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Abstract

Transient global ischemia induces selective, delayed neuronal death of pyramidal neurons in the

hippocampal CA1. Whereas long term treatment of middle-aged female rats with estradiol at

physiological doses ameliorates neuronal death, the signaling pathways that mediate the

neuroprotection are, as yet, unknown. Protein kinase B (Akt) and downstream transcription

factors, the cAMP response element binding protein (CREB) and signal transducer and activator

of transcription (STAT3) are critical players in cellular survival following injury. The present

study was undertaken to determine whether long term estradiol alters the phosphorylation status

and activity of Akt, STAT3 and CREB in ovariohysterectomized, middle-aged and young female

rats subjected to global ischemia. Irrespective of either hormone or ischemic condition, middle-

aged females exhibited lower levels of p-CREB and higher levels of Akt and STAT3 in CA1 than

did young females, as assessed by Western blot. In middle-aged animals, ischemia increased the

phosphorylation status/activity of Akt and STAT3, and decreased the phosphorylation status/

activity of CREB in the hippocampal CA1. Whereas estradiol did not detectably alter the

phosphorylation status/activity of Akt or STAT3, it prevented the ischemia-induced decrease in

nuclear p-CREB. Similar results were observed for young females. Collectively, these data

demonstrate that CREB, STAT3, and Akt are involved in the molecular response to global

ischemia and that age influences the status of CREB, STAT3 and Akt activity in CA1 under
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physiological as well as pathological conditions, further emphasizing the importance of including

older rodents in neuroprotection studies.
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1. INTRODUCTION

Stroke and cardiac arrest occur more frequently in older individuals, and in women, the risk

increases after menopause (Towfighi et al., 2007). Postmenopausal women are more likely

to suffer greater disability and mortality following a stroke than men (Niewada et al., 2005;

Roquer et al., 2003), highlighting the importance of using older female animals in studies

assessing potential treatments for global ischemia. To be more clinically relevant,

neuroprotection studies should examine whether a particular treatment is also effective in

older animals as outcomes of ischemia differ between young and older rodents. For instance,

older rodents exhibit age-related changes in the brain that affect not only their vulnerability

to ischemic injury, but also their responsiveness to pharmacological agents (Buga et al.,

2008; Chen et al., 2010; Sutherland et al., 1996).

Transient global ischemia induced experimentally in animals causes selective, delayed death

of hippocampal CA1 pyramidal neurons and, in many cases, cognitive deficits. Neuronal

death in CA1 is not histologically detectable until 2–3 d after ischemia in rats (Kirino, 1982;

Kirino et al., 1984). The significant delay between injury and onset of cell death is

consistent with an important role for transcription in global ischemia-induced neuronal

death. Global ischemia promotes phosphorylation of protein kinase B (Akt) and its

downstream target signal transducer and activator of transcription (STAT3) and

dephosphorylation of cAMP response element binding protein (CREB) in the hippocampal

CA1 within the first few hours following reperfusion (Choi et al., 2003; Endo et al., 2006;

Jover-Mengual et al., 2007; Jover-Mengual et al., 2010; Miyawaki et al., 2009). These

findings are consistent with the possibility that Akt and transcription factors such as CREB

and STAT3 play a role in the signaling response to global ischemia.

The serine-threonine kinase Akt and downstream transcription factors such as CREB and

STAT3 play a pivotal role in neuronal survival and protection, and their activation can

protect against cellular stress and injury (Chong et al., 2005; Dziennis & Alkayed, 2008;

Tanaka et al., 2000). Expression of Akt, a downstream effector of the phosphoinositide-3-

kinase pathway, is activated during cellular injury (Chong et al., 2005). Once activated, Akt

inhibits the pro-apoptotic proteins Bad and caspase-9. Additionally, Akt activation promotes

cellular survival by phosphorylation and activation of CREB at Ser133, resulting in the up-

regulation of pro-survival CREB target genes such as the anti-apoptotic protein, Bcl-2

(Walton & Dragunow, 2000). Following inflammation and cellular oxidative stress, levels of

various cytokines increase, leading to the activation of the JAK/STAT pathway (Planas et

al., 2006). Once activated, STAT3 promotes neuroprotection by inducing transcription of

pro-survival genes such as Bcl-2 and Bcl-xL (Dziennis & Alkayed, 2008).
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To date, there are remarkably few safe and effective treatments for the neuronal death or

neurological sequellae associated with global ischemia. It is now well established that

endogenous and exogenous estrogens exert profound neuroprotective effects in animal

models of global ischemia (Etgen et al., 2011; Brown et al., 2009; Lebesgue et al., 2009;

