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Estrogen Pretreatment of Organotypic Hippocampal Slices
Protects Neurons against Oxygen-Glucose Deprivation with Akt

Activation
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In several experimental models, estrogens protect neurons against ischemic insults. However, the
recent clinical studies of hormone replacement showed negative results to prevent stroke. Therefore,
optimal models to study estrogen replacement for neuroprotection are needed before its clinical ap-
plication. Organotypic hippocampal slice under oxygen-glucose deprivation (OGD) has been established
as a model of cerebral ischemia and has advantages to study drug effects. We investigated whether
estrogen protected CAl neurons and affected activation of Akt (pAkt) in CA1 region under OGD. Thus,
rat hippocampal slices on day 7 of culture were treated with 17-8 estradiol (E, 1 nM) for 7 days before
30 min OGD, and cell death of CAl neurons was quantified by propidium iodide (PI) staining and
expression of pAkt was studied by Western blot and immunofluorescence. PI intensity in slices treated
with E was significantly reduced 72 hour after OGD compared to that of non-treated slices (p <0.05).
E pretreatment also increased the expression of pAkt 72 hour after OGD compared to that of no
treatment (p <0.01). These data suggest that estrogen pretreatment may rescue neurons from ischemic
insults through the activation of Akt and also indicate that our model would be a useful alternative
method to study the mechanisms and effects of estrogen replacement treatment for neuroprotection.
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INTRODUCTION

Epidemiologic studies show that overall stroke incidence
in women is lower than men (Prencipe et al, 1997; Sudlow
& Warlow, 1997) and women in reproductive years rarely
experience stroke (Carolei et al, 1993). This gender differ-
ence, however, disappears in aged subjects (Manolio et al,
1996). Therefore, vesistance to stroke in women during
reproductive period can be attributable to endogenous
estrogens (Hurn & Macrae, 2000). In accordance with epi-
demiologic results, experimental studies support that estro-
gens protect neurons in in vitro (Behl et al, 1995; Weaver
et al, 1997; Vedder et al, 1999; Harms et al, 2001; Sribnick
et al, 2004) and in vivo models (McCullough & Hurn, 2003)
from cerebral ischemia. Under ischemic insults by middle
cerebral artery occlusion in rodents, for instance, intact
females have smaller infarct volumes than those in age-
matched males, and the effect disappears in ovariecto-
mized females (Alkayed et al, 1998; Park et al, 2006). Fur-
thermore, estrogen replacement in ovariectomized females
or estrogen pretreatment of males reduces brain damages
(Toung et al, 1998; Rusa et al, 1999). The results of most
in vivo studies indicate estrogens act as a potent neuro-
protectant showing more than 50% reduction of infarct
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Cellular and molecular mechanisms by which estrogens
protect neurons from ischemic insults are not well under-
stood. The suggested mechanisms include anti-inflamma-
tion, vasodilation through eNOS activation, anti-oxidative
effects, regulation of transcription and interaction with sig-
naling pathways such as adenylate cyclase, protein kinase
C, mitogen-activated protein kinase (MAPK) and phospho-
inositol-3-kinase (PI-3K) (Singer et al, 1999; Toran-Aller-
and et al, 1999; Honda et al, 2001; Zhang et al, 2001). Gen-
erally, pharmacologic concentration of estrogens induces
vasodilation and antioxidative effects (Behl et al, 1997;
Pelligrino & Galea, 2001). On the other hand, physiologic
level of estrogens protects neurons through estrogen re-
ceptor (ER)-mediated mechanisms, either genomic or non
genomic, including regulation of transcription and interac-
tion with other signal transduction pathways (Toran-Aller-
and et al, 1999; Green & Simpkins, 2000).

Organotypic hippocampal slice cultures have been esta-
blished for an in vitro model of cerebral ischemia (Newell
et al, 1995; Laake et al, 1999; Bonde et al, 2002; Jung et
al, 2004). Oxygen-glucose deprivation (OGD), an ischemic
like condition in vitro, for 30 to 45 min induces significant
CA1 neuronal death at 24 or 72 h after OGD which is a

