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Estradiol is a known neurotrophic and neuroprotective factor. Our previous work demonstrated that replacement with physiological
concentrations of estradiol protects the cortex against middle cerebral artery occlusion (MCAO)-induced cell death. The cerebral cortex
exhibits caspase-dependent programmed cell death (PCD) in many models of focal cerebral ischemia. We hypothesized that estradiol
attenuates PCD during stroke injury. The current study explored the temporospatial pattern of markers of PCD, their relationship to the
evolution of injury, and their modulation by estradiol. Rats were ovariectomized and treated with either estradiol or vehicle. One week
later, rats underwent MCAO, and brains were collected at 1, 4, 8, 16, and 24 hr. We assessed the temporospatial evolution of infarction
volume, DNA fragmentation, and levels of spectrin cleavage products in ischemic cortex. Estradiol led to a delay and attenuation of
injury-mediated DNA fragmentation as early as 8 hr after MCAO. Estradiol also dramatically reduced the level of the 120 kDa caspase-
mediated spectrin breakdown product (SBDP120) at 4 hr but not at 8 or 16 hr. The SBDP150, produced by caspase and calpain, showed
peak levels at 16 hr but was not altered by estradiol. These results strongly suggest that estradiol protects the ischemic cortex by
attenuating PCD, thereby reducing caspase activity, DNA fragmentation, and subsequently, overall cell death. These studies deepen our
understanding of the mechanisms underlying estrogen-mediated neuroprotection.

Key words: apoptosis; ischemia; stroke; middle cerebral artery occlusion; TUNEL; estrogen (estradiol); caspase

Introduction
Middle cerebral artery occlusion (MCAO) leads to a characteris-
tic pattern of expanding tissue damage. The permanent occlusion
of the MCA primarily affects two regions of the brain: the stria-
tum and the overlying cortex. Occlusion at the base of the MCA
leads to severe metabolic impairment and necrotic cell death in
the striatum. However, the ischemic cortex is less severely dam-
aged as a result of the presence of collateral perfusion from
branches of other major cerebral arteries. Because of this differ-
ence in perfusion, the cortex contains cells undergoing pro-
grammed cell death (PCD) (Li et al., 1995, 1997; Guegan and
Sola, 2000), involving the activation of protease cascades (Asahi
et al., 1997; Namura et al., 1998; Guegan and Sola, 2000; Luo et
al., 2002). Studies have demonstrated that an attenuation of PCD
reduces the amount of tissue damage after ischemic injury (Fried-
lander et al., 1997; Endres et al., 1998; Kitagawa et al., 1998a; Jover
et al., 2002). Apoptosis is a name for at least one specific pathway
of PCD. Because the precise definition of this term is still a topic
of active debate, we will use PCD to refer to the caspase-mediated

cell death pathway known to characterize the ischemic cortex
after MCAO.

It is accepted that estradiol influences the hypothalamic–pitu-
itary– ovarian axis and thereby plays a critical role in reproduc-
tion. In recent years, it has become increasingly clear that estra-
diol also plays important nonreproductive roles in the brain, such
as enhancing synaptic plasticity and exerting neurotrophic and
neuroprotective actions (Woolley, 1999; Hurn and Macrae, 2000;
Roof and Hall, 2000; Garcia-Segura et al., 2001; Wise et al., 2001).
Both pharmacological and physiological concentrations of estra-
diol protect against brain injury (Hall et al., 1991; Simpkins et al.,
1997; Dubal et al., 1998; Toung et al., 1998; Zhang et al., 1998;
Culmsee et al., 1999; Rusa et al., 1999; Shughrue and Merch-
enthaler, 2003).

Our laboratory has shown that pretreatment with a low, phys-
iological dose of estradiol protects the ischemic cortex against the
later stages of cell death induced by MCAO, independent of al-
terations in cerebral blood flow (Dubal et al., 1998). We hypoth-
esized that estradiol attenuates injury by blocking PCD in the
ischemic cortex.

We tested our hypothesis by exploring the temporospatial
patterns of PCD markers in ischemic cortex. PCD can be ex-
plored immunohistochemically via terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling
(TUNEL) staining, an indicator of DNA fragmentation (Willing-
ham, 1999), and by observing caspase-3 activation (Namura et
al., 1998; Guegan and Sola, 2000; Davoli et al., 2002; Wang et al.,
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2003). We evaluated the relative levels of caspase-3 activation by
measuring levels of 150 kDa and 120 kDa spectrin breakdown
products (SBDP150 and SBDP120, respectively), which reflect
activity of enzymes associated with necrosis and programmed cell
death, respectively (for review, see Wang, 2000). TUNEL staining
and spectrin cleavage profiles of both oil- and estradiol-treated
rats were compared with hematoxylin and eosin (H&E) staining
to observe the temporal relationships of caspase activation, DNA
fragmentation, and infarction after MCAO in oil- and estradiol-
treated animals.

Materials and Methods
Cerebral ischemia
Female Sprague Dawley rats (225–275 gm) were maintained in a 14/10 hr
light/dark cycle with ad libitum access to food and water. All procedures
were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and have been approved
by the University of Kentucky Medical Center Institutional Animal Care
and Use Committee. Under methoxyflurane anesthesia, rats were bilat-
erally ovariectomized to eliminate endogenous estradiol production and
then implanted with a SILASTIC capsule (Konigsberg Instruments, Pas-
adena, CA) containing oil or 17�-estradiol (180 �g/ml). This paradigm
of low-dose estradiol treatment produces �20 pg/ml in rats (Dubal and
Wise, 2001). These levels are equivalent to basal circulating levels found
during the estrous cycle of rats (Smith et al., 1975).