Suzuki et al., 2009). Recently, we reported that estradiol retains its neuroprotective actions

after global ischemia in middle-aged female rats, even after long-term hormone withdrawal

(De Butte-Smith et al., 2009; Lebesgue et al., 2010; Traub et al., 2009). To date, the

molecular mechanisms underlying estradiol protection against global ischemia-induced

neuronal death in middle-aged rats are unclear. The present study was undertaken to

determine whether estradiol pretreatment intervenes at similar or different signaling

pathways in middle-aged compared to young female rats subjected to global ischemia.

Because vulnerability to ischemic injury and responsiveness to pharmacological agents and

hormones such as estradiol may change with age, we compared the effects of estradiol on

the phosphorylation status and abundance of Akt, CREB and STAT3 in the selectively

vulnerable hippocampal CA1 in ovariohysterectomized (OVX) young and middle-aged

female rats.

2. RESULTS

2.1. Global ischemia and age increase p-Akt in the CA1 3 h following reperfusion

Activation of Akt occurs following cellular stress or injury, suggesting Akt may play a

critical role in neuronal survival (Chong et al., 2005; Choi et al., 2005; Jover-Mengual et al.,

2010; Li et al., 2003; Miyawaki et al., 2009). We used 3-way ANOVA to determine the

impact of age, ischemia, and estradiol on the phosphorylation status of Akt 3 h following

reperfusion. This time-point was chosen as it has been reported that p-Akt (Ser 473)

increases within the first few hours following ischemia (Zhao et al., 2006). There was a

main effect of age (F1,65=25.3, P<.0001) with middle-aged female rats exhibiting higher

overall levels of p-Akt than young rats across all conditions (increase to 251% of control;

Scheffe, P < .0001; Figs. 1A, B, E). In contrast, total Akt was slightly lower in middle-aged

rats than in young rats, indicated by a main effect of age (F1,65=10.6, P < .002; decrease by

19%; Scheffe, P < 0.003; Figs. 1A, F). There was also a main effect of ischemia

(F1,65=25.4, P<.0001) in that global ischemia increased p-Akt in the CA1 of all females at 3

h following reperfusion (increase to 253% of control; Scheffe, P < 0.0001; all ischemic rats

vs all sham rats; Figs. 1A, B, D). In addition, there was a significant estradiol × ischemia ×

age interaction (F1, 65=6.19, P<.02). Estradiol further increased p-Akt in CA1 of middle-

aged ischemic females but not in young females subjected to ischemia (Fig. 1A, B). There

were no interactions between age and ischemia, age and estradiol, or estradiol and ischemia

on the abundance of p-Akt or total Akt.

We also determined the effects of age, estradiol, and ischemia on Akt abundance and

phosphorylation in whole cell lysates at 12 h after reperfusion. A main effect of ischemia

(F1,44=16.0, P<.0001) revealed that global ischemia significantly increased p-Akt in CA1 of

all rats with no significant change in total Akt (Scheffe, P < 0.002 vs. sham; Figs. 2A, B, C).

Estradiol did not alter total or p-Akt in sham or ischemic animals at this time, nor was there

a main effect of age on p-Akt or total Akt. There were no significant interactions.
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2.2. Estradiol prevents ischemia-induced dephosphorylation of CREB in young and
middle-aged female rats

We then focused on CREB, a transcription factor downstream of Akt implicated in the

transcriptional control of genes involved in neuronal survival, synaptic plasticity and

memory in the brain (Sakamoto et al., 2011; Sweatt, 2004). OVX middle-aged female rats

were treated with estradiol or placebo, subjected to global ischemia or sham surgery, and

examined for nuclear CREB and p-CREB abundance in the CA1 at 3 h following

reperfusion. This time-point was chosen as ischemia has been shown to promote the

inactivation of CREB in the first few hours following reperfusion (Jover-Mengual et al.,

2007). Interestingly, there was a main effect of age (F1,48=9.41, P<.004); p-CREB

abundance in the CA1 of middle-aged female rats was modestly lower than in young rats

