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Abstract
Surgically menopausal women incur a 2–5 fold increased risk for dementia and mortality from
neurological diseases, but the mechanisms underlying these increased risks remain unclear.
Previously, we demonstrated that after global cerebral ischemia (GCI), 17β-estradiol (E2 or
estrogen) suppresses hippocampal elevation of the Wnt antagonist Dickkopf-1 (Dkk1), a
neurodegenerative factor. We, thus, hypothesized that prolonged loss of E2 may lead to
dysregulation of neural Dkk1 and Wnt/β-Catenin signaling, which could contribute to an increased
risk of neurodegeneration. To test this hypothesis, we examined the effect of shortterm (1 week -
STED) and long-term E2 deprivation (10 weeks - LTED) via ovariectomy upon basal and E2-
regulated Dkk1 levels and Wnt/β-Catenin signaling in the hippocampal CA1 region following
GCI. In STED rats, E2 exerted robust neuroprotection against GCI, suppressed postischemic
elevation of Dkk1, and enhanced pro-survival Wnt/β-Catenin signaling, effects that were lost in
LTED rats. Intriguingly, LTED rats displayed modest basal changes in Dkk1 and survivin
expression. Further work showed that c-Jun N-Terminal Kinase (JNK) mediated GCI-induced
changes in Dkk1 and survivin, and JNK inhibition afforded neuroprotection in LTED rats. Finally,
we extended our findings to natural aging, as 24-month-old, reproductively senescent female rats
also displayed a modest increase in basal Dkk1 in the CA1, which consistently co-localized with
the apoptotic marker TUNEL after GCI and coincided with a loss of E2 neuroprotection. As a
whole, this study supports the “critical period hypothesis” and further suggests that
perimenopausal estradiol replacement may prevent neurodegenerative changes in the hippocampus
by maintaining favorable Wnt/β-Catenin signaling.
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INTRODUCTION
17β-estradiol (E2) is an ovarian steroid hormone that serves as a neuroprotective agent in
rodent models of focal and global cerebral ischemia [1–4]. Clinically, it is also implicated in
neuroprotection from a variety of neurodegenerative conditions, such as stroke and
Alzheimer’s disease [1, 5–9]. In support of E2’s neuroprotective effects, premenopausal
women are relatively protected from stroke, compared to men [10–12]. However, after a
period of long-term E2 deprivation (LTED), such as menopause, women’s incidence of
stroke increases significantly, and women begin to have worse clinical outcomes following
stroke than men [10, 13]. Along these lines, observational studies have revealed a 5-fold
increased risk of mortality from neurological disorders in women who enter menopause
prematurely due to bilateral oophorectomy [14–17]. Furthermore, observational studies also
attribute mid-life E2 exposure to a 29–44% reduced risk of dementia in postmenopausal
women [1]. Unfortunately, the Women’s Health Initiative (WHI), a large randomized
controlled trial that subjected postmenopausal women to oral hormone replacement therapy
(conjugated equine estrogens ± medroxyprogesterone acetate), was stopped prematurely due
to an unexpected increase of ischemic stroke and dementia in the treatment arm [18, 19].
One important caveat of the study was that the average age of the WHI patients was 63.3
years, which is more than a decade after the onset of natural menopause in developed
countries [20]. This led to conception of the “critical period hypothesis,” which suggests that
a window of opportunity exists for E2 to provide neurological benefit after menopause and
that significantly delayed E2 replacement may be ineffective or even detrimental to the brain
[21–24].

Intriguingly, recent work has implicated a role for the neurodegenerative factor Dickkopf-1
(Dkk1) in a variety of neurodegenerative conditions, including stroke, temporal lobe
epilepsy, and Alzheimer’s disease [25–30]. Dkk1 is an antagonist of canonical Wnt/β -
Catenin signaling [31], and Dkk1 has been shown to mediate neuronal death in the
hippocampus, as Dkk1 anti-sense oligonucleotides were able to prevent NMDA
excitotoxicity in vitro and cerebral ischemia-induced cell death in vivo [32]. Along these
lines, doubleridge mice, which have substantially reduced expression of Dkk1 [33, 34],
display smaller ischemic infarcts after middle cerebral artery occlusion (MCAO) [28].
Furthermore, transgenic mouse models with mutations characteristic of frontotemporal
dementia or early-onset Alzheimer’s disease were found to overexpress Dkk1 in brain
regions affected by the respective neurodegenerative condition [29].

