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Survivin Is a Transcriptional Target of STAT3 Critical to
Estradiol Neuroprotection in Global Ischemia

Yoshihide Sehara, Kirsty Sawicka, Jee-Yeon Hwang, Adrianna Latuszek-Barrantes, Anne M. Etgen,
and R. Suzanne Zukin
Dominick P. Purpura Department of Neuroscience, Albert Einstein College of Medicine, Bronx, New York 10461

Transient global ischemia causes selective, delayed death of hippocampal CA1 pyramidal neurons in humans and animals. It is well
established that estrogens ameliorate neuronal death in animal models of focal and global ischemia. However, the role of signal trans-
ducer and activator of transcription-3 (STAT3) and its target genes in estradiol neuroprotection in global ischemia remains unclear. Here
we show that a single intracerebral injection of 173-estradiol to ovariectomized female rats immediately after ischemia rescues CAl
neurons destined to die. Ischemia promotes activation of STAT3 signaling, association of STAT3 with the promoters of target genes, and
STAT3-dependent mRNA and protein expression of prosurvival proteins in the selectively vulnerable CAl. In animals subjected to
ischemia, acute postischemic estradiol further enhances activation and nuclear translocation of STAT3 and STAT3-dependent transcrip-
tion of target genes. Importantly, we show that STAT3 is critical to estradiol neuroprotection, as evidenced by the ability of STAT3
inhibitor peptide and STAT3 shRNA delivered directly into the CA1 of living animals to abolish neuroprotection. In addition, we identify
survivin, a member of the inhibitor-of-apoptosis family of proteins and known gene target of STAT3, as essential to estradiol neuropro-
tection, as evidenced by the ability of shRNA to survivin to reverse neuroprotection. These findings indicate that ischemia and estradiol
act synergistically to promote activation of STAT3 and STAT3-dependent transcription of survivin in insulted CA1 neurons and identify

STAT3 and survivin as potentially important therapeutic targets in an in vivo model of global ischemia.

Introduction

Transient global ischemia arises as a consequence of cardiac ar-
rest, cardiac surgery, profuse bleeding, near-drowning, and car-
bon monoxide poisoning and causes selective, delayed death of
hippocampal CA1 pyramidal neurons and cognitive deficits in
humans and animals (Liou et al., 2003; Moskowitz et al., 2010;
Ofengeim et al., 2011). There are still remarkably few safe and
effective treatments to reduce the neurodegeneration and cogni-
tive dysfunction associated with global ischemia. 17B-estradiol,
the primary estrogen produced and secreted by the ovaries, influ-
ences development, growth, differentiation, maturation, and
function of various tissues, including brain (Blaustein, 2012;
Kelly and Reonnekleiv, 2012; McEwen et al., 2012). It is well es-
tablished that endogenous and exogenous estrogens exert pro-
found neuroprotective effects in animal models of focal and
global ischemia (Lebesgue et al., 2009; Etgen et al., 2011; Brann et
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al., 2012). Estradiol can afford neuroprotection when adminis-
tered chronically for 1-2 weeks before ischemia or by a single
(acute) injection delivered after the ischemic event. Whereas the
molecular mechanisms underlying neuroprotection by chronic
estradiol are well studied (Scott et al., 2012), the precise mecha-
nisms underlying neuroprotection by acute estradiol in global
ischemia are, as yet, unclear.

Signal transducer and activator of transcription-3 (STAT3) is
a member of the STAT protein family of transcription factors,
which coordinate and integrate signals from extracellular stimuli
and play a pivotal role in growth and differentiation in a variety of
cell types (Horvath, 2000; Reich and Liu, 2006). In postmitotic
cells such as neurons, STAT3 is quiescent (Bromberg and Dar-
nell, 2000), but can be activated by phosphorylation at Tyr705 in
response to cytokines, growth factors, and hormones such as
estradiol (Horvath, 2000). Upon phosphorylation, STAT3
dimerizes and translocates to the nucleus, where it serves as a
dynamic, sensitive molecular on-off switch for transcription of
target genes (Reich and Liu, 2006). STAT3 is also activated in
response to injurious stimuli and may play an important role in
neuronal survival (Dziennis and Alkayed, 2008). STAT3 regu-
lates transcription of an array of prosurvival target genes such as
Bcl-xL, Bcl2, manganese-containing superoxide dismutase (Mn-
SOD), and survivin (Stephanou et al., 2000; Gritsko et al., 2006;
Jung et al., 2009).

Survivin is a member of the prosurvival inhibitor-of-apoptosis
protein family, which act upstream of the caspase death cascade to
prevent caspase activation and downstream of caspase cleavage to
bind and inhibit activated caspases, thereby halting apoptotic cell
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Figure 1.

death (Altieri, 2008; Baratchi et al., 2010). Inhibitor-of-apoptosis
proteins inhibit not only caspase-dependent but also caspase-
independent cell death (Gyrd-Hansen and Meier, 2010). Com-
pelling data support additional roles for survivin in brain
development, neurogenesis, and synaptic plasticity (Jiang et al.,
2005; Coremans et al., 2010; Iscru et al., 2013). The present study
was undertaken to examine the possibility that STAT3 and its
downstream target survivin are key mediators of estradiol neuro-
protection in the hippocampal CA1 in an in vivo model of global
ischemia. The identification of potential therapeutic targets is
critical for the development of novel strategies for the treatment
of the neurological sequelae associated with global ischemia.