(decrease by 20%; Scheffe, P < 0.02; Figs. 3A, B, E). Total CREB did not detectably change

with age. As expected, there was a significant main effect of ischemia (F1, 48=5.41, P<.03)

to reduce p-CREB (decrease by 28% in young and 50% in middle-aged, Scheffe, P < 0.01

vs. sham-operated rats; Figs. 3A, B, C), but there was no significant change in total CREB

abundance in the CA1. There was also a significant ischemia × estradiol interaction in that

estradiol prevented the ischemia-induced decrease in p-CREB in OVX rats (Scheffe P <

0.04 vs. placebo-treated ischemic rats; Figs. 3A, B, D), but did not influence total CREB

abundance (Figs. 3A, C). These findings demonstrate that estradiol retains its ability to

prevent ischemia-induced dephosphorylation of CREB in middle-aged females subjected to

long-term ovarian hormone deprivation and that age modestly but significantly lowers p-

CREB levels in the hippocampal CA1.

2.3. Ischemia, but not estradiol, increases phosphorylation of STAT3 in the CA1

Both global (Choi et al., 2003) and focal (Justicia et al., 2000; Suzuki et al., 2001) ischemia

can activate STAT3 in the brain. We first measured p-STAT3 and total STAT3 in cell nuclei

of CA1 at 3 h following global ischemia. There was a significant effect of age with middle-

aged females exhibiting higher overall levels of p-STAT3 (F1,48=25.0, P<.0001) and total

STAT3 (F1,48=12.1, P<.001) than young rats (increase to 145% and 167% respectively,

Scheffe, P < 0.001; Figs. 4A, B, E, F), suggesting an overall elevation of STAT3 signaling

in CA1 of middle-aged females. There was also a significant main effect of global ischemia

to increase p-STAT3 (F1,48=10.2, P<.003; increase to 127%, Scheffe, P < 0.001 vs sham;

Figs. 4A, B, D). Ischemia did not alter total STAT3 (Figs. 4A, C). Estradiol pretreatment did

not alter p-STAT3 in sham-operated or ischemic females but did increase total STAT3 in the

CA1 3 h following reperfusion (F1,48=4.98, P<.05; increase to 147%, Scheffe, P < .02 vs

placebo; Figs. 4A, C, G). There were no significant interactions for either p-STAT3 or total

STAT3.

We also determined the impact of age, ischemia, and estradiol, on p-STAT3 and total

STAT3 in whole cell lysates of CA1 at 12 h following reperfusion. There was a significant

main effect of age on p-STAT3 with middle-aged females demonstrating elevated p-STAT3

in CA1 (F1,44=4.48, P<.04; increase to 121%, Scheffe, P < 0.04; Fig 5A, B, E). In contrast,

total STAT3 abundance was lower in CA1 of middle-aged than of young rats at 12 h

(F1,44=9.44, P<.004; decrease by 33%, Scheffe, P < 0.001; Fig 5A, C, F). Ischemia

increased the phosphorylation of STAT3 in CA1 in all rats (F1,44=4.50, P<.04; increase to
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126%, Scheffe, P < 0.04 vs sham-operated animals; Fig 5A, B, D). There were no significant

interactions. There was also a significant increase in total STAT3 abundance in CA1 of all

ischemic rats (F1,44=9.99, P< .003, increase to 149%, Scheffe, P < 0.001 vs sham; Fig 5A,

C, G). There were no significant interactions. Estradiol did not alter either p-STAT3 or total

STAT3 abundance at 12 h.

3. DISCUSSION

It is well established that pretreatment with physiological levels of estradiol affords

neuroprotection in young and middle-aged female rodents against both focal (Alkayed,

2000; Brown et al., 2009) and global ischemia (De Butte-Smith et al., 2009; Lebesgue et al.,

2009). In apparent contrast with these findings, the Women’s Health Initiative Memory

Study demonstrated that hormone treatment beginning many years post-menopause does not

confer protection against dementia or cognitive decline in elderly women (Espeland et al.,

2004; Rapp et al., 2003) . One explanation for these unexpected results is that there is a

critical time window after cessation of ovarian function during which estradiol retains its

beneficial effects and that these actions may decline following a chronic period of hormone

deprivation (Daniel et al., 2006; MacLennan et al., 2006; Selvamani & Sohrabji, 2010;

Sherwin, 2009; Suzuki et al., 2007).

Support for the critical period hypothesis comes from both human studies and research in

middle-age rodents demonstrating that the timing of hormone treatment determines the

effects of estradiol on the brain. For instance, Daniel and colleagues (2006) found that

estradiol ameliorated age-related impairments in working memory in middle-aged female

rats when initiated immediately following OVX but not when initiated 5 months after OVX.

