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Abstract

Women are protected from stroke relative to men until the
years of menopause. Because stroke is the leading cause of
serious, long-term disability in the United States, modeling
sex-specific mechanisms and outcomes in animals is vital to
research. Important research questions are focused on the
effects of hormone replacement therapy, age, reproductive
status, and identification of sex-specific risk factors. Avail-
able research relevant to stroke in the female has almost
exclusively utilized rodent models. Gender-linked stroke
outcomes are more detectable in experimental studies than
in clinical trials and observational studies. Various estro-
gens have been extensively studied as neuroprotective
agents in women, animals, and a variety of in vitro models
of neural injury and degeneration. Most data in animal and
cell models are based on 173-estradiol and suggest that this
steroid is neuroprotective in injury from ischemia/reper-
fusion. However, current evidence for the clinical benefits
of hormone replacement therapy is unclear. Future research
in this area will need to expand into stroke models utilizing
higher order, gyrencephalic animals such as nonhuman pri-
mates if we are to improve extrapolation to the human sce-
nario and to direct and enhance the design of ongoing and
future clinical studies and trials.
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Introduction

omen typically experience lower rates of vascu-

lar disease and atherosclerosis-related ischemic

stroke than males. This epidemiological advan-
tage is lost by the perimenopausal years, emphasizing that
female reproductive hormones play some role in this sex
difference. Aging women sustain a large burden for stroke,
an observation frequently overlooked in the lay public’s
view of breast cancer as the main killer of women. It must
also be emphasized that in both sexes, stroke is a major
public health problem throughout the world. Stroke ac-
counts for approximately one of every 14 deaths in the
United States (AHA 2002), making it the third leading cause
of death after heart disease and all forms of cancer.

Over the past few years, exploring sex-specific differ-
ences in brain injury and the role of sex steroids in these
differences has become a fascinating area of research. Re-
cent emphasis into women’s health issues has refocused
scientists to view hormonal cycles, menopausal physiology,
and hormone replacement therapy (HRT') as important to
disease outcome. Historically, animal models of vascular
and neurological disease have studied males solely. Use of
males was justified as a means of reducing experimental
variability caused by female hormone cycling and was
based on the assumption that mechanisms of cell injury or
treatment effects observed in males would also apply to
females. In recent years, it has been recognized that disease
conditions and responses to therapy may be different be-
tween the sexes, and women must be incorporated into clini-
cal trials and human research. Reversing the “male-only”
approach in experimental, animal-based studies has been
slower to change. Much remains to be explored about stroke
in women, such as the effects of age and reproductive status,
gender-specific risk factors, and the importance of back-
ground sex steroid availability.

Animal Models of Stroke

The presence of intact cerebral vasculature is essential to the
study of abnormal brain perfusion. Because of the complex-
ity of the brain and its response to injury, in vitro systems
alone cannot thoroughly evaluate cerebral ischemia and its
consequences. Preclinical and translational research into the
causes, pathogenesis, and therapeutic management of stroke
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therefore utilize animal models in addition to other tech-
niques such as tissue culture and brain slices.

Human stroke is a diverse disease in terms of causes,
manifestations, and anatomical sites of ischemia. Three
types of stroke are generally seen in clinical patients:
ischemic, intracerebral hemorrhage, and subarachnoid
hemorrhage. The most common type of stroke is ischemic
stroke, which accounts for 88% of stroke cases (AHA
2002). Most animal stroke models are based on this
type (Table 1). A clot or other blockage within an artery
leading to the brain causes ischemic stroke. An intracerebral
hemorrhage is a type of stroke caused by the sudden rup-
ture of an artery within the brain. Blood is then released into
the brain, compressing brain structures. This type accounts
for 9% of stroke cases (AHA 2002). Subarachnoid hemor-
rhage (SAH") is also a type of stroke caused by the sudden
rupture of an artery, but it differs from an intracerebral
hemorrhage in that the location of the rupture leads to blood
filling the space surrounding the brain rather than inside it.

Table 1 Animal stroke models?

About 3% of clinical stroke cases fall into this category
(AHA 2002).

Many animal stroke models have been developed and
characterized (Table 1), but no one model alone may fully
mimic human stroke because of the heterogeneity of human
clinical disease. Nonetheless, experimental animal models
of stroke allow investigators to recreate specific aspects of
human stroke carefully and to study pathophysiological and
neuroprotective mechanisms as well as therapeutic re-
sponses under controlled conditions and in ways that cannot
be performed easily or at all in clinical patients and in
human subjects. For example, experimental stroke models
allow investigators to have a controlled animal preparation
for focusing on selected causal factors or mechanisms in
contrast to human stroke, with its multiple contributing
factors and possible confounding variables. More rigorous
histopathological, biochemical, and physiological measure-
ments can also be performed in animals. Finally, animal
models allow investigators to study immediate and early

Stroke model

Animal species

Focal cerebral ischemia (transient or permanent)
» Middle cerebral artery occlusion (MCAQ)

* MCAO + ipsilateral common carotid artery occlusion (CCAQ)

* MCAO + bilateral CCAO
e Spontaneous brain infarction
Global cerebral ischemia
Complete (transient)
¢ Decapitation
* Aortic and vena caval occlusion
* Neck tourniquet or cuff inflation
» Cephalic artery occlusion (neck, thorax)
» Cardiac arrest +/- cardiopulmonary resuscitation (CPR)
* Bilateral CCAO
Incomplete (transient or permanent)
* Hemorrhage/hypotension
* Hypoxia-ischemia
* Intracranial hypertension +/- unilateral CCAO
e 2-Vessel occlusion (2-VO) +/- hypotension
¢ 4-Vessel occlusion (4-VO)
e Unilateral CCAO
Multifocal cerebral ischemia
* Autologous or heterologous blood clot embolization
* Microsphere embolization
* Photochemical-initiated multifocal embolization
Intracerebral hemorrhage
* Intracerebral autologous blood infusion
* Bacterial collagenase
* Ischemia-reperfusion hemorrhage
Subarachnoid hemorrhage and vasospasm
* Intracranial arteries
» Extracranial arteries

Nonhuman primate, dog, cat, rabbit, guinea pig, rat, mouse
Dog, rat

Rat

Spontaneously hypertensive rats

Rat

Dog

Nonhuman primate, dog, cat, rat

Nonhuman primate, cat

Nonhuman primate, dog, sheep, pig, rat, mouse
Gerbil

Cat, pig

Dog, cat, sheep, pig, rat, mouse
Rat

Rat, mouse

Rat

Gerbil

Rat
Rabbit, rat
Rat

Nonhuman primate, dog, cat, pig, rabbit, rat
Pig, rat
Nonhuman primate

Nonhuman primate, dog, cat, pig, rabbit, rat, mouse
Dog, rabbit, rat

“Based on information from the following references (see text): Andaluz et al. 2002; Ashwal and Pearce 2001; De Lecinana et al. 2001; Ginsberg
and Busto 1989; Lin et al. 2003; Macrae 1992; McAuley 1995; Megyesi et al. 2002; Traystman 2003.
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ischemic events, events that can be difficult to examine in
human patients because of the variable time delays
in early recognition of a stroke and initial therapeutic
intervention.

The identification and characterization of genetic and
molecular components of stroke will also be critical to our
future understanding, diagnosis, and treatment of this dis-
ease. The ongoing work in both human and selected animal
genome projects has already led to the identification of can-
didate genes for stroke susceptibility (for review, see Carr et
al. 2002; Schwarz et al. 2002) as well as sex differences in
molecular mechanisms of ischemic damage (McCullough
and Hurn 2003). Animal stroke models will therefore be
essential for allowing investigators to examine what genes
and proteins are affected in response to both stroke and
estrogen therapy in both males and females. The use of
genetically engineered mice, such as estrogen receptor sub-
type knockouts (Dubal et al. 2001; Sampei et al. 2000a),
will be particularly useful in further understanding the com-
plexities of ischemic pathophysiology with respect to gen-
der and exogenous estrogen.