The hippocampus is an important brain region involved in learning and memory, and the
hippocampal CA1 region is well known to be highly vulnerable to damage from stressors,
such as global cerebral ischemia [35, 36]. Along these lines, our group and others have
utilized a rodent model of global cerebral ischemia (GCI or 4-vessel occlusion), which
involves occlusion of the common carotid and vertebral arteries, to selectively damage the
CA1 region [4, 37–41]. As such, the GCI model has proven invaluable in identifying the
neurodegenerative processes that can occur in the hippocampus and in helping to elucidate
the mechanisms underlying E2 neuroprotection. In fact, we previously showed that E2
mediates robust neuroprotection of the hippocampal CA1 region during GCI, in part, by
suppressing cerebral ischemia-induced elevation of Dkk1 and simultaneously activating pro-
survival Wnt/β-Catenin signaling in pyramidal neurons [30]. Wnt is a secreted glycoprotein
that serves as a ligand for the transmembrane Frizzled (Fzd) receptor and the low density
lipoprotein-related protein 5/6 (LRP5/6) co-receptor, and Wnt promotes de-phosphorylation
and nuclear retention of the transcriptional co-activator β-catenin [31]. Interestingly, β-
catenin has been shown to interact with T-Cell Factor/Lymphoid Enhancing Factor (TCF/
LEF) family of transcription factors inside the nucleus [31], leading to enhanced expression
of key pro-survival factors, such as survivin, a protein which inhibits activation of pro-
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apoptotic caspases [42]. In light of this knowledge and our previous finding that E2
neuroprotection is lost in female rats subjected to LTED via ovariectomy or natural aging
[38, 43], we hypothesized that E2’s failure to exert neuroprotection in LTED animals
following GCI could be due to loss of its ability to suppress Dkk1 and facilitate pro-survival
Wnt/ -catenin signaling in the hippocampus. Herein, for the first time, we demonstrate that
LTED via surgical menopause (bilateral ovariectomy) or age-related reproductive
senescence leads to elevation of basal Dkk1 expression and dysregulation of prosurvival
Wnt/β-catenin signaling in the CA1 hippocampal region of female rats. We also demonstrate
a role for JNK signaling in Dkk1 elevation after GCI and show that a significant delay in E2
replacement therapy after LTED leads to a loss of E2’s ability to prevent the ischemia-
induced elevation of neurodegenerative Dkk1 in CA1 hippocampal neurons.

EXPERIMENTAL
Animals and Global Cerebral Ischemia

All procedures were approved by the Georgia Health Sciences University Institutional
Animal Care and Use Committee (AUP# 09-03-174) and were conducted in accordance
with the National Institutes of Health guidelines for animal research. 3-month-old female
Sprague-Dawley rats were bilaterally ovariectomized under isoflurane anesthesia one week
or 11 weeks before induction of global cerebral ischemia. At the time of ovariectomy
(STED) or 10 weeks later (LTED), placebo (20% β-Cyclodextrin) or 17β-estradiol osmotic
mini-pumps (0.0167 mg E2 in 20% β-Cyclodextrin, 0.5 µL/hr, 14-day release; Alzet,
Cupertino, CA) were implanted subcutaneously between the scapulae to mimic
physiological E2 levels during Diestrus I (10–15 pg/mL) [30]. All animals (except sham
control) underwent global cerebral ischemia (GCI) via 4-vessel occlusion as described
previously [44–46]. The day before GCI, animals were anesthetized using chloral hydrate
(350 mg/kg, ip), and both vertebral arteries (VA) were permanently occluded at the level of
the alar foramina via electrocauterization. Immediately after bilateral VA occlusion, both
common carotid arteries (CCA) were carefully isolated and loosely ligated with suture
thread without interrupting blood flow. After a 24-hr recovery period, animals were re-
anesthetized with chloral hydrate (300 mg/kg, ip), and the bilateral CCA were exposed and
occluded with hemostatic clips to induce 10 minutes of complete forebrain ischemia.
Animals which lost their righting reflex within 30 seconds and whose pupils were dilated
and unresponsive to light during cerebral ischemia were selected for the experiments. After
10 minutes, the clips were removed, and reperfusion was confirmed before the wound was
sutured. Rectal temperature was maintained at 36.5 to 37.5°C throughout the experiment
with a thermal blanket. For reproductively senescent rat studies, either 3-month-old (Young)
or 24-month-old (Aged) female Fisher 344 rats were used. All Fisher 344 females were
ovariectomized one week before ischemia and treated with osmotic mini-pumps
immediately following ovariectomy. Sham animals underwent identical surgical procedures
except that the CCA were simply exposed but not occluded.

Histochemical Analysis of Neuroprotection
For brain harvesting, animals were deeply anesthetized with chloral hydrate and
transcardially perfused with 0.9% saline containing 10 U/ml of heparin either 1, 5, or 7 days
post ischemia-reperfusion, followed by fixation with cold 4% paraformaldehyde in 0.1M
phosphate buffer (PB). Brains were post-fixed in the same fixative overnight at 4°C and
cryoprotected with 30% sucrose in 0.1 M PB, pH 7.4 for 24–36 hr. Coronal sections (20 µm)
were collected throughout the entire dorsal hippocampus (~2.5–4.5 mm posterior from
bregma, ~100 sections per brain) for each animal. For analysis of neuroprotection, every
fifth section was collected and stained. Briefly, sections were washed for 10 min in PBS
followed by 0.1 % PBS-Triton-X100 for additional 10 min. After incubation with blocking
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solutions containing 10% donkey serum for 1h 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, Chemicon, MA). Sections were washed for 4 × 10 min, followed by
incubation with Alexa Fluor 488 donkey anti-mouse antibody (1:500; Invitrogen, CA) for 1
h at room temperature. Staining solution was removed, and sections were washed with PBS-
Triton-X100, followed by PBS and water. Then, sections were mounted using a water-based
mounting medium containing anti-fading agents, and images were captured on an LSM510
Meta confocal laser microscope (Carl Zeiss, Germany) as described previously [47]. The
number of NeuN-positive CA1 neurons per 1mm 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 performed as
described below.