Two separate groups of animals were collected for these studies. The
first group was used for H&E and TUNEL studies (n � 10 –14 per group),
and the second group was used for the Western blotting studies (n � 5
per group). For all animals, after 7 d, rats underwent MCAO surgery.
Rats were anesthetized with ketamine–acepromazine (80 � 0.52 mg/kg,
i.p.). Body temperature was monitored with a rectal probe and main-
tained within 1°C of normothermia (36 –38°C). The right middle cere-
bral artery was permanently occluded using methods described previ-
ously (Dubal et al., 1998). Briefly, a 4/0 monofilament suture was
inserted through the internal carotid artery to the base of the middle
cerebral artery. This occlusion leads to dramatically reduced blood flow
in the striatum and overlying cortex.

A small number of animals did not survive the MCAO procedure or
did not survive for the entire postsurgical period. These animals were
excluded from additional study. This minor loss of animals is reflected in
the lower reported numbers per experimental group for subsequent anal-
yses. There was no significant difference in survival rates among the
experimental groups. Animals were also excluded from final analyses if
infarct size was �2 SDs away from the group mean.

Tissue staining
Preparation. Brains were collected at 1, 4, 8, 16, and 24 hr after the onset
of MCAO (n � 6 –10 per experimental group). Brains were frozen on dry
ice and stored at �80°C until 18 �m coronal sections from approxi-
mately bregma �2.2 through bregma �2.8 (Paxinos and Watson, 1997)
were cut on a cryostat. This region contains the area that undergoes
injury. Brain sections were mounted on slides and stored at �80°C until
they were processed for H&E or TUNEL staining. Sections within a range
from bregma �1.2 to bregma �0.8, where the infarct size was the largest,
were used for these studies; this area will be referred to as the “test zone.”

H&E staining. One slide of sections (two sections per slide) was taken
from within the test zone of each animal. The sections were fixed with
paraformaldehyde and stained with H&E to delineate the extent of isch-
emic injury (Bederson et al., 1986). The extent of the infarction was
quantified with a computer-assisted imaging system (NIH Image, ver-
sion 6.1). Previous studies using 2-mm-thick sections stained by 2%
triphenyl–tetrazolium chloride (TTC) for quantification of infarct vol-
ume showed that the general size and shape of the infarction is relatively
constant throughout the test zone (our unpublished observations).
Therefore, infarct area from a single slide is representative of infarct
throughout the test zone. In the current study, the area of infarct from a
single slide multiplied by test zone thickness (2 mm) yields infarction
volume.

TUNEL staining. One slide of sections (a slide adjacent to that taken for
H&E staining, two sections per slide) was taken from within the test zone
of each animal. TUNEL was performed on these sections according to the
instructions of the manufacturer (in situ cell death detection kit, TMR
red; catalog number 2 156 792; Roche Products, Hertforshire, UK).
Briefly, the sections were fixed for 5 min in 4% paraformaldehyde. Sec-
tions underwent two washes in PBS and were incubated in permeabili-
zation solution (0.1% Triton X-100 and 0.1% sodium citrate) for 30 min
at 70°C. Sections were then washed twice in PBS followed by incubation
for 60 min at 37°C in “TUNEL reaction mix” from the Roche Products
kit. Sections underwent two more washes in PBS and were then im-
mersed in Hoechst 33258 (Molecular Probes, Eugene, OR) solution (1:
1000 dilution) for 10 min. Sections were finally rinsed in distilled water
and coverslipped with anti-fade mounting medium. A positive control
was performed by incubating slides for 60 min at 37°C in RQ–DNase
solution (2 �l of RQ1 RNase-free DNase; catalog number M6101; Pro-
mega Madison, WI) before incubation in TUNEL reaction mix. A nega-
tive control was performed by incubating sections in reaction mix that
contained only label solution and no TUNEL enzyme components. All
areas of the brain exhibited TUNEL staining in the positive control slide.
No cellular staining was observed in the negative control slide.

TUNEL-positive cells were counted in 20� microscope fields within
frontal cortices (three fields per section) and parietal cortices (four fields
per section) from a single section for each animal using an object counts
array via BioQuant (Oxford, UK) software. Counts for all seven micro-
scope fields were summed to yield a single cell count for each animal. The
frontal and parietal cortical areas of tissue were chosen for cell counts
because they represent peri-infarct cortex after MCAO in our paradigm.
In the frontal cortex, two fields were counted that bordered on the central
sulcus. One of these fields also encompassed the outer rim of cortical
tissue, and the other included the outer rim of the corpus callosum. A
third field encompassing the central layers of cortex was counted one
20� field lateral to the first two fields. In the parietal cortex, a field
encompassing central layers of cortex lateral to the third frontal cortex
field was counted. Next, one 20� field lateral to this first parietal field,
two fields were counted, one encompassing the outer rim of cortex and
the other including the border of the corpus callosum. The fourth pari-
etal field encompassed the central layers of cortex, one 20� field lateral to
the second and third parietal fields. Using this pattern of movement from
field to field in each section, equal sampling was ensured from animal to
animal.