Both Old World (i.e., baboon, macaque) and New
World (i.e., marmoset, squirrel monkey) monkeys have
been used in stroke research since the 1930s (Fukada and
del Zoppo 2003; Peterson and Evans 1937). However, there
was no emphasis on sex differences in these early studies.
To date, research on sex differences and sex hormone in-
fluences in stroke has utilized rodent models almost exclu-
sively and has not yet been examined in nonhuman
primates. Still, the nonhuman primate model could provide
a useful bridge between experimental studies in rodents and
clinical trials in humans. For example, Old World monkeys
such as macaques and baboons have menstrual cycles and
hormonal responses analogous to human females (Bellino
and Wise 2003) and can be invaluable in stroke studies of
gender differences and the perimenopausal state. Because
considerable evidence indicates that cerebral ischemia trig-
gers inflammation (e.g., Del Zoppo et al. 2001; Iadecola and
Alexander 2001), there is also much interest in examining
the contribution of inflammation to ischemic brain injury
and worsening of neurological outcome as well as how sex
steroids may influence these inflammatory processes.
Therefore, another advantage in utilizing nonhuman primate
models in evaluating stroke in women is that the immune
system of these animals more closely resembles that of hu-
mans than other animal species, including rodents. In the
future, nonhuman primate models may therefore play an
important role in therapeutic development as the next step
after rodents and other nonrodent models in testing prom-
ising procedures and medications in a system very close to
the human in which both physiological and cognitive func-
tion can be evaluated during stroke and recovery. In an
effort to contribute toward that next step, we review below
the knowledge obtained to date from human clinical trials
and observational studies as well as experimental animal
stroke studies on gender differences and the effects of es-
trogen administration on stroke.
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Gender Differences in Stroke
Clinical Trials and Observational Studies

Although many aspects of stroke such as clinical presen-
tation and management are similar in both sexes, gender
differences exist in incidence, recurrence, functional out-
comes, pathophysiology, and mortality rates. The largest
and still ongoing study to address the issue of gender and
perimenopausal status in stroke is the Framingham Heart
Study (http://www.nhlbi.nih.gov/about/framingham/index.
html). This longitudinal cohort study was initiated in 1946
with the overall objective of identifying common contrib-
uting factors to cardiovascular diseases (CVD") such as
stroke by following its development over three generations
in participants who had not yet developed clinical signs of
CVD or suffered a heart attack or stroke. Women were
included in this study since its inception because clinicians
recognized that CVD, like stroke, occurred later and with
lower frequency in women than in men, and they wanted to
study why women benefited from this relative protection
(Murabito 1995). Gender effects in the Framingham Study
are most evident in participants within the 45- to 54-yr age
cohort, but equalize in the 55- to 64-yr-old group (Wolf
1990). Differences between the sexes in risk profiles for
stroke and other manifestations of CVD have also been
described (Hurn and Macrae 2000; Paganini-Hill 2001;
Stokes et al. 1987).

On the whole, stroke incidence appears to be higher in
men than in women (Stegmayr et al. 1997; Sudlow and
Warlow 1997) but increases with age in both sexes (Pren-
cipe et al. 1997). Recent age-adjusted stroke incidence rates
would also suggest a higher first stroke event for both Cau-
casian and African American males compared with females
(AHA 2002). However, the American Heart Association
(2002) reports that overall, approximately 40,000 more
women than men have a stroke each year. This finding is
thought to be due to the greater average life expectancy for
women. In terms of occurrence, stroke occurs later in life
than myocardial infarction in men, whereas in women,
stroke and myocardial infarction incidences are similar
(Kannel et al. 1983). In study participants younger than 60
yr of age, no clear gender difference was seen for incidence
in brain infarction (Kannel 1971). However, in persons aged
= 85 yr, women were observed to have a higher stroke
incidence (Barker and Mullooly 1997). Conversely, Giroud
and colleagues (1991) reported a higher incidence of corti-
cal infarction in men versus women even well beyond
menopause. With respect to perimenopausal status, post-
menopausal women up to age 55 were observed to have an
increased risk of such CVD as stroke compared with pre-
menopausal women of the same age (Kannel et al. 1976).
With respect to recurrence of stroke in men and women,
cumulative 5-yr recurrence rates in brain infarction for men
were almost twice that for women (Sacco et al. 1982).

The question of whether functional outcome after stroke
is gender independent is still under exploration. For ex-
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ample, depression appears greater in women after stroke
(Kotila et al. 1998). Several studies of geriatric stroke pa-
tients evaluated outcome measures such as motor function,
cognitive function, activities of daily living function, and
nursing home residency. Based on these outcome measures
in geriatric patients, women appeared to be more function-
ally impaired by stroke than men and were found to be
institutionalized more often than men (Di Carlo et al. 2003;
Holroyd-Leduc et al. 2000; Kelly-Hayes et al. 1988; Leib-
son et al. 1998; Wyller et al. 1997). However, most of these
studies did not specifically address differences in social and
cultural variables such as marital status and the availability
of a family caregiver as a possible explanation for this ap-
parent difference in functional outcomes between older men
and women.

In terms of pathophysiology, some variable gender dif-
ferences in cerebrovascular occlusive disease distribution
have been described. Caplan and colleagues (1986) reported
that in men, extracranial large artery disease predominated,
whereas intracranial medium-sized artery disease was more
common in women. Conversely, Wolf and Kannel (1986)
observed no significant differences in stroke type. In young
women ranging in age from 15 to 44 yr, stroke was either
predominantly embolic in origin (Carolei et al. 1993) or was
caused by a SAH (Petitti et al. 1996, 1997). Of all of the
stroke subtypes, SAH was more commonly observed in
women than men (Davis 1994). Interestingly, in longitudi-
nal studies, women sustain fewer strokes of all types than
age-matched men (Kurtzke 1985).

Sex differences in stroke mortality are also under ex-
amination but may vary between stroke subtypes. For ex-
ample, age-specific mortality for ischemic stroke was lower
for women than for men <64 yr but was higher among older
women aged =65 yr (AHA 2002; Ayala et al. 2002). Mor-
tality for intracerebral hemorrhagic stroke in women was
lower than or similar to those among men at all ages studied,
but women had a higher risk of death from SAH, with
gender differences increasing with age (AHA 2002; Ayala
et al. 2002). Other studies, after adjusting for age but not
stroke subtype, find that men appear to have a higher mor-
tality rate (Modan and Wagener 1992; Tuomilehto et al.
1996). In contrast, the American Heart Association (2002)
reported that in 2000, 38.6% of deaths from stroke were
male and 61.4% were female. In a more recent study, older
women were found to have a higher 28-day case-fatality
rate as well as a higher in-hospital and 3-mo mortality (Di
Carlo et al. 2003).

Animal Studies

At the time of this writing, no published studies in nonhu-
man primate and other nonrodent stroke models have spe-
cifically examined gender and ischemic outcome in brain
(Curry 2001). However, experimental studies have estab-
lished that young adult female rodents sustain smaller injury
than males after global/forebrain (Hall et al. 1991; Hurn and
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Macrae 2000; Payan and Conard 1977) or focal ischemia
(Alkayed et al. 1998; Hurn and Macrae 2000; Hurn et al.
2002; Li et al. 1996; Wise et al. 2001; Zhang et al. 1998).
One study in a rat transient focal ischemia model showed no
gender differences (Vergouwen et al. 2000). This overall
neuroprotective effect of female gender on ischemic injury
is still evident even in the presence of specific stroke risk
factors such as diabetes (Toung et al. 2000; Vannucci et al.
2001) and hypertension (Alkayed et al. 1998; Cai et al.
1998; Carswell et al. 1999; Okamoto et al. 1974; Sadoshima
et al. 1988). Based on evaluations of other outcomes such as
length of survival (Sadoshima et al. 1988) or incidence/
mortality rates in spontaneous (Yamori et al. 1976) or in-
duced stroke (Berry et al. 1975; Payan and Conrad 1977),
researchers have reported that female rodents have greater
survival times and lower rates of stroke incidence/mortality
than male animals. Results from studies that use genetically
engineered mice to examine molecular mechanisms of is-
chemic damage also suggest that outcome can be sex de-
pendent, even when the manipulated gene is not linked to
reproduction (Sampei et al. 2000b).

In female rats, this gender-specific effect may be further
influenced by the estrous cycle stage, with smaller infarct
volumes in proestrus (high endogenous estradiol levels) ani-
mals compared with metestrus (low endogenous estradiol
levels) (Carswell et al. 2000). Such differences may be due
to the postischemic changes in cortical infarction, neutro-
phil accumulation, and antioxidant enzyme activities that
have been shown to be inversely correlated with circulating
estrogen levels in normal, cycling female rats (Liao et al.
2001). Sex differences in stroke sensitivity can also be abol-
ished by ovariectomy (Alkayed et al. 1998; Dubal et al.
1998; Fukuda et al. 2000; Rusa et al. 1999; Santizo et
al. 2002; Simpkins et al. 1997; Wang et al. 1999; Zhang et
al. 1998) or by declining estrogen levels during reproduc-
tive senescence (Alkayed et al. 2000; Yamori et al. 1976).