DAB staining
For diaminobenzidine staining, sections were incubated with 10% normal horse serum in
PBS containing 0.1% Triton-X100 and 0.3% H2O2 for 1h at room temperature to block
nonspecific surfaces. Sections were then incubated with primary antibody: polyclonal rabbit
anti-Dkk1 (1:50, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), polyclonal rabbit anti-
survivin (1:100, Cell Signaling Technology, Inc., Danvers, MA), or polyclonal rabbit anti-p-
β-Catenin (1:100, Cell Signaling Technology, Inc., Danvers, MA), overnight at 4oC in PBS
containing 0.1% Triton-X100. Afterward, sections were washed with the same buffer,
followed by incubation with secondary biotinylated horse anti-rabbit antibodies (1:500,
Vector Laboratories, Inc., CA) in PBS containing 0.1% Triton X-100 for 1 h at room
temperature. Sections were then washed and incubated with ABC reagent for 20 minutes at
room temperature. Finally, sections were rinsed and incubated with DAB reagent for 2–10
min., according to the manufacturer’s instructions (Vector Laboratories, Inc.). Following
DAB incubation, sections were washed briefly with distilled water, dehydrated in increasing
concentrations of ethanol, cleared in xylene, and mounted using a xylene-based mounting
medium. Images were captured on an Axiophot-2 visible/fluorescence microscope using an
AxioVision4Ac software system (Carl Zeiss, Germany). Integrated density of
immunostaining was then analyzed using ImageJ analysis software (Version 1.45s; Wayne
Rasband, NIH, USA), and a Mean ± SE was calculated for each treatment group, which
consisted of 4–7 animals each and 3–5 sections per animal. Statistical analysis was
performed as described below, and all results were expressed as mean integrated density in
arbitrary units + SE.

Double Immunofluorescence Staining with TUNEL
Coronal sections were incubated with 10% normal donkey serum for 1h at room temperature
in PBS containing 0.1% Triton X-100, followed by incubation with the primary antibody
anti-Dkk1 (1:50, Santa Cruz Biotechnology) overnight at 4oC in the same buffer. After
primary antibody incubation, sections were washed for 3 × 10 min at room temperature,
followed by incubation with Alexa-Fluor488 donkey anti-rabbit (1:500; Invitrogen
Corporation, Carlsbad, CA), and TUNEL (In Situ Cell Death Detection Kit, TMR Red,
Roche Diagnostics, Manheim, Germany) for 1 h at 37°C. Sections were then washed with
PBS containing 0.1% Triton X-100 for 3 × 10 min, followed by 2 × 5 min with PBS and
briefly with water, and then mounted with water-based mounting medium containing anti-
fading agents (Biomeda, Fischer Scientific, Pittsburgh, PA). Simultaneous examination of
negative controls confirmed the absence of nonspecific immunofluorescent staining, cross-
immunostaining, or fluorescence bleed-through. The number of Dkk1- and TUNEL- double
positive neurons per 250 µm length of the medial CA1 pyramidal cell layer was counted in
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five sections per animal, and a Mean ± SE was calculated from the data in each group (n =
5–7). Statistical analysis was performed as described below.

Confocal Microscopy and Image Analysis
All images were captured on an LSM510 Meta confocal laser microscope (Carl Zeiss,
Germany) using a 40X oil immersion Neofluor objective (NA, 1.3) with the image size set at
1024 × 1024 pixels. The following excitation lasers/emission filters settings were used for
various chromophores: argon/2 laser was used for Alexa Fluor488, with excitation
maximum at 490 nm and emission in the range of 505–530 nm, HeNe1 laser was used for
TMR with excitation maximum at 543 nm and emission in the range of 568–615 nm, and
HeNe2 laser was used for Alexa Fluor647 with excitation maximum 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 Homogenization
For brain tissue preparation, rats were sacrificed under anesthesia 24 hr. post ischemia-
reperfusion. Once the whole brains were removed, the hippocampal CA1 regions were
microdissected from both sides of the hippocampal fissure, immediately frozen in dry ice,
and stored at −80°C until use. Tissues were homogenized with a Teflon-glass homogenizer
in ice cold homogenization medium consisting of 50 mM HEPES (pH 7.4), 150 mM NaCl,
12 mM β-glycerophosphate, 3 mM dithiothreitol (DTT), 2 mM sodium orthovanadate
(Na3VO4), 1 mM EGTA, 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1%
Triton X-100, and inhibitors of proteases and enzymes (0.5mM PMSF, 10 µg/ml each of
aprotinin, leupeptin, and pepstatin A). The homogenates were centrifuged at 15,000 ×g for
30 min at 4°C, and supernatants were collected and stored at −80°C until use. The protein
concentrations were determined by a Lowry protein assay kit using bovine serum albumin as
a standard.