Western blotting
Microdissection. Brains were collected at 4, 8, and 16 hr (n � 3–5 per
experimental group). Alternating 1 mm sections of brain were collected
using a brain matrix (Activational Systems, Warren, MI) and then
stained in 2% TTC to visualize injury or frozen at �80°C for inclusion in
Western blotting studies. We first examined tissue from a 1 mm TTC-
stained coronal section from the test zone. The adjacent fresh, frozen 1
mm section was then microdissected, and a specific area (see Fig. 4, area
X) of ipsilateral cortical tissue was removed for subsequent protein ex-
traction and use in Western blotting studies. Area X was chosen so that
live tissue from an identical anatomical area of cortical tissue ipsilateral to
infarct could be directly compared between experimental groups without
the risk of analyzing damaged tissue in any given animal. Previous studies
from our laboratory (Dubal et al., 1999) have demonstrated injury-
mediated changes in these tissue areas. Area X is also included within the
area studied in the TUNEL studies and represents the edge of the tissue
that is consistently alive after 24 hr of MCAO. We felt that this area would
be an excellent region to explore time-dependent changes after an isch-
emic insult in both oil- and estradiol-treated animals without attempting
to compare anatomically disparate regions of tissue.

Western blot analysis. Relative concentrations of protein were quanti-
fied by Western blotting using standard procedures. Total cell lysates
were obtained from microdissected cortical tissue. Tissue was homoge-
nized in lysis buffer [1� PBS, 1% Triton X-100, 0.1% SDS, 50 mM so-
dium fluoride, and 0.5% deoxycholate with complete protease inhibitor
mixture (Roche Products)], and cellular debris was separated by centrif-
ugation at 14,000 � g for 30 min at 4°C. Total protein (8 �g) was sepa-
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rated by 10% SDS-PAGE, transferred to a nitrocellulose membrane, and
incubated overnight at 4°C in 5% milk–Tris-buffered saline plus Tween
20 containing a mouse antispectrin antibody (1:5000, monoclonal anti-
body 1622; Chemicon, Temecula, CA). Blots were then washed three
times for 10 min each and exposed to horseradish peroxidase-conjugated
goat anti-mouse antibody (1:10,000; Jackson ImmunoResearch, West
Grove, PA) for 1 hr. Blots were visualized using a Supersignal West Pico
Chemiluminescent Substrate 34077 (Pierce, Rockford, IL) and a FujiF-
ilm FLA-2000 imager (Fuji, Stamford, CT). The spectrin blots were then
stripped and probed with rabbit anti-neurofilament 200 (N4142, 1:400;
Sigma St. Louis, MO). Band intensity was detected and quantified by
comparing relative signal intensity via NIH Image, version 6.1. All values
for 120 kDa spectrin and 150 kDa spectrin fragments were normalized to
full-length (240 kDa) spectrin and expressed as a ratio of fragment to full
length. These ratios were then normalized to the control protein neuro-
filament 200 to account for any potential differences in lane loading.

Data analysis. Data for H&E and Western blotting experiments were
analyzed by two-way ANOVA. For the TUNEL experiment, data were
analyzed separately as an early phase (1– 8 hr) and a late phase (16 –24 hr)
of injury. Significant effects or interactions were probed using Newman–
Keuls post hoc comparisons. Differences were considered statistically sig-
nificant when p � 0.05. All data are expressed as mean � SEM.

Results
Estradiol pretreatment reduces infarction volume during the
late phase of injury
We analyzed total infarction volume at 1, 4, 8, 16, and 24 hr to
assess the temporal pattern of cell death (Fig. 1). In both oil- and
estradiol-treated animals, infarction is not detectable by H&E
staining at 1 hr after MCAO, but we detected a dramatic rise in
infarct volume from 1 to 4 hr that was maintained through the 8
hr time point. During the late phase of ischemic injury, estradiol
dramatically reduces infarction volume at 16 and 24 hr after
MCAO when compared with oil-treated animals (Fig. 1) (*p �
0.05).

Estradiol pretreatment delays and attenuates DNA
fragmentation during early and late phases of injury
We analyzed the temporal pattern of DNA fragmentation after
MCAO by counting numbers of TUNEL-positive cells in coronal
sections. TUNEL was specific for cells with fragmented DNA as
illustrated by a differential staining by TUNEL versus the general

nuclear dye Hoechst 33258 (Fig. 2A). In the ischemic cortex, very
few TUNEL-positive cells were observed during the first 4 hr after
ischemic onset (Figs. 2B, 3). In oil-treated animals, we observed a
rapid increase in the number of TUNEL-positive cells per cortex
between 4 and 8 hr, which continued throughout the remainder
of the evolution of ischemic injury. In contrast, in estradiol-
treated animals, this rise in TUNEL-positive cells was not ob-
served until between the 8 and 16 hr time points after ischemic
onset. Statistical analysis of TUNEL data was performed by sep-

Figure 1. Estradiol (E2) protects the brain against ischemic injury. MCAO initiates an isch-
emic insult that develops into an extensive infarct over 24 hr. Data were analyzed using two-
way ANOVA with dependent variables of time (1, 4, 8, 16, and 24 hr) and treatment (oil vs
estradiol). There is an overall significant effect of time as well as an overall significant interac-
tion between time and treatment. Using Newman–Keuls post hoc evaluation, there is a statis-
tically significant difference between infarct volumes in oil- and estradiol-treated animals at 16
and 24 hr after MCAO (*p � 0.05; n � 8 –10 per experimental group). Values represent
mean � SEM.

Figure 2. Composite of representative pictures from the ischemic cortex stained by the
TUNEL technique and counterstained with Hoechst 33258. A, Microscope fields at 40� magni-
fication showing cells that stained positive for TUNEL and the same field showing Hoechst
counterstain. B, Representative 20� fields taken from within the parietal cortex of coronal
brain sections stained by the TUNEL technique. These fields demonstrate TUNEL-positive cells
from oil- and estradiol-treated animals at 4, 8, and 24 hr after the initiation of MCAO.