Most recently, investigators have begun to look at func-
tional outcomes in experimental stroke by evaluating a bat-
tery of behavioral, cognitive, and sensorimotor tests (for
review, see DeVries et al. 2001; Hattori et al. 2000). Dif-
ferences in behavioral tasks that exist between genders in
mice have already been recognized (Voikar et al. 2001).
However, little work has been done in examining possible
gender differences as well as the effects of exogenous es-
trogen in these functional measures as it applies to animal
models of cerebral ischemia.

Conclusions

Overall, sex-linked stroke outcomes are much more evident
in experimental studies than in clinical trials and observa-
tional studies. This difference is due largely to the diversity
of ischemic disease in humans as well as the heterogeneity
of stroke patients versus the more controlled and homoge-
neous conditions of experimental stroke. However, after ad-
justing for age and other stroke risk factors, it is clear that
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premenopausal women have a lower stroke burden com-
pared with men and postmenopausal women.

Estrogen Administration
Clinical Trials and Observational Studies

The Heart and Estrogen-Progestin Replacement Study
(HERS') was the first randomized, blinded trial on the ef-
fect of combined HRT (estrogen and medroxyprogesterone
acetate) on coronary disease progression. After 4 yr of com-
bined HRT therapy, the HERS found no reduction in risk for
coronary events, stroke, or transient ischemic attack (TIAYH
but did observe a three-fold increase in venous thromboem-
bolism (Hulley et al. 1998). An important observation in the
HERS was that patients receiving combined HRT sustained
an early increased risk of cardiovascular events that was
offset by a lower event rate in subsequent years. It was
assumed that this observation was due to an early prothrom-
botic risk followed by protection, and that prolonged fol-
low-up would demonstrate an overall beneficial effect for
combined HRT. However, the release of the 6.8-yr follow-
up on the HERS cohort (HERS II) in 2002 (Grady et al.
2002) revealed no benefit of prolonged HRT treatment on
cardiovascular or cerebrovascular endpoints.

The objective of the HERS study was to investigate the
effects of combined HRT on coronary disease progression,
with stroke and TIA as secondary endpoints. In contrast, the
Women’s Estrogen for Stroke Trial (WEST') was the first
randomized trial designed to examine stroke recurrence as
the primary endpoint (Viscoli et al. 2001). This trial, like the
HERS, also evaluated secondary prevention and enrolled
older women with pre-existing cerebrovascular disease
(TTA or stroke 90 days before randomization). The WEST
found no benefit on total stroke incidence and a surprising
increase in fatal stroke among women who were assigned to
therapy of estradiol alone. Furthermore, the WEST did not
demonstrate a beneficial effect of 173-estradiol for second-
ary prevention of stroke and ischemic injury. The unex-
pected findings of HERS, HERS II, and WEST are not
easily reconciled with earlier epidemiological data suggest-
ing that estrogen would be protective.

Recent data from the Women’s Health Initiative (WHI")
(http://www.nhlbi.nih.gov/whi/) has brought many funda-
mental issues to light about the utility and safety of chronic
estrogen use in women. The WHI, one of the largest pre-
ventative studies of its kind, was initiated in 1991 with the
overall goal of identifying major causes of death and dis-
ability in postmenopausal women through prevention/
intervention protocols and risk factor identification. HRT is
one intervention under examination in WHI clinical trials
(Rossouw et al. 2002). Two parallel HRT trials were origi-
nally designed. In one trial, women with a prior hysterec-
tomy were randomized to placebo or unopposed estrogen.
The other trial examined women with an intact uterus who
were randomized to placebo or estrogen plus progestin
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therapy in acknowledgment of the increased risk of endo-
metrial cancer with unopposed estrogen therapy. The pri-
mary outcome of these trials was incidence of coronary
heart disease, and the primary adverse outcome was inva-
sive breast cancer. Secondary endpoints included the effect
of HRT on stroke, pulmonary embolism, endometrial can-
cer, colorectal cancer, hip fracture, and death (Rossouw et
al. 2002).

The combined estrogen plus progestin HRT trial, which
was to have continued until 2005, was terminated in July
2002 based on recommendations by the WHI Data and
Safety Monitoring Board. The Board found that overall
risks from use of combined HRT outweighed the benefits.
In addition to an increased risk of breast cancer, other ad-
verse effects included an increased stroke risk, with eight
more strokes (41%) per year for every 10,000 women in the
combined HRT group (Rossouw et al. 2002). When stroke
subtype is considered, combined HRT increased the risk of
ischemic stroke in generally healthy postmenopausal
women, but excess risk for all strokes attributed to com-
bined HRT appeared to be present in all subgroups exam-
ined (Wasserthcil-Smoller et al. 2003). Other outcomes also
suggested an overall negative effect on health, including
increases in cardiovascular events and pulmonary embo-
lism. The treatment trial for unopposed estrogen continues.

Since the early 1970s, observational studies have found
lower risks of chronic heart disease and stroke in women
taking postmenopausal estrogens, suggesting that estrogen
is vasoprotective (for review, see Langer 2002). Observa-
tional studies for stroke prevention are not as clearly posi-
tive; in most of the reports, no increased risk or small
benefits in the prevention of fatal strokes are described (Pa-
ganini-Hill 2001). The results from more recent clinical
trials emphasize the existence of unanticipated and para-
doxical effects of estrogen as it is currently administered in
women. In light of the WHI, estrogen’s neuroprotective
properties and potential benefit in central nervous system
(CNS') ischemic injury must be reassessed. Because the
largest burden for stroke is in postmenopausal women, there
is great and continued interest in HRT as a means of pre-
venting or treating cerebrovascular disease.

Animal Studies

The effects of exogenous estrogen administration or re-
placement on cerebral ischemic injury size have been stud-
ied intensely in rodent models of experimental stroke (Table
2). In fact, almost all of our understanding of the neuropro-
tection of estrogen originates in rodent data. Very few stud-
ies are available in higher order, gyrencephalic animals such
as nonhuman primates.

Almost universally, estrogen reduced rodent brain in-
jury after an ischemic insult (Table 2; for reviews, see
Dhandapani and Brann 2002b; Green and Simpkins 2000;
Hurn and Macrae 2000; Murphy et al. 2003; Wise and
Dubal 2000). In both permanent and transient focal cerebral

151



Table 2 Effect of exogenous estrogen treatment or exposure in rodent experimental stroke models

Rodent species

Transient Focal Ischemia Models

Estrogen effect
on stroke injury

Proposed mechanism(s)
of estrogen effect

Reference (see text)

Wistar RSF rats?

Charles River intact and
castrated male rats

Wistar male rats

Wistar OVX female rats

Sprague-Dawley OVX

female rats

OVX female CD rats

Wistar intact male rats

Wistar castrated male rats

Wistar OVX rats

Sprague-Dawley OVX
female rats

Reduced cortical and striatal
infarct size

Reduced ischemic area (frontal
and parietal cortex + basal
ganglia)

Reduced total hemispheric and
striatal infarct size

Chronic estrogen replacement
reduced cortical and striatal
injury. No effect with acute
single-injection estrogen
exposure.

Selectively protected cortical
tissue from ischemia damage

Reduced ischemic area (frontal
and parietal cortex + basal
ganglia)

Acute and chronic treatment
equally reduced cortical and
striatal injury

Reduced cortical and striatal
injury

Acute or chronic treatment did
not alter cortical ischemic
volume

Reduced ischemic area (frontal
and parietal cortex + basal

ganglia)

Blood flow-independent
mechanism at end-ischemia
demonstrated via
4[CJiodoantipyrine
autoradiography

No mechanism examined or
tested

Blood flow-enhancing, or
flow-preserving, mechanism
during early reperfusion
demonstrated via
4[Cliodoantipyrine
autoradiography

Blood flow-independent
mechanism at end-ischemia
demonstrated via
'4[CJiodoantipyrine
autoradiography

CBF-independent mechanism
during occlusion and early
reperfusion demonstrated via
digital laser perfusion monitor

No mechanism examined or
tested

No mechanism examined or
tested

No mechanism examined or
tested

No mechanism examined or
tested

No mechanism examined or
tested

Alkayed et al. 2000

Hawk et al. 1998

McCullough et al. 2001

Rusa et al. 1999

Shi et al. 2001

Simpkins et al. 1997

Toung et al. 1998

Toung et al. 1998

Vergouwen et al. 2000

Zhang et al. 1998

Permanent Focal Ischemia Models

Sprague-Dawley OVX
female rats

Male NMRI mice

Sprague-Dawley OVX

Increased infarct volume

Reduced brain infarct area

Chronic estradiol replacement

Antioxidant mechanism currently
under investigation via
4-hydroxynonenal
immunohistochemistry

Receptor-independent
antioxidative mechanism
demonstrated in vitro in
primary culture of chick
embryonic neurons