Western Blot Analysis
For Western blotting analysis, total CA1 hippocampal lysates were mixed with Laemmli
loading buffer and boiled for 5 min. An aliquot of 20–50 µg of protein was separated via 4–
20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore), blocked for 3 h,
and incubated with 1° antibody against Dkk1 (1:200, Santa Cruz Biotechnology) or Survivin
(1:1000, Cell Signaling Technology) at 4 °C overnight. -Tubulin (1:200, Santa Cruz
Biotechnology) was used as a loading control. The membrane was then washed with
Tween20- PBS to remove unbound antibody and incubated with 2° Alexa Fluor 680 goat
anti-rabbit/mouse IgG for 1 h at room temperature. Bound proteins were visualized using the
Odyssey Imaging System (LI-COR Bioscience, Lincoln, NB) and semi-quantitative analysis
of the bands was performed using ImageJ analysis software (Version 1.45s; Wayne
Rasband, NIH, USA). To quantitate hippocampal protein abundance, band densities of the
indicated total proteins were analyzed and expressed as a ratio relative to -tubulin signals,
and a Mean ± SE was calculated from each group for graphical presentation and statistical
comparison.

Administration of drugs
The JNK inhibitor SP600125 was dissolved in PPCES vehicle (30% PEG–400/20%
polypropylene glycol/15% cremophor EL/5% ethanol/30% saline) as described previously
[48], and delivered to LTED females by tail vein injection 15 minutes before ischemia at a
dose of 10 mg/kg. Controls consisted of LTED females that received a tail vein injection of
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PPCES vehicle alone 15 minutes prior to GCI (Vehicle). LTED animals that received
placebo mini-pumps only (Placebo) were also included as an additional control.

Statistical Analysis
Statistical analysis was performed using one-way or two-way analysis of variance
(ANOVA), as appropriate, followed by a Tukey-Kramer multiple comparison procedure.
Statistical significance was accepted at the 95% confidence level (P < 0.05). Data are
expressed as Mean + Standard Error (SE).

RESULTS
Long-Term Estrogen Deprivation Leads to Elevation of Basal Dkk1 and Loss of E2
Regulation in the Hippocampal CA1 Region

Since we previously showed that pre-treatment with physiological levels of E2 is able to
prevent the ischemia-induced elevation of Dkk1 [30] and that E2 neuroprotection is lost in
LTED animals [38], we sought to determine whether E2’s ability to suppress the
neurodegenerative Wnt antagonist Dkk1was also lost following surgical menopause and to
determine whether chronic loss of ovarian E2 affects basal Dkk1 expression in the
hippocampus. Dkk1 levels were examined in the hippocampal CA1 region at 24h after GCI,
a time-point that we previously found to demonstrate a robust elevation of Dkk1 after
ischemia-reperfusion [30]. As shown in Figure 1A and 1C, western blot analysis and
immunohistochemical analysis both revealed that Dkk1 was significantly elevated in the
hippocampal CA1 of short-term (STED: short-term E2-deprived) ovariectomized rats
following GCI as compared to non-ischemic sham controls, and immediate, low-dose E2
replacement was able to strongly attenuate the post-ischemic Dkk1 elevation (Fig. 1A and
Fig. 1C: a–c, STED), a finding that is in agreement with our previous study [30]. In contrast,
if E2 treatment was delayed 10 weeks following ovariectomy, and long-term E2 deprivation
(LTED) was allowed to occur, the same low-dose E2 treatment was unable to attenuate
Dkk1 elevation in the CA1 region following GCI (Fig. 1B and Fig. 1C: d–f). Intriguingly,
we also noted that basal Dkk1 expression was modestly, but significantly increased in the
hippocampal CA1 region of LTED rats as compared to STED rats (Fig. 1C: d).