Estradiol also confers protection from middle-cerebral artery occlusion (MCAO)-induced

injury when treatment is instigated immediately but not 10 weeks after hormone deprivation

(Suzuki et al., 2007). Another recent study (Selvamani & Sohrabji, 2010) showed that

estradiol reduced cortical infarct volume in young adult females subjected to MCAO but

worsened injury in middle-aged, reproductively senescent females.

In contrast, we recently demonstrated that estradiol pretreatment is neuroprotective in

middle-aged females that are OVX for 8 weeks prior to insult (De Butte-Smith et al., 2009;

Traub et al., 2009). Hence, the current study investigated the effects of estradiol on the

phosphorylation status of several key molecular targets involved in neuronal survival, such

as Akt, CREB, and STAT3, in middle-aged female rats subjected to global ischemia 8 weeks

after OVX. Importantly, we sought to determine whether estradiol had the same or different

effects on these molecular targets in middle-aged and young OVX rats subjected to global

ischemia. The results suggest several potential molecular mechanisms underlying the ability

of estradiol to ameliorate hippocampal cell death induced by global ischemia in middle-aged

females subjected to prolonged hormone deprivation. The present study demonstrates that

(1) global ischemia promotes phosphorylation of Akt and STAT3 and dephosphorylation of

CREB 3 h after insult in the hippocampal CA1 of middle-aged females. Similar results were

found for young animals; (2) estradiol treatment for 14 days prior to induction of ischemia

and during the postischemic period prevents ischemia-induced early dephosphorylation of

CREB and increases total nuclear STAT3 3 h following reperfusion. Similar results were
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observed in young animals; (3) middle-aged OVX rats show modestly lower p-CREB and

markedly higher p-STAT3 and p-Akt levels in the CA1 than young OVX rats regardless of

ischemia or estradiol treatment.

3.1. Effects of age, ischemia, and estradiol on CREB activity in middle-aged female rats

We recently reported that estradiol retains its neuroprotective actions after global ischemia

in middle-aged female rats even after 8 weeks of ovarian hormone deprivation (De Butte-

Smith et al., 2009; Traub et al., 2009). Both acute (Raval et al., 2009) and chronic (Jover-

Mengual et al., 2007) pretreatment with estradiol elevates p-CREB in young female rats

subjected to global ischemia. The present study extends the earlier studies in that here we

report the novel observation that estradiol retains its ability to maintain nuclear CREB

phosphorylation in CA1 of middle-aged females that were OVX for 8 weeks. This provides

evidence that maintenance of nuclear CREB signaling may be key for neuronal survival

after ischemic insults.

Interestingly, irrespective of hormone or ischemic condition, the levels of p-CREB in CA1

of middle-aged OVX rats were lower than in young OVX rats. This observation is consistent

with other findings that phosphorylation of CREB decreases significantly in the dentate

gyrus, CA1 and CA3 regions of the hippocampus of middle-aged male rats (Hattiangady et

al., 2005). Also consistent with previous reports (Jover-Mengual et al., 2007; Walton et al.,

1996), global ischemia promoted dephosphorylation and presumably inactivation of nuclear

CREB in the early hours following reperfusion in middle-aged females deprived of estradiol

for 8 weeks. CREB activity promotes neuronal survival (Sakamoto et al., 2011); hence, its

dephosphorylation in injured neurons may be detrimental for their survival. This is

consistent with the finding byWalton et al. (1996) that p-CREB decreases in the highly

vulnerable CA1 region of the hippocampus but not in resistant cortical and dentate areas

following ischemia in young animals. Similarly, neuronal death is associated with a decrease

in CREB phosphorylation following traumatic brain injury (O'Dell et al., 2000). Although

not addressed by the present study, global ischemia also decreases expression of the

prosurvival CREB target genes brain-derived neurotrophic factor and Bcl-2 in the vulnerable

CA1 in young animals (Ferrer et al., 1998; Jover-Mengual et al., 2007). In young female

rats, estradiol prevents the ischemia-induced suppression of p-CREB and the post-ischemic

decline in Bcl-2 (Jover-Mengual et al., 2007). Thus, maintenance of CREB activity may be

causally related to the neuroprotective actions of estradiol in the hippocampus.