ABBREVIATIONS: DG, dentate gyrus; E, 17- 3 estradiol; ER, estro-
gen receptor; MAPK, mitogen-activated protein kinase; OGD, oxy-
gen-glucose deprivation; pAkt, phosphorylated Akt; PI, propidium
iodide; PI-3K, phosphoinositol-3-kinase.
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characteristic feature of global ischemia in rats and gerbils
(Kirino & Sano, 1984; Kirino et al, 1984; Dirnagl et al,
1999). Furthermore, actions of intrinsic brain cells such as
glia and neurons after ischemic insult can be investigated
because there is no participation of cells infiltrating from
peripheral blood that are involved in secondary damage
after ischemia (Dirnagl et al, 1999; Skaper, 2003). Also,
effects of chronic drug treatment such as estrogens can be
observed since slices survive for several weeks (Raineteau
et al, 2004). Therefore, organotypic hippocampal slices ex-
posed to OGD are valuable means to study the pheno-
menon of delayed neuronal cell death and prevention of cell
death by drugs. However, only a few studies on the effects
of estrogen against ischemic insult have been carried out
using organotypic hippocampal slices (Cimarosti et al,
2005a; Cimarosti et al, 2005b).

It should be noted that recent clinical trials (Wassertheil-
Smoller et al, 2003; Anderson et al, 2004) and other ex-
perimental paradigms show that estrogens failed to reduce
neuronal death, and that estrogen treatment even exac-
erbated cell damages (Harukuni et al, 2001; Nunez &
McCarthy, 2003), while there are many studies to indicate
that estrogens play a role in neuronal survival. The discrep-
ancy between clinical and experimental studies indicates
that dose, timing and duration of estrogen treatment would
be critical in models used for experiments.

In the present study, we investigated whether estrogen
protects neurons from OGD and also whether activation of
Akt is involved in the effects of estrogen using rat
organotypic hippocampal slice.

METHODS
Organotypic hippocampal slice culture

Organotypic hippocampal slice cultures were prepared
according to the technique of Gahwiler (1988) and Jung et
al (2004). The brains from 10-day-old Sprague-Dawley rats
were aseptically removed and immersed in an ice-cold
dissecting medium (pH 7.15) containing: 50% MEM with-
out bicarbonate, 50% calcium and magnesium-free Hanks
balanced salt solution, 20 mM HEPES and 7.5 g/l D-glu-
cose. The hippocampi were dissected transversely (300 xm
thickness) using a Mcllwain tissue chopper. Five slices
were placed on membrane units (0.4 zm, Millicell-CM, Mil-
lipore, MA, USA) and carefully separated from each other.
The membrane units were placed into six-well trays, each
well containing 1.2 ml of the culture medium, which is
composed of 50% MEM with Earl's salts, 2 mM L-glu-
tamine, 25% Earl’s balanced salt solution, 25% normal
horse serum, 6.5 g/l D-glucose, and 20 mM HEPES. The
cultures were kept in an incubator at 37°C in 5% COz and
the media were changed twice a week. For treatment
groups, 17 3 -estradiol (0.1 to 10 nM) was added to the cul-
ture medium on the day 7 or 10 of culture and maintained
until ischemic insult was induced.

Oxygen-glucose deprivation

This system is used to generate an ischemic-like condi-
tion in vitro. Oxygen-glucose deprivation (OGD) was in-
duced according to the protocols of Strasser and Fischer
(1995a; 1995b) with slight modifications (Bonde et al, 2002;
Jung et al, 2004). After a 14-day culture, the slices for OGD

were washed with fresh media, replaced with a buffer
pregassed with 95%Ns/6% CO; OGD, [pH 7.4, containing
NaCl (124 mM), KCI (4 mM), CaCl; (2 mM), KH;PO4 (1.25
mM), NaHCO; (25 mM), and mannitol (10 mM)] and then
incubated in a 95%Na/5% COz incubator for 30 min. For
reperfusion, the OGD slices were transferred to normal
fresh culture medium which was maintained for 72 h. The
control slices were incubated with fresh normal media for
30 min in the same way as with the OGD condition.

Assessment of neuronal cell death

For quantification of neuronal cell death in CA1l region,
propidium iodide (PI) which penetrates damaged cell mem-
brane was used (Strasser & Fischer, 1995b; Laake et al,
1999; Brana et al, 2002). Before imaging, PI (5 gg/ml,
Sigma, Missouri, USA) was added into the culture medium.
After 20 min, PI fluorescence images in CA1 regions of the
slices were captured using a digital camera with fluore-
scence microscopy (Axiovert 200, Germany) and analyzed
using an imaging software package (Axiovision LE 4.1, Carl
Zeiss, Germany). The sensitivity of the camera and inten-
sity of the excitation light was standardized so as to be
identical between different experimental sets. The PI inten-
sity, to indicate cell death was expressed as a percentage
of the final fluorescence (Fin) which was considered to be
the fluorescence of 100% cell death (Strasser & Fischer,
1995b; Jung et al, 2004). Cell death (%) = (F — Fo)/(Fn —
Fy) X100 where F is the PI fluorescence of hippocampal
slices measured at indicated time points after OGD reper-
fusion, and Fp is the background fluorescence of the slices
prior to OGD. Fi, was determined by PI intensity of the
slices which were killed by 24 h of incubation at 4°C in
the presence of PI.

