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Role of Dickkopf-1, an Antagonist of the Wnt/[3-Catenin
Signaling Pathway, in Estrogen-Induced Neuroprotection
and Attenuation of Tau Phosphorylation

Quan-Guang Zhang,"> Ruimin Wang,> Mohammad Khan,' Virendra Mahesh,"? and Darrell W. Brann'>
Developmental Neurobiology Program, Institute of Molecular Medicine and Genetics, and 2Department of Neurology, Medical College of Georgia, Augusta,
Georgia 30912, and *Research Center for Molecular Biology, North China Coal Medical University, Tangshan 063000, China

173-Estradiol (E2) has been implicated to be neuroprotective in a variety of neurodegenerative disorders, although the mechanism
remains poorly understood. The current study sheds light on this issue by demonstrating that low physiological levels of E2 protects the
hippocampus CA1 against global cerebral ischemia by preventing elevation of dickkopf-1 (Dkk1), an antagonist of the Wnt/3-catenin
signaling pathway, which is a principal mediator of neurodegeneration in cerebral ischemia and Alzheimer’s disease. E2 inhibition of
DkK1 elevation correlated with a reduction of phospho-3-catenin and elevation of nuclear 3-catenin levels, as well as enhancement of
Wnt-3, suggesting E2 activation of the Wnt/-catenin signaling pathway. In agreement, the 3-catenin downstream prosurvival factor,
survivin, was induced by E2 at 24 and 48 h after cerebral ischemia, an effect observed only in surviving neurons because degenerating
neurons lacked survivin expression. E2 suppression of Dkk1 elevation was found to be caused by attenuation of upstream c-Jun
N-terminal protein kinase (JNK)/c-Jun signaling, as E2 attenuation of JNK/c-Jun activation and a JNK inhibitor significantly blocked
Dkk1 induction. Tau hyperphosphorylation has been implicated to have a prodeath role in Alzheimer’s disease and cerebral ischemia,
and E2 attenuates tau hyperphosphorylation. Our study demonstrates that tau hyperphosphorylation is strongly induced after global
cerebral ischemia, and that E2 inhibits tau hyperphosphorylation by suppressing activation of the JNK/c-Jun/Dkk1 signaling pathway.
Finally, exogenous Dkk1 replacement via intracerebroventricular administration completely reversed E2-induced neuroprotection,
nuclear 3-catenin induction, and phospho-tau attenuation, further suggesting that E2 inhibition of DkkI is a critical mechanism under-

lying its neuroprotective and phospho-tau regulatory effects after cerebral ischemia.
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Introduction

The steroid hormone, 17-estradiol (E2), has been implicated to
be neuroprotective in a variety of neurodegenerative disorders
such as cerebral ischemia, Alzheimer’s disease, and Parkinson’s
disease (Brann et al., 2007). With respect to cerebral ischemia, it is
well known that women are “protected” against stroke relative to
men, at least until menopause (Roquer et al., 2003; Murphy et al.,
2004; Niewada et al., 2005), and that after menopause, women
reportedly have a worse stroke outcome compared with males
(Di Carlo et al., 2003; Niewada et al., 2005). Furthermore, E2 has
been shown to be neuroprotective in rodent models of both
global and focal cerebral ischemia (Simpkins et al., 1997; Miller et
al., 2005; Brann et al., 2007). E2 has also been suggested to delay
onset of Alzheimer’s disease and to be neuroprotective in Parkin-
son’s disease (Henderson, 2006; Brann et al., 2007).
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The mechanism of E2 neuroprotection in cerebral ischemia is
unclear, but a role for mediation by both estrogen receptor-a
(ER-«) and ER-B has been implicated (Miller et al., 2005), as well
as ER-induced genomic and nongenomic signaling (Alkayed et
al., 2001; Jover-Mengual et al., 2007) and induction of antiapop-
totic proteins such as Bcl (Jover et al., 2002; Brann et al., 2007). In
Alzheimer’s disease, E2 also suppresses hyperphosphorylation of
tau, a principal component in neurofibrillary tangle formation
(Wen et al., 2004; Alvarez-de-la-Rosa et al., 2005; Simpkins et al.,
2005). Hyperphosphorylation of tau also occurs in cerebral isch-
emia (Wen et al., 2004), which may explain a 4- to 12-fold higher
prevalence of dementia that is observed in stroke patients
(Tatemichi et al., 1992).

Just how E2 could be neuroprotective against a variety of neu-
rodegenerative diseases is unclear. It is possible that it modulates
a common factor that induces neurodegeneration in the various
disorders. Along these lines, recent studies have provided evi-
dence that neurodegeneration in stroke, Alzheimer’s disease, and
epilepsy, is mediated by induction of the neurodegenerative fac-
tor dickkopf-1 (Dkk1) (Caricasole et al., 2004; Cappuccio et al.,
2005; Scali et al., 2006; Busceti et al., 2007). Dkk1 acts as an
antagonist of the canonical Wnt pathway by binding to the Wnt
receptor, thus preventing Wnt activation of Wnt/f-catenin sig-
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naling. Recent studies showed that Dkk1 is strongly induced in
the hippocampal CAL1 after global cerebral ischemia, and admin-
istration of Dkk1 antisense oligonucleotides protects the CAl
against cerebral ischemia-induced neuronal death (Cappuccio et
al., 2005). Dkk1 has also been shown to induce tau hyperphos-
phorylation, and Dkk1 is expressed in degenerating neurons in
the brain from Alzheimer’s disease patients (Caricasole et al.,
2004; Scali et al., 2006).

Based on these findings, we hypothesized that E2 may be neu-
roprotective in neurodegenerative disorders and regulate tau
phosphorylation through regulation of Dkk1. Our study shows
that E2 prevents cerebral ischemia induction of Dkk1 in the CA1
region, activates 3-catenin signaling, and induces the prosurvival
factor, survivin. Our study further demonstrates that E2 preven-
tion of Dkk1 elevation is caused by inhibition of upstream JNK/
c-Jun signaling, and that E2 attenuates tau hyperphosphorylation
via attenuation of the JNK-c-Jun/Dkk1 pathway.