Materials and Methods

Ovariectomy and global ischemia. Six-week-old female Sprague Dawley
rats weighing 150—200 g (Charles River) at the time of ischemic insult
were maintained in a temperature- and light-controlled environment
and were treated in accordance with the principles and procedures of the
National Institutes of Health Guidelines for the Care and Use of Labora-
tory Animals. All protocols were approved by the Institutional Animal
Care and Use Committee of the Albert Einstein College of Medicine. Two
weeks after bilateral ovariectomy, animals were subjected to transient
global ischemia by four-vessel occlusion (10 min), followed by reperfu-
sion, as described previously (Miyawaki et al., 2009). Briefly, on the day
before ischemia induction, rats were anesthetized with isoflurane (4%
induction, 1.5% maintenance, v/v) in a mixture of N,:0, (70:30) deliv-
ered by a Vapomatic anesthetic vaporizer. The vertebral arteries were
permanently occluded by electrocauterization, the common carotid ar-
teries were exposed through a ventral midline neck incision and isolated
with 3—0 silk ligatures, and the wound was closed. Rats were fasted over-
night and anesthetized the next day. The wound was reopened, and the
carotid arteries were occluded with nontraumatic aneurysm clips (10
min). In all cases, anesthesia was discontinued immediately after ini-
tiation of occlusion. The anesthesia was initiated again just after the
aneurysm clips were removed and maintained until the intracerebro-
ventricular injections were complete (see below). After removal of
clips, the arteries were visually inspected to ensure adequate flow.
Body temperature was maintained at 37.5 £ 0.5°C with a rectal ther-
mostat and heat lamp until recovery from anesthesia. Animals that
failed to recover within 30 min were excluded from the study (~4%).
Animals that failed to show complete loss of the righting reflex and
dilatation of the pupils 2 min after occlusion was initiated until the
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Global ischemia induces a marked increase in phosphorylation of STAT3 at Tyr705 in CA1. A, Top, Representative Westerns
showing STAT3 and p-Tyr705-STAT3 in the cytoplasm of CAT at times after global ischemia in ovariectomized female rats. Bottom, Sum-
mary data. p-Tyr705-STAT3 was maximal in the cytoplasm at 3 h and remained elevated as late as 48 h after ischemia (n = 5 per time
point). B, Top, Representative Westerns showing STAT3 and p-Tyr705-STAT3 in the nucleus of CA1 at times after global ischemia. Bottom,
Summary data. p-Tyr705-STAT3 was maximal in the nucleus at 24 h, after which it declined to near control values (n = 5 per time point).
ANOVA followed by Tukey. Data represent mean == SEM; ***p < 0.001; *p << 0.05. n.s., Not significant.

mm below the skull surface as described previ-
ously (Jover-Mengual et al., 2010). A total of 5 ul
was injected at a rate of 1 ul/min, and then the
needle was left in place for 1 additional minute.
Animals were injected with either B-cyclodextrin
encapsulated estradiol (Sigma) dissolved in ster-
ile saline (corresponding to 2.3 ug of free estra-
diol) or vehicle (B-cyclodextrin in saline) and
either STAT3 inhibitor peptide (Calbiochem, 67
pmol) dissolved in sterile saline or saline.
Histology and Fluoro-Jade labeling. Seven
days after global ischemia, rats were transcardially perfused using 0.9%
saline with heparin followed by ice-cold 4% paraformaldehyde (w/v) in
PBS. Brains were removed, placed in formalin at 4°C overnight, fixed in
30% sucrose in PBS at 4°C for 48 h, and then frozen at —80°C. Coronal
sections (20 wm) were cut at the level of dorsal hippocampus (3.3—4.0
mm posterior from bregma) with a cryotome, and four sections per
animal at 140 wm intervals were mounted and stained with toluidine
blue or Fluoro-Jade. The processing of brain sections for Fluoro-Jade
labeling involves potassium permanganate, which quenches all fluores-
cence, including green fluorescent protein (GFP). Thus, eGFP does not
interfere with the Fluoro-Jade signal (Liu et al., 2004). Viable neurons per
250 wm length of medial, middle, and lateral sectors of the CA1 subfield
of the left or right hippocampus were counted in four sections per animal
under a light microscope at 40X magnification at 7 d after ischemia.
Counts of surviving neurons were averaged to provide a single value
(number of neurons/250 um length) for each animal. All cell counts were
performed by an investigator who was blind to the animal’s treatment.
Western blotting. Western blot analysis was performed as described
previously (Jover-Mengual et al., 2007). In brief, brains were removed
from experimental and control animals at various times after ischemia or
sham surgery, hippocampi were rapidly dissected, and transverse slices of
dorsal hippocampus (1 mm) were cut with a Mcllwain tissue chopper.
The CA1 subfields were microdissected and placed in ice-cold PBS sup-
plemented with a 1% (v/v) mixture of protease and phosphatase inhibi-
tors (Sigma). Tissue was homogenized in homogenization buffer (20 mm
HEPES, 1 mm MgCl,, 2 mm EGTA, 1 mum dithiothreitol, and 320 mm
sucrose, supplemented with a 1% mixture of protease and phosphatase
inhibitors). The lysate was centrifuged at 1000 ¢ (10 min at 4°C) to
separate the cytoplasmic (supernatant) and nuclear (pellet) fractions.
Protein concentration was determined by BCA protein assay kit (Pierce).
Aliquots of protein (30—40 ug) were run on SDS/PAGE gels (4—20%,
w/v), transferred to a nitrocellulose membrane, and probed with anti-
body [anti-STAT3, 1:1000 (Cell Signaling Technology); anti-phospho-
STAT3 (Tyr 705), 1:1000 (Cell Signaling Technology); anti-Bcl-xL
1:1000 (Cell Signaling Technology); anti-Mn-SOD 1:1000 (Cell Signal-
ing Technology); anti-survivin 1:1000 (Cell Signaling Technology); anti-
a-tubulin 1:10,000 (Sigma); anti- B-actin 1:10,000 (Sigma); anti-histone
H31:10,000 (Cell Signaling Technology)]. Band density values were nor-
malized to B-actin (cytoplasmic samples) or histone H3 (nuclear sam-
ples). Phospho-STAT3 only was normalized to total STAT3.
Quantitative reverse transcription-PCR. Hippocampi were rapidly dis-
sected and the CA1l subfields microdissected (see above). Tissue was
placed in ice-cold PBS, and RNA was extracted using TRIzol reagent
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(Invitrogen). RNA concentration was mea-
sured by means of a NanoDrop 2000 (Thermo
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Figure 2.  Estradiol elevates phosphorylation of STAT3 in postischemic CA1. 4, Top, Representative Westerns showing STAT3
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animals, we cloned shRNA in the pcDNATM
6.2-GW/EmGFP expression vector into self-
inactivating lentiviral pRRLsin.cPPT.CMV.eGF-
P.Wpre (Miyawaki et al., 2009; Noh et al., 2012)
to generate STAT3, survivin, and NT shRNA
transfer constructs. High-titer vesicular stomati-
tis virus-pseudotyped lentiviral stocks were pro-
duced in HEK293T cells (Miyawaki et al., 2009;
Noh et al., 2012). In brief, cells were trans-
fected with pRRL.PPT.hCMV.GFP.shRNA.
Whpre transfer construct, pMDLg/pRRE, and
pRSV-REV packaging constructs, and the en-