Figure 3. Estradiol (E2) delays and attenuates the number of TUNEL-positive cells in the
ischemic cortex. The mean number of TUNEL-positive cells in the ischemic cortex rises dramat-
ically after 4 hr in oil-treated animals and continues to rise through the remaining time points
after ischemic injury. In estradiol-treated animals, the number of TUNEL-positive cells rises
dramatically after 8 hr. ANOVAs were run for the early (1– 8 hr; n � 8 –10 per experimental
group) and late (16 –24 hr; n � 8 –10 per experimental group) phases of injury. There is a main
effect of treatment (oil vs estradiol) on the number of TUNEL-positive cells during early (#p �
0.05) and late (*p � 0.05) phases of ischemic injury. Values represent mean � SEM.
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arate two-way ANOVA for early phase data (1– 8 hr) and late-
phase data (16 –24 hr). We hypothesized that the effect of estra-
diol on late-phase infarction volume may be accompanied by an
early phase effect on the number of TUNEL-positive cells in isch-
emic cortex. Therefore, we believed it was important to explore
the different phases of injury by separate analyses. Pretreatment
with estradiol reduced the number of TUNEL-positive cells dur-
ing both the early (1– 8 hr) and late (16 –24 hr) phases of injury
(Figs. 2B, 3) ( #p � 0.05; *p � 0.05).

Estradiol pretreatment reduces injury-mediated SBDP120 but
not SBDP150 spectrin fragments in peri-infarct cortex
We extracted proteins from the peri-infarct region of the isch-
emic cortex depicted in Figure 4 and determined relative
amounts of spectrin and specific cleavage fragments (SBDP120
and SBDP150) of spectrin in oil- and estradiol-treated animals by
Western blot analysis (n � 3 per experimental group). Estradiol
pretreatment dramatically attenuates the level of SBDP120 at 4 hr
after MCAO (Figs. 5, 6) but does not significantly alter the sec-
ondary rise in the level of SBDP120 observed at 16 hr (Fig. 6).
Estradiol also did not affect the rise in SBDP150 observed at 16 hr
(Fig. 7).

Discussion
The primary findings of this work are as follows: (1) estradiol
delays and attenuates injury-mediated DNA fragmentation in

ischemic cortex; (2) the effects of estradiol
on DNA fragmentation are evident as
early as 8 hr after MCAO and thus precede
the observed reduction in cortical infarct
volume at 16 –24 hr; and (3) both attenu-
ation of DNA fragmentation and reduced
infarct volume are preceded by an
estradiol-mediated reduction in the rela-
tive amount of the caspase-3-mediated
spectrin breakdown product SBDP120 at
4 hr after MCAO. This temporal pattern
of effects leads us to propose that estradiol
modulates a cascade of actions. We sug-
gest that the actions of estradiol involve
an attenuation of caspase-3 activation
that leads to a downstream reduction in
programmed cell death and subsequently
reduced infarct volume.

Our data both confirm a previously
delineated cascade of events after focal ce-

rebral ischemia and demonstrate a potential protective pathway
used by estradiol. The time course of changes in PCD markers in
these studies is consistent with observations from other models of
brain injury. Guegan and Sola (2000) demonstrated an increase
in cleavage fragments of poly(ADP)ribose polymerase, a sub-
strate of caspases in PCD cascades, as early at 3 hr after the initi-
ation of left middle cerebral artery coagulation. Nath et al. (2000)
observed the SBDP120 as a marker of caspase activity after
NMDA-induced cytotoxic injury in neonatal rats. These authors
observed increased caspase activity at 6, 18, and 24 hr after
NMDA injection and DNA laddering, characteristic of PCD, at
24 hr. Shibata et al. (2002) observed caspase-3 activations as early
as 1 hr after MCAO in mice. To the best of our knowledge, the
observation of an apparent biphasic alteration in caspase activity
after MCAO is unique to our study. We speculate that the sec-
ondary rise in caspase activation may be related to a late rise in
calpain activity, as suggested by the dramatic increase observed in
the SBDP150 at 16 hr after MCAO initiation. Such an interaction
has been described previously after UV-induced neuronal death,
during which calpain activates the caspase-3 pathway (McCol-
lum et al., 2002). Additionally, our findings are consistent with
previous studies from our laboratory (Wilson et al., 2002) and
others (Liu et al., 2001; Jover et al., 2002; Linford and Dorsa,
2002; Monroe et al., 2002) that established estradiol as an inhib-
itor of programmed cell death cascades.

Previous studies have shown that caspase-3 activation leads to
DNA fragmentation and subsequently to expansion of infarct
volume in MCAO models of ischemic injury (Namura et al.,
1998; Guegan and Sola, 2000; Plesnila et al., 2001; Luo et al.,
2002). Caspase-3 is known to be an executioner caspase and is the
final common enzyme in a number of pathways of programmed
cell death. Because of this unique position of caspase-3 in various
PCD pathways, its activation opens up the possibility that multi-
ple upstream effectors may be targets of estradiol-induced
neuroprotection.

Our laboratory has explored various members of the Bcl-2
family of genes as potential targets for the actions of estradiol. The
Bcl-2 family is composed of a number of intracellular proteins.
These are central regulators of programmed cell death cascades.
This family of proteins contains both pro-programmed and anti-
programmed cell death factors. It is the balance of these factors at
a given time that determines whether a cell will be moving toward
life or death (for review, see Cory and Adams, 2002). In models of

Figure 4. Representative images of sections from an oil- and estradiol-treated rat that underwent 24 hr of permanent middle
cerebral artery occlusion. Infarcted tissue is light, whereas live tissue is dark. An adjacent 1 mm frozen coronal section was
microdissected in anatomically equivalent areas (X) from oil- and estradiol-treated animals.