Extensive evidence suggests activation of CREB is necessary for the cellular events

underlying long-term memory (Bourtchuladze et al., 1994; Mizuno et al., 2002; Yin &

Tully, 1996) and that changes in p-CREB in the hippocampus of older rodents is associated

with memory impairment (Monti et al., 2005). We recently showed that pretreatment with

estradiol enhanced CA1 neuron survival but did not ameliorate ischemia-induced cognitive

deficits in middle-aged female rats (De Butte-Smith et al., 2009). Our present results offer a

plausible molecular explanation as to why estradiol did not confer cognitive benefit in

middle-aged rats. Although estradiol pretreatment prevented the early (3 h) ischemia-

induced decrease in p-CREB in CA1 of middle-aged females, overall levels of p-CREB

were significantly lower than in young females. Thus, p-CREB levels may have been
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sufficient for neuronal survival but not high enough to attenuate cognitive deficits induced

by global ischemia.

3.2. Effects of ischemia, estradiol, and age on Akt and STAT3 activity

Akt and STAT3 are important modulators of cellular injury, and expression of both is up-

regulated in response to brain ischemia (Chong et al., 2005; Planas et al., 2006). Consistent

with previous reports (Choi et al., 2003; Endo et al., 2006; Jover-Mengual et al., 2010), our

data demonstrate that global ischemia increases the phosphorylation of Akt and STAT3 at

both 3 and 12 h after injury in young and middle-aged female rats. Estradiol further

increased p-Akt in middle-aged ischemic rats at 3 h post-reperfusion. This finding is

consistent with studies showing that estradiol increases phosphorylation of Akt (Endo et al.,

2006; Janelidze et al., 2001; Jover-Mengual et al., 2010; Li et al., 2003; Noshita et al., 2001)

following cerebral ischemia. Neuroprotective treatments such as estradiol (Jover-Mengual et

al., 2010; Wilson et al., 2002) and ischemic preconditioning (Zhan et al., 2010) promote

phosphorylation of Akt and subsequent phosphorylation and inactivation of downstream

targets implicated in cell death. The ability to markedly elevate p-Akt at 3 h after ischemia

in older females may contribute to the hormone’s efficacy in reducing CA1 cell death after

global ischemia (De Butte-Smith et al., 2009; Traub et al., 2009).

In contrast with its effects on p-CREB and p-Akt, estradiol did not detectably alter STAT3

phosphorylation in the CA1 of either young or middle-aged animals; however, it did

increase total nuclear STAT3 at 3 h. This increase was most apparent in the middle-aged

ischemic females. To date, only one study has examined the effects of estradiol on STAT3

signaling in female rats subjected to ischemic brain injury (Dziennis et al., 2007). Unlike our

findings, these authors found that estradiol increased STAT3 phosphorylation without

affecting total STAT3 in the cerebral cortex following 2 h of middle cerebral artery

occlusion. This discrepancy may reflect differences between global and focal ischemia or

brain region-specific effects of estradiol on STAT3.

Our study also documents the novel finding that middle-aged OVX rats exhibited higher p-

STAT3 and p-Akt levels compared to young OVX animals at 3 h post reperfusion. At 12 h,

only p-STAT3 levels were increased, suggesting the elevation of p-Akt in middle-aged rats

was a transient effect. Interestingly, this elevation was also observed in sham-operated rats

(irrespective of hormone condition), suggesting baseline levels of these signaling molecules

may be altered. Whether this elevation is due to age per se or differences in the effect of

OVX between young and middle-aged rats is not known. Although OVX duration also

differed between the middle-aged and young animals, preliminary data in our laboratory

shows similar results using middle-aged rats OVS for 1 week (data not illustrated),

suggesting OVX duration cannot account for these findings.

Additionally, we found differences in total STAT3 and Akt signaling between middle-aged

and young OVX rats. Specifically, middle-aged OVX females exhibited higher total STAT3

at 3 h compared to young OVX rats while lower levels were detected in middle-aged rats at

12 h. This reduction does not seem to be due to age per se as total STAT3 levels in the

different middle-aged groups seem to be comparable to those of the young control. Rather,

this difference may be apparent because of a slight elevation in STAT3 in the young
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ischemic rats at 12 h. Whereas middle-aged rats exhibited an increase in STAT3 a few hours

post-reperfusion, young ischemic animals did not exhibit an elevation until 12 h after

ischemia. This may reflect a truncated response in the middle-aged animals. In regards to

total Akt, middle-aged rats did show an overall reduction in total Akt that was apparent at 3

h but not at 12 h. As with our finding for p-Akt, whether this reduction is due to age per se

or differences in the effect of OVX between young and middle-aged rats is not known.