Materials and Methods

Global cerebral ischemia. Adult Sprague Dawley female rats were bilater-
ally ovariectomized 1 week before performance of global cerebral isch-
emia. At the time of ovariectomy, placebo or 173-estradiol time-release
pellets (0.025 mg; 21 d release pellet) (Innovative Research of America)
were implanted subcutaneously in the upper midback region under the
skin. For cerebral ischemia, all animals (excepting sham control) under-
went four-vessel occlusion global cerebral ischemia, performed as de-
scribed previously (Pulsinelli and Brierley, 1979; Pulsinelli and Buchan,
1988; Zhang et al., 2006a). Briefly, animals were anesthetized using chlo-
ral hydrate (350 mg/kg, i.p.), and both common carotid arteries (CCAs)
of the rat were separated. A SILASTIC ligature was placed loosely around
each artery without interrupting the blood flow, and the incision was
then closed. Immediately after this procedure, both vertebral arteries at
the level of the alar foramina were permanently occluded using electro-
cautery. After 24 h recovery, the bilateral CCAs were exposed under light
anesthesia with 3% isoflurane and occluded with aneurysm clips to in-
duce 10 min forebrain ischemia. Animals that lost their righting reflex
within 30 s and whose pupils were dilated and unresponsive to light
during cerebral ischemia were selected for the experiments, because this
indicates successful global ischemia. The clips were then removed and the
blood flow through the arteries was confirmed before the wound was
sutured. Rectal temperature was maintained at 36.5-37.5°C throughout
the experiment with a thermal blanket. The animals of the sham group
underwent identical procedures except that the CCAs were simply ex-
posed, but there were no occlusion.

Histochemical analysis of neuroprotection. Histological examination of
the ischemic brain was performed by neuronal-specific nuclear protein
(NeuN) and Fluoro-Jade B as described previously by our laboratory
(Zhang et al., 2006b; Wakade et al., 2008). The animals were anesthetized
with chloral hydrate and perfused with 0.9% saline containing 10 U/ml of
heparin, followed by fixation with cold 4% paraformaldehyde in 0.1 m
phosphate buffer (PB). Brains were postfixed in the same fixative over-
night at 4°C and cryoprotected with 30% sucrose in 0.1 M PB, pH 7.4, for
24-36 h. Coronal sections (20 wm) were collected through the entire
dorsal hippocampus (~2.5—4.5 mm posterior from bregma, ~100 sec-
tions per brain) from animals killed at 7 d after ischemia or sham oper-
ation, and every fifth section was collected and stained. Briefly, sections
were washed for 10 min in PBS followed by 0.1% PBS-Triton X-100 for
additional 10 min. After incubation with blocking solutions containing
10% donkey for 1 h at room temperature in PBS containing 0.1% Triton
X-100, sections were exposed overnight at 4°C to mouse anti-NeuN
monoclonal antibody (1:500; Millipore). Sections were washed for 4 X
10 min, followed by incubation with Alexa Fluor 594 donkey anti-mouse
antibody (1:500; Invitrogen) for 1 h at room temperature. Sections were
then washed in PBS two times for 5 min each and then incubated for ~20
min with fluorescent Fluro-Jade B (AG310; Millipore) stain diluted in
PBS as recommended by the manufacturer. Staining solution was re-
moved and sections washed with PBS-Triton X-100, then PBS, and fi-
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nally with water, and mounted using water-based mounting medium
containing antifading agents. Images were captured on an LSM510 Meta
confocal laser microscope (Carl Zeiss) as described previously by our
laboratory (Wakade et al., 2008).

The number of NeuN-positive CA1 neurons per 1 mm length of the
medial CA1 pyramidal cell layer was counted bilaterally in five sections
per animal. Cell counts from the right and left hippocampus on each of
the five sections were averaged to provide the mean value. A mean * SE
was calculated from the data in each group and statistical analysis per-
formed as described below.

DAB staining. For DAB staining, sections were incubated with 10%
normal goat/horse serum in PBS containing 0.1% Triton X-100 and 0.3%
H,0, for 1 hat room temperature to block nonspecific surfaces. Sections
were then incubated with the primary antibodies overnight at 4°C in PBS
containing 0.1% Triton X-100. The antibodies used were as follows:
polyclonal rabbit anti-p-B-catenin (1:100; Cell Signaling Technology),
anti-survivin (1:100; Cell Signaling Technology), anti-Wnt3 (1:50; Santa
Cruz Biotechnology), and anti-phospho-tau (1:2000; PHF1; gift from
Dr. Peter Davies, Albert Einstein College of Medicine, Bronx, NY). Af-
terward, sections were washed with the same buffer followed by incuba-
tion with secondary biotinylated goat anti-rabbit or horse anti-mouse
antibodies (Vector Laboratories) at a dilution of 1:200 in PBS containing
0.1% Triton X-100 for 1 h at room temperature. Sections were then
washed, followed by incubation with ABC reagents for 1 h at room tem-
perature in the same buffer. Sections were rinsed in the same buffer and
incubated with DAB reagent according to the manufacturer’s instruc-
tions (Vector Laboratories) for 2—10 min. After DAB incubation, sec-
tions were washed briefly with distilled water and dehydrated in graded
alcohols, cleared in xylene, and mounted using xylene-based mounting
medium. Images were captured on an Axiophot-2 visible/fluorescence
microscope using an AxioVision4Ac software system (Carl Zeiss).

Double/triple immunofluorescence staining. Coronal sections were in-
cubated with 10% normal donkey serum for 1 h at room temperature in
PBS containing 0.1% Triton X-100 followed by incubation with appro-
priate primary antibodies overnight at 4°C in the same buffer. The fol-
lowing primary antibodies were used in different combinations: anti-
NeuN (1:500; Millipore), anti-Dkk1 (1:50; Santa Cruz Biotechnology),
anti-phospho-c-Jun (anti-p-c-Jun; 1:50; Santa Cruz Biotechnology),
anti-B-catenin (1:100; Abcam), and anti-survivin (1:100; Cell Signaling
Technology). After primary antibody incubation, sections were washed
for 4 X 10 min at room temperature followed by incubation with Alexa
Fluor594/647 donkey anti-mouse/rabbit, Alexa-Fluor488 donkey anti-
rabbit/mouse, and Alexa-Fluor488 donkey anti-goat secondary antibody
(1:500; Invitrogen) for 1 h at room temperature. Sections were then
washed with PBS containing 0.1% Triton X-100 four times for 10 min
each followed by three times for 5 min each with PBS and briefly with
water, and then mounted with water-based mounting medium contain-
ing antifading agents (Biomeda; Thermo Fischer Scientific). A simulta-
neous examination of negative controls (omission of primary antibody)
confirmed the absence of nonspecific immunofluorescent staining,
cross-immunostaining, or fluorescence bleed-through.