Western blot hybridization

Each set of experiments contained control and experi-
mental samples (5 slices each), and they were simul-
taneously subjected to Western blot hybridization. Slices
were lysed in a sodium dodecyl sulfate (SDS)-buffer (62 mM
Tris-HCl, 1 mM EDTA, 2% SDS, pH 6.8~7.0) containing
one tablet of a protease inhibitor cocktail (Complete Mini,
Boehringer Mannheim, Germany) in 10 ml of solubilizing
buffer, and then incubated for 30 min on ice and centrifuged
at 15,000 for 10 min at 4°C. Protein concentration in the
supernatant was determined (Bio-Rad Laboratories, Her-
cules, CA, USA), and 25 xg of protein was loaded for SDS-
PAGE. Proteins were transferred onto a polyvinylidine
difluoride (PVDF, Amersham Phamarcia Biotech Inc., NJ,
USA) membranes using an electroblotting apparatus. Mem-
branes were blocked overnight in TBS containing 0.1%
Tween-20 and 5% dry milk, incubated overnight with pho-
sphorylated Akt (pAkt, 1 : 1,000; Santa Cruz biotechnology,
CA, USA) antibody and washed three times (30 min each)
with TBS containing 0.1% Tween-20. The membranes were
then incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h each and then washed three
times (30 min each) with TBS containing 0.1% Tween-20.
Protein bands were visualized with the ECL Plus Western
blotting detection system (Amersham Pharmacia Biotech,
Buckinghamshire, England). The membrane is reblotted
using antibody stripping solution (Chemicon international,
CA, USA) according to the manufacturer’s instruction to
visualize actin (1 : 1,000; Santa Cruz biotechnology). For
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quantification, densities of pAkt were normalized by cor-
responding blots for actin.

Immunofluorescence

The inserts were rinsed twice in cold 0.1 M phosphate
buffer saline (PBS), followed by fixation for 2 h with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) at 4°C,
and slices were gently detached from the membrane. The
slices were then incubated for 30 min in permeabilization
buffer (0.5% Triton X-100 in PBS), and were transferred
in 0.1 M PBS containing 3% normal serums (Vector Labora-
tories, CA, USA) and 1% bovine serum albumin (BSA) for
1h. Subsequently, slices were incubated overnight with
pAkt antibody (1 : 250) in 1% normal serum and 0.5% BSA.
On the following day, the slices were applied with secon-
dary antibody conjugsted with Alexa fluor 555 goat anti-
rabbit IgG (1 : 1,000 dilution; Molecular Probes, Oregon,
USA). PBS (0.1 M) was used to wash slices between all
steps. The slices were mounted with a mounting medium
(Vectashield, Vector Laboratories), and the images were
taken using fluorescence microscopy (Axiovert 200, Ger-
many).

Statistics
The data are expressed as mean+S.E.M. Multiple com-

parisons were evaluated by the analysis of variance, fol-
lowed by post hoc Fisher's PLSD tests using statview pro-
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gram (statview 5 version, SAS Institute, USA). Differences
were considered significant at p<(0.05.

RESULTS
Estrogen pretreatment protects neurons from OGD

To determine whether estrogen reduces neuronal death
induced by oxygen-glucose deprivation (OGD) in organo-
typic hippocamal slices, we treated the slices with 17 8-
estradiol (from 0.1 to 10 nM) for 3 days or 7 days before
OGD. The durations and concentrations of estrogen trea-
tment were based on earlier other in vitro as well as our

‘in vivo studies (Teter et al, 1999; Rune et al, 2002; Sato

et al, 2002; Park et al, 2006). After 30 min under OGD,
PI intensity of CAl regions at 24 h was significantly in-
creased and further increased at 72 h compared to those
of control (5.8 fold and 6.5 fold, respectively, p<0.01, Fig.
1). OGD selectively induced CAl neuronal death at 72 h.
However, in slices with estrogen pretreatment (1 nM) for
7 days, the increase of PI intensity in CAl regions was
reduced at 24 h and significantly decreased at 72 h com-
pared to OGD without pretreatment (0.5 fold, p<0.05, Fig.
1), and pretreatment of estrogen at any concentrations for
3 days did not reduce PI intensity (data not shown). These
findings indicate that pretreatment with relatively low dose
of estrogen reduces CAl neuronal death of organotypic
hippocampal slices against OGD. Based on these results,
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Fig. 1. Estrogen pretreatment reduced CA1 neuronal death induced by OGD. (A) PI intensity
in CA1 region (CAl) at 72 h after 30 min of OGD. Slices were treated with 17 3-estradiol
(OGD+E, 1 aM) 7 days before OGD. CA3, CA3 region; DG, dentate gyrus. (B) Quantification
of PI intensity at 6 h, 24 h and 72 h after 30 min OGD. Each value represents mean+S.E.M.
(n>5, each group). “p<0.01 compared to control, *p<0.05 compared to OGD (analysis of