Figure 5. Composite of Western blot results showing representative lanes from oil- and
estradiol-treated animals killed 4 hr after the initiation of MCAO. Proteins extracted from area X
(Fig. 4) were analyzed by Western blotting to detect intact spectrin (240 kDa) and 120 kDa and
150 kDa spectrin breakdown products.
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ischemia, the loss of Bcl-2 has been associated with an exacerba-
tion of injury (Krajewski et al., 1995; Sato et al., 1998), whereas
overexpression of this factor can protect against a number of
toxic stimuli (Martinou et al., 1994; Choi, 1996; Kitagawa et al.,
1998b; Yang et al., 1998). Previous work in our laboratory has
shown that estradiol can maintain levels of bcl-2 mRNA in the
ischemic cortex (Dubal et al., 1999). The effects of estradiol in our
model are specific to bcl-2, because estradiol had no effect on the
expression profiles of bax, bcl-xL, bcl-xS, bad (Dubal et al., 1999),
or bim (Wise, 2003). The ability of estradiol to maintain the level

of bcl-2 mRNA in the ischemic cortex may explain the attenua-
tion of caspase activity and overall reduction in PCD that we
observed.

Another pathway to consider upstream of caspase-3 is a neu-
roprotective pathway involving Akt, a serine–threonine kinase.
Activated Akt phosphorylates and inhibits the actions of several
programmed cell death mediators, such as Bad and caspase-9,
and thereby prevents programmed cell death in several cell types,
including neurons (Crowder and Freeman, 1998). Estradiol has
been shown to directly activate Akt in the cortex (Singh, 2001)
and to enhance Akt activation in cortical explant cultures after
ischemic injury (Wilson et al., 2002).

The results of the current study enhance our understanding of
the mechanisms involved in estradiol-mediated neuroprotec-
tion. Estrogens have been established as potent neuroprotective
and neurotrophic factors (Calakos and Scheller, 1994; Toran-
Allerand et al., 1999; Green and Simpkins, 2000; Hurn and Mac-
rae, 2000; Brinton, 2001; Garcia-Segura et al., 2001; Wise et al.,
2001). Specifically, clinical studies have demonstrated that estro-
gens enhance mood and cognition and delay cognitive decline
(Paganini-Hill et al., 1988; Kawas et al., 1997; Sherwin, 1999).
Furthermore, many studies suggest that estrogens are able to pro-
tect against neurodegenerative diseases, such as Alzheimer’s dis-
ease (Fillit, 1994; Paganini-Hill and Henderson, 1994, 1996; Hen-
derson et al., 1996; Tang et al., 1996; Henderson and Paganini-
Hill, 1997; Kawas et al., 1997; Asthana et al., 1999; Waring et al.,
1999) and injury associated with stroke or stress (Paganini-Hill,
1995; Schmidt et al., 1996; Komesaroff et al., 1999). However,
several recent studies have failed to demonstrate an amelioration
of cognitive dysfunction in women already suffering from Alzhei-
mer’s disease (Marder and Sano, 2000; Roof and Hall, 2000;
Wang et al., 2000). In addition, the Women’s Health Initiative
reported an increased risk for stroke, among other conditions
(Writing Group for the Women’s Health Initiative Investigators,
2002). Although the clinical literature gives conflicting results, a
variety of in vivo and in vitro basic science studies provide striking
evidence for cellular and molecular mechanisms underlying clear
neuroprotective and neurotrophic actions of estradiol. Estrogens
attenuate neuronal injury associated with cerebral ischemia and
brain trauma in young and aging male and female rodents (Hall
et al., 1991; Behl et al., 1997; Alkayed et al., 1998, 2000; Dubal et
al., 1998; Miller et al., 1998; Toung et al., 1998; Rusa et al., 1999;
Sawada and Shimohama, 2000; Dubal and Wise, 2001; Kim et al.,
2001; Mendelowitsch et al., 2001; Jover et al., 2002).

A potential source of the clinical versus basic science discrep-
ancies in the effects of estrogen on neuronal injury may be differ-
ences in the preparation and amount of estrogen being used in
the various clinical trials and those used in basic science studies.
For example, none of the clinical trials currently reported in the
literature use a treatment paradigm that mimics our paradigm of
estradiol pretreatment with basal concentrations of the hormone.
The clinical literature has focused on estrogen–progesterone
combination treatment or the use of estrogen-only treatments
containing more than basal concentrations relative to estrogen
concentrations across the reproductive cycle. A clinical trial using
basal levels of 17�-estradiol in women in the early postmeno-
pausal period may yield more favorable results.

The potential for attenuation of programmed cell death dem-
onstrated by our current studies makes estradiol a very powerful
potential therapeutic for a variety of CNS injuries and neurode-
generative diseases if given in the appropriate concentrations and
at the appropriate time. An understanding of the differential
modulation of programmed cell death in various tissues under

Figure 6. Estradiol (E2) reduces the caspase-mediated (120 kDa) spectrin breakdown prod-
uct at 4 hr after MCAO onset in the peri-infarct ischemic cortex (*p � 0.05). Two-way ANOVA
demonstrated an overall effect of treatment (oil vs estradiol). Post hoc Newman–Keuls reveals
an effect of estradiol specific to the 4 hr time point (*p � 0.05; n � 3 per experimental group).
Estradiol has no effect on levels of the 120 kDa spectrin breakdown product at 8 hr or on the
secondary rise in this product at 16 hr after MCAO onset (n � 3– 4 per experimental group).
Relative levels for each sample are expressed as a ratio of 120 kDa fragment to full-length
spectrin (240 kDa) normalized to neurofilament 200 from the same sample. Values represent
mean � SEM.