Long-Term Estrogen Deprivation Leads to Diminished Basal Wnt/β-Catenin Signaling and
Loss of E2 Regulation in the CA1 Hippocampal Region

Since basal and post-ischemic E2 regulation of the Wnt antagonist Dkk1 was disrupted in
long-term ovariectomized animals, we hypothesized that Wnt/β-catenin signaling in the
hippocampal CA1 region of LTED animals would undergo equivalent changes. To test this
hypothesis, we first examined the phosphorylation state of β-catenin, as active Wnt
signaling promotes de-phosphorylation and nuclear retention of β-catenin, and
phosphorylation of β-catenin at residues Ser33, Ser37, and Thr41 by GSK-3β is known to
target it for degradation [30]. As shown in Figure 2, immunostaining of hippocampal CA1
sections revealed that low-dose E2 strongly suppressed GCI-induced elevation of phospho-
β-catenin levels in STED rats (Fig. 2A:a–c, 2B) a finding that is in agreement with our
previous study [30], but E2’s ability to prevent elevation of phospho-β-catenin levels after
GCI was lost in LTED rats (Fig. 2A: d–f, 2B). Furthermore, basal phospho-β-catenin levels
were significantly elevated in LTED as compared to STED surgically menopausal rats,
further suggesting a role for ovarian E2 in control of basal Wnt/ β-catenin signaling in the
hippocampal CA1 region (Fig. 2A:a,d, 2B).

Since survivin is a key pro-survival protein that is a transcriptional target of β-catenin, and
since we previously published that low-dose E2 is able to induce expression of survivin in
the event of GCI [30], we next decided to examine survivin expression following GCI in
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LTED rats treated with delayed E2 therapy. As shown in Fig. 3, while
immunohistochemistry and Western blot analysis revealed that low-dose E2 treatment
strongly induced survivin levels in the CA1 region 24h after GCI in STED rats (Fig. 3A:c,
B–D) a finding that confirms the results of our previous study [30], E2’s ability to enhance
survivin expression was lost in LTED rats (Fig. 3A:f, B–D). Furthermore, basal survivin
levels were significantly reduced in the hippocampal CA1 region of LTED rats as compared
to STED rats (Fig. 3A:d, B–D), a finding that corroborates the elevation of basal Dkk1 and
basal phospho-β-catenin levels in long-term ovariectomized rats (Fig. 1 and Fig. 2).
Importantly, cell counts of Dkk1-, phospho-β-Catenin-, and Survivin-immunopositive
neurons in the hippocampal CA1 showed similar patterns to those observed using intensity
analysis (data not shown).

C-Jun N-Terminal Kinase Plays a Critical Role in Ischemic Modulation of Dkk1, Survivin,
and Hippocampal Neuronal Cell Death in Long-Term Estrogen-Deprived Rats

C-Jun N-terminal kinase (JNK) has been previously implicated by our laboratory as an
upstream regulator of Dkk1 due to its ability to activate the transcription factor c-Jun by
phosphorylation [30]. We, thus, sought to determine whether JNK was a critical mediator of
the profound Dkk1 elevation and survivin depression observed in LTED rats after GCI. To
address this issue, we employed a specific JNK inhibitor, SP600125, which was
administered to LTED females via tail vein injection 15 minutes prior to GCI. Figure 4
shows that GCI led to a robust induction of neurodegenerative Dkk1 in CA1 hippocampal
neurons of LTED female rats 24 hours following ischemia-reperfusion (Fig. 4A–B:
Vehicle), and administration of the JNK inhibitor SP600125 dramatically attenuated
ischemia-induced Dkk1 elevation in LTED animals (Fig. 4A–B: SP600125). We also
examined the effect of JNK inhibition on survivin expression in ischemic LTED rats. Along
these lines, immunostaining revealed that GCI led to a profound reduction of survivin
expression in LTED animals (Fig. 4C–D: Vehicle) and that this effect was prevented by the
inhibition of JNK (Fig. 4C–D: SP600125). These findings suggest that JNK activation is
critical for the ischemia-induced elevation of neurodegenerative Dkk1 and the ischemia-
induced loss of the anti-apoptotic factor survivin in LTED female rats.

Furthermore, since inhibition of JNK prevented post-ischemic Dkk1 elevation (Fig. 4A–B)
and maintained survivin expression (Fig. 4C–D) in the CA1 region of LTED females, we
next sought to determine whether inhibition of JNK was sufficient to protect the
hippocampal CA1 region from GCI-induced cell death after chronic loss of ovarian E2. As
shown in Figure 5, administration of the JNK inhibitor SP600125 promoted robust
neuroprotection in long-term ovariectomized females. Neuronal survival was visualized in
the hippocampal CA1 via staining with the neuronal nuclear marker NeuN at 7 days post
ischemia-reperfusion (Fig. 5A). The results revealed that non-ischemic LTED animals
displayed a high number of NeuN-positive cells, indicating a dense population of healthy
neurons in the hippocampal CA1 region. In contrast, placebo- and vehicle-treated LTED
animals displayed significantly fewer NeuN-positive neurons, indicative of profound
neuronal loss following GCI (Fig. 5A–B). Of significant interest, NeuN staining of healthy
neurons was extensive in the hippocampal CA1 region of ischemic LTED animals treated
with SP600125 (Fig. 5A) and, in fact, comparable to non-ischemic sham levels (Fig. 5B),
suggesting that JNK activation also plays a critical role in mediating ischemic neuronal cell
death in the CA1 region of LTED female rats.