Confocal microscopy and image analysis. All of the double- and triple-
labeled images were captured on an LSM510 Meta confocal laser micro-
scope (Carl Zeiss) using either a 5X or 40X oil-immersion Neofluor
objective (numerical aperture, 1.3) with the image size setat 1024 X 1024
pixels. The following excitation laser/emission filter settings were used
for various chromophores: an argon/2 laser was used for Alexa Fluor 488,
with maximum excitation at 490 nm and emission in the range of 505—
530 nm, an HeNel laser was used for Alexa Fluor 594 with maximum
excitation at 543 nm and emission in the range of 568—615 nm, and an
HeNe?2 laser was used for Alexa Fluor 647 with maximum excitation at
633 nm and emission in the range of 650—800 nm. The captured images
were viewed and analyzed using LSM510 Meta imaging software.

Brain homogenates and subcellular fractionations. For brain tissue prep-
aration, rats were killed under anesthesia at the time points stated in the
experiments. Whole brains were removed and the hippocampal CAl
region microdissected from both sides of the hippocampal fissure and
immediately frozen in liquid nitrogen. Tissues were homogenized in
ice-cold homogenization medium consisting of (in mm) 50 HEPES, pH
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7.4,150 NaCl, 12 B-glycerophosphate, 3 dithio-
theitol (DTT), 2 sodium orthovanadate
(Na;VO,), 1 EGTA, 1 NaF, 1 phenylmethylsul-
fonyl fluoride (PMSF), 1% Triton X-100, and
inhibitors of proteases and enzymes (0.5 mm
PMSEF, 10 ug/ml each of aprotinin, leupeptin,
and pepstatin A) with a Teflon-glass homoge-
nizer. The homogenates were centrifuged at
15,000 X g for 30 min at 4°C; supernatants were
collected and stored at —80°C for use. When
necessary, cytosol fractions and nuclear frac- Pla
tions were extracted with some modifications

to a previously described procedure (Ogita and

Yoneda, 1994). Briefly, tissues were homoge-

nized in ice-cold buffer A containing (in mm)

10 HEPES, pH 7.9, 1 DTT, 1 Na3VO4, 1 E2
4-nitrophenyl phosphate (PNPP), and inhibi-

tors of proteases and enzymes. The homoge-

nates were allowed to swell on ice for 10 min.

Then, tubes were vigorously vortexed for 30 s

and centrifuged at 800 X g for 10 min after the

addition of NP-40 (0.6% of total solution). Su-

pernatants were centrifuged at 15,000 X g for 30 B
min at 4°C. The nuclear pellets were washed
three times with buffer A and resuspended in
buffer B [(in mm) 20 HEPES, pH 7.9, 400 NaCl,
20% glycerine, 1 DTT, 1 Na3VO4, 1 PNPP]
with inhibitors of proteases and enzymes, and
then the tubes were vigorously rocked at 4°C for
30 min. After centrifugation at 12,000 X gfor 15
min, the nuclear extracts were aliquoted and
frozen in liquid nitrogen and stored at —80°C
until use. The protein concentrations were de-
termined by a Lowry protein assay kit with bo-
vine serum albumin as standard.

Western blot analysis. For Western blot anal-
ysis, samples were mixed with loading buffer
and boiled for 5 min. An aliquot of 20-50 g of
protein was separated by 4-20% SDS-PAGE.
Proteins were transferred to nitrocellulose
membrane, blocked for 3 h, and incubated with
1° antibodies against Dkk1 (1:200; Santa Cruz
Biotechnology), Wnt3 (1:200; Santa Cruz Bio-
technology), p-B-catenin (1:1000; Cell Signal-
ing Technology), B-catenin (1:1000; Abcam),
survivin (1:1000; Cell Signaling Technology),
p-JNK(1:200; Santa Cruz Biotechnology), p-c-
Jun (1:200; Santa Cruz Biotechnology), and PHF1 (1:5000; gift from Dr.
Peter Davies) at 4°C overnight. B-actin and NeuN were used as loading
controls for the total cell protein and nuclear protein, respectively. The
membrane was then washed with TBS containing Tween 20 to remove
unbound antibody, followed by incubation with 2° HRP-conjugated or
Alexa Fluor 680 goat anti-rabbit/mouse IgG for 1-2 h at room
temperature.

Bound proteins were visualized using the Odyssey Imaging System
(LI-COR Bioscience) and semiquantitative analysis of the bands were
performed with the Image] analysis software (version 1.30v; Wayne Ras-
band, National Institutes of Health, Bethesda, MD). To quantitate hip-
pocampal protein abundance, band densities for the indicated phospho-
protein were corrected for variations in loading and normalized to the
corresponding band densities for total protein signals, respectively, and
the indicated total proteins were expressed relative to actin or NeuN
signals. Normalized means were then expressed as fold changes of the
corresponding value for control (sham operated) animals. A mean * SE
was calculated from the data from all of the animals for graphical presen-
tation and statistical comparison.

Administration of drugs. The recombinant human Dkk1 protein (rh-
Dkk1; R&D Systems) was dissolved in sterile PBS at a concentration of 1
g/ ul. Five microliters of the solutions were administrated to both of the
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Aa—-Al, NeuN immunostaining and Fluoro-Jade B staining of representative coronal brain sections at the level of the
dorsal hippocampus at 7 d after reperfusion from sham, placebo (Pla)- and E2-treated female ovariectomized rats subjected to
global cerebral ischemia. Global ischemia induced significant neuronal degeneration and neuronal cell loss in the CA1 pyramidal
cell layer, with little or no cell loss apparent in CA3 or DG. E2 treatment afforded nearly complete protection of the hippocampus
CA1 from global cerebral ischemia-induced neuronal degeneration and neuronal cell loss. Boxed areas in the left column are
shown at higher magnification in right column (magnification, 40><). Scale bar, 50 pm. B, Neuronal counts of NeuN-positive
neurons. Counts refer to CA1 neurons of sham-, placebo-, and 17 3-estradiol-treated ovariectomized rats. Note the significant
neuroprotection by E2. Values are mean = SEM of determinations from seven individual rats. p < 0.01 versus placebo.

cerebral ventricles at 12 h after ischemia through intracerebroventricular
injection. Infusion of sterile PBS served as vehicle control. For intracere-
broventricular injection, the rats were placed on ear bars of a stereotaxic
instrument under anesthesia. Drug infusion was performed using a Hamil-
ton microsyringe at a rate of 1 ul/min to the cerebral ventricle (from the
bregma: anteroposterior, —0.8 mm; lateral, 1.5 mm; depth, 3.5 mm).
Anthra(1-9-cd) pyrazol-6(2 H)-one (SP600125) was dissolved in PPCES ve-
hicle (30% polyethylene glycol-400/20% polypropylene glycol/15% cremo-
phor EL/5% ethanol/30% saline) as described previously (Bennett et al.,
2001), and was treated by tail-vein injection 15 min before ischemia at a dose
of 10 mg/kg.