and p-Tyr705-STAT3 in the cytoplasm of CA1 at 3 h after global ischemia. Bottom, Summary data. Estradiol (E2) did not detectably
alter p-Tyr705-STAT3 in sham-operated animals. In contrast, at 3 h afterischemia, estradiol markedly increased p-Tyr705-STAT3 in
the cytoplasm versus that of vehicle-treated ischemic animals (2.28-fold increase vs ischemia, vehicle-infused; n = 5 per group).
B, Top, Representative Westerns showing STAT3 and p-Tyr705-STAT3 in the nucleus of CA1 at 3 h after global ischemia. Bottom,
Summary data. At 3 h after ischemia, estradiol did not detectably alter p-Tyr705-STAT3 in the nucleus of CA1 versus that of
vehicle-treated ischemic animals (n = 5 per group). C, Top, Representative Westerns showing STAT3 and p-Tyr705-STAT3 in the
cytoplasm of CA1 at 48 h after global ischemia. Bottom, Summary data. At 48 h after ischemia, estradiol did not detectably alter
p-Tyr705-STAT3 in the cytoplasm of CAT versus that of vehicle-treated ischemic animals (n = 5 per group). D, Top, Representative
Westerns showing STAT3 and p-Tyr705-STAT3 in the nucleus of CA1 at 48 h after global ischemia. Bottom, Summary data. At 48 h
afterischemia, estradiol markedly increased p-Tyr705-STAT3 in the nucleus versus that of vehicle-treated ischemic animals (2.75-
fold increase vs ischemia, vehicle-infused; n = 5 per group). ANOVA followed by Tukey. Data represent mean == SEM; ***p <
0.001;**p < 0.01; *p < 0.05.

velope protein construct pMD2.G by means of

calcium phosphate. To determine viral titers, we transduced N2A cells
with serial dilutions of concentrated lentivirus and evaluated GFP
fluorescence by flow cytometry at 48 h, after concentration by ultra-
centrifugation, as described previously (Miyawaki et al., 2009). Titers
were 1 X 10% (STAT3 and survivin shRNA) and 1.8 X 10% (NT
shRNA) transducing units per milliliter after 200-fold concentration
of vector supernatant.

RNAi-mediated STAT3 and survivin silencing. For in vivo experiments,
STATS3, survivin, or NT shRNA was delivered into the hippocampus by
stereotaxic injection 14 d before global ischemia or sham surgery as de-
scribed previously (Noh et al., 2012). In brief, rats were placed in a
stereotaxic frame and anesthetized with isoflurane (see above). Concen-
trated viral solution (4.0 ul) was injected into the right (NT shRNA) and
left (STAT3 or survivin shRNA) hippocampus (3.0 mm posterior and 2.0

mm lateral to bregma, 4.0 mm below the skull surface) using a 34 gauge
needle and a Hamilton syringe at a flow rate 0.2 ul min ~'. The needle
was left in place for an additional 5 min and then gently withdrawn. We
subjected rats to global ischemia or sham surgery 14 d later and killed
them for histology experiments 7 d after ischemia. We assessed GFP
fluorescence in brain sections at the level of the dorsal hippocampus at
that time, 21 d after shRNA injection. Sections were viewed and images
were acquired through a Zeiss DUO V2 laser scanning confocal fluores-
cence microscope. GFP-positive cells were prominent in brain sections
ranging from 0.30 mm rostral to +0.30 mm caudal to the injection site.

Chromatin immunoprecipitation assay. The CA1 subfields were micro-
dissected 48 h after reperfusion and immersed in 1% formaldehyde (30
min at room temperature) to cross-link transcription factors to DNA as
described previously (Calderone et al., 2003). The cross-linking reaction
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STATS3 peptide inhibitor blocks estradiol neuroprotection. A, B, Representative images of toluidine blue (4) and Fluoro-Jade staining (B) of CA1 pyramidal neurons from rats injected

intracerebroventricularly with estradiol (E2) (2.3 wg) or vehicle in the presence of STAT3 peptide inhibitor (67 pmol) or vehicle, at 7 d after sham or global ischemia surgery. Scale bars: low
magnification, 500 m; higher magpnification, 50 um. so, Stratum oriens; sp, stratum pyramidale; sr, stratum radiatum. C, Quantification of surviving CAT pyramidal neurons (n = 5 per group) as
assessed by toluidine blue staining. Acute estradiol administration partially rescued global ischemia-induced neuronal death and this neuroprotective effect was blocked by administration of
STAT3 peptide inhibitor. ANOVA followed by Tukey. Data represent mean = SEM; ***p << 0.001. n.s., Not significant.