Variance and Fisher's PLSD test).



126 EM Park, et al

A Control OGD

pAkt

Actin i

B 1.5-
IControl *
ENOoGD
£ 1 E2A0GD+E
b .0+
<
kel
<
o 0.5
0.0-

6h 24h 72h

Fig. 2. Activation of Akt after OGD with estrogen pretreatment.
(A) Expression of pAkt at 72 h after 30 min OGD by Western blot.
Slices were treated with 17 B-estradiol (OGD+E, 1 nM) for 7 days
before OGD. (B) Quantification of pAkt at 6 h, 24 h and 72 h (n=3,
each group) after 30 min OGD. Actin was used as an internal
control to normalize the densities of pAkt. Each value represents
the mean+S.E.M. *p <0.01 compared to OGD (analysis of Variance
and Fisher’'s PLSD test).

the regimen of 1 nM estrogen pretreatment for 7 days was
used for further studies.

Activation of Akt by estrogen pretreatment

To determine whether the protection exerted by estrogen
was related to activation of Akt, we examined the expres-
sion of phosphorylated Akt (pAkt), which is an activated
form, in whole slices by Western blot. In control, the basal
expression of pAkt was not changed during 72 h. Compared
to the control, OGD slightly induced pAkt at 6 h and the
expression of pAkt was gradually reduced during 24 h and
72 h, however, there was no statistical significance between
the control and OGD (Fig. 2). Estrogen pretreatment also
induced pAkt expression at 6 h compared to control, but
not as much as that of OGD without pretreatment. However,
activation of Akt by estrogen was further increased at 24
h, and the increase was much greater at 72 h than that
of OGD without treatment (1.7 fold, p<0.01, Fig. 2). The
increase of Akt activation was inversely correlated with PI
intensity in estrogen pretreated slices at 24 h and 72h after
OGD.

Next, we examined the expression of pAkt in slices at
72 h by immunofluorescence in order to find out whether
pAkt was expressed in CAl regions where neuronal death
was reduced by estrogen. In control, a few cells with neu-
ronal shape showed pAkt expression mainly in cytoplasm
(arrows, the first panel in Fig. 3), whereas the number of
positive cells with pAkt in CA1 region of OGD slices was
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Fig. 3. Increased expression of pAkt in CAl region by estrogen
pretreatment. Immunoreactivity of pAkt was shown in CA1l region
at 72 h after 30 min OGD. Arrows indicate pAkt positive staining
cells. 17 B-estradiol (OGD+E, 1 nM) was applied for 7 days before
OGD. Three experiments were done independently.

slightly increased. Morphologically, staining mainly in nu-
clei in CA1 region of OGD slices appeared to be more con-
densed than the control. Expression of pAkt in CA1 regions
of estrogen pretreated slices was markedly increased com-
pared to OGD or control (Fig. 3).

DISCUSSION

Current study was undertaken to investigate whether es-
trogen protects CAl neurons of organotypic hippocampal
slices against ischemic-like condition, OGD, and found that
pretreatment of the slices with relatively low dose estrogen
reduced delayed CAl neuronal death, and the protective
effects were accompanied with activation of Akt in CAl
region. Taken together, the results suggest that estrogen
may protect neurons against ischemia in organotypic hip-
pocampal slices by enhancing activation of Akt.