Natural Aging Leads to Basal Elevation of Dkk1 in the Hippocampal CA1 Region and Loss
of E2 Regulation Following GCI

In a previous study, we reported that E2 is neuroprotective in young and middle-aged rats (3
and 11 months old, respectively) but loses this effect in aged female rats (24 months old)
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[43]. We, thus, sought to determine whether natural aging, or reproductive senescence, also
leads to dysregulation of Dkk1 in the CA1 hippocampal region, and whether E2’s ability to
attenuate ischemic induction of Dkk1 is also lost in aged, reproductively senescent female
rats. Additionally, since we and others have reported that aged rats are more susceptible to
damage from GCI [43, 49–52], we sought to determine whether induction of the
neurodegenerative factor Dkk1 was associated with neuronal cell death by examining co-
localization of Dkk1 with TUNEL, a marker of DNA damage and apoptosis [53– 55]. To
address these questions, we subjected young (3-month-old) and aged (24-month-old) Fisher
344 rats to GCI one week following bilateral ovariectomy and examined immunostaining of
Dkk1 and TUNEL in hippocampal CA1 sections. As shown in Figure 6, young, non-
ischemic sham rats showed almost no Dkk1 or TUNEL staining in the CA1 region,
indicating little Dkk1 expression and very little DNA damage in the basal, non-ischemic
state (Fig. 6A:a, 6B). Examination of aged, non-ischemic rats revealed modest Dkk1 and
TUNEL staining in the CA1 region, indicative of elevated basal Dkk1 expression and
hippocampal DNA damage following aging alone (Fig. 6A:d, 6B). However, while both
Dkk1 and TUNEL appeared to be mildly elevated in the CA1 hippocampal region of non-
ischemic aged rats, Dkk1 and TUNEL staining showed little co-localization in these
animals. In contrast, GCI induced a robust increase in both Dkk1 and TUNEL staining in the
hippocampal CA1 region, and Dkk1 was highly co-localized with TUNEL-positive cells in
the CA1 region of both young and aged rats (Fig. 6A:b,e, 6B). Furthermore, while low-dose
E2 replacement immediately after ovariectomy was able to prevent CA1 hippocampal
induction of both Dkk1 and the apoptotic marker TUNEL following 10 minutes of GCI in
young rats (Fig. 6A:c), low-dose E2 replacement immediately after ovariectomy was unable
to prevent CA1 hippocampal induction of Dkk1 and TUNEL following GCI in aged rats
(Fig. 6A:f).

DISCUSSION
The current study yielded two major findings - 1) LTED (either naturally via aging or
surgically via bilateral ovariectomy) leads to dysregulation of basal Dkk1-Wnt/β-catenin
signaling in the hippocampal CA1 region of female rats, and 2) E2 loses its ability to
attenuate ischemia-induced Dkk1 elevation following LTED. With respect to the first
finding, up-regulation of basal Dkk1 and a corresponding down-regulation of basal survivin
in the hippocampal CA1 region of LTED rats could suggest that there is increased neuronal
cell death occurring after LTED in the non-ischemic state. However, immunostaining for the
neuronal marker NeuN in the hippocampal CA1 region failed to show any evidence of
increased neuronal cell death in non-ischemic LTED animals as compared to non-ischemic
STED animals (Supplemental Fig. 1). Furthermore, the modest Dkk1 elevation in the CA1
region of nonischemic aged animals did not show significant co-localization with the DNA
damage/apoptotic marker TUNEL. In contrast, the robust induction of Dkk1 observed
following GCI in aged rats was highly co-localized with TUNEL. Taken as a whole, these
findings suggest that the basal elevation of Dkk1 in LTED and aged non-ischemic rats is not
sufficient to induce neuronal cell death.

However, it is possible that basal changes in the hippocampal expression of Dkk1 and
survivin in LTED and aged non-ischemic rats may cause these animals to be more sensitive
to ischemic insults. In support of this contention, we [38, 43] and others [39, 49, 56, 57]
have reported that the LTED and aged rat hippocampus is more susceptible to damage from
global cerebral ischemia. Obviously, in regard to the current study, lower survivin levels
could make the hippocampal neurons more susceptible to ischemic stress because survivin is
known to prevent cell death by inhibiting the cleavage and, thus, activation of pro-apoptotic
caspases [42, 58–60]. Along these lines, the decrease in survivin observed in the current
study is likely due to the fact that Dkk1, as a Wnt/β-catenin pathway antagonist, prevents
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expression of critical β- catenin pro-survival genes, such as survivin. It is interesting to note
that there is also a report of basal changes in activation of cAMP response element binding
protein (CREB), Akt, and STAT3 in the hippocampal CA1 of LTED female rats [39], which
may also play a role in the observed increased sensitivity of the LTED hippocampus to
damage from GCI.