was stopped by addition of glycine (final concentration 0.125 m). The
samples were lysed and sonicated to afford chromosomal DNA in the
range of 300 bp. Aliquots of chromatin were diluted with chromatin
immunoprecipitation (ChIP) dilution buffer (167 mm NaCl, 16.7 mm
Tris-HCI, 1.2 mm EDTA, 0.01% SDS, 1.1% Triton X-100) to a final
volume of 1 ml, and an aliquot of pre-immunoprecipitated chromatin
(“input,” 80 pl) was saved. Samples of chromatin were precleared with
Dynabeads M-280 sheep anti-rabbit IgG (Invitrogen) and immunopre-
cipitated with antibody (10 ug of anti-STAT3). Immunocomplexes were
collected on the Dynabeads and eluted with elution buffer (50 mm Tris,
10 mm EDTA, 1% SDS). After elution, samples of DNA were treated with
proteinase K (Qiagen) and purified by means of a PCR purification kit
(Qiagen). Survivin, Bcl-xL, and Mn-SOD promoter abundance was
quantified by real-time PCR using gene-specific primers and SYBR
green. The real-time PCR ChIP data were analyzed as were the mRNA
data, except that ChIP data were normalized to input rather than to
B-actin.

Statistical analysis. All results are expressed as mean = SEM. Data
analysis was performed using GraphPad Prism 6.00. Statistical compar-
isons among groups were conducted using one-way ANOVA with
Tukey’s post hoc for multiple comparisons (Figs. 1-4, 6—8) or Student’s
unpaired, two-tailed ¢ test (Fig. 5). Statistical significance was defined as
p<0.05.

Results

Ischemia promotes phosphorylation and nuclear
translocation of STAT3

We first examined the impact of global ischemia on STAT3 phos-
phorylation in the selectively vulnerable hippocampal CA1. Toward
this end, ovariectomized female rats were subjected to a clinically-
relevant model of global ischemia or sham operation, and STAT3
abundance and phosphorylation status were assessed in the cyto-
plasmic and nuclear fractions of CAl at times after ischemia. In
sham-operated (control) animals, STAT3 was abundant, but phos-
phorylation of STAT3 at Tyr705 (p-STAT3) was undetectable in
either the cytoplasmic (Fig. 1A) or nuclear (Fig. 1B) fractions, as
assessed by Western blot analysis. Ischemia induced a striking, but
transient, increase in phosphorylation of STAT3 at Tyr705, with

little or no change in total STAT3 abundance. In the cytoplasm,
phosphorylation of STAT3 at Tyr705 was maximal by 3 h, after
which it declined to near control values (Fig. 1A). In the nucleus,
phosphorylation of STAT3 was maximal by 24 h (Fig. 1B). These
findings indicate that phosphorylation of STAT3 at Tyr705 is in-
creased in both the cytoplasm and nucleus in response to ischemia,
with a delay in the nucleus, where it acts on target genes. These
findings are consistent with the possibility that ischemia induces
phosphorylation of STAT3 at Tyr705 in the cytoplasm, followed by
nuclear translocation of p-STATS3.

Estradiol enhances and STAT3 peptide inhibitor blunts
phosphorylation of STAT3 in the nucleus of insulted neurons
We next examined the impact of estradiol on STAT3 phosphor-
ylation in postischemic CA1 neurons. Toward this end, rats were
subjected to global ischemia or sham operation, and a single,
acute injection of 17B-estradiol or vehicle was administered im-
mediately after ischemia in the presence or absence of a highly
specific peptide inhibitor of STAT3 (Turkson et al., 2001). Estra-
diol did not detectably alter the abundance or phosphorylation
status of STAT3 at Tyr 705 in the cytoplasm (Fig. 2A) or nucleus
(Fig. 2B) of sham-operated animals. By 3 h after ischemia, estra-
diol markedly increased the phosphorylation status of STAT3 at
Tyr705 in the cytoplasm (Fig. 2A), but not the nucleus (Fig. 2B),
relative to that of animals subjected to ischemia alone. By 48 h
after ischemia, the phosphorylation status of STAT3 at Tyr705
was slightly, but not significantly, increased in the cytoplasm (Fig.
2C), but was markedly increased in the nucleus (Fig. 2D) of CAl
cells. The STAT3 inhibitor peptide reversed estradiol-induced
STAT3 phosphorylation in the cytoplasm and the nucleus at 3
and 48 h after ischemia, the only time points examined (Fig.
2A-D). The finding that estradiol-induced phosphorylation of
STATS3 in the cytoplasm precedes that in the nucleus by many
hours suggests that p-STAT3 is phosphorylated in the cytoplasm
and then translocates to the nucleus in postischemic CAl neu-
rons. The finding that the STAT3 inhibitor peptide markedly



12368 - J. Neurosci., July 24, 2013 - 33(30):12364 12374

A ShRNA B

N
—‘S’LTR HRRE MCPPTH cMV >GFP QWPREHE‘—
4

Non-Targeting shRNA AAATGTACTGCGCGTGGAGAC
STAT3 shRNA-1 TAGTGAAGAAGTTCACGTTCT
STAT3 shRNA-2 TTCACAAGGTCGATGATATTG

CA1, 7d

CA1, 7d
NT shRNA

Sham

‘
N

Ischemia

NT shRNA
S a

h
wa“ W %

Figure 4.