Figure 7. Estradiol (E2) does not affect the 150 kDa spectrin breakdown product in the
peri-infarct ischemic cortex. The 150 kDa spectrin breakdown product shows a dramatic rise at
16 hr after MCAO onset. Two-way ANOVA demonstrates a significant overall effect of time but
no effect of treatment and no interaction (n � 3– 4 per experimental group). Relative levels for
each sample are expressed as a ratio of 150 kDa fragment to full-length spectrin (240 kDa)
normalized to neurofilament 200 from the same sample. Values represent mean � SEM.
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varying conditions will be essential to the development of the
therapeutic potential of estradiol.

References
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.

Asahi M, Hoshimaru M, Uemura Y, Tokime T, Kojima M, Ohtsuka T, Mat-
suura N, Aoki T, Shibahara K, Kikuchi H (1997) Expression of
interleukin-1� converting enzyme gene family and bcl-2 gene family in
the rat brain following permanent occlusion of the middle cerebral artery.
J Cereb Blood Flow Metab 17:11–18.

Asthana S, Craft S, Baker LD, Raskind MA, Birnbaum RS, Lofgreen CP, Veith
RC, Plymate SR (1999) Cognitive and neuroendocrine response to
transdermal estrogen in postmenopausal women with Alzheimer’s dis-
ease: results of a placebo-controlled, double-blind, pilot study. Psycho-
neuroendocrinology 24:657– 677.

Bederson JB, Pitts LH, Germano SM, Nishimura MC, Davis RL, Bartkowski
HM (1986) Evaluation of 2,3,5-triphenyltetrazolium chloride as a stain
for detection and quantification of experimental cerebral infarction in
rats. Stroke 17:1304 –1308.

Behl C, Skutella T, Lezoualc’h F, Post A, Widmann M, Newton CJ, Holsboer
F (1997) Neuroprotection against oxidative stress by estrogens:
structure-activity relationship. Mol Pharmacol 51:535–541.

Brinton RD (2001) Cellular and molecular mechanisms of estrogen regula-
tion of memory function and neuroprotection against Alzheimer’s dis-
ease: recent insights and remaining challenges. Learn Mem 8:121–133.

Calakos N, Scheller RH (1994) Vesicle-associated membrane protein and
synaptophysin are associated on the synaptic vesicle. J Biol Chem
269:24534 –24537.

Choi DW (1996) Ischemia-induced neuronal apoptosis. Curr Opin Neuro-
biol 6:667– 672.

Cory S, Adams JM (2002) The Bcl2 family: regulators of the cellular life-or-
death switch. Nat Rev Cancer 2:647– 656.

Crowder RJ, Freeman RS (1998) Phosphatidylinositol 3-kinase and Akt
protein kinase are necessary and sufficient for the survival of nerve growth
factor-dependent sympathetic neurons. J Neurosci 18:2933–2943.

Culmsee C, Vedder H, Ravati A, Junker V, Otto D, Ahlemeyer B, Krieg J-C,
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.

Davoli MA, Fourtounis J, Tam J, Xanthoudakis S, Nicholson D, Robertson
GS, Xu D (2002) Immunohistochemical and biochemical assessment of
caspase-3 activation and DNA fragmentation following transient focal
ischemia in the rat. J Neurosci 115:125–136.

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

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, Shughrue PJ, Wilson ME, Merchenthaler I, Wise PM (1999) Es-
tradiol modulates Bcl-2 in cerebral ischemia: a potential role for estrogen
receptors. J Neurosci 19:6385– 6393.

Endres M, Namura S, Shimizu-Sasamata M, Waeber C, Zhang L, Gomez-Isla
T, Hyman BT, Moskowitz MA (1998) Attenuation of delayed neuronal
death after mild focal ischemia in mice by inhibition of the caspase family.
J Cereb Blood Flow Metab 18:238 –247.

Fillit H (1994) Estrogens in the pathogenesis and treatment of Alzheimer’s
disease in postmenopausal women. Ann NY Acad Sci 743:233–239.

Friedlander RM, Gagliardini V, Hara H, Fink KB, Li W, MacDonald G, Fish-
man MC, Greenberg AH, Moskowitz MA, Yuan J (1997) Expression of a
dominant negative mutant of interleukin-1 beta converting enzyme in
transgenic mice prevents neuronal cell death induced by tropic factor
withdrawal and ischemic brain injury. J Exp Med 185:933–940.

Garcia-Segura LM, Azcoitia I, DonCarlos LL (2001) Neuroprotection by
estradiol. Prog Neurobiol 63:29 – 60.

Green PS, Simpkins JW (2000) Neuroprotective effects of estrogens: poten-
tial mechanisms of action. Int J Dev Neurosci 18:347–358.

Guegan C, Sola B (2000) Early and sequential recruitment of apoptotic ef-
fectors after focal permanent ischemia in mice. Brain Res 856:93–100.

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

Henderson VW, Paganini-Hill A (1997) Estrogen and Alzheimer’s disease. J
Obstet Gynaecol Can 19:21–28.

Henderson VW, Watt L, Buckwalter JG (1996) Cognitive skills associated
with estrogen replacement in women with Alzheimer’s disease. Psycho-
neuroendocrinology 21:421– 430.

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

Jover T, Tanaka H, Calderone A, Oguro K, Bennett MVL, Etgen AM, Zukin
RS (2002) Estrogen protects against global ischemia-induced neuronal
death and prevents activation of apoptotic signaling cascades in the hip-
pocampal CA1. J Neurosci 22:2115–2124.