3.3. Conclusion

The current study demonstrates that the baseline activation of several important signaling

molecules involved in neuronal survival is altered in the hippocampal CA1 of middle-aged

female rats. Specifically, whereas p-Akt and p-STAT3 are higher in the CA1 of middle-aged

than young animals, p-CREB is lower. In agreement with published work on neuronal

survival, these molecules show similar responses to ischemia and estradiol pretreatment in

both age groups. Most notably, estradiol prevents the early ischemia-induced reduction in p-

CREB (and presumably CREB activity) in all females. These findings may have important

implications for the development of therapeutic treatments for older individuals. This study

further demonstrates the importance of including older animals in studies assessing potential

neuroprotective treatments for global ischemia.

4. EXPERIMENTAL PROCEDURES

4.1. Animals

This study was conducted in accordance with the National Institutes of Health Guidelines

for Care and Use of Animals in Research, and the protocol was approved by the Institutional

Animal Care and Use Committee of the Albert Einstein College of Medicine. Female

Sprague-Dawley rats [young (2–3 mo) and middle-aged (retired breeders, 9–11 mo)] were

obtained from Charles River (Wilmington, DE). Rats were housed 3 per cage, maintained in

a temperature and light-controlled environment with a 14 h light:10 h dark cycle, and given

food and water ad libitum. As in our past studies (e.g., DeButte-Smith et al., 2009), we used

retired breeders for the middle-aged group rather than virgin females, because the majority

of middle-aged women have had at least one pregnancy. Therefore, the use of retired

breeders is more clinically relevant.

A total of 151 rats entered the study. Of these, 17 died during surgery, and 5 were excluded

because they failed to show neurological signs of ischemia, either awakening (n=4) or

failing to show both complete loss of righting reflex and dilation of the pupils from 1 min

after occlusion was initiated until the end of occlusion (n=1). Rats that died during surgery

or failed to show neurological signs of ischemia were not disproportionately represented in

any of the age or hormone groups.

4.2. Ovariohysterectomy and estradiol treatment

All rats were OVX under isoflurane (4% induction, 2% maintenance in 70% N2O and 30%

O2) anesthesia. Animals were ovariohysterectomized to minimize surgical stress and to

allow for comparisons to previous reports (De Butte-Smith et al., 2009; Jover-Mengual et

al., 2007; Jover-Mengual et al., 2010). Intact (sham-OVX) animals were not included in the
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present study because we previously reported no differences in either behavioral or

histological outcomes between sham-operated intact and OVX, middle-aged rats (De Butte-

Smith et al., 2009). Secondly, the hormonal fluctuations associated with estrous cycle stage

make it impossible to control the hormonal status of intact animals at the time of ischemia

surgery. Young rats received subcutaneous implants of either 17β-estradiol pellets (0.05 mg,

21d sustained release; Innovative Research of America, Inc., Sarasota, FL) or no pellet

(sham surgery) one week following OVX. Middle-aged rats underwent pellet implantation

(0.1 mg, 60d sustained release; Innovative Research of America) or sham surgery 8 weeks

after OVX. In recent reports (De Butte-Smith et al., 2009; Traub et al., 2009) we found that

estradiol was effective in rescuing CA1 pyramidal neurons from ischemia-induced cell death

in middle-aged rats that were OVX for 8 weeks before experimentation. Hence, we used the

8 week OVX duration as these animals would be similar to women who are 5–10 years post-

menopause. The pellets were selected so that we could compare the results to other reports

from our laboratory (De Butte-Smith et al., 2009; Jover-Mengual et al., 2007; Miller et al.,

2005), and they yield serum estradiol levels in the physiological range (34–48 pg/ml) (De

Butte-Smith et al., 2009).