Statistical analysis. Statistical analysis was performed using two-way
ANOVA followed by Student-Newman—Keuls test. When only two
groups were compared, a Student’s ¢ test was used. Statistical significance
was accepted at the 95% confidence level ( p < 0.05). Data are expressed
as mean * SE.

Results
E2 protects the hippocampus CA1 region from global cerebral

ischemia-induced neuronal damage and cell death
We first examined the neuroprotective effect of low serum levels
of E2 in the hippocampus CA1 after global cerebral ischemia (Fig.
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A,B, Effect of 17 3-estradiol on Dkk1 protein levels in hippocampus CA1 after global cerebral ischemia. Values are mean = SEM of determinations from five to six individual rats and

expressed as fold change versus sham control. Pla, Placebo; R, reperfusion. *p < 0.05 versus sham control; ’p < 0.05 versus placebo treatment group. Ca—Ci, Confocal analysis of NeuN and Dkk1
immunostaining in hippocampus CA1 at 24 h after global cerebral ischemia (magnification, 40 <). Scale bar, 50 pum.

1A,B). Measurement of serum E2 by radioimmunoassay re-
vealed that the subcutaneous E2 pellets produced low physiolog-
ical serum levels of E2 (10.0 * 3.6 pg/ml), which are equivalent to
the low E2 serum levels observed in intact young adult rats on
diestrus I of the ovulatory cycle (Gore et al., 2000). As shown in
Figure 1, A and B, representative NeuN staining of hippocampal
sections at 7 d after global cerebral ischemia demonstrates a pro-
found protective effect of E2 on hippocampus CA1 (Fig. 1 A), an
effect that was shown to be highly statistically significant (p <
0.01 vs placebo) (Fig. 1B). Histochemical staining for Fluoro-
Jade B, a marker of neuronal degeneration, revealed that cerebral
ischemia induced significant Fluoro-Jade B staining in hip-
pocampus CAl compared with sham at 7 d after cerebral isch-
emia, suggesting that global cerebral ischemia induced marked
neuronal degeneration in the CA1 region (Fig. 1 A). E2 treatment
essentially abolished Fluoro-Jade B staining in the CAl region,
suggesting that E2 strongly attenuates cerebral ischemia-induced
neuronal degeneration.

17B-Estradiol attenuates cerebral ischemia-induced elevation of
DkkI in hippocampus CA1 region

We next examined the regulation of the Wnt/-catenin antago-
nist Dkk1 after cerebral ischemia. Figure 2 A shows representative
Western blot analysis results, B shows quantification and statis-
tical analysis of the Western blot results from all animals, and C
shows immunohistochemical results from representative ani-
mals that confirms the Western blot data and illustrate that
changes in Dkkl occur in pyramidal neurons of the CAl. As
shown in Figure 2 A—C, Dkk1 protein levels were extremely low in
the hippocampal CA1 region of Sham control animals as indi-
cated by Western blot analysis (Fig. 2A, B) and by immunohisto-

chemistry (Fig. 2C). In contrast, global cerebral ischemia (pla-
cebo) induced a robust elevation of Dkk1 in the hippocampal
CA1 region at 24 and 48 h after cerebral ischemia compared with
the sham controls and earlier placebo time points (Fig. 2A-C). As
shown in Figure 2C, double immunohistochemistry showed that
cerebral ischemia induction of Dkk1 was in neurons in the CAl
region, because Dkk1 and NeuN signals were strongly colocal-
ized. Of significant interest, E2 treatment dramatically attenuated
the cerebral ischemia-induced elevation of Dkk1 at 24 and 48 h
(Fig. 2A—C). As shown in supplemental Figure 1, A and B (avail-
able at www.jneurosci.org as supplemental material), E2 had no
effect on DKkI levels in the hippocampus CA1 of sham animals.
This further confirms that E2 is acting specifically to suppress
cerebral ischemia-induced DKkk1 elevation.

It is well known that the hippocampal CA3 region and dentate
gyrus (DG) are much less sensitive to cerebral ischemia damage
as is the CA1 region. We thus examined whether Dkk1 induction
in these regions was correspondingly less as to what we observed
in the hippocampal CALl region after cerebral ischemia. Immu-
nohistochemical analysis showed that Dkk1 induction was very
low in the hippocampal CA3 region and DG at 24 h after cerebral
ischemia, a time point at which Dkk1 was strongly induced in the
hippocampal CA1 region (supplemental Fig. 2 A, B,D, available at
www.jneurosci.org as supplemental material). Interestingly,
Dkk1 was shown to be induced moderately in the cerebral cortex
after global cerebral ischemia, where some cell death is known to
occur after global cerebral ischemia (supplemental Fig. 2C, avail-
able at www.jneurosci.org as supplemental material). Although
induction of Dkk1 was less in cortex, the Dkk1 induction was still
abolished by E2 treatment, suggesting that E2 protected cells in
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Sham Pla 2

Figure 3. A, B, 173-Estradiol enhances Wnt3 protein levels in hippocampus CA1 after global cerebral ischemia. Values are mean == SEM of determinations from five to six individual rats
expressed as fold change versus sham control. Pla, Placebo; R, reperfusion. p < 0.05 versus the Pla group at the same time point. Ca—Cf, DAB immunostaining for Wnt3 in hippocampus CA1at 24 h
after global cerebral ischemia. Results are representative of staining observed in five (n = 5) individual animals per group. Ca—Cc, Magnification is 5X. Scale bar, 200 p.m. Cd—Cf, Magnification

is40X. Scale bar, 50 wm.

the cortex with similar efficacy as observed in the hippocampal
CA1 region.