Blood flow-independent

Carswell and Macrae
2003

Culmsee et al. 1999

Dubal et al. 1998

female rats decreased cortical infarct mechanism demonstrated
volume. No effect when given during ischemia via
acutely at onset of ischemia. laser-Doppler flowmetry
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Table 2 Continued

Rodent species

Permanent Focal Ischemia Models (continued)

Estrogen effect
on stroke injury

Proposed mechanism(s)
of estrogen effect

Reference (see text)

Sprague-Dawley OVX
young (3-4 mo)
and middle-aged (9- to
12-mo) female rats
SHR OVX female rats

Sprague-Dawley male rats

Sprague-Dawley male rats

Sprague-Dawley OVX
young (3-4 mo) and
middle-aged (9-11 mo)
female rats

Chronic estradiol replacement
decreased total and cortical
infarct volume

Reduced infarct volume as
compared to vehicle-treated
OVX rats

Systemic administration reduced
infarct size

Local microinjection
administration reduced infarct
size

Chronic estradiol replacement
decreased total and cortical
infarct volume

Blood flow-independent
mechanism demonstrated
during ischemia via
laser-Doppler flowmetry

Blood flow-independent
mechanism demonstrated
during ischemia via
laser-Doppler flowmetry

Recovery of autonomic function
demonstrated, suggesting
estrogen prevents or reverses
stroke-induced autonomic
dysfunction

Did not attenuate
ischemia-induced autonomic
function, suggesting that
extracortical CNS sites may
mediate estrogen’s effects on
autonomic sites

No mechanism examined or
tested

Dubal and Wise 2001

Fukuda et al. 2000

Saleh et al. 2001a

Saleh et al. 2001b

Wise and Dubal 2000

Transient Global Ischemia Models

Male Mongolian gerbils

Male Mongolian gerbils

Wistar OVX female rats

Sprague-Dawley OVX
female rats

Highest ICV dose and IP dose
significantly prevented
damage in hippocampal CA1
pyramidal cells

Significantly reduced delayed
neuronal death in
hippocampal CA1 pyramidal
cells

Significant relationship between
hippocampal cell loss and
estradiol level; no protective
effect

Significantly higher live cell
counts and lower caspase-3
active peptide positivity in
hippocampal CA1 neurons.
Improved only hippocampal
blood flow as demonstrated

by hydrogen clearance method.

Inhibition of hypoxia-induced
increase in intracellular
calcium demonstrated in vitro
in hippocampal slices.
Findings suggest
neuroprotection through
inhibition of calcium release
from intracellular calcium
stores and through inhibition
of calcium influx from the
extracellular space.

Attenuation of the
ischemia-induced increase in
extracellular excitatory amino

acids demonstrated via in vivo

microdialysis
No mechanism examined or
tested

Neuroprotective mechanism
appears to involve
improvement of perfusion and
inhibition of caspase-3 activity,
a key effector of the apoptotic
process

Chen et al. 1998

Chen et al. 2001

Harukuni et al. 2001

He et al. 2002
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Table 2 Continued

Rodent species

Transient Global Ischemia Models (continued)

Estrogen effect
on stroke injury

Proposed mechanism(s)
of estrogen effect

Reference (see text)

C57BL/6J OVX female
mice and apoE-deficient
OVX mice

Male Mongolian gerbils

Sprague-Dawley OVX

female rats

Male gerbils

Sprague-Dawley OVX
female rats

Significant reduction in neuronal
damage in caudate-putamen
and in CA1 pyramidal cell
layer seen in C57BL/6J mice.
No significant effect on
neuronal damage in
caudate-putamen and CA1
pyramidal cell layer seen in
apoE-deficient mice.

Significant neuroprotection
against ischemia-induced
hippocampal neuronal death

Low doses of estrogen reduced
hippocampal and striatal
neuronal damage

Higher doses prevented
hippocampal neuronal loss at
early stages after ischemia

Reduced ischemic damage in
the hippocampus and striatum

The neuroprotective effect of
estrogen appears to be
mediated by or dependent on
endogenous apoE, a lipid
transport protein.

In postischemic CA1 neurons,
attenuation of
ischemia-induced increases in
activated caspase-3 and
blocking of the increase in the
proapoptotic neurotrophin
receptor p75NTR
demonstrated. Findings
suggest that estrogen
intervenes at the level of
apoptotic signaling cascades
to prevent apoptotic neuronal
death.

Enhancement of brain
Ca?*-dependent NOS activity
and expression, especially
neuronal NOS, demonstrated.
Findings suggest that this

mechanism allows estrogen to

promote intra-ischemic
cerebrovasodilation.

Antioxidative mechanism
examined in vitro in primary
culture of embryonic rat
cerebrocortical neurons but
considered unlikely at same
dose in vivo

Perfusion-independent effects
demonstrated via laser
Doppler flowmetry,
radiolabeled microspheres,
and intraischemic EEG power
changes

Horsburgh et al. 2002

Jover et al. 2002

Pelligrino et al. 1998

Sudo et al. 1997

Wang et al. 1999

Subarachnoid Hemorrhage Model

Sprague-Dawley OVX
female rats

Reduced secondary ischemic
lesion volume and mortality;
no effect on clot volume

Cortical and subcortical blood
flow-enhancing, or
flow-preserving, mechanism
demonstrated 30 min after
subarachnoid hemorrhage via
laser Doppler flowmetry and
hydrogen clearance method,
respectively

Yang et al. 2001

ZapoE, apolipoprotein E; CBF, cerebral blood flow; CNS, central nervous system; EEG, electroencephalographic; ICV, intracereboventricularly;
IP, intraperitoneally; NOS, nitric oxide synthase; OVX, ovariectomized; RSF, reproductively senescent female; SHR, spontaneously hyperten-

sive rats.
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ischemia models (Table 2), estrogen appears to have a neu-
roprotective effect in estrogen-deficient rodents (males,
ovariectomized females, and reproductively senescent fe-
males). Gender differences in the outcome of hemorrhagic
stroke and the influence of estrogen are unclear, although
one experimental study has demonstrated that estrogen can
reduce mortality and secondary ischemic damage in a rat
model of SAH (Yang et al. 2001). The therapeutic range of
“neuroprotective” steroid doses is limited in these studies.
Because there are few studies of long-term estrogen expo-
sure, the effect of treatment duration remains unclear. The
effective dose and duration may differ between sexes, sug-
gesting that neuroprotective mechanisms are not necessarily
identical in male and female animals.

Most studies have evaluated 173-estradiol, and few data
have been reported with the less potent estrogens such as
estriol. A single study has demonstrated a deleterious effect
of estrogen in a rat model of transient forebrain ische-
mia (Harukuni et al. 2001), but no mechanism of injury
was tested. A more recent study also showed that estrogen
worsened stroke outcome in a rat model of permanent fo-
cal ischemia (Carswell and Macrae 2003). Moreover, in
ovariectomized female rats rendered diabetic before tran-
sient forebrain ischemia, the neuroprotective benefits of es-
trogen replacement therapy were not evident (Santizo et al.
2002).

Consequently, little is known about what distinguishes
the neuroprotectant estrogen from a proinjury estrogen.
Most estrogens are vasoactive and have potent effects
on endothelium and vascular smooth muscle cells of brain
blood vessels (Murphy et al. manuscript in preparation;
Rubanyi et al. 2002), as well as neurons and glia with-
in brain parenchyma (Dhandapani and Brann 2002a,b;
Hurn and Brass 2003). For example, 17B-estradiol can
increase cerebral blood flow during and after vascular
occlusion and ameliorate postischemic hyperemia (Hurn
et al. 1995; McCullough et al. 2001; Watanabe et al. 2001).
Therefore, it will be important in future research to evalu-
ate systematically and quantitatively vaso- versus neuropro-
tection if we are to understand estrogen’s action in brain
fully.

Conclusions

Estrogen has been extensively studied as a neuroprotective
agent in women, animals, and a variety of in vitro models of
neural injury and degeneration. Most of the data from ani-
mal and cell models suggest that estrogen can benefit an
ischemic brain and reduce cell death. However, the total
evidence for the clinical benefit of HRT as an ischemic
neuroprotectant is arguably small (see Nelson et al. 2002 for
review). It is not immediately obvious why HRT was in-
effective and potentially deleterious in women in recent
clinical trials. One factor is that both the HERS and WEST
included women with known vascular disease and who
began treatment at an advanced age, well beyond meno-
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pause. The WHI data are believed to address this question
in part because the study evaluated effects in healthy post-
menopausal women. Although oriented toward primary
prevention, 7.7% of women participants in the WHI had
documented vascular disease. Furthermore, many women
were enrolled despite relative contraindications to HRT,
such as smoking, previous stroke, or venous thromboembo-
lism (Rossouw et al. 2002). It is believed that such subjects
more likely represent the “average patient” considering
HRT, than if such variables were excluded. Earlier obser-
vational trials may have preselected a healthier, lower risk
group of women who may have been able to derive benefit
from HRT.