WSWWQ&?#&

Ischemiay %

Sehara et al. e Survivin Is Critical for Estradiol Neuroprotection

Hippocampal neurons

C) @ N ¥
R T
IL-6 - + - + - o+ - o+ kDa
STATI P e e e e e e | 86

p-STAT3 (Tyr705) pp = S —— ey —— w— — == { 86

B-actin P> S ——————— { 42

CA1, 7d eex
STAT3 shRNA
2 @ 80 N.Sakkk ks
g 60
5.
2E
zg
s o
3 =~ 20
=3
’ ° y &
r &
ST ST
F FF £K2,2
WO
S S N
RGN
X
QQ ‘bé\“ \egé\x\eov )8:1'
AN W~ NS
9 &
STAT3 shRNA NT shRNA STAT3 shRNA

(EENIE
+E2

Knockdown of STAT3 blocks estradiol neuroprotection. 4, Schematic of the shRNA lentiviral transfer vector and shRNA sequences used. B, shRNA was transduced into rat hippocampal

primary culture neurons for 7 d. Transduction of STAT3 shRNA-1 (but not shRNA-2) decreased endogenous STAT3 expression in neurons by 70 — 80%. C, Representative images of CA1 treated with
STAT3 shRNA-17 d after ischemia. The GFP fluorescence was prominent in neurons, but not in other cell types. Afterinduction of ischemia, GFP fluorescence declined, in parallel with neuronal death.
D, Representative images of toluidine blue staining of CA1 pyramidal neurons at 7 d after reperfusion. Scale bars: low magnification, 500 pum; higher magnification, 50 m. so, Stratum oriens; sp,
stratum pyramidale; sr, stratum radiatum. E, Quantification of surviving pyramidal neurons in CA1 at 7 d after reperfusion illustrated in D (n = 5 per group). Animals subjected to global ischemia,
followed by vehicle injection, exhibited pronounced (~90%) neuronal loss of pyramidal neurons in the right CA1 (expressing NT shRNA) and left CA1 (expressing STAT3 shRNA) compared with
sham-operated controls (p << 0.001). Animals subjected to global ischemia followed by estradiol (E2) had significantly higher numbers of surviving pyramidal neurons (~50%) in the right
CA1-expressing NT shRNA than in the left CA1-expressing STAT3 shRNA. F, Representative images of Fluoro-Jade staining of CA1 degenerating pyramidal neurons at 7 d after reperfusion.
Scale bar, 50 um. ANOVA followed by Tukey. Data represent mean = SEM; ***p << 0.001. n.s., Not significant.

inhibited both ischemia- and estradiol-induced phosphorylation
of STAT3 is consistent with the notion that it directly binds
STATS3 and prevents STAT3 phosphorylation at Tyr705 (Turk-
son et al., 2001).

STATS3 inhibitor peptide blocks estradiol neuroprotection

The results thus far show that estradiol stimulates phosphoryla-
tion of STAT3 but do not address the issue of whether STAT3 is
critical to estradiol neuroprotection in global ischemia. STAT3 is
implicated in estradiol neuroprotection in older female rats sub-
jected to global ischemia (De Butte-Smith et al., 2012) and other
models of neuronal death (Dziennis et al., 2007). To address this
issue, we undertook two experimental approaches. First, we ex-
amined the effect of the cell-permeable STAT3 inhibitor peptide
on estradiol neuroprotection in an in vivo model of global isch-
emia. Toward this end, we subjected animals to global ischemia
or sham operation and administered a single, acute injection of
17B-estradiol or vehicle in the presence or absence of STAT3

inhibitor peptide immediately after ischemia. Surviving CA1 py-
ramidal neurons were counted 7 d after ischemia. In animals
treated with vehicle, global ischemia induced pronounced neu-
ronal death of CAl pyramidal neurons relative to vehicle-
injected, sham-operated animals, as assessed by toluidine blue
staining (Fig. 3A, C) or Fluoro-Jade labeling (Fig. 3B). Estradiol
afforded robust protection of postischemic CA1 neurons (Fig.
3C). STAT3 inhibitor peptide markedly attenuated estradiol neu-
roprotection in animals subjected to global ischemia (Fig. 3A-C),
but had little or no effect on neuronal survival in sham-operated
animals (data not shown).

Knockdown of STAT3 blocks estradiol neuroprotection

As a parallel and complementary approach, we took advantage of
RNAi-mediated gene silencing and the lentivirus expression sys-
tem for in vivo delivery of STAT3 shRNA into the CA1. To eval-
uate the efficacy of STAT3 shRNA, we expressed two different
STAT3 shRNA constructs in primary cultures of hippocampal
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neurons (Fig. 4A). Transduction of STAT3 shRNA-1 was more
effective than shRNA-2 and decreased endogenous STAT3 ex-
pression in neurons by 70 to 80% (Fig. 4B). We used shRNA-1 for
all in vivo experiments. To evaluate the efficacy of lentivirus ex-
pression in vivo, we first monitored GFP expression in the right
and left CAl in brain sections ranging from 0.30 mm rostral to
0.30 mm caudal to the injection site (Fig. 4C). GFP fluorescence
was prominent in the CAl pyramidal cell layer, which contains
~95% pyramidal neurons.

We next examined the impact of STAT3 shRNA on estradiol
neuroprotection in an in vivo model of global ischemia. Toward
this end, we injected nontargeting (NT) shRNA directly into the
right CA1 and STAT3 shRNA-1 directly into the left CA1 ofliving
rats and 14 d later, subjected rats to global ischemia or sham
operation. A single, acute injection of 173-estradiol or vehicle
was administered immediately after reperfusion. Animals sub-
jected to global ischemia, followed by vehicle injection, exhibited
pronounced (~90%) neuronal loss of pyramidal neurons in the
right CA1 (expressing NT shRNA) and left CAl (expressing
STAT3 shRNA), relative to that of sham-operated controls as
assessed by toluidine blue staining (Fig. 4 D,E). Animals sub-
jected to global ischemia followed by estradiol had significantly
higher numbers of surviving pyramidal neurons (~50%) in the
CAl-expressing NT shRNA versus the CAl-expressing STAT3
shRNA (Figure 4 D, E). Similarly, Fluoro-Jade labeling of degen-
erating neurons showed reduced cell death in the right CA1 (NT
shRNA) compared with the left CA1 (STAT3 shRNA) (Fig. 4F).
These findings indicate that the neuroprotective actions of estra-
diol were abolished by knockdown of STAT3 in the CA1 pyrami-
dal cell layer.