17B-Estradiol enhances Wnt3 levels in the hippocampus CA1
region after global cerebral ischemia

We next examined whether E2 regulates Wnt3, a ligand for the
Wnt receptor that is highly expressed in the hippocampus CA1
region (Salinas and Nusse, 1992) after cerebral ischemia. As
shown in Fig, 3A—C, sham controls showed low Wnt3 levels in the
hippocampus CA1, with cerebral ischemia (placebo) having no
significant effect on Wnt3 levels. In contrast, E2 induced a highly
significant increase in Wnt3 levels at 24 and 48 h after cerebral
ischemia (Fig. 3A,B). The E2 upregulation of Wnt3 levels was
confirmed by immunohistochemistry, in which E2 strongly en-
hanced Wnt3 staining intensity in the hippocampus CA1 at 24 h
after cerebral ischemia (Fig. 3C). E2 only slightly increased Wnt3
in the CA1 of nonischemic sham control animals, an effect that
was not statistically significant (supplemental Fig. 1 A, B, available
at www.jneurosci.org as supplemental material).

17B-Estradiol prevents ischemia-induced downregulation of Wnt/
B-catenin signaling in the hippocampus CA1 region after global
cerebral ischemia

Because E2 decreased Dkk1 and enhanced Wnt3, we next exam-
ined whether Wnt/B-catenin signaling was significantly en-
hanced by E2 after cerebral ischemia. Phosphorylation of
[B-catenin targets it for degradation, an effect reversed by activa-
tion of the Wnt signaling pathway. Activation of Wnt signaling
pathway thus leads to nuclear retention of -catenin, allowing

transcription of potential prosurvival genes. We thus examined
levels of phosphorylated and nonphosphorylated total 3-catenin
levels in the nucleus after cerebral ischemia and determined the
regulatory effect of E2. As shown in Figure 4 A—C, phospho--
catenin levels in the nucleus remain stable at 30 min and 6 h after
cerebral ischemia in placebo animals, but then show a strong
increase at 24 and 48 h after cerebral ischemia. In contrast, E2
significantly attenuated the cerebral ischemia-induced elevation
of nuclear p-B-catenin levels in the CA1 region at 24 and 48 h
(Fig. 4A—C), suggesting that E2 prevents degradation of
B-catenin and preserves its retention in the nucleus. In support of
this interpretation, we observed that total nuclear 3-catenin pro-
tein levels in CA1 of cerebral ischemia (placebo) animals were
similar to sham control at 30 min and 6 h after cerebral ischemia,
but showed a marked and significant reduction at 24 and 48 h
after cerebral ischemia (Fig. 4D,E). Of significant interest, E2
treatment completely prevented the cerebral ischemia-induced
reduction of nuclear B-catenin protein levels in CA1 at 24 and
48 h after cerebral ischemia (Fig. 4 D, E). The phosphorylated and
total B-catenin levels in the cytoplasmic fractions were un-
changed by cerebral ischemia and were not significantly affected
by E2 (data not shown). Double immunohistochemistry for
NeuN and B-catenin in hippocampal CAl region at 24 h after
cerebral ischemia confirmed the Western blot results by demon-
strating that B-catenin was localized in nuclei of neurons as evi-
denced by colocalization with the neuronal marker NeuN (Fig.
4 F). It further confirmed that nuclear 3-catenin immunoreactiv-
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ity was markedly reduced by cerebral ischemia (placebo), an
effect prevented by E2 (Fig. 4 F). E2 had no significant effect on
p-B-catenin or nuclear B-catenin levels in the hippocampus
CA1 of nonischemic sham control animals (supplemental Fig.
1C,D, available at www.jneurosci.org as supplemental mate-
rial), demonstrating that E2 specifically reversed ischemia-
induced alterations of Wnt/B-catenin signaling in the hip-
pocampus CAL.

17B-Estradiol enhances survivin levels in the hippocampus CAI
region after global cerebral ischemia

We next examined regulation of a downstream [-catenin-
induced gene, survivin, which is a putative prosurvival factor
(Ambrosini et al., 1997). As shown in Figure 5A-C, ischemia
reduced survivin levels at 24—48 h compared with sham control.
However, E2 markedly upregulated survivin in hippocampus
CAl at24—48 h compared with placebo group (Fig. 54, B), which
was further confirmed by DAB staining (Fig. 5C). Double immu-
nohistochemistry revealed that survivin was induced in neurons
in the CA1 region, as survivin and NeuN signals were strongly
colocalized in E2-treated animals (Fig. 5C). Additionally, at 7 d
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after cerebral ischemia, we observed that survivin colocalized
with NeuN-positive but not with Fluoro-Jade B-positive neu-
rons, suggesting that neurons that are degenerating lose survivin
expression, whereas surviving neurons maintain survivin expres-
sion (supplemental Fig. 3A, available at www.jneurosci.org as
supplemental material). Furthermore, the more resistant CA3
and DG show strong survivin expression, which appeared to be
less affected by cerebral ischemia compared with CA1 region
(supplemental Fig. 3 B, D, available at www.jneurosci.org as sup-
plemental material). The cortex, which shows mild loss of neu-
rons after the 10 min cerebral ischemia used in our studies,
showed a mild to moderate reduction in NeuN and survivin
staining, an effect antagonized by E2 treatment (supplemental
Fig. 3C, available at www.jneurosci.org as supplemental mate-
rial). E2 appeared to slightly increase survivin levels in the hip-
pocampus CA1 of nonischemic sham control animals, but this
effect was not statistically significant (supplemental Fig. 1A, B,
available at www.jneurosci.org as supplemental material). Thus,
E2 appears to be preventing cerebral-ischemia induced down-
regulation of survivin.
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A, B, 17 B-Estradiol enhances expression of the antiapoptotic protein survivin in hippocampus CA1 after global cerebral ischemia. Values are mean == SEM of determinations from five

to six individual rats expressed as fold change versus sham control. Pla, Placebo; R, reperfusion. *p << 0.05 versus sham control; ’p << 0.05 versus the Pla group at the same time point. €, DAB and
confocal analysis shows that survivin is induced in NeuN-positive neurons by E2 in hippocampus CA1 at 24 h after global cerebral ischemia. Results are representative of staining observed in five

individual animals per group (magnifications, 40 X). Scale bars, 50 m.