In the model used to study estrogen effects, doses, time
schedule and duration of estrogen should be considered.
There is abundant evidence in several studies that acute
or chronic treatment with variable doses of estrogen effec-
tively rescue neurons against ischemic insults. However,
optimum doses and duration of estrogen pretreatment are
not clear (McCullough & Hurn, 2003). For instance, chronic
pretreatment with physiologic doses of estrogen reduced
infarct volume in ovariectomized female rats, while large
doses administered immediately before insult had no effect
(Rusa et al, 1999). Furthermore, two different studies show
that estrogen pretreatment with either physiologic or
supraphysiologic concentrations even exacerbates neuronal
damages (Harukuni et al, 2001; Bingham et al, 2005).
These negative effects of estrogen suggest that basic experi-
mental studies for the role of estrogen in ischemic insults
should closely be investigated before estrogen is clinically
applied for neuroprotection. Using organotypic hippocam-
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pal slice cultures, a few studies showed the effects of estro-
gen on noxious insults (Sato et al, 2002; Cimarosti et al,
2005b; Goodenough et al, 2005). For OGD, only one study
has been reported. Cimarosti et al (2005b) showed that
pretreatment of estrogen (10 nM) for 7 days significantly
reduced CAl damage at 24 h after 60 min of OGD. Com-
pared to theirs, however, our results showed that lower
concentration (1 nM) of estrogen still protected neurons
effectively from delayed cell death induced OGD in organo-
typic hippocampal slices. Based on the results of estro-
gen-alone study in clinical trial (Anderson et al, 2004), the
Food and Drug Administration in the USA requests that
estrogens should be prescribed at the lowest effective dose
and for the shortest duration to avoid harmful effects
(Stefanick, 2005). Considering the findings in the current
study, our model can be useful to study the neuroprotective
mechanisms of estrogen in pre-menopausal females or in
females treated with low-dose estrogen replacement.

The role of Akt activation in neuronal survival has been
well demonstrated. Activated Akt phosphorylates, thus
directly inhibiting BAD, caspase-9 and GSK-3 4, mediators
of apoptosis (Datta et al, 1997; del Peso et al, 1997; Pap
& Cooper, 2002). Also, Akt activation induces survival
genes such as Bel-2 through regulation of cyclic AMP respo-
nse element binding protein (CREB) (Pugazhenthi et al,
2000). Recent studies showed that estrogens induced
activation of Akt and pharmacologic inhibitions of Akt
reversed the positive effects of estrogen, suggesting involve-
ment of Akt pathway in estrogen-mediated neuroprotection
( Honda et al, 2000; Honda et al, 2001; Wilson et al, 2002;
Yu et al, 2004; Cimarosti et al, 2005b; Dhandapani et al,
2005). Our results also support the beneficial effects of
estrogen against ischemic insults with Akt activation. Some
studies showed that activation of Akt was estrogen receptor
(ER) dependent via non-genomic mechanism which was
verified by using specific ER antagonists and showing rapid
phosphorylation of Akt within 5 to 15 min by estrogen pre-
treatment, followed by the return of pAkt level to baseline
within hours before insults (Honda et al, 2000; Honda et
al, 2001; Dhandapani et al, 2005). In our study, pAkt
expression by estrogen pretreatment was not increased at
early time point but at later time point of 72 h after OGD
compared to that of no treatment, suggesting that delayed
activation of Akt by estrogen rather than early rapid
induction is involved in neuroprotection. Consistent with
our findings, Wilson et al (2002) showed that basal
expression of pAkt was not changed by estrogen pretrea-
tment, and that Akt activation was increased in estrogen
treated cortical explants after insults. Therefore, it is
possible that genomic pathways, ER dependent or not, are
involved in Akt activation.

There are a few limitations in our study. First of all, we
did not show direct relationship between Akt activation and
neuroprotective effects of estrogen. Although pAkt expres-
sion was inversely correlated to PI intensity in our results,
it 1s possible that other protective signaling pathways such
as adenylate cyclase and/or MAPK or transcriptional regu-
lation related to neuronal survival by classical genomic
pathway can also be involved (Zhou et al, 1996; Dubal et
al, 1999; Singer et al, 1999; Toran-Allerand et al, 1999; Rau
et al, 2003). Further studies by using specific pharma-
cologic inhibitors of signaling pathways are needed to
define the exact role of Akt activation in estrogen induced
neuronal survival. In addition, our current study did not
define which cell types expressed pAkt by estrogen. Akt

activations by estrogen in several cell types of brain have
been reported. For example, eNOS expression by estrogen
has been suggested to be related with rapid activation of
Akt in blood vessels (Hisamoto et al, 2001; Stirone et al,
2005), and cortical astrocytes showed the increase of pAkt
expression by estrogen pretreatment (Dhandapani et al,
2005). Except experiments using neuronal cultures (Honda
et al, 2000; Honda et al, 2001; Yu et al, 2004), pAkt positive
cell types in cortical explants and organotypic hippocampal
slices (Wilson et al, 2002; Cimarosti et al, 2005b) were not
specified. In our results, the expression of pAkt in control
CA1 regions showed neuronal shape, however, the pattern
and shape of pAkt positive cells after OGD were different
from those in control. Therefore, we could not rule out the
possibility of positive staining in cells such as astrocytes
or microglia.