Kawas C, Resnick S, Morrison A, Brookmeyer R, Corrada M, Zonderman A,
Bacal C, Lingle D, Metter E (1997) A prospective study of estrogen re-
placement therapy and the risk of developing Alzheimer’s disease: the
Baltimore longitudinal study of aging. Neurology 48:1517–1521.

Kim H, Bang OY, Jung MW, Ha SD, Hong HS, Huh K, Kim SU, Mook-Jung
I (2001) Neuroprotective effects of estrogen against beta-amyloid toxic-
ity are mediated by estrogen receptors in cultured neuronal cells. Neuro-
sci Lett 302:58 – 62.

Kitagawa H, Hayashi T, Mitsumoto Y, Koga N, Itoyama Y, Abe K (1998a)
Reduction of ischemic brain injury by topical application of glial cell
line-derived neurotrophic factor after permanent middle cerebral artery
occlusion in rats. Stroke 29:1417–1422.

Kitagawa K, Matsumoto M, Tsujimoto Y, Ohtsuki T, Kuwabara K, Matsus-
hita K, Yang G, Tanabe H, Martinou J-C, Hori M, Yanagihara T (1998b)
Amelioration of hippocampal neuronal damage after global ischemia by
neuronal overexpression of BCL-2 in transgenic mice. Stroke
29:2616 –2621.

Komesaroff PA, Esler MD, Sudhir K (1999) Estrogen supplementation at-
tenuates glucocorticoid and catecholamine responses to mental stress in
perimenopausal women. J Clin Endocrinol Metab 84:606 – 610.

Krajewski S, Mai JK, Krajewska M, Sikorska M, Mossakowski MJ, Reed JC
(1995) Upregulation of bax protein levels in neurons following cerebral
ischemia. J Neurosci 15:6364 – 6375.

Li Y, Chopp M, Jiang N, Yao F, Zaloga C (1995) Temporal profile of in situ
DNA fragmentation after transient middle cerebral artery occlusion in the
rat. J Cereb Blood Flow Metab 15:389 –397.

Li Y, Chopp M, Powers C, Jiang N (1997) Apoptosis and protein expression
after focal cerebral ischemia in the rat. Brain Res 765:301–312.

Linford NJ, Dorsa DM (2002) 17beta-estradiol and the phytoestrogen
genistein attenuate neuronal apoptosis induced by the endoplasmic retic-
ulum calcium-ATPase inhibitor thapsigargin. Steroids 67:1029 –1040.

Liu Z, Gastard M, Verina T, Bora S, Mouton PR, Koliatsos VE (2001) Estro-
gens modulate experimentally induced apoptosis of granule cells in the
adult hippocampus. J Comp Neurol 441:1– 8.

Luo Y, Cao G, Pei W, O’Horo C, Graham SH, Chen J (2002) Induction of
caspase-activated deoxyribonuclease activity after focal cerebral ischemia
and reperfusion. J Cereb Blood Flow Metab 22:15–22.

Marder K, Sano M (2000) Estrogen to treat Alzheimer’s disease: too little,
too late? So what’s a woman to do? Neurology 54:2035–2037.

Martinou JC, Dubois-Dauphin M, Staple JK, Rodriguez I, Frankowski H,
Missotten M, Albertini P, Talabot D, Catsicas S, Pietra C, Huarte J (1994)
Overexpression of bcl-2 in transgenic mice protects neurons from natu-
rally occurring cell death and experimental ischemia. Neuron
13:1017–1030.

McCollum AT, Nasr P, Estus S (2002) Calpain activates caspase-3 during
UV-induced neuronal death but only calpain is necessary for death.
J Neurochem 82:1208 –1220.

Mendelowitsch A, Ritz MF, Ros J, Langemann H, Gratzl O (2001) 17beta-
estradiol reduces cortical lesion size in the glutamate excitotoxicity model
by enhancing extracellular lactate: a new neuroprotective pathway. Brain
Res 901:230 –236.

Miller DB, Ali SF, O’Callaghan JP, Laws SC (1998) The impact of gender and
estrogen on striatal dopaminergic neurotoxicity. Ann NY Acad Sci
844:153–165.

Monroe DG, Berger RR, Sanders MM (2002) Tissue-protective effects of
estrogen involve regulation of caspase gene expression. Mol Endocrinol
16:1322–1331.

Rau et al. • Estradiol Attenuates Injury-Induced Programmed Cell Death J. Neurosci., December 10, 2003 • 23(36):11420 –11426 • 11425



Namura S, Zhu J, Fink K, Endres M, Srinivasan A, Tomaselli KJ, Yuan J,
Moskowitz MA (1998) Activation and cleavage of caspase-3 in apopto-
sis induced by cerebral ischemia. J Neurosci 18:3659 –3668.

Nath R, Scott M, Nadimpalli R, Gupta R, Wang KK (2000) Activation of
apoptosis-linked caspase(s) in NMDA-injured brains of neonatal rats.
Neurochem Int 36:119 –126.

Paganini-Hill A (1995) Estrogen replacement therapy and stroke. Prog Car-
diovasc Dis 38:223–242.

Paganini-Hill A, Henderson VW (1994) Estrogen deficiency and risk of Alz-
heimer’s disease in women. Am J Epidemiol 140:256 –261.

Paganini-Hill A, Henderson VW (1996) Estrogen replacement therapy and
risk of Alzheimer disease. Arch Intern Med 156:2213–2217.

Paganini-Hill A, Ross RK, Henderson BE (1988) Postmenopausal oestrogen
treatment and stroke: a prospective study. BMJ 297:519 –522.