It must also be emphasized that estrogen’s mechanisms
of protection for brain and the cerebral vasculature are quite
complex (McCullough and Hurn 2003) (Table 2). There is
evidence implicating, and refuting, the importance of
nuclear hormone receptor signaling mechanisms to gender
differences and to the anti-ischemic activity of 17f3-
estradiol (Dubal et al. 2001; Sampei et al. 2000a; Sawada et
al. 2000; Simpkins et al. 1997). However, it is also clear that
rapid receptor-mediated and receptor-independent intracel-
lular signaling is relevant in neuroprotection and does not
involve gene transcription (Falkenstein et al. 2000; Linford
et al. 2000). These actions involve putative membrane
estrogen receptors, kinase cascades, and intracellular sig-
naling that activate ion channels, neurotransmitter recep-
tors, and enzymes such as nitric oxide synthase. Such
mechanisms may be critical to estrogen’s protection in ex-
perimental stroke. Finally, many estrogens have potent,
concentration-dependent lipid antioxidant activity, such as
2-hydroxy estrone, 2-hydroxy estradiol, phenolic estrone
and 17B-estradiol (Kume-Kick and Rice 1998; Mooradian
1993). In summary, it is likely that the estrogens act at
multiple sites in injured brain and utilize both receptor-
dependent and receptor-independent, as well as non-cell-
type-specific, signaling processes.

Future Research—Prospects and Needs

Current experimental data on gender differences and the
effects of exogenous estrogen have been derived almost
exclusively from rodent stroke models. The discrepancy be-
tween observational studies, large randomized clinical tri-
als, and preclinical data may be due in part both to the need
for improved design of clinical trials and to the rodent spe-
cies bias in animal stroke models addressing these research
questions. It is necessary for future research in this area to
expand into stroke models utilizing higher order, gyrence-
phalic animals such as nonhuman primates if we are to
extrapolate better to the human scenario and to improve the
direction and design of ongoing and future clinical studies
and trials. Further study of the mechanisms underlying gen-
der differences and leading to the increased stroke incidence
observed in postmenopausal women is also warranted in
both rodent and nonrodent models. The duration of the es-
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trogen-deficient state is clearly an important issue. Rodent
studies suggest that the timing of administration is critical
and may be one possible explanation for the lack of benefit
seen in clinical trials. Likewise, observations on parity have
not been reported or examined.

Previous and ongoing clinical and experimental inqui-
ries have focused heavily on estrogen, but the effects of
progesterone alone or its metabolites in both ischemic and
nonischemic brain injury (i.e., degenerative, traumatic) have
gained greater scrutiny in the past few years (for review, see
Roof and Hall 2000; Stein 2001; Stein and Hoffman 2003;
Stein et al. 1999; Vink et al. 2001). However, most of the
clinical literature addressing the issue of female sex hor-
mones and cerebrovascular/CNS disorders has focused on
combined HRT in postmenopausal women. This emphasis
on combined hormone scenarios makes it difficult to sepa-
rate out the individual as well as interactive roles of estro-
gen and progestins.

Although combined estrogen/progestin compounds are
the most commonly prescribed hormone regimen in the
United States, it is not known whether progestins interact
with estrogen and diminish its neuroprotective effects. Ex-
perimental data suggest that progesterone increases subcor-
tical damage after vascular occlusion in animals (Murphy et
al. 2000), and progestins like medroxyprogesterone acetate
can reverse the beneficial effect of estrogen seen on athero-
sclerotic plaque formation in nonhuman primates (Adams et
al. 1997; Williams et al. 1994). However, recent clinical
results argue against this hypothesis. The Estrogen Replace-
ment and Atherosclerosis trial utilized estrogen with or
without a progestin and found no benefit in coronary disease
progression as measured angiographically in either treat-
ment group (Herrington et al. 2000). Still, progestin type,
formulation, and route and timing of administration are im-
portant factors to consider when determining whether pro-
gestins alone increase susceptibility or protection in
cerebrovascular disease or ischemic brain injury. The role of
medroxyprogesterone acetate in the suspended combined
HRT WHI trial has yet to be elucidated. Progestins that
might be detrimental, neutral, or beneficial when adminis-
tered solely might prove to be antagonistic, neutral, or syn-
ergistic when combined with estrogen.

Interest in selective estrogen receptor modulators
(SERMs') as an alternative form of HRT has increased as
researchers have sought to maximize estrogen’s benefits
and minimize its disadvantages. SERMs represent a class of
drugs with mixed estrogen agonistic and antagonistic activ-
ity in different tissues. An ideal SERM would theoretically
function as an antagonist in breast and uterus and as an
agonist in bone, brain, and the cardiovascular system. Of the
SERMs available today, none can be considered “ideal.”
Only a few SERMs are currently approved for clinical uses
such as the treatment of primary and metastatic breast can-
cer, the prevention and treatment of postmenopausal osteo-
porosis, and the treatment of infertility in anovulatory
women. The effects and mechanism(s) of action of SERMs
in brain are currently under investigation, but few studies
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have addressed the potential neuroprotective benefits of
SERMs following ischemic brain injury (for review, see
Dhandapani and Brann 2002b; Littleton-Kearney et al.
2002; Murphy et al. 2003).

Summary

The widening gap between clinical trial results and experi-
mental laboratory-based data suggest that our understanding
of the cerebral ischemic pathophysiology and of estrogen’s
role as a cerebroprotectant is incomplete. Continuing and
future studies are still needed to optimize combined or es-
trogen alone HRT options, alternative therapies such as
SERMs, and the prevention/management of cerebrovascu-
lar/CNS disorders.

Acknowledgments

The authors thank Dr. Patricia D. Hurn, Professor and Vice
Chairman for Research, Department of Anesthesiology and
Peri-Operative Medicine, Oregon Health and Science Uni-
versity, for her review and comments on preliminary ver-
sions of this manuscript. This work was supported by
National Center for Research Resources grant RR00163.

References

Adams MR, Register TC, Golden DL, Wagner JD, Williams JK. 1997.
Medroxyprogesterone acetate antagonizes inhibitor effects of conju-
gated equine estrogens on coronary artery atherosclerosis. Arterioscler
Thromb Vasc Biol 17:217-221.

Alkayed NJ, Harukuni I, Kimes AS, London ED, Traystman RJ, Hurn PD.
1998. Gender-linked brain injury in experimental stroke. Stroke 29:
159-166.

Alkayed NJ, Murphy SJ, Traystman RJ, Hurn PD. 2000. Neuroprotective
effects of female gonadal steroids in reproductively senescent female
rats. Stroke 31:161-168.

AHA [American Heart Association]. 2002. Heart Disease and Stroke Sta-
tistics—2003 Update. Dallas: American Heart Association.

Andaluz N, Zuccarello M, Wagner KR. 2002. Experimental animal models
of intracerebral hemorrhage. Neurosurg Clin N Am 13:385-393.

Ashwal S, Pearce WJ. 2001. Animal models of neonatal stroke. Curr Opin
Pediatr 13:506-516.

Ayala C, Croft JB, Greenlund KJ, Keenan NL, Donehoo RS, Malarcher
AM, Mensah GA. 2002. Sex differences in US mortality rates for
stroke and stroke subtypes by race/ethnicity and age, 1995-1998.
Stroke 33:1197-1201.

Barker WH, Mullooly JP. 1997. Stroke in a defined elderly population,
1967-1985: A less lethal and disabling but no less common disease.
Stroke 28:284-290.

Bellino FL, Wise PM. 2003. Nonhuman primate models of menopause
workshop. Biol Reprod 68:10-18.

Berry K, Wisniewski HM, Svarzbein L, Baez S. 1975. On the relationship
of brain vasculature to production of neurological deficit and morpho-
logical changes following acute unilateral common carotid artery liga-
tion in gerbils. J Neurol Sci 25:75-92.

Cai H, Yao H, Ibayashi S, Uchimura H, Fujishima M. 1998. Photothrom-
botic middle cerebral artery occlusion in spontaneously hypertensive

ILAR Journal



rats: Influence of substrain, gender, and distal middle cerebral artery
patterns on infarct size. Stroke 29:1982-1987.

Caplan LR, Gorelick PB, Hier DB. 1986. Race, sex and occlusive cere-
brovascular disease: A review. Stroke 17:648-655.