17B-Estradiol attenuates cerebral ischemia-induced upregulation
of Dkk1 levels in hippocampal CA1 region by reducing activation
of the JNK/c-Jun signaling pathway

Previous work suggests that during development c-Jun can reg-
ulate induction of the Dkk1 gene (Grotewold and Riither, 2002).
We therefore determined whether E2 regulates JNK/c-Jun signal-
ing in the hippocampus CALl region after cerebral ischemia, and
whether Dkk1 and p-c-Jun are induced in the same neurons after
cerebral ischemia. As shown in Figure 6, A and B, p-JNK levels in
placebo-treated animals were increased twofold to threefold over
sham control at 30 min, and 24 and 48 h after cerebral ischemia.
Similarly, p-c-Jun levels showed a twofold to fourfold elevation at
all time points in the CA1 region of placebo-treated animals com-
pared with sham control. Interestingly, E2 treatment blocked the
p-JNK and p-c-Jun elevations after cerebral ischemia at all time
points (Fig. 6 A, B). Figure 6C shows the result of triple immuno-
histochemistry for NeuN, Dkk1, and p-c-Jun in hippocampal
CALl region at 24 h after cerebral ischemia. The results confirm
the Western blot findings that Dkk1 and p-c-Jun levels in the CA1
region are low in sham animals, markedly elevated in placebo-
treated animals at 24 h after cerebral ischemia, and that E2 treat-
ment blocks the elevation of both Dkk1 and p-c-Jun in the CAl
region. Additionally, the results demonstrate that Dkk1 and p-c-
Jun are induced in the same neurons in the CAl region at 24 h
after cerebral ischemia (Fig. 6C), further supporting a potential
role for c-Jun in the regulation of Dkk1. To confirm that JNK/c-
Jun signaling is critical for induction of Dkk1 after cerebral isch-
emia, we administered a JNK inhibitor, SP600125 (10 mg/kg
body weight), via intravenous injection 15 min before induction
of cerebral ischemia and examined the effect on p-JNK, p-c-Jun
and DKkKk1 at 24 h after cerebral ischemia in placebo animals. As
shown in Figure 6, D and E, SP600125 prevented the cerebral
ischemia activation of JNK and c-Jun, an effect that was corre-

lated with a significant attenuation of the induction of Dkk1. This
finding suggests that JNK/c-Jun activation is critical for induc-
tion of Dkk1, and that E2 ability to attenuate JNK/c-Jun activa-
tion may be a critical mechanism for its ability to reduce Dkk1
induction after cerebral ischemia. Additionally, E2 did not signif-
icantly affect JNK activation in the hippocampus CA1 of nonisch-
emic sham control animals (supplemental Fig. 1C,D, available at
www.jneurosci.org as supplemental material), demonstrating
that its p-JNK regulatory action was specific for the ischemic
hippocampus CA1.

17B-Estradiol attenuates hyperphosphorylation of tau after

cerebral ischemia by attenuating JNK/c-Jun-Dkk1 signaling

Dkk1 has been demonstrated to induce hyperphosphorylation
of tau and to play a role in neurodegeneration in Alzheimer’s
disease (Caricasole et al., 2004; Scali et al., 2006). E2, in con-
trast, has been reported to attenuate hyperphosphorylation of
tau, protect against B-amyloid-induced neuronal cell death
and to potentially delay onset of Alzheimer’s disease (Wen et
al., 2004; Alvarez-de-la-Rosa et al., 2005; Simpkins et al.,
2005). We thus examined whether E2 attenuation of Dkk1
could be correlated with reduction of tau hyperphosphoryla-
tion after cerebral ischemia. We also determined the role of
JNK/c-Jun/Dkk1 signaling in tau hyperphosphorylation by
administering a JNK inhibitor, SP600125, and determining
whether cerebral ischemia-induced hyperphosphorylation of
tau is attenuated. As shown Figure 7A—C, sham controls had
low phospho-tau levels, whereas cerebral ischemia (placebo)
induced a 1.5-fold to fourfold induction of phospho-tau in
hippocampus CA1 compared with sham, with 24 h showing
peak phospho-tau levels. E2 treatment completely blocked ce-
rebral ischemia-induced hyperphosphorylation of tau at all
time points examined (Fig. 7A—C). As shown in Figure 7, D
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A, B, 17 B-Estradiol prevents cerebral ischemia-induced elevation of p-JNK and p-c-Jun levels in hippocampus CA1 after global cerebral ischemia. Values are mean = SEM of

determinations from five to sixindividual rats, corrected by total INK or c-Jun, and expressed as fold change versus sham control. Pla, Placebo; R, reperfusion. Ca—Cl, Confocal analysis demonstrates
that p-c-Jun and Dkk1 are induced in the same neurons at 24 h after global cerebral ischemia. Results are representative of staining observed in five individual animals per group (magpnification,
40<). Scale bar, 50 wm. D, E, Administration of the JNK inhibitor SP600125 (10 mg/kg, i.v.) prevents activation of INK and c-Jun and prevents cerebral ischemia induction of Dkk1in hippocampus
(A1 at 24 h after global cerebral ischemia. Values are mean == SEM of determinations from five to six individual rats expressed as fold change versus sham control. *p << 0.05 versus sham control;
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and E, intravenous administration of the JNK inhibitor
SP600125 significantly attenuated cerebral ischemia-induced
hyperphosphorylation of tau in CA1 region at 24 h after cere-
bral ischemia, suggesting that JNK/c-Jun activation, which is
important for induction of Dkk1, is critical for hyperphospho-
rylation of tau after cerebral ischemia. Figure 7F demonstrates
that treatment with the JNK inhibitor SP600125 significantly
protected the hippocampus CAl from cerebral ischemia-
induced neuronal cell death.

