clinical studies demonstrate deleterious roles of IL-6
and TNFa in the development of ischemic brain injury. After
stroke, these proinflammatory cytokines initiate a coordinated
inflammatory response that includes activation of endothelium,
recruitment of leukocytes and other immune cells, and up-
regulation of receptors for innate immune responses (i.e., Toll-
like receptors). These reactions lead to the added production of
proinflammatory cytokines and contribute to both apoptotic and
necrotic neuronal death (45).

We also observed that an immediate E; treatment significantly
reduced plasma levels of GM-CSF after experimental stroke.
GM-CSF is a hematopoietic growth factor with a potent prolif-
erative effect on macrophages, microglia, and granulocytes
during stroke (46). In addition, immediate E, treatment signif-
icantly suppressed plasma levels of IL-4 and IL-5. Clinical studies
reported elevated serum IL-4 levels in human stroke patients,
causing enhanced synthesis of IgE, an allergic factor that pro-
motes platelet activation and arterial spasm in vascular disease
(47). Although little is known about the role of IL-5 in ischemic
brain injury, in vitro studies suggest that it is a potent mitogen
factor for microglia (48, 49). Therefore, our results reveal a role
for E; in the suppression of peripheral postischemic inflamma-
tory responses. Consistent with its central antiinflammatory
action, E, did not decrease plasma levels of any proinflammatory
cytokines when it was administered 10 weeks after ovariectomy.
Taken together, our findings demonstrate that the timing of E;
treatment after ovariectomy dictates the efficacy of its powerful
beneficial actions in the ischemic brain.
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In conclusion, our study clearly demonstrates that E,’s ability
to protect against stroke injury correlates with its ability to
suppress the injury-induced central and peripheral inflamma-
tory responses. Indeed, a growing body of evidence leads to the
concept that E,’s antiinflammatory actions are at the funda-
mental core of its pleiotropic protective actions on multiple
physiological systems (reviewed in ref. 8). We have also shown
that the timing of E, reintroduction dictates both the efficacy of
its neuroprotective action and its ability to suppress ischemia-
induced inflammation. Together with previous studies that have
raised a critical question regarding the timing and duration of
hormone treatment (50, 51), the results of this study may help
explain reported inconsistent actions of ET in stroke injury and
demonstrate how the duration from loss of ovarian hormone
production to the initiation of ET disrupts the beneficial actions
of E,. Our findings, in combination with the results of the WHI
and other recent controlled clinical trials, emphasize the tre-
mendous importance of strengthening the collaboration be-
tween basic science and clinical researchers to better design
future clinical trials to take the maximum advantage of empirical
and mechanism-based information and approaches.

Materials and Methods

All surgical procedures were performed in strict compliance with
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and have been approved by the Institutional
Animal Care and Use Committee at the University of California,
Davis.

E; Therapy. Our study included two experimental paradigms. In
the first paradigm, adult C57BL/6J female mice at 19 weeks of
age were ovariectomized and immediately implanted s.c. with a
Silastic capsule (0.062 in/0.125 in, inner/outer diameter; volume,
0.035 ml; Konigsberg Instruments, Pasadena, CA) containing
either sesame oil (vehicle) or E, (180 wg/ml) for 1 week. This
paradigm of E; treatment produces stable levels of E; in serum
(25 pg/ml) equivalent to low-basal circulating levels found during
the estrous cycle of mice (20). In the second paradigm, mice at
9 weeks of age were ovariectomized to eliminate endogenous
ovarian steroid production for 10 weeks and then implanted s.c.
with an oil or E, capsule for 1 week. Mice from both paradigms
then underwent ischemic injury at 20 weeks of age.

In Vivo Cerebral Ischemia. At 20 weeks of age, all mice were
anesthetized with a mixture of chloral hydrate (350.0 mg/kg body
weight, i.p.) and xylazine (4.0 mg/kg), and the right middle
cerebral artery was permanently occluded as previously de-
scribed (20). Briefly, a 5/0 size blue nylon suture was inserted into
the internal carotid artery to the base of the middle cerebral
artery. This occlusion led to a dramatic reduction in blood flow
to the striatum and overlying cortex. In all mice, body temper-
ature was monitored and maintained at normothermia until
recovery from anesthesia.

Histologic Preparation. Brains were collected 24 h after the onset
of ischemic injury (n = 8-12 per experimental group). Detailed
TTC staining procedures are described in SI Materials and
Methods.

ERa Immunocytochemistry. Animals were subjected to immuno-
cytochemistry for the detection of ERa as previously described
(25, 26). Detailed procedures are described in SI Materials and
Methods.

Central Multiplex Cytokine Analysis. A mouse cytokine multiplex
proteomic array technique (Allied Biotech, Ijamsville, MD) was
validated for brain tissue lysate samples and used to measure
cytokine and chemokine concentrations in the ischemic brain.
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All brains were collected 24 h after the onset of ischemic injury
(n = 5-8 per experimental group). Detailed procedures for
tissue processing and cytokine measurements are described in S/
Materials and Methods.

Peripheral Multiplex Cytokine Analysis. Plasma was collected by
cardiac puncture 24 h after the onset of MCAO-induced injury
(n = 8-14 per experimental group). Cytokine and chemokine
concentrations were measured in plasma by using a Linco
10-plex multiplex cytokine assay kit (Linco Research, St. Louis,
MO) and subsequently quantified by using a Luminex100 ma-
chine (Luminex, Austin, TX). A Linco multiplex cytokine assay
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