Carolei A, Marini C, Ferranti E, Frontoni M, Prencipe M, Fieschi C. 1993.
A prospective study of cerebral ischemia in the young. Analysis of
pathogenic determinants. The National Research Council Study Group.
Stroke 24:362-367.

Carr FJ, McBride MW, Carswell HV, Graham D, Strahorn P, Clark JS,
Charchar FJ, Dominiczak AF. 2002. Genetic aspects of stroke: Human
and experimental studies. J Cereb Blood Flow Metab 22:767-773.

Carswell HV, Anderson NH, Clark JS, Graham D, Jeffs B, Dominiczak
AF, Macrae IM. 1999. Genetic and gender influences on sensitivity to
focal cerebral ischemia in the stroke-prone spontaneously hypertensive
rat. Hypertension 33:681-685.

Carswell HV, Dominiczak AF, Macrae IM. 2000. Estrogen status affects
sensitivity to focal cerebral ischemia in stroke-prone spontaneously
hypertensive rats. Am J Physiol Heart Circ Physiol 278:H290-H294.

Carswell HV, Macrae IM. 2003. Oestrogen exacerbates brain damage in a
rodent model of experimental stroke. J Cereb Blood Flow Metab
23(Suppl 1):507.

Chen J, Adachi N, Liu K, Arai T. 1998. The effects of 17B-estradiol on
ischemia-induced neuronal damage in the gerbil hippocampus. Neuro-
science 87:817-822.

Chen J, Xu W, Jiang H. 2001. 17B-estradiol protects neurons from isch-
emic damage and attenuates accumulation of extracellular excitatory
amino acids. Anesth Analg 92:1520-1523.

Culmsee C, Vedder H, Ravati A, Junker V, Otto D, Ahlemeyer B, Krieg
JC, Krieglstein J. 1999. Neuroprotection by estrogens in a mouse model
of focal cerebral ischemia and in cultured neurons: Evidence for a
receptor-independent antioxidative mechanism. J Cereb Blood Flow
Metab 19:1263-1269.

Curry BB, III. 2001. Animal models used in identifying gender-related
differences. Int J Toxicol 20:153-160.

Davis P. 1994. Stoke in women. Curr Opin Neurol 7:36-40.

De Lecinana MA, Diez-Tejedor E, Carceller F, Roda JM. 2001. Cerebral
ischemia: From animal studies to clinical practice. Should the methods
be reviewed? Cerebrovasc Dis 11(Suppl 1):20-30.

Del Zoppo GJ, Becker KJ, Hallenbeck JM. 2001. Inflammation after
stroke: Is it harmful? Arch Neurol 58:669-672.

DeVries AC, Nelson RJ, Traystman RJ, Hurn PD. 2001. Cognitive and
behavioral assessment in experimental stroke research: Will it prove
useful? Neurosci Biobehav Rev 25:325-342.

Dhandapani KM, Brann DW. 2002a. Estrogen-astrocyte interactions: Im-
plications for neuroprotection. BMC Neurosci 3:6.

Dhandapani KM, Brann DW. 2002b. Protective effects of estrogen and
selective estrogen receptor modulators in the brain. Biol Reprod 67:
1379-1385.

Di Carlo A, Lamassa M, Baldereschi M, Pracucci G, Basile AM, Wolfe
CD, Giroud M, Rudd A, Ghetti A, Inzitari D; European BIOMED
Study of Stroke Care Group. 2003. Sex differences in the clinical
presentation, resource use, and 3-month outcome of acute stroke in
Europe: Data from a multicenter multinational hospital-based registry.
Stroke 34:1114-1119.

Dubal DB, Kashon ML, Pettigrew LC, Ren JM, Finklestein SP, Rau SW,
Wise PM. 1998. Estradiol protects against ischemic injury. J Cereb
Blood Flow Metab 18:1253-1258.

Dubal DB, Wise PM. 2001. Neuroprotective effects of estradiol in middle-
aged female rats. Endocrinology 142:43-48.

Dubal DB, Zhu H, Yu J, Rau SW, Shughrue PJ, Merchenthaler I, Kindy
MD, Wise PM. 2001. Estrogen receptor alpha, not beta, is a critical link
in estradiol-mediated protection against brain injury. Proc Natl Acad
Sci U S A 98:1952-1957.

Falkenstein E, Tillmann HC, Christ M, Feuring M, Wehling, M. 2000.
Multiple actions of steroid hormones—A focus on rapid, nongenomic
effects. Pharmacol Rev 52:513-556.

Fukuda K, Yao H, Ibayashi S, Nakahara T, Uchimura H, Fujishima M.

Volume 45, Number 2 2004

2000. Ovariectomy exacerbates and estrogen replacement attenuates
photothrombotic focal ischemic brain injury in rats. Stroke 31:155-160.

Fukada S, del Zoppo GJ. 2003. Models of focal cerebral ischemia in the
nonhuman primate. ILAR J 44:96-104.

Ginsberg M, Busto R. 1989. Rodent models of cerebral ischemia. Stroke
20:1627-1642.

Giroud M, Milan C, Beuriat P, Gras P, Essayagh E, Arveux P, Dumas R.
1991. Incidence and survival rates during a two-year period of intra-
cerebral and subarachnoid haemorrhages, cortical infarcts, lacunes and
transient ischemic attacks. The Stroke Registry of Dijon: 1985-1989.
Int J Epidemiol 20:892-899.

Grady D, Herrington D, Bittner V, Blumenthal R, Davidson M, Hlatky M,
Hsia J, Hulley S, Herd A, Khan S, Newby LK, Waters D, Vittinghoff
E, Wenger N; HERS Research Group. 2002. Cardiovascular disease
outcomes during 6.8 years of hormone therapy: Heart and Estrogen/
progestin Replacement Study follow-up (HERS II). JAMA 288:49-57.

Green PS, Simpkins JW. 2000. Neuroprotective effects of estrogens: Po-
tential mechanisms of action. Int J Dev Neurosci 18:347-358.

Hall ED, Pazara KE, Linseman KL. 1991. Sex differences in postischemic
neuronal necrosis in gerbils. J Cereb Blood Flow Metab 11:292-298.

Harukuni I, Hurn PD, Crain BJ. 2001. Deleterious effect of B-estradiol in
a rat model of transient forebrain ischemia. Brain Res 900:137-142.

Hattori K, Lee H, Hurn PD, Crain BJ, Traystman RJ, DeVries AC. 2000.
Cognitive deficits after focal cerebral ischemia in mice. Stroke 31:
1939-1944.

Hawk T, Zhang YQ, Rajakumar G, Day AL, Simpkins JW. 1998. Testos-
terone increases and estradiol decreases middle cerebral artery occlu-
sion lesion size in male rats. Brain Res 796:296-298.

He Z, He YJ, Day AL, Simpkins JW. 2002. Proestrus levels of estradiol
during transient global cerebral ischemia improve the histological out-
come of the hippocampal CA1 region: Perfusion-dependent and -inde-
pendent mechanisms. J Neurolog Sci 193:79-87.

Herrington DM, Reboussin DM, Brosnihan KB, Sharp PC, Shumaker SA,
Snyder TE, Furberg CD, Kowalchuk GJ, Stuckey TD, Rogers WI,
Givens DH, Waters D. 2000. Effects of estrogen replacement on the pro-
gression of coronary-artery atherosclerosis. N Engl J Med 343:522-529.

Holroyd-Leduc JM, Kapral MK, Austin PC, Tu JV. 2000. Sex differences
and similarities in the management and outcome of stroke patients.
Stroke 31:1833-1837.

Horsburgh K, Macrae IM, Carswell H. 2002. Estrogen is neuroprotective
via an apolipoprotein E-dependent mechanism in a mouse model of
global ischemia. J Cereb Blood Flow Metab 22:1189-1195.

Hulley S, Grady D, Bush T, Furberg C, Herrington D, Riggs B, Vittinghoff
E. 1998. Randomized trial of estrogen plus progestin for secondary
prevention of coronary heart disease in postmenopausal women. Heart
and Estrogen/progestin Replacement Study (HERS) Research Group.
JAMA 280:605-613.

Hurn PD, Aardelt AA, Alkayed NJ, Crain BJ, Hu W, Kearney ML, Mc-
Cullough LD, Murphy SJ, Toung TJK, Traystman RJ, Wang M. 2002.
Estrogen and testosterone as neuroprotectants in stroke. In: Krieglstein
J, ed. Pharmacology of Cerebral Ischemia 2002. Stuttgart: Medpharm
Scientific Publishers. p 17-24.