In summary, pretreatment of organotypic hippocampal
slices with low dose of 17 B-estradiol protected neurons
from delayed CAl neuronal death and increased activation
of Akt in CA1 region after OGD insults. Activation of Akt
by estrogen may be in part an underlying mechanism of
neuroprotection.

ACKNOWLEDGMENT

This work was supported by the Ewha Womans University
Research Grant of 2004.

REFERENCES

Alkayed NJ, Harukuni I, Kimes AS, London ED, Traystman RJ,
Hurn PD. Gender-linked brain injury in experimental stroke.
Stroke 29: 159-165; discussion 166, 1998

Anderson GL, Limacher M, Assaf AR, Bassford T, Beresford SA,
Black H, Bonds D, Brunner R, Brzyski R, Caan B, Chlebowski
R, Curb D, Gass M, Hays J, Heiss G, Hendrix S, Howard BV,
Hsia J, Hubbell A, Jackson R, Johnson KC, Judd H, Kotchen
JM, Kuller L, LaCroix AZ, Lane D, Langer RD, Lasser N, Lewis
CE, Manson J, Margolis K, Ockene J, O’Sullivan MJ, Phillips
L, Prentice RL, Ritenbaugh C, Robbins J, Rossouw JE, Sarto
G, Stefanick ML, Van Horn L, Wactawski-Wende J, Wallace R,
Wassertheil-Smoller S. Effects of conjugated equine estrogen in
postmenopausal women with hysterectomy : the Women's
Health Initiative randomized controlled trial. JAMA 291: 1701 —
1712, 2004

Behl C, Skutella T, Lezoualc’h F, Post A, Widmann M, Newton CdJ,
Holsboer F. Neuroprotection against oxidative stress by estro-
gens: structure-activity relationship. Mol Pharmacol 51: 535—
541, 1997

Behl C, Widmann M, Trapp T, Holsboer F. 17-beta estradiol pro-
tects neurons from oxidative stress-induced cell death in vitro.
Biochem Biophys Res Commun 216: 473 —482, 1995

Bingham D, Macrae IM, Carswell HV. Detrimental effects of 17beta-
oestradiol after permanent middle cerebral artery occlusion. J
Cereb Blood Flow Metab 25: 414— 420, 2005

Bonde C, Noraberg J, Zimmer J. Nuclear shrinkage and other mar-
kers of neuronal cell death after oxygen-glucose deprivation in
rat hippocampal slice cultures. Neurosci Lett 327: 49—52, 2002

Brana C, Benham C, Sundstrom L. A method for characterising
cell death in vitro by combining propidium iodide staining with
immunochistochemistry. Brain Res Brain Res Protoc 10: 109 —
114, 2002

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



128 EM Park, et al

Cimarosti H, Siqueira IR, Zamin LL, Nassif M, Balk R, Frozza R,
Dalmaz C, Netto CA, Salbego C. Neuroprotection and protein
damage prevention by estradiol replacement in rat hippocampal
slices exposed to oxygen-glucose deprivation. Neurochem Res 30:
583 —589, 2005a

Cimarosti H, Zamin LL, Frozza R, Nassif M, Horn AP, Tavares
A, Netto CA, Salbego C. Estradiol protects against oxygen and
glucose deprivation in rat hippocampal organotypic cultures and
activates Akt and inactivates GSK-3beta. Neurochem Res 30: 191
—199, 2005b

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenberg
ME. Akt phosphorylation of BAD couples survival signals to the
cell-intrinsic death machinery. Cell 91: 231 —241, 1997

del Peso L, Gonzalez-Garcia M, Page C, Herrera R, Nunez G. Inter-
leukin-3-induced phosphorylation of BAD through the protein
kinase Akt. Science 278: 687 —689, 1997

Dhandapani KM, Wade FM, Mahesh VB, Brann DW. Astrocyte-
derived transforming growth factor-{beta} mediates the neu-
roprotective effects of 17{beta}-estradiol: involvement of nonclas-
sical genomic signaling pathways. Endocrinology 146: 2749—
2759, 2005

Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic
stroke: an integrated view. Trends Neurosci 22: 391397, 1999

Dubal DB, Shughrue PJ, Wilson ME, Merchenthaler I, Wise PM.
Estradiol modulates bcl-2 in cerebral ischemia: a potential role
for estrogen receptors. J Neurosci 19: 6385—6393, 1999

Gahwiler BH. Organotypic cultures of neural tissue. Trends Neu-
rosci 11: 484 —489, 1988