4.3 Global ischemia

Two weeks following pellet implantation or sham surgery, rats were subjected to global

ischemia by four-vessel occlusion as previously described (Jover-Mengual et al., 2007;

Jover-Mengual et al., 2010; Miyawaki et al., 2008; Miyawaki et al., 2009). Briefly, rats were

deeply anesthetized with isoflurane (4% induction, 2% maintenance in 70% N2O: 30% O2),

and the vertebral arteries were irreversibly occluded by electrocoagulation to prevent

collateral blood flow to the forebrain during subsequent occlusion of the common carotid

arteries. Twenty-four hours later, animals were anesthetized again, the wound was reopened

and both carotid arteries were manipulated (sham) or occluded with microarterial clamps for

10 min. During clamping, animals were awake and spontaneously ventilating. Following

clamping, arteries were visually inspected to ensure adequate reflow. During both surgeries,

rectal temperature was monitored and maintained at 36.5–37.5°C. Ischemic animals that

failed to show complete loss of righting reflex and dilation of the pupils from 1 min after

occlusion was initiated until the end of occlusion were excluded from the study. Sham-

operated rats were subjected to the identical coagulation and carotid artery manipulations,

except the carotid arteries were not occluded.

4.4 Western blot analysis

For quantification of protein abundance in the hippocampal CA1, western blot analysis was

performed as previously described (Jover-Mengual et al., 2007). Briefly, animals were

deeply anesthetized and euthanized at 3 or 12h after global ischemia or sham surgery.

Hippocampi were rapidly dissected and cut into 1-mm transverse slices on a McIllwain

tissue chopper (Vibratome Co., St. Louis, MO). CA1 from both right and left hippocampus

was rapidly separated by microdissection, placed in ice-cold saline containing protease

inhibitor cocktail (1%, Sigma-Aldrich, St. Louis, MO) and phosphatase inhibitor cocktail

(1%, Sigma-Aldrich), and homogenized in lysis buffer containing HEPES (5 mM), MgCl2
(1 mM), EGTA (2 mM), dithiothreitol (1 mM), sucrose (10%), protease inhibitor cocktail

(1%) and phosphatase inhibitor cocktail 1 (1%). prepared by differential centrifugation at the
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3 h time-point. At 12 h (p-Akt, Akt, p-STAT3, STAT3) following reperfusion, whole cell

lysates were prepared.

Protein concentration was determined using the BCA protein assay (Pierce, Rockford, IL).

Protein samples (40 µg) were dissolved in Laemmli sample buffer, loaded onto 4–12% Bis-

Tris Midi gels (Invitrogen, Carlsbad, CA), separated by SDS-PAGE and transferred to

nitrocellulose membranes for immunoblotting with antibodies as described below.

Following incubation with primary and appropriate secondary antibodies, membranes were

treated with enhanced chemiluminescence reagents (ECL, GE Healthcare Life Sciences,

Piscataway, NJ) and apposed to x-ray film (Eastman Kodak Co., Rochester, NY).

Quantitation of protein abundance was performed as previously described (Jover-Mengual et

al., 2010). Briefly, a Scan Jet 4-C computing densitometer (Hewlett-Packard Co., Palo Alto,

CA) was used with NIH image 1.61 software. Band densities for p-CREB, p-STAT3, and p-

Akt were normalized to the corresponding band densities for total CREB, total STAT3, and

total Akt, respectively; normalized means were expressed as a percentage of the

corresponding value for control (young OVX, sham-operated) animals. Membranes were

stripped and reprobed with anti-β-actin (whole cell and cytosolic fractions) or anti-histone

H3 (nuclear fractions) as loading controls. Because it was not possible to run samples from

the entire experiment on a single gel, band densities for all samples on a given gel were

normalized to the band density of samples from young sham placebo (“control”) animals.

Each gel included 2–3 samples from control animals to permit comparisons of data across

different cohorts of animals, and different control animals were prepared for each

experiment. In addition, all gels had 2–3 samples from each treatment group.

4.5 Antibodies

The following antibodies were used: 1) anti-p-CREB rabbit polyclonal antibody, which

recognizes CREB phosphorylated at serine 133 (1:3000; Millipore, Billerica, MA); 2) anti-

CREB rabbit polyclonal antibody, which recognizes total CREB (1:3000; Millipore); 3) p-

STAT3 rabbit polyclonal antibody which recognizes STAT3 phosphorylated at Tyr 705

(1:3000; Santa Cruz Biotechnology, Santa Cruz, CA); anti-STAT3 rabbit polyclonal, which

recognizes total STAT3 (1:1000; Santa Cruz Biotechnology); 4) anti-pAkt rabbit polyclonal

antibody, which recognizes Akt phosphorylated at Ser473 (1:1000; Cell Signaling

Technology, Danvers, MA); 5) anti-Akt rabbit polyclonal antibody, which recognizes total

Akt (1:3000; Cell Signaling Technology); 6) anti-β-actin mouse monoclonal antibody,

which recognizes an epitope in the N-terminal domain of the β- isoform of actin (1: 20,000;

Sigma-Aldrich); and 7) anti-histone H3 rabbit polyclonal antibody (1:1000; Cell Signaling

Technology). Secondary antibodies were horseradish peroxidase-conjugated donkey anti-

rabbit IgG (1:5000; GE Life Sciences) for polyclonal antibodies or sheep anti-mouse IgG

(1:2500; GE Life Sciences) for monoclonal antibodies.