STAT3 promotes active transcription of survivin in
hippocampal neurons

The results thus far indicate that ischemia promotes and estradiol
enhances STAT3 phosphorylation in the nucleus of CA1 pyrami-
dal neurons, but do not address the impact of ischemia on asso-
ciation of STAT3 with its target genes. To address this issue, we
used ChIP to examine STAT3 occupancy at the promoters of
genes encoding Bcl-xL, Mn-SOD, and survivin, STAT3 targets
implicated in neuroprotection, in postischemic CAl. In control
CA1, STAT3 occupancy was low but detectable (data not shown).
Ischemia induced enrichment of STAT?3 at the promoters of Bcl-
xL, Mn-SOD, and survivin in CA1, evident at 48 h after ischemia,
the only time point examined, relative to that of control CA1 (Fig.
5A). Of the genes examined, survivin exhibited the greatest en-
richment. In contrast, ischemia did not detectably alter STAT3
occupancy at sites either 1 kb or 3 kb upstream from the survivin
promoter or at the promoter of the B-actin gene, a negative con-
trol (Fig. 5B). These findings demonstrate that ischemia increases
the binding of STAT3 to promoters of target genes and document
specificity of its interaction with the promoters of target genes.

Ischemia induces mRNA and protein expression of STAT3
targets important to neuronal survival

To examine the impact of ischemia on Bcl-xL, Mn-SOD, and
survivin mRNA expression in CAl, animals were subjected to
global ischemia or sham operation, and mRNA was quantified by
qRT-PCR at times after ischemia. Whereas ischemia induced a
relatively modest increase in Bcl-xL and Mn-SOD mRNA expres-
sionin CA1, which peaked at 24 h, itinduced a striking increase in
survivin mRNA in CA1, which was evident at 48 h and persisted
as late as 72 h after ischemia (Fig. 6A). To examine whether the
changes in target gene expression were translated into changes in
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Figure5. STAT3isa potential transcriptional regulator of the rat survivin gene. A, Ischemia-
induced enrichment of STAT3 at the promoters of Bcl-xL, Mn-SOD, and survivin in CAT at 48 h
after ischemia, the only time point examined, relative to that of control CA1 (2.07-, 2.21-, and
2.58-fold increase, respectively, vs sham; n = 4 per group). B, In contrast, ischemia did not
detectably alter STAT3 at sites either 1 kb or 3 kb upstream from the survivin promoter or at the
promoter of the B-actin gene (n = 4 per group). Student’s  test was used. Data represent
mean = SEM; ***p < 0.001. n.s., Not significant.

protein, we assessed Bcl-xL, Mn-SOD, and survivin protein
abundance in the cytoplasm and nucleus of CA1 by Western blot
analysis at times after ischemia (Fig. 6 B,C). Whereas ischemia
did not detectably alter Bcl-xL or Mn-SOD protein abundance in
the cytoplasm or nucleus of CA1 at times examined, it induced a
marked increase in survivin protein expression in both fractions
evident at 48 h and even more striking at 72 h after ischemia.
Ischemia-induced enhancement of Bcl-xL and Mn-SOD mRNA,
but not protein, is consistent with additional regulation of Bcl-xL
and Mn-SOD at the post-transcriptional level. These findings
document specificity of STAT3 transcription in postischemic
CA1 and are consistent with the possibility that survivin expres-
sion plays a role in the fate of postischemic CA1 neurons.

Estradiol further increases mRNA and protein expression of
STAT3 target genes in postischemic CA1

We next examined the impact of estradiol on Bcl-xL, Mn-SOD,
and survivin mRNA expression in postischemic CAl neurons.
Toward this end, we subjected animals to global ischemia or
sham operation, administered a single, acute injection of estra-
diol or vehicle immediately after ischemia, and assessed mRNA
expression by qRT-PCR at 48 h after ischemia. Whereas estradiol
did not significantly alter Bcl-xL or Mn-SOD mRNA expression,
it induced a striking increase in survivin mRNA in CAl at 48 h
(Fig. 7A). To examine whether changes in target gene expression
were translated into changes in protein, we examined the impact
of estradiol on survivin protein abundance in CA1 at 48 h after
ischemia by Western blot analysis (Fig. 7 B, C). Estradiol induced
a striking increase in survivin protein abundance in the cyto-
plasm and nucleus of CA1. To determine whether STAT3 is caus-
ally related to the ischemia and estradiol-induced increase in
survivin protein in CA1, we injected the STAT3 inhibitor peptide
or vehicle immediately after ischemia. The STAT3 peptide inhib-
itor prevented the upregulation of survivin in both cytoplasm
and nucleus (Fig. 7B, C) indicating that STAT3 activation is crit-
ical to survivin transcription in insulted hippocampal neurons.
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neuronal survival. 4, Global ischemia induced a marked increase in Bcl-xL, Mn-SOD, and survivin mRNA

expression. Bcl-xL and Mn-SOD mRNA were maximal at 24 h (2.91- and 3.01-fold increase, respectively, vs sham; n = 5 per time point). In contrast, survivin mRNA upregulation was not altered before 48 h, but
was striking and maximal at 72 h after ischemia (4.35- and 5.07-fold increase, respectively, vs sham; n = 5 per time point). B, Top, Representative Westerns showing Bcl-xL, Mn-SOD, and survivin protein in the
cytoplasm of CA1 at times after global ischemia. Bottom, Summary data. Survivin was first evident at 48 h and was dramatically elevated at 72 hin the cytoplasm of CAT (n = 5 per group). €, Top, Representative
Westerns showing Bcl-xL, Mn-SOD, and survivin in the nucleus of CA1 at times after global ischemia. Bottom, Summary data. Survivin was first evident at 48 h and was striking at 72 h afterischemiain the nuclear

fraction of CA1 (n = 5 per group). ANOVA followed by Tukey. Data represent mean == SEM; ***p <