Goodenough S, Schleusner D, Pietrzik C, Skutella T, Behl C.
Glycogen synthase kinase 3beta links neuroprotection by 17beta-
estradiol to key Alzheimer processes. Neuroscience 132: 581 —
589, 2005

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

Harms C, Lautenschlager M, Bergk A, Katchanov J, Freyer D,
Kapinya K, Herwig U, Megow D, Dirnagl U, Weber JR, Hortnagl
H. Differential mechanisms of neuroprotection by 17 beta-es-
tradiol in apoptotic versus necrotic neurodegeneration. J Neu-
rosci 21: 2600—2609, 2001

Harukuni I, Hurn PD, Crain BJ. Deleterious effect of beta-estradiol
in a rat model of transient forebrain ischemia. Brain Res 900:
137142, 2001

Hisamoto K, Ohmichi M, Kurachi H, Hayakawa J, Kanda Y, Nishio
Y, Adachi K, Tasaka K, Miyoshi E, Fujiwara N, Taniguchi N,
Murata Y. Estrogen induces the Akt-dependent activation of
endothelial nitric-oxide synthase in vascular endothelial cells.
J Biol Chem 276: 34593467, 2001

Honda K, Sawada H, Kihara T, Urushitani M, Nakamizo T, Akaike
A, Shimohama S. Phosphatidylinositol 3-kinase mediates neu-
roprotection by estrogen in cultured cortical neurons. J Neurosci
Res 60: 321—327, 2000

Honda K, Shimohama S, Sawada H, Kihara T, Nakamizo T, Shibas-
aki H, Akaike A. Nongenomic antiapoptotic signal transduction
by estrogen in cultured cortical neurons. J Neurosci Res 64: 466
—475, 2001

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

Jung YdJ, Park SJ, Park JS, Lee KE. Glucose/oxygen deprivation
induces the alteration of synapsin I and phosphosynapsin. Brain
Res 996: 47 —54, 2004

Kirino T, Sano K. Selective vulnerability in the gerbil hippocampus
following transient ischemia. Acta Neuropathol (Berl) 62: 201 —
208, 1984

Kirino T, Tamura A, Sano K. Delayed neuronal death in the rat
hippocampus following transient forebrain ischemia. Acta Neu-
ropathol (Berl) 64: 139—147, 1984

Laake JH, Haug FM, Wiecloch T, Ottersen OP. A simple in vitro
model of ischemia based on hippocampal slice cultures and pro-
pidium iodide fluorescence. Brain Res Brain Res Protoc 4: 173 —
184, 1999

Manolio TA, Kronmal RA, Burke GL, O'Leary DH, Price TR. Short-

term predictors of incident stroke in older adults. The Cardiovas-
cular Health Study. Stroke 27: 1479—1486, 1996

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

Newell DW, Barth A, Papermaster V, Malouf AT. Glutamate and
non-glutamate receptor mediated toxicity caused by oxygen and
glucose deprivation in organotypic hippocampal cultures. J Neu-
rosci 15: 7702—7711, 1995

Nunez JL, McCarthy MM. Estradiol exacerbates hippocampal dam-
age in a model of preterm infant brain injury. Endocrinology
144: 2350—-2359, 2003

Pap M, Cooper GM. Role of translation initiation factor 2B in
control of cell survival by the phosphatidylinositol 3-kinase/Akt/
glycogen synthase kinase 3beta signaling pathway. Mol Cell Biol
22: 578—586, 2002

Park EM, Cho S, Frys KA, Glickstein SB, Zhou P, Anrather J, Ross
ME, Iadecola C. Inducible nitric oxide synthase contributes to
gender differences in ischemic brain injury. J Cereb Blood Flow
Metab 26: 392—-401, 2006

Pelligrino DA, Galea E. Estrogen and cerebrovascular physiology
and pathophysiology. Jpn J Pharmacol 86: 137—158, 2001

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

Pugazhenthi S, Nesterova A, Sable C, Heidenreich KA, Boxer LM,
Heasley LE, Reusch JE. Akt/protein kinase B up-regulates Bcl-2
expression through cAMP-response element-binding protein. J
Biol Chem 275: 10761—10766, 2000

Raineteau O, Rietschin L, Gradwohl G, Guillemot F, Gahwiler BH.
Neurogenesis in hippocampal slice cultures. Mol Cell Neurosci
26: 241250, 2004

Rau SW, Dubal DB, Bottner M, Wise PM. Estradiol differentially
regulates c-Fos after focal cerebral ischemia. J Neurosci 23:
10487 —10494, 2003