Paxinos G, Watson C (1997) The rat brain in stereotaxic coordinates. New
York: Academic.

Plesnila N, Zinkel S, Le DA, Amin-Hanjani S, Wu Y, Qui J, Chiarugi A,
Thomas SS, Kohane DS, Korsmeyer SJ, Moskowitz MA (2001) BID me-
diates neuronal cell death after oxygen/glucose deprivation and focal ce-
rebral ischemia. Proc Natl Acad Sci USA 98:15318 –15323.

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.

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

Sato S, Gobbel GT, Honkaniemi J, Li Y, Kondo T, Murakami K, Sato M,
Copin J-C, Sharp FR, Chan PH (1998) Decreased expression of bcl-2
and bcl-x mRNA coincides with apoptosis following intracerebral admin-
istration of 3-nitropropionic acid. Brain Res 808:56 – 64.

Sawada H, Shimohama S (2000) Neuroprotective effects of estradiol in mes-
encephalic dopaminergic neurons. Neurosci Biobehav Rev 24:143–147.

Schmidt R, Fazekas F, Reinhart B, Kapeller P, Fazekas G, Offenbacher H, Eber
B, Schumacher M, Freidl W (1996) Estrogen replacement therapy in
older women: a neuropsychological and brain MRI study. J Am Geriatr
Soc 44:1307–1313.

Sherwin BB (1999) Can estrogen keep you smart? Evidence from clinical
studies. J Psychiatry Neurosci 24:315–321.

Shibata M, Yamawaki T, Sasaki T, Hattori H, Hamada J, Fukuuchi Y, Okano
H, Miura M (2002) Upregulation of Akt phosphorylation at the early
stage of middle cerebral artery occlusion in mice. Brain Res 942:1–10.

Shughrue PJ, Merchenthaler I (2003) Estrogen prevents the loss of CA1 hip-
pocampal neurons in gerbils after ischemic injury. Neuroscience
116:851– 861.

Simpkins JW, Rajakumar G, Zhang Y-Q, Simpkins CE, Greenwald D, Yu 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.

Singh M (2001) Ovarian hormones elicit phosphorylation of Akt and

extracellular-signal regulated kinase in explants of cerebral cortex. Endo-
crine 14:407– 415.

Smith MS, Freeman ME, Neill JD (1975) The control of progesterone secre-
tion during the estrous cycle and early pseudopregnancy in the rat: pro-
lactin, gonadotropin and steroid levels associated with rescue of the cor-
pus luteum of pseudopregnancy. Endocrinology 96:219 –226.

Tang MX, Jacobs D, Stern Y, Marder K, Schofield P, Gurland B, Andrews H,
Mayeux R (1996) Effect of oestrogen during menopause on risk and age
at onset of Alzheimer’s disease. Lancet 348:429 – 432.

Toran-Allerand CD, Singh M, Setalo Jr G (1999) Novel mechanisms of es-
trogen action in the brain: new players in an old story. Front Neuroendo-
crinol 20:97–121.

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

Wang KKW (2000) Calpain and caspase: can you tell the difference? Trends
Neurosci 23:20 –26.

Wang PN, Liao SQ, Liu RS, Liu CY, Chao HT, Lu SR, Yu HY, Wang SJ, Liu HC
(2000) Effects of estrogen on cognition, mood, and cerebral blood flow in
AD: a controlled study. Neurology 54:2061–2066.

Wang X, Wang H, Xu L, Rozanski DJ, Sugawara T, Chan PH, Trzaskos JM,
Feuerstein GZ (2003) Significant neuroprotection against ischemic
brain injury by inhibition of the MEK1 protein kinase in mice: explora-
tion of potential mechanisms associated with apoptosis. J Pharmacol Exp
Ther 304:172–178.

Waring SC, Rocca WA, Petersen RC, O’Brien PC, Tangalos EG, Kokmen E
(1999) Postmenopausal estrogen replacement therapy and risk of AD: a
population-based study. Neurology 52:965–970.

Willingham MC (1999) Cytochemical methods for the detection of apopto-
sis. J Histochem Cytochem 47:1101–1109.

Wilson ME, Liu Y, Wise PM (2002) Estradiol enhances Akt activation in
cortical explant cultures following neuronal injury. Brain Res Mol Brain
Res 102:48 –54.

Wise PM (2003) Neuroprotective actions of estradiol in brain injury. En-
docr Rev, in press.

Wise PM, Dubal DB, Wilson ME, Rau SW, Liu Y (2001) Estrogens: trophic
and protective factors in the adult brain. Front Neuroendocrinol
22:33– 66.

Woolley CS (1999) Effect of estrogen in the CNS. Curr Opin Neurobiol
9:345–354.

Writing Group for the Women’s Health Initiative Investigators (2002) Risks
and benefits of estrogen plus progestin in healthy postmenopausal wom-
en: principal results from the Women’s Health Initiative randomized
controlled trial. JAMA 288:321–333.

Yang L, Matthews RT, Schulz JB, Klockgether T, Liao AW, Martinou JC,
Penney Jr JB, Hyman BT, Beal MF (1998) 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyride neurotoxicity is attenuated in mice overexpressing
Bcl-2. J Neurosci 18:8145– 8152.

Zhang Y-Q, Shi J, Rajakumar G, Day AL, Simpkins JW (1998) Effects of
gender and estradiol treatment on focal brain ischemia. Brain Res 784:
321–324.

11426 • J. Neurosci., December 10, 2003 • 23(36):11420 –11426 Rau et al. • Estradiol Attenuates Injury-Induced Programmed Cell Death