Intriguingly, Dkk1 is thought to be under transcriptional control of the stress sensor p53 [32,
61], and we have reported that p53 appears to be stabilized via acetylation in non-ischemic
LTED animals [62]. Therefore, it is possible that the modest increase we observed in basal
Dkk1 levels following LTED could be due to enhanced p53-mediated transcription of Dkk1
in the absence of ischemic stress. Once ischemia occurs, however, Dkk1 is then dramatically
elevated above the threshold required to induce cell death. We propose that this event occurs
due to robust activation of the pro-death JNK/c-Jun signaling cascade, which ultimately
leads to neuronal apoptosis in the hippocampal CA1 region following GCI. Along these
lines, Dkk1 is also thought to be under transcriptional control of c-jun [32, 63], and we
hypothesized that JNK/c-jun activation might be responsible for the dramatic, post-ischemic
elevation of Dkk1. In support of these contentions, we demonstrated that inhibition of JNK
strongly attenuates GCI-induced Dkk1 elevation, survivin depression, and neuronal
apoptosis in the CA1 region of LTED rats. Thus, in the current study, we provide evidence
that JNK/c-jun activation plays a critical role in the regulation of Dkk1 and survivin and the
resultant hippocampal neuronal cell death in LTED animals after GCI.

The second major finding of the current study was that the ability of E2 to modulate Dkk1/
Wnt-β-catenin signaling is lost in LTED rats. As such, the loss of E2’s ability to regulate
Dkk1 and Wnt-β-catenin signaling after prolonged hypoestrogenicity may help explain
previous reports that LTED is associated with a loss of E2 neuroprotection in the
hippocampal CA1 region following GCI [38, 43]. Since Dkk1 has been found to be elevated
in human neurodegenerative disorders, such as stroke and Alzheimer’s disease, the current
findings, if applicable to humans, could also help explain the doubled lifetime risk of
dementia and 5-fold increase in mortality from neurological disorders in women who enter
menopause prematurely due to bilateral oophorectomy [15–17, 64]. Furthermore, E2’s
inability to suppress ischemiainduced Dkk1 following LTED supports the critical period
hypothesis of E2 replacement [21, 24], which holds that E2 replacement must be initiated at
peri-menopause to be beneficial. Along these lines, this observation could also help shed
light on the unexpected negative results of the WHI study, which suggested that oral
hormone replacement therapy led to an increased risk of ischemic stroke and dementia in
postmenopausal women aged 65 and older [18, 19], and provide critical support for the
implementation of perimenopausal, transdermal E2 replacement.

In conclusion, LTED, either through models of surgical menopause or age-related
reproductive senescence, appears to have detrimental effects on the CA1 region of the
hippocampus. The ability of low-dose E2 to protect the CA1 region from global cerebral
ischemia is lost following prolonged E2 deprivation, and CA1 hippocampal neurons also
appear to undergo unfavorable changes during chronic loss of ovarian E2. These changes
include: 1) upregulation of neurodegenerative Dkk1, 2) phosphorylation of β-catenin, and 3)
down-regulation of survivin, all of which may predispose hippocampal neurons to apoptosis
following a stressor, such as cerebral ischemia. Importantly, the current study showed that
early, but not delayed, E2 replacement maintained pro-survival Wnt/β-catenin signaling in
the hippocampus after LTED, a finding that is consistent with both the critical period
hypothesis and healthy cell bias of E2 replacement [15, 16, 21, 23, 24, 65, 66]. Finally, since
the Wnt antagonist Dkk1 has been implicated in the pathophysiology of several
neurodegenerative diseases [25–29, 67, 68], pharmacological inhibition of Dkk1 may yield a
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new avenue for the treatment of neurodegenerative disease, which should be further
explored.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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GCI Global Cerebral Ischemia

Fzd Frizzled

GSK3β Glycogen Synthase Kinase 3β

HRT Hormone Replacement Therapy
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HIGHLIGHTS

Hippocampal Dkk1 is elevated after long-term ovariectomy and natural aging.

Hippocampal Wnt signaling is impaired following chronic loss of ovarian estradiol.

Delayed estradiol replacement can no longer suppress Dkk1 or induce Wnt signaling.

C-Jun-N-Terminal Kinase is a critical mediator of post-ischemic Dkk1 elevation.