Hurn PD, Brass LM. 2003. Estrogen and stroke: A balanced analysis.
Stroke 34:338-341.

Hurn PD, Littleton-Kearney MT, Kirsch JR, Dharmarajan AM, Traystman
RJ. 1995. Postischemic cerebral blood flow recovery in the female:
Effect of 17B-estradiol. J Cereb Blood Flow Metab 15:666-672.

Hurn PD, Macrae IM. 2000. Estrogen as a neuroprotectant in stroke. J
Cereb Blood Flow Metab 20:631-652.

Tadecola C, Alexander M. 2001. Cerebral ischemia and inflammation. Curr
Opin Neurol 14:89-94.

Jover T, Tanaka H, Calderone A, Oguro K, Bennett MV, Etgen AM, Zukin
RS. 2002. Estrogen protects against global ischemia-induced neuronal
death and prevents activation of apoptotic signaling cascades in the
hippocampal CA1l. J Neurosci 22:2115-2124.

Kannel WB. 1971. Current status of the epidemiology of brain infarction
associated with occlusive arterial disease. Stroke 2:295-317.

Kannel WB, Hjortland MC, McNamara PM, Gordon T. 1976. Menopause

157



and risk of cardiovascular disease: The Framingham study. Ann Intern
Med 85:447-452.

Kannel WB, Wolf PA, Verter J. 1983. Manifestations of coronary disease
predisposing to stroke. The Framingham study. JAMA 250:2942-2946.

Kelly-Hayes M, Wolf PA, Kannel WB, Sytkowski P, D’Agostino RB,
Gresham GE. 1988. Factors influencing survival and need for institu-
tionalization following stroke: The Framingham study. Arch Phys Med
Rehabil 69:415-418.

Kotila M, Numminen H, Waltimo O, Kaste M. 1998. Depression after
stroke: Results of the FINNSTROKE Study. Stroke 29:368-372.

Kume-Kick J, Rice ME. 1998. Estrogen-dependent modulation of rat brain
ascorbate levels and ischemia-induced ascorbate loss. Brain Res 803:
105-113.

Kurtzke JF. 1985. Epidemiology of cerebrovascular disease. In: McDowell
FH, Caplan LR, eds. Cerebrovascular Surgery Report. Washington DC:
National Institutes of Health, Public Health Service. p 1-34.

Langer RD. 2002. Hormone replacement and the prevention of cardiovas-
cular disease. Am J Cardiol 89(12 Suppl):36E-46E.

Leibson CL, Ransom JE, Brown RD, O’Fallon WM, Hass SL, Whisnant
JP. 1998. Stroke-attributable nursing home use. Neurology 51:163-168.

Li K, Futrell N, Tovar S, Wang LC, Wang DZ, Schultz LR. 1996. Gender
influences the magnitude of the inflammatory response within embolic
cerebral infarcts in young rats. Stroke 27:498-503.

Liao SL, Chen WY, Kuo JS, Chen CJ. 2001. Association of serum estrogen
level and ischemic neuroprotection in female rats. Neurosci Lett 297:
159-162.

Lin CL, Calisaneller T, Ukita N, Dumont AS, Kassell NF, Lee KS. 2003.
A murine model of subarachnoid hemorrhage-induced cerebral vaso-
spasm. J Neurosci Methods 123:89-97.

Linford N, Wade C, Dorsa D. 2000. The rapid effects of estrogen are impli-
cated in estrogen-mediated neuroprotection. J Neurocytol 29:367-374.
Littleton-Kearney MT, Ostrowski NL, Cox DA, Rossberg MI, Hurn PD.
2002. Selective estrogen receptor modulators: Tissue actions and po-

tential for CNS protection. CNS Drug Rev 8:309-330.

Macrae IM. 1992. New models of focal cerebral ischaemia. Br J Clin
Pharmac 34:302-308.

McAuley MA. 1995. Rodent models of focal ischemia. Cerebrovasc Brain
Metab Rev 7:153-180.

McCullough LD, Alkayed NJ, Traystman RJ, Williams MJ, Hurn PD.
2001. Post-ischemic estrogen treatment reduces hypoperfusion and sec-
ondary ischemia after experimental stroke. Stroke 32:796-802.

McCullough LD, Hurn PD. 2003. Estrogen and ischemic neuroprotection:
An integrated view. Trends Endocrinol Metab 14:228-235.

Megyesi JF, Vollrath B, Cook DA, Findlay JM. 2000. In vivo animal
models of cerebral vasospasm: A review. Neurosurgery 46:448-460.

Modan B, Wagener DK. 1992. Some epidemiological aspects of stroke:
Mortality/morbidity trends, age, sex, race, socioeconomic status.
Stroke 23:1230-1236.

Mooradian AD. 1993. Antioxidant properties of steroids. J Steroid Bio-
chem Mol Biol 45:509-511.

Murabito JM. 1995. Women and cardiovascular disease: Contributions
from the Framingham Heart Study. ] Am Med Womens Assoc 50:35-
39, 55.

Murphy SJ, McCullough LD, Littleton-Kearney H, Hurn PD. 2003. Estro-
gen and selective estrogen receptor modulators: Neuroprotection in the
women’s health initiative era. Endocrine 21:17-26.

Murphy SJ, Traystman RJ, Hurn PD. 2000. Progesterone exacerbates stria-
tal stroke injury in progesterone-deficient female animals. Stroke 31:
1173-1178.

Nelson HD, Humphrey LL, Nygren P, Teutsch SM, Allan JD. 2002. Post-
menopausal hormone replacement therapy: Scientific review. JAMA
288:872-881.

Okamoto K, Yamori Y, Nagaoka A. 1974. Establishment of the stroke-
prone spontaneously hypertensive rats (SHR). Circ Res 34-35(Suppl
1):1143-1153.

Paganini-Hill A. 2001. Hormone replacement therapy and stroke: Risk,
protection or no effect? Maturitas 38:243-261.

158

Payan HM, Conrad JR. 1977. Carotid ligation in gerbils: Influence of age,
sex, and gonads. Stroke 8:194-196.

Pelligrino DA, Santizo R, Baughman VL, Wang Q. 1998. Cerebral vaso-
dilating capacity during forebrain ischemia: Effects of chronic estrogen
depletion and repletion and the role of neuronal nitric oxide synthase.
NeuroReport 9:3285-3291.

Peterson JN, Evans JP. 1937. The anatomical end results of cerebral artery
occlusion: An experimental and clinical correlation. Trans Am Neurol
Assoc 63:83-88.

Petitti DB, Sidney S, Bernstein A, Wolf S, Quesenberry CP, Ziel HK.
1996. Stroke in users of low-dose oral contraceptives. New Engl J Med
335:8-15.

Petitti DB, Sidney S, Quesenberry CP Jr, Berstein A. 1997. Incidence of
stroke and myocardial infarction in women of reproductive age. Stroke
28:280-283.

Prencipe M, Ferretti C, Casini AR, Santini M, Giubilei F, Culasso F. 1997.
Stroke, disability and dementia: Results of a population survey. Stroke
28:531-536.

Roof RL, Hall ED. 2000. Gender differences in acute CNS trauma and
stroke: Neuroprotective effects of estrogen and progesterone. J Neuro-
trauma 17:367-388.

Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C,
Stefanick ML, Jackson RD, Beresford SA, Howard BV, Johnson KC,
Kotchen JM, Ockene J; Writing Group for the Women’s Health Ini-
tiative Investigators. 2002. Risks and benefits of estrogen plus proges-
tin in healthy postmenopausal women: Principal results from the
Women’s Health Initiative randomized controlled trial. JAMA 288:
321-333.

Rubanyi GM, Johns A, Kauser K. 2002. Effect of estrogen on endothelial
function and angiogenesis. Vasc Pharmacol 38:89-98.

Rusa R, Alkayed NJ, Crain BJ, Traystman RJ, Kimes AS, London ED,
Klaus JA, Hurn PD. 1999. 17B-estradiol reduces stroke injury in es-
trogen-deficient female animals. Stroke 30:1665-1670.

Sacco RL, Wolf PA, Kannel WB, McNamara PM. 1982. Survival and
recurrence following stroke. The Framingham study. Stroke 13:290-295.

Sadoshima S, Nakatomi Y, Fujii K, Ooboshi H, Ishitsuka T, Ogata J,
Fujishima M. 1988. Mortality and histological findings of the brain
during and after cerebral ischemia in male and female spontaneously
hypertensive rats. Brain Res 454:238-243.

Saleh TM, Cribb AE, Connell BJ. 2001a. Estrogen-induced recovery of
autonomic function after middle cerebral artery occlusion in male rats.
Am J Physiol Regul Integr Comp Physiol 281:R1531-R1539.