Knockdown of survivin blocks estradiol neuroprotection

To examine a possible role for survivin in estradiol neuroprotec-
tion, we delivered NT shRNA into the right CAl and survivin
shRNA into the left CA1 and 14 d later, subjected animals to
global ischemia or sham operation, followed immediately by a
single, acute injection of estradiol or vehicle. To validate the spec-
ificity and efficacy of survivin shRNA, we transduced two differ-
ent survivin shRNA constructs, survivin shRNA-1 or shRNA-2
(Fig. 8A), into primary cultures of hippocampal neurons, which
express endogenous survivin. Transduction of either survivin
SshRNA-1 or shRNA-2 decreased survivin protein abundance in
hippocampal neurons by ~90% (Fig. 8B). We used shRNA-1 for
in vivo experiments. To evaluate the efficacy of lentivirus expres-

0.001; **p << 0.01; *p < 0.05. n.s., Not significant.

sion, we monitored GFP fluorescence in the right and left CA1 in
brain sections ranging from 0.30 mm rostral to 0.30 mm caudal to
the injection site. GFP fluorescence was prominent within the
CA1 pyramidal cell layer (Fig. 8C).

We next examined the impact of survivin shRNA on estradiol
neuroprotection in an in vivo model of global ischemia. Toward
this end, we injected NT shRNA into the right CA1 and survivin
shRNA into the left CA1 of living rats and 14 d later, subjected
rats to global ischemia or sham operation. A single, acute injec-
tion of 17B-estradiol or vehicle was administered immediately
after reperfusion. Animals subjected to global ischemia followed
by vehicle exhibited pronounced (~90%) neuronal loss of pyra-
midal neurons in the right CA1 (expressing NT shRNA) and left
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Estradiol furtherincreases mRNA and protein expression of STAT3 target genesin postischemic CA1. A, Summary data

and that survivin is critical to estradiol
neuroprotection.

of mRNA levels of Bl-xL, Mn-SOD, and survivin in CA1 at 48 h after global ischemia. Estradiol (E2) did not significantly alter Bcl-xL
or Mn-SOD mRNA expression at 48 h, the only time point examined. In contrast, estradiol induced a striking increase in survivin

mRNA expression in CA1 (1.62-fold increase vs vehicle-injected ischemic rats; n = 5 per group). B, Top, Representative Westerns
showing survivinin the cytoplasm of CA1 at 48 h after global ischemia. Bottom, Summary data. Estradiol induced a marked increase
insurvivin protein expression in the cytoplasm at 48 h afterischemia (1.78-fold increase vs vehicle-injected ischemicrats; n = 5 per
group). C, Top, Representative Westerns showing survivin in the nucleus of CA1 at 48 h after global ischemia. Bottom, Summary
data. Estradiol induced a marked increase in survivin protein expression in the nucleus at 48 h after ischemia (2.94-fold increase vs
vehicle-injected ischemic rats; n = 5 per group). STAT3 inhibitor peptide prevented the estradiol-induced increase in survivin
abundancein the cytoplasm and nucleus (decrease to 29 and 27%, respectively, vs vehicle-injected ischemic rats). ANOVA followed
by Tukey. Data represent the mean == SEM; ***p < 0.001; **p < 0.01; *p << 0.05. n.s., Not significant.

CA1l (expressing survivin shRNA), relative to that of sham-
operated controls (Fig. 8D—F). Animals subjected to global isch-
emia followed by estradiol had significantly higher numbers of
surviving pyramidal neurons (~50%) in the right CA1 (express-
ing NT shRNA), relative to that of the left CA1 (expressing sur-
vivin shRNA; Fig. 8D—F). These findings demonstrate that
knockdown of survivin abolishes estradiol neuroprotection and
identify survivin as a critical downstream target of STAT3 that is
essential for neuroprotection.

Discussion

In this study we show that a single intracerebral injection of 173-
estradiol to ovariectomized female rats immediately after an isch-
emic episode rescues hippocampal CA1 pyramidal neurons destined
to die. Ischemia promotes phosphorylation and activation of STAT3
signaling, association of p-STAT3 with promoters of target
genes, and STAT3-dependent increases in mRNA and protein ex-
pression of prosurvival target genes in the selectively vulnerable
hippocampal CA1. Notably, ischemia induces a specific and
striking increase in the inhibitor-of-apoptosis protein survivin.