Exogenous Dkk1 administration reverses 173-estradiol
neuroprotection and tau regulation in the hippocampal CAI
region after cerebral ischemia

Finally, we examined the ability of exogenous Dkk1 to reverse E2

attenuation of tau hyperphosphorylation and neuroprotection
after cerebral ischemia. Exogenous recombinant Dkk1 (5 ug/ul)
was injected into both lateral cerebral ventricles of E2-treated rats
at 12 h after cerebral ischemia. As a control, Dkk1 was also in-
jected into the lateral cerebral ventricles of E2-treated nonisch-
emic sham control animals to demonstrate that Dkk1 was specif-
ically reversing E2 neuroprotection in the ischemic situation.
Figure 8A shows representative photomicrographs of NeuN

staining in the hippocampus CA1 region at 7 d after cerebral
ischemia in E2-treated ovariectomized animals or in E2-treated
sham controls. As shown in Figure 8, A and B, Dkkl had no
significant effect on CA1 neuronal cell density in E2-treated sham
control animals, as demonstrated by NeuN staining and quanti-
fication of NeuN-positive cells in the CAl. As also shown in
Figure 8, A and B, E2 treatment exerted significant neuropro-
tection in the CA1l region of animals after 10 min global cere-
bral ischemia, as evidenced by dense NeuN positive cells in the
CAl region. Intriguingly, Dkk1 administration in the lateral
ventricle of E2-treated animals having undergone cerebral
ischemia abolished E2 neuroprotection as evidenced by a dra-
matic decrease in NeuN-positive cells in the CA1 region. Fig-
ure 8, C and D, further demonstrates that exogenous Dkk1
administration reverses E2-induced attenuation of tau hyper-
phosphorylation and enhancement of nuclear 3-catenin levels
at 24 h after cerebral ischemia. Collectively, these findings
suggest that the ability of E2 to prevent cerebral ischemia-
induced elevation of Dkk1 in the hippocampal CA1 is an im-
portant mechanism underlying its neuroprotection and regu-
lation of tau hyperphosphorylation.
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Discussion
Chronic treatment with low physiological doses of E2 is well es-
tablished to exert neuroprotection in animal models of both focal
and global cerebral ischemia, a finding further confirmed by this
study (Toungetal., 1998; Rusaetal., 1999; Horsburgh et al., 2002;
Brann et al., 2007). Although E2 clearly is neuroprotective in
cerebral ischemia, the mechanisms underlying its protective ef-
fects remain poorly understood. The findings of this study en-
hance our understanding of the molecular mechanisms underly-
ing E2 neuroprotection after cerebral ischemia by demonstrating
that E2 prevents cerebral ischemia induction of the neurodegen-
erative factor Dkk1, an antagonist of the Wnt/-catenin signaling
pathway. E2 also acts in a parallel manner to enhance expression
of Wnt3, an activator of the Wnt/B-catenin signaling pathway.
These combined effects lead to activation of the Wnt/B-catenin
signaling pathway and a profound protection of the hippocampal
CA1 region from cerebral ischemia-induced neuronal death.
The mechanisms underlying Dkk1 induction in cerebral isch-

emia and other neurodegenerative disorders are not fully under-
stood. The results of our study provide illumination to this issue
by demonstrating that JNK/Jun signaling is critical for cerebral
ischemia induction of Dkk1. This finding agrees with previous
work in vertebrate limb development where Dkk1 induction was
similarly demonstrated to be dependent on induction by c-Jun
(Grotewold and Riither, 2002). In our study, E2 markedly atten-
uated JNK/c-Jun activation after cerebral ischemia. This suggests
that E2 reduction of DKkkI is likely attributable to its ability to
attenuate activation of JNK/c-Jun signaling in the hippocampus
CAL1 after cerebral ischemia. This conclusion is further supported
by the fact that inhibition of JNK/c-Jun signaling via a different
approach (e.g., administration of a JNK inhibitor) also blocked
Dkk1 induction after cerebral ischemia. In addition to c¢-Jun in-
duction, DKkk1 is also induced by the tumor-suppressing protein,
p53, which is a sensor for DNA damage in cells (Wang et al., 2000;
Cappuccio et al., 2005). Preliminary studies in our laboratory
show that E2 decreases P53 after global cerebral ischemia (L. Raz,
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global cerebral ischemia. Dkk1 (5 /5 wl) was administered via intracerebroventricular injection into both lateral ventricles at
12 h after global cerebral ischemia. For a control, separate animals received vehicle into both lateral cerebral ventricles. Addition-
ally, a nonischemic sham control also received Dkk1 into the lateral ventricles. Aa—Ad, High-power magnification of NeuN
staining in hippocampus CA1at 7 d in sham animals and after 7 d reperfusion after global cerebral ischemia in E2-treated rats that
received vehicle or exogenous Dkk1 in both lateral ventricles. Magnification is 403<. Scale bar, 50 ym. Ae-Ah, Low-power
magpnifications of representative whole hippocampus sections showing NeuN staining in hippocampus CA1at 7 d in sham animals
and after 7 d reperfusion after global cerebral ischemia in E2-treated rats that received vehicle or exogenous Dkk1 in both lateral
ventricles. Magnification is 5<. Scale bar, 200 wm. B, CA1 cell counts of NeuN-positive neurons in all animals show that
exogenous Dkk1 had no significant effect on CA1 neuronal cell survival in nonischemic sham controls, although it significantly
reversed E2 neuroprotection in ischemic animals. Values are mean == SEM of determinations from five to six individual rats. p <
0.01 versus vehicle. , D, Exogenous Dkk1 injection also reversed E2 reduction of phospho-tau and elevation of nuclear 3-catenin
in the hippocampus CA1 at 24 h after global cerebral ischemia. Values are mean == SEM of determinations from five to six
individual rats expressed as fold change versus sham control. p << 0.05 versus vehicle treatment group.

Q. G. Zhang, D. W. Brann, unpublished observation). Thus, E2
suppression of P53 induction could also play a role in the ability
of E2 to prevent Dkk1 induction after cerebral ischemia.

An additional interesting observation from our data are that
we noted a biphasic regulation of p-JNK and phospho-tau after
cerebral ischemia, in which p-JNK and phospho-tau levels were
elevated at 30 min and 24 h after cerebral ischemia, with a much
smaller increase at 6 h. The precise reason for this pattern of
regulation is unclear, but previous work by a member of our
group showed that Akt activation had an inverse pattern to JNK
activation at 3—12 h and 3 d after cerebral ischemia (Zhang et al.,
2007). This suggests that the biphasic JNK activation may be
attributable to Akt regulation. In support of this possibility, ad-
ministration of antisense oligonucleotides to PTEN (phospha-
tase/tensin homolog on chromosome 10), a phosphatase that
negatively regulates Akt activation, led to Akt phosphorylation
and dephosphorylation of INK after cerebral ischemia. This find-
ing suggests a critical role for Akt cross talk in the control of JNK
activation and may explain the biphasic JNK activation observed
in our studies after cerebral ischemia. Because we provide data
that JNK is critical in the phosphorylation of tau, the biphasic
pattern of tau phosphorylation reported in our study after cere-
bral ischemia may be attributable to the biphasic changes in JNK
activation.