Saleh TM, Cribb AE, Connell BJ. 2001b. Reduction in infarct size by local
estrogen does not prevent autonomic dysfunction after stroke. Am J
Physiol Regul Integr Comp Physiol 281:R2088-R2095.

Sampei K, Goto S, Alkayed NJ, Crain BJ, Korach KS, Traystman RJ,
Demas GE, Nelson RJ, Hurn PD. 2000a. Stroke in estrogen receptor
a-deficient mice. Stroke 31:738-743.

Sampei K, Mandir AS, Asano Y, Wong PC, Traystman RJ, Dawson VL,
Dawson TM, Hurn PD. 2000b. Stroke outcome in double mutant an-
tioxidant transgenics. Stroke 31:2685-2691.

Santizo RA, Xu HL, Ye S, Baughman VL, Pelligrino DA. 2002. Loss of
benefit from estrogen replacement therapy in diabetic ovariectomized
female rats subjected to transient forebrain ischemia. Brain Res 956:
86-95.

Sawada M, Alkayed NJ, Goto S, Crain BJ, Traystman RJ, Shaivitz A,
Nelson RJ, Hurn PD. 2000. Estrogen receptor antagonist ICI182,780
exacerbates ischemic injury in female mouse. J Cereb Blood Flow
Metab 20:112-118.

Schwarz DA, Barry G, Mackay KB, Manu F, Naeve GS, Vana AM, Verge
G, Conlon PJ, Foster AC, Maki RA. 2002. Identification of differen-
tially expressed genes induced by transient ischemic stroke. Brain Res
Mol Brain Res 101:12-22.

Shi J, BuiJD, Yang SH, He Z, Lucas TH, Buckley DL, Blackband SJ, King
MA, Day AL, Simpkins JW. 2001. Estrogens decrease reperfusion-
associated cortical ischemic damage: An MRI analysis in a transient
focal ischemia model. Stroke 32:987-992.

Simpkins JW, Rajakumar G, Zhang YQ, Simpkins CE, Greenwald D, Yu

ILAR Journal



CJ, Bodor N, Day AL. 1997. Estrogens may reduce mortality and
ischemic damage caused by middle cerebral artery occlusion in the
female rat. J Neurosurg 87:724-730.

Stegmayr B, Asplund K, Kuulasmaa K, Rajakangas AM, Thorvaldsen P,
Tuomilehto J. 1997. Stroke incidence and mortality correlated to stroke
risk factors in the WHO MONICA Project: An ecological study of 18
populations. Stroke 28:1367-1374.

Stein DG. 2001. Brain damage, sex hormones and recovery: A new role for
progesterone and estrogen? Trends Neurosci 24:386-391.

Stein DG, Hoffman SW. 2003. Estrogen and progesterone as neuroprotec-
tive agents in the treatment of acute brain injuries. Pediatr Rehabil
6:13-22.

Stein DG, Roof RL, Fulop ZL. 1999. Brain damage, sex hormones and
recovery: In: Stuss DT, Winocur G, Roberson IH, eds. Cognitive Neu-
rorehabilitation: A Comprehensive Approach. Cambridge UK: Cam-
bridge University Press. p 73-93.

Stokes J 3rd, Kannel WB, Wolf PA, Cupples LD, D’Agostino RB. 1987.
The relative importance of selected risk factors for the various mani-
festations of cardiovascular disease among men and women from 35 to
64 years old: 30 years of follow-up in the Framingham Study. Circu-
lation 75(6 Pt 2):V64-V73.

Sudlow CL, Warlow CP. 1997. Comparable studies of the incidence of
stroke and its pathological types: Results from an international collabo-
ration. International Stroke Incidence Collaboration. Stroke 28:491-499.

Sudo S, Wen TC, Desaki J, Matsuda S, Tanaka J, Arai T, Maeda N,
Sakanaka M. 1997. B-estradiol protects hippocampal CA1l neurons
against transient forebrain ischemia in gerbil. Neurosci Res 29:345-354.

Toung TK, Hurn PD, Traystman RJ, Sieber FE. 2000. Estrogen decreases
infarct size after temporary focal ischemia in a genetic model of type I
diabetes mellitus. Stroke 31:2701-2706.

Toung TJ, Traystman RJ, Hurn PD. 1998. Estrogen-mediated neuropro-
tection after experimental stroke in male rats. Stroke 29:1666-1670.

Traystman RJ. 2003. Animal models of focal and global cerebral ischemia.
ILAR J 44:85-95.

Tuomilehto J, Rastenyte D, Sivenius J, Sarti C, Immonen-Raiha P, Kaar-
salo E, Kulasmaa K, Narva EV, Salomaa V, Salmi K, Torppa J. 1996.
Ten-year trends in stroke incidence and mortality in the FINMONICA
Stroke Study. Stroke 27:825-832.

Vannucci SJ, Willing LB, Goto S, Alkayed NJ, Brucklacher RM, Wood
TL, Towfighi J, Hurn PD, Simpson IA. 2001. Experimental stroke in
the female diabetic, db/db, mouse. J Cereb Blood Flow Metab 21:52-60.

Vergouwen MD, Anderson RE, Meyer FB. 2000. Gender differences and
the effects of synthetic exogenous and non-synthetic estrogens in focal
cerebral ischemia. Brain Res 878:88-97.

Vink R, Nimmo AJ, Cernak I. 2001. An overview of new and novel

Volume 45, Number 2 2004

pharmacotherapies for use in traumatic brain injury. Clin Exp Pharma-
col Physiol 28:919-921.

Viscoli CM, Brass LM, Kernan WN, Sarrel PM, Suissa S, Horowitz RI.
2001. A clinical trial of estrogen-replacement therapy after ischemic
stroke. N Engl J Med 345:1243-1249.

Voikar V, Koks S, Vasar E, Rauvala H. 2001. Strain and gender differences
in behavior of mouse lines commonly used in transgenic studies. Phys-
iol Behav 72:271-281.

Wang Q, Santizo R, Baughman VL, Pelligrino DA. 1999. Estrogen pro-
vides neuroprotection in transient forebrain ischemia through perfu-
sion-independent mechanisms in rats. Stroke 30:630-637.

Wassertheil-Smoller S, Hendrix SL, Limacher M, Heiss G, Kooperberg C,
Baird A, Kotchen, T, Curb JD, Black H, Rossouw JE, Aragaki A,
Safford M, Stein E, Laowattana S, Mysiw WIJ; WHI Investigators.
2003. Effect of estrogen plus progestin on stroke in postmenopausal
women: The Women’s Health Initiative: A randomized trial. JAMA
289:2673-2684.

Watanabe Y, Littleton-Kearney MT, Traystman RJ, Hurn PD. 2001. Es-
trogen restores postischemic pial microvascular dilation. Am J Physiol
Heart Circ Physiol 281:H155-H160.

Williams JK, Honore EK, Washburn SA, Clarkson TB. 1994. Effects of
hormone replacement therapy on reactivity of atherosclerotic coronary
arteries in cynomolgus monkeys. J Am Coll Cardiol 24:1757-1761.

Wise PM, Dubal DB. 2000. Estradiol protects against ischemic brain injury
in middle-aged rats. Biol Reprod 63:982-985.

Wise PM, Dubal DB, Wilson ME, Rau SW, Bottner M, Rosewell KL.
2001. Estradiol is a protective factor in the adult and aging brain:
Understanding of mechanisms derived from in vivo and in vitro studies.
Brain Res Brain Res Rev 37:313-319.

Wolf PA. 1990. An overview of the epidemiology of stroke. Stroke
21(Suppl):114-6.

Wolf PA, Kannel WB. 1986. Reduction of stroke through risk factor modi-
fication. Semin Neurol 6:243-253.

Wyller TB, Sodring KM, Sveen U, Ljunggren AE, Bautz-Holter E. 1997.
Are there gender differences in functional outcome after stroke? Clin
Rehab 11:171-179.

Yamori Y, Horie R, Sato M, Ohta K. 1976. Proceedings: Prophylactic trials
for stroke in stroke-prone SHR: Effect of sex hormones. Jpn Heart J
17:404-406.

Yang SH, HE Z, Wu SS, He YJ, Cutright J, Millard WJ, Day AL, Simpkins
JW. 2001. 17-B estradiol can reduce secondary ischemic damage and
mortality of subarachnoid hemorrhage. J Cereb Blood Flow Metab
21:174-181.

Zhang YQ, Shi J, Rajakumar G, Day AL, Simpkins JW. 1998. Effect of
gender and estradiol treatment on focal brain ischemia. Brain Res 784:
321-324.