STATS3 is critical to

estradiol neuroprotection

STAT proteins are a family of transcrip-
tion factors that play a crucial role in
growth and differentiation in a variety of
cell types (Horvath, 2000; Bromberg and
Darnell, 2000; Reich and Liu, 2006). In the
present study we show that ischemia pro-
motes phosphorylation and nuclear
translocation of p-STAT3 in CA1, where it
is strategically positioned in close proximity to prosurvival target
genes such as Bcl-xL, Mn-SOD, and survivin. Consistent with
this, ischemia promotes association of STAT3 with the promoters
of these target genes and increases mRNA expression. Whereas
ischemia induces a relatively modest and transient increase in
Bcl-xL and Mn-SOD mRNA expression with little or no change in
protein, itinduces a striking increase in survivin mRNA and protein.
Interestingly, focal ischemia also promotes phosphorylation and nu-
clear translocation of STAT3 in the cerebral cortex (Suzuki et al,,
2001; Wen et al., 2001; Satriotomo et al., 2006; Dziennis et al., 2007;
for review, see Jung et al., 2009). Moreover, STAT3 is critical to
estradiol neuroprotection in the cerebral cortex following focal isch-
emia (Dziennis et al., 2007). The finding of commonalities between
focal and global ischemia, namely activation and nuclear transloca-
tion of STAT3 in postischemic neurons and a role for STAT3 in
estradiol neuroprotection, is unexpected in that the paradigms target
different populations of neurons and induce cell death via different
mechanisms (Ofengeim et al., 2011).
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Of the three STAT3 targets tested (survivin, Mn-SOD, and
Bcl-xL), STAT3 preferentially activated survivin. Although isch-
emia increased binding to the Mn-SOD and Bcl-xL promoters,
neither ischemia nor estradiol detectably altered Mn-SOD or
Bcl-xL protein expression. In contrast, STAT3-dependent tran-
scription of Mn-SOD is implicated in estradiol neuroprotection
in a model of focal ischemia. Mn-SOD is an antioxidant enzyme
that scavenges superoxide radicals to protect against oxidative
stress (Chen et al., 2011). Inhibition of STAT3 reduces Mn-SOD
expression, increases superoxide anions, and enhances focal
ischemia-induced neuronal death (Jung et al., 2009). Bcl-xL is a
member of the Bcl-2 family of proteins, which serve as central
regulators of intrinsic programmed cell death (Youle and
Strasser, 2008; Hardwick and Youle, 2009; Chipuk et al., 2010).
Whereas full-length Bcl-xL is anti-apoptotic, injurious stimuli
such as global ischemia promote proteolytic cleavage of Bcl-xL to
generate its pro-apoptotic counterpart, truncated Bcl-xL or AN-
Bcl-xL (Jonas et al., 2005; Bonanni et al., 2006; Miyawaki et al.,

2008). Thus, although activation of STAT3 may afford neuropro-
tection in models of both focal and global ischemia, the down-
stream mechanisms likely differ in the two paradigms.

Survivin is a STAT3 gene target critical to estradiol
neuroprotection in global ischemia

To our knowledge, the present study is the first to demonstrate
that ischemia (or any injurious stimulus) induces STAT3-
dependent upregulation of the inhibitor-of-apoptosis protein
survivin and that survivin is causally related to estradiol neuro-
protection in any model of ischemia. Our finding that global
ischemia promotes upregulation of survivin in CA1 differs from
findings of others who report that global ischemia induces down-
regulation of survivin (Zhang et al., 2008; Scott et al., 2013). Our
finding that a single, acute injection of estradiol administered
after ischemia promotes expression of survivin in postischemic
CALl is consistent with findings of others that estradiol adminis-
tered chronically to ovariectomized female rats before induction
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of global ischemia promotes survivin expression in insulted CA1
neurons (Zhang et al., 2008; Scott et al., 2013). Whereas the in-
crease in survivin induced by acute estradiol is STAT3 dependent,
the increase in survivin induced by long-term administration of
estradiol before the ischemic event is dependent on Wnt/3-
catenin signaling (Zhang et al., 2008; Scott et al., 2013). It is of
interest that two such different signaling pathways can regulate
survivin gene expression in insulted CA1 neurons. Whether these
pathways act in parallel or are mutually exclusive remains to be
determined. In the present study we focused on the neuroprotec-
tive effect of estradiol. However, the STAT3-survivin pathway
may represent a common downstream mechanism that is critical
to the function of other neuroprotective agents. Several growth
factors, hormones, and cytokines activate STAT3 and have neu-
roprotective properties, including leptin, IL-6, granulocyte
colony-stimulating factor, and insulin-like growth factor 1 (Dzi-
ennis and Alkayed, 2008). However, a potential role for the
downstream target survivin has yet to be investigated for these
agents.

Estradiol promotes activation of prosurvival pathways
Findings in the present study show that ischemia promotes acti-
vation and nuclear translocation of STAT3 in insulted CA1 neu-
rons, even in the absence of estradiol, and that STAT3 drives
transcription of the prosurvival protein survivin. STAT3-
dependent transcription of survivin in postischemic CA1 may
represent a failed attempt to protect selectively vulnerable neu-
rons in the face of global ischemia. In contrast, in animals treated
with estradiol, ischemia induces a stronger activation of STAT3 as
indicated by the increased levels of p-STAT3 in the nucleus. Our
data support a model whereby global ischemia activates both
prodeath and prosurvival pathways, with the balance falling in
favor of cell death. A single injection of estradiol after the isch-
emic episode may increase STAT3 and other prosurvival signal-
ing pathways such as ERK/CREB (Jover-Mengual et al., 2007)
and PI3K/Akt (Jover-Mengual et al,, 2010) above a critical
threshold and thereby tip the balance in favor of cell survival.
Importantly, it has recently been shown that intracerebroventric-
ular administration of estradiol as late as 6 h after global ischemia
affords significant neuroprotection in hippocampal CA1 (Canal
Castro et al., 2012). Thus, administration of estradiol after the
ischemic episode may represent a therapeutically relevant mode
of neuroprotection in an in vivo model of global ischemia.

In summary, we show that acute administration of estradiol
immediately following global ischemia affords neuroprotection
that is dependent on activation of the transcription factor STAT3
and its downstream target survivin. Ischemic insults promote
STAT3 phosphorylation and activation and STAT3-dependent
transcription of survivin in neurons destined to die. Estradiol
further enhances STAT3 signaling and STAT3-dependent tran-
scription of survivin, culminating in a striking and long-lasting
increase in survivin expression in the hippocampal CA1, which in
turn promotes survival of selectively vulnerable CA1 pyramidal
neurons. Notably, activation of STAT3 and STAT3-dependent
expression of survivin are essential to estradiol neuroprotection.
Our study reveals a previously unappreciated role for STAT3
signaling and transcription of its target survivin in the neuropro-
tection afforded by a single, acute injection of estradiol adminis-
tered after the ischemic event in an in vivo model of global
ischemia. Given the critical role of STAT3 and survivin in neuro-
protection, these may be relevant therapeutic targets for the treat-
ment of neurodegeneration and cognitive dysfunction associated
with global ischemia.
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