These findings support the critical period hypothesis of estrogen replacement.
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Figure 1. Long-Term Estrogen Deprivation Leads to Loss of Estradiol Suppression of
Neurodegenerative Dkk1 in CA1 Hippocampal Neurons
(A) Western blotting shows Dkk1 expression 24 hours post global cerebral ischemia in total
CA1 hippocampal lysates of animals treated with placebo (Pla) or low-dose estradiol (E2)
immediately following ovariectomy (STED). Quantifications of band densities (Means +
SE, n = 3–6 animals per group) are expressed as densitometric ratios of Dkk1 to -Tubulin.
(B) Western blotting shows Dkk1 expression 24 hours post global cerebral ischemia in total
CA1 hippocampal lysates of long-term E2-deprived (LTED) female rats treated with
placebo (Pla) or low-dose estrogen (E2) 10 weeks following bilateral ovariectomy.
Quantifications of band densities (Means + SE, n = 3–4 animals per group) are expressed as
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densitometric ratios of Dkk1 to -Tubulin. (C) Representative DAB staining (top)
demonstrates Dkk1 expression in the CA1 region 24 hours post global cerebral ischemia.
Quantitative summary (Bottom, Means + SE, n = 4–6 animals per group) indicates the raw
integrated density of Dkk1 immunostaining in the medial CA1. * = p < 0.05 compared to
Sham; # = p < 0.05 compared to Placebo; ^ = p < 0.05 compared to STED E2. Magnification
= 20X; Scale bar = 50µm.
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Figure 2. Long-Term Estrogen Deprivation Promotes Phosphorylation of β-Catenin
(A) Representative DAB staining demonstrates expression of β-catenin phosphorylated at
Ser33, Ser37, and Thr41 24 hours post global cerebral ischemia. (B) Quantification (Means
+ SE, n = 4–6 animals per group) shows the raw integrated density of phospho-β-catenin
immunostaining in the medial CA1. * = p < 0.05 compared to STED Sham; # = p < 0.05
compared to Placebo; ^ = p < 0.05 compared to STED E2. Magnification = 20X; Scale bar =
50µm.
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Figure 3. Delayed Estrogen Replacement Following Ovariectomy Fails to Induce Survivin
Expression in CA1 Hippocampal Neurons
(A) Representative DAB staining demonstrates survivin expression in the hippocampal CA1
region 24 hours post ischemia-reperfusion. (B) Quantitative summary of data (Means + SE,
n = 4–6 animals per group) displays the raw integrated density of survivin immunostaining
in the medial CA1. (C) Western blotting of survivin present in total CA1 hippocampal
lysates corroborates DAB staining and is compared to α-Tubulin. (D) Quantification of
Western blotting via densitometric band analysis is expressed as ratio of Survivin to -
Tubulin (Means + SE, n = 4–6 animals per group). * = p < 0.05 compared to STED Sham; #
= p < 0.05 compared to Placebo; ^ = p < 0.05 compared to STED E2; Magnification = 10X;
Scale bar = 50µm
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Figure 4. JNK is required for Ischemia-Induced Elevation of Dkk1 and Loss of Survivin in
Long-Term Estrogen-Deprived Female Rats
Representative DAB staining demonstrates Dkk1 (A) or Survivin (C) expression in CA1
hippocampal neurons of LTED female rats 24 hours following ischemia-reperfusion. The
JNK inhibitor SP600125 was administered 15 minutes prior to ischemia via tail vein
injection (10mg/kg in PPCES Vehicle). Controls consisted of LTED females that received a
tail vein injection of PPCES alone 15 minutes prior to GCI (Vehicle). Quantification (Means
+ SE, n = 4–6 animals per group) displays raw integrated density of Dkk1 (B) or Survivin
(D) immunostaining in the medial CA1. * = p < 0.05 compared to Sham; # = p < 0.05
compared to Vehicle (PPCES alone). Magnification = 20x; Scale bar = 50µm.
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Figure 5. The JNK Inhibitor SP600125 is Neuroprotective in the Hippocampal CA1 Region of
Long-Term Estrogen-Deprived Female Rats Following Global Cerebral Ischemia
(A) The JNK inhibitor SP600125 was administered 15 minutes prior to ischemia via tail vein
injection (10mg/kg in PPCES Vehicle). Controls consisted of LTED females that received a
tail vein injection of PPCES alone (Vehicle) and LTED Placebo females that did not receive
a tail vein injection (Placebo). Typical photomicrographs of hippocampal CA1 region
depicting NeuN staining 7 days following ischemia-reperfusion in LTED females are
shown. (B) Quantitative summary of data (Means + SE, n = 6 animals per group) shows the
number of surviving neurons per 250 µm of medial CA1 expressed as % of Sham. NeuN-
positive pyramidal cells showing intact, round nuclei were counted as surviving cells.
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Magnification = 40X; Scale bar = 50 µm. * p < 0.01 vs. sham; # p < 0.05 vs. Vehicle
(PPCES alone) and Placebo.
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Figure 6. Neurodegenerative Dkk1 Co-Localizes with the Apoptotic Marker TUNEL in CA1
Hippocampal Neurons After Global Cerebral Ischemia in Aged, Reproductively Senescent
Female Rats
(A) Representative photomicrographs depicting Dkk1 (green) and TUNEL (red) expression
in the hippocampal CA1 7 days (Young) and 3 days (Aged) following global cerebral
ischemia. (B) Quantitative summary of data (Means + SE, n = 5–7 animals per group)
indicates the number of neurons expressing both Dkk1 and TUNEL per 250µm medial CA1.
* = p < 0.05 compared to Young Sham; # = p < 0.05 compared to Placebo; ^ = p < 0.05
compared to both Young E2. Magnification = 40X; Scale bar = 50µm.
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