An additional novel finding of our study was that E2 markedly
elevated survivin levels in CA1 neurons after cerebral ischemia.
Survivin, which is a B-catenin-regulated gene, is a member of the
inhibitor of apoptosis protein family, which exerts anti-apoptotic
effects in cells (Ambrosini et al., 1997; Jiang et al., 2005; Ma et al.,
2005; Tapia et al., 2006). Thus, its induction further verifies acti-

activation and inhibiting activated
caspases (Shin et al., 2001; Chiou et al.,
2003). Along these lines, survivin has been
shown to enhance degradation of p53 via
its ability to inhibit caspase cleavage of
Mdm?2, a factor that regulates expression,
function and degradation of p53 (Wang et
al., 2004). Interestingly, we observed that
survivin was induced in healthy but not
degenerating CA1 pyramidal neurons,
Dkié1 suggesting that the lack of survivin induc-
tion in degenerating neurons may play a
role in their demise after cerebral isch-
emia. CA3 and DG showed strong survivin
levels after cerebral ischemia with very few
degenerating neurons compared with the
CALl region, suggesting that maintenance
of survivin in CA3 and DG may aid in the
relative resistance of these hippocampal
regions to global cerebral ischemia com-
pared with the CA1 region.

E2 has been shown previously to inhibit
tau hyperphosphorylation, which may be
important for its purported beneficial ef-
fects in delaying onset of Alzheimer’s dis-
ease (Wen et al., 2004; Alvarez-de-la-Rosa
et al., 2005; Simpkins et al., 2005). Aberrant aggregation of hy-
perphosphorylated tau protein has been implicated as a factor in
formation of neurofibrillary tangles and neurodegeneration in
Alzheimer’s disease, as well as other neurodegenerative diseases,
such as Pick’s disease, corticobasal degeneration, and progressive
supranuclear palsy, which collectively are known as tauopathies
(Maccioni et al., 2001; Igbal et al., 2005). Intriguingly, cerebral
ischemia has been shown to also be a tauopathy, as it displays
significant tau hyperphosphorylation and neurofibrillary tangle
formation in the brain after cerebral ischemia (Wen et al., 2004).
Our study sheds light on the potential mechanism underlying E2
suppression of tau hyperphosphorylation by demonstrating that
E2 attenuation of cerebral ischemia-induced tau hyperphospho-
rylation is correlated with reduction of Dkk1, a known inducer of
tau hyperphosphorylation. Furthermore, replacement with ex-
ogenous Dkk1 was able to reinstate tau hyperphosphorylation in
E2-treated animals, further suggesting that a reduction of Dkk1 is
important for E2 suppression of tau hyperphosphorylation in
cerebral ischemia.

Our data also suggests an important role for modulation of
JNK signaling in the E2 suppression of tau hyperphosphorylation
in the hippocampus CA1 after cerebral ischemia. Previous work
has demonstrated that formation of p-JNK granules in the hip-
pocampus is an early event in Alzheimer disease (Lagalwar et al.,
2006), and p-JNK has been shown to phosphorylate tau at many
proline-directed serine/threonine residues (Okazawa and Estus,
2002). Our study supports a role for p-JNK in regulating tau
hyperphosphorylation after cerebral ischemia as evidenced by the
fact that administration of the JNK inhibitor SP600125 signifi-
cantly reduced hyperphosphorylation of tau after cerebral isch-
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Figure 9.  Summary diagram of E2 regulation of Wnt/B-catenin signaling pathway after
cerebral ischemia and proposed role in E2 ischemic neuroprotection. E2 acts to inhibit cerebral
ischemia activation of NK/Jun/Dkk1 signaling, which prevents subsequent phosphorylation of
tau and 3-catenin and cell death, while it acts to enhances expression of Wnt3, leading to
accumulation of nuclear 3-catenin and enhanced expression of survivin, which inhibits apo-
ptosis and enhances neuronal cell survival.

emia. Because E2 attenuated JNK activation in our study, we
propose that one of the central mechanisms for E2 attenuation of
tau hyperphosphorylation involves the attenuation of JNK acti-
vation. Furthermore, because JNK enhances phosphorylation of
tau by a direct mechanism, as well as by an indirect mechanism
involving activation of c-Jun and induction of Dkk1, E2 attenu-
ation of JNK activation thus provides an attractive dual mecha-
nism for attenuating tau hyperphosphorylation after cerebral
ischemia, e.g., by attenuating a direct phosphorylation of tau by
JNK, as well as attenuating a JNK indirect pathway for tau phos-
phorylation, which involves JNK induction of Dkk1 with subse-
quent downstream activation of the tau phosphorylating kinase,
GSK-3. Because tau hyperphosphorylation is also a hallmark of
Alzheimer’s disease, and Dkk1 is induced in degenerating neu-
rons in the disorder, these findings may also have importance and
application to Alzheimer’s disease.

In conclusion, as illustrated in the summary diagram pro-
vided in Figure 9, our study demonstrates that E2 neuroprotec-
tion after global cerebral ischemia involves two parallel mecha-
nisms that lead to activation of Wnt/3-catenin signaling. First, E2
acts to prevent cerebral ischemia-induced downregulation of
Wnt/B-catenin signaling in the hippocampus CA1 by inhibiting
cerebral ischemia-induced activation of JNK, which prevents (1)
induction of the Wnt/f-catenin antagonist Dkk1, (2) subsequent
downstream phosphorylation of tau and B-catenin, and (3) de-
layed neuronal cell death. Second, E2 enhances expression of
Wnt3, which further enhances Wnt/B-catenin signaling, leading
to nuclear B-catenin accumulation, enhanced expression of sur-
vivin, inhibition of apoptosis, and increased neuronal survival.
Because Dkk1 plays a role in neurodegeneration in both stroke
and Alzheimer’s disease, it is suggested that E2 regulation of Dkk1
and Wnt/B-catenin signaling may be a critical mechanism under-
lying its beneficial effects in both disorders.
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