Rune GM, Wehrenberg U, Prange-Kiel J, Zhou L, Adelmann G, Fro-
tscher M. Estrogen up-regulates estrogen receptor alpha and
synaptophysin in slice cultures of rat hippocampus. Neuroscience
113: 167—175, 2002

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

Sato K, Matsuki N, Ohno Y, Nakazawa K. Effects of 17beta- estra-
diol and xenoestrogens on the neuronal survival in an organo-
typic hippocampal culture. Neuroendocrinology 76: 223 —234,
2002

Singer CA, Figueroa-Masot XA, Batchelor RH, Dorsa DM. The
mitogen-activated protein kinase pathway mediates estrogen
neuroprotection after glutamate toxicity in primary cortical
neurons. J Neurosci 19: 2455 —2463, 1999

Skaper SD. Poly (ADP-Ribose) polymerase-1 in acute neuronal
death and inflammation: a strategy for neuroprotection. Ann N
Y Acad Sci 993: 217—228; discussion 287—218, 2003

Sribnick EA, Ray SK, Nowak MW, Li L, Banik NL. 17beta-estradiol
attenuates glutamate-induced apoptosis and preserves electro-
physiologic function in primary cortical neurons. J Neurosci Res
76: 688696, 2004

Stefanick ML. Estrogens and progestins: background and history,
trends in use, and guidelines and regimens approved by the US
Food and Drug Administration. Am J Med 118: 6473, 2005

Stirone C, Boroujerdi A, Duckles SP, Krause DN. Estrogen receptor
activation of phosphoinositide-3 kinase, akt, and nitric oxide
signaling in cerebral blood vessels: rapid and long-term effects.
Mol Pharmacol 67: 105—113, 2005

Strasser U, Fischer G. Protection from neuronal damage induced
by combined oxygen and glucose deprivation in organotypic
hippocampal cultures by glutamate receptor antagonists. Brain
Res 687: 167—174, 1995a

Strasser U, Fischer G. Quantitative measurement of neuronal
degeneration in organotypic hippocampal cultures after com-
bined oxygen/glucose deprivation. J Neurodci Methods 57: 177 —
186, 1995b



Neuroprotection and Activation of Akt by Estrogen 129

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

Teter B, Harris-White ME, Frautschy SA, Cole GM. Role of
apolipoprotein E and estrogen in mossy fiber sprouting in hip-
pocampal slice cultures. Neuroscience 91: 1009—1016, 1999

Toran-Allerand CD, Singh M, Setalo G Jr. Novel mechanisms of
estrogen action in the brain: new players in an old story. Front
Neuroendocrinol 20: 97—121, 1999

Toung TdJ, Traystman RJ, Hurn PD. Estrogen-mediated neuro-
protection after experimental stroke in male rats. Stroke 29:
1666 —1670, 1998

Vedder H, Anthes N, Stumm G, Wurz C, Behl C, Krieg JC. Estrogen
hormones reduce lipid peroxidation in cells and tissues of the
central nervous system. J Neurochem 72: 25312538, 1999

Wassertheil-Smoller S, Hendrix SL, Limacher M, Heiss G, Ko-
operberg C, Baird A, Kotchen T, Curb JD, Black H, Rossouw
JE, Aragaki A, Safford M, Stein E, Laowattana S, Mysiw WJ.
Effect of estrogen plus progestin on stroke in postmenopausal

women: the Women's Health Initiative: a randomized trial.
Jama 289: 2673 —2684, 2003

Weaver CE Jr, Park-Chung M, Gibbs TT, Farb DH. 17beta-Es-
tradiol protects against NMDA-induced excitotoxicity by direct
inhibition of NMDA receptors. Brain Res 761: 338 —341, 1997

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

Yu X, Rajala RV, McGinnis JF, Li F, Anderson RE, Yan X, Li S,
Elias RV, Knapp RR, Zhou X, Cao W. Involvement of insulin/
phosphoinositide 3-kinase/Akt signal pathway in 17 beta-es-
tradiol-mediated neuroprotection. J Biol Chem 279: 13086 —
13094, 2004

Zhang L, Rubinow DR, Xaing G, Li BS, Chang YH, Maric D, Barker
JL, Ma W. Estrogen protects against beta- amyloid-induced
neurotoxicity in rat hippocampal neurons by activation of Akt.
Neuroreport 12: 1919—1923, 2001

Zhou Y, Watters JJ, Dorsa DM. Estrogen rapidly induces the
phosphorylation of the cAMP response element binding protein
in rat brain. Endocrinology 137: 2163 —2166, 1996