4.6. Statistical Analysis

Data were normalized as described above and are presented as mean ± standard error of the

mean (SEM). Data analysis was performed using Statview®. Statistical comparisons were

determined using 3-way (age × hormone × ischemia) ANOVA. When significant main
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effects and interactions were detected, Scheffe’s post-hoc analyses were used to identify

specific between-group differences. Level of significance was set at P < 0.05.
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Highlights

• Examined effect of E2 and ischemia on CREB, Akt, and STAT3 in OVX female

rats

• Ischemia increased phosphorylation of Akt and STAT3 and decreased

phosphorylation of CREB

• E2 prevented dephosphorylation of CREB and increased total STAT3

• Older rats showed lower p-CREB and increased p-Akt and p-STAT3 compared

to young
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Figure 1.
Age and global ischemia increase Akt phosphorylation at 3 h after reperfusion.

Representative Western blots (A) and relative abundance of p-Akt and Akt (B and C) in the

cytosolic fraction of CA1 from placebo and estradiol (E) treated rats subjected to sham

surgery or ischemia (isx). Data are expressed relative to controls (young sham) (B and C).

Irrespective of age and E, ischemia increased phosphorylation of Akt (D; P < 0.01, all

ischemic groups vs all sham groups). Middle-aged rats had higher p-Akt than young rats

regardless of ischemia or E (E; P < 0.01 all middle-aged groups vs all young groups), but

total Akt was lower in middle-aged than in young rats (F; p< 0.01 all young groups vs all

middle-aged groups).
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Figure 2.
Global ischemia increases p-Akt at 12 h after reperfusion. Representative Western blots (A)

and relative abundance of p-Akt and Akt (B and C) in CA1 whole-cell lysates from placebo

and estradiol (E)-treated rats subjected to sham surgery or ischemia (isx). Data are expressed

relative to controls (young sham) (B and C). Ischemia increased the phosphorylation of Akt

in both young and middle-aged OVX rats (B; P < 0.01 all ischemic groups vs all sham

groups). There were no differences in total Akt at 12 h post-reperfusion (C). ** P < 0.01.
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Figure 3.
Estradiol prevents ischemia-induced dephosphorylation of CREB in CA1 cell nuclei 3 h

after global ischemia in OVX rats. Representative Western blots (A) and relative abundance

(B and C) of p-CREB and CREB in the nuclear fraction of CA1 of placebo and estradiol (E)

treated rats subjected to sham surgery or ischemia (isx) at 3 h after reperfusion. Data are

expressed relative to controls (young sham) (B and C). Irrespective of age and E treatment,

ischemia induced dephosphorylation of CREB (B) (P < 0.01 vs sham). Estradiol prevented

the decrease in nuclear p-CREB in young and middle-aged ischemic rats (D; P < 0.05 vs all
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ischemic rats). Overall, middle-aged rats had lower p-CREB in the CA1 than young rats (E;

P < 0.05 all young groups vs all middle-aged groups). No differences were found in total

CREB (C). *, ** P < 0.05, P < 0.01, respectively.
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Figure 4.
Effect of age and ischemia on phosphorylation of STAT3 in CA1 cell nuclei 3 h following

reperfusion. Representative Western blots (A) and relative abundance of p-STAT3 and

STAT3 (B and C) in the nuclear fraction of CA1 of placebo and estradiol (E) treated rats

subjected to sham surgery or ischemia (isx). Data are expressed relative to controls (young

sham) (B and C). Ischemia increased p-STAT3 in CA1 in both young and middle-aged rats

(D; P < 0.01 all sham rats vs all ischemic rats). Both sham-operated and ischemic middle-

aged rats had elevated p-STAT3 and total STAT3 compared to young rats (E and F; P <
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0.01 all young groups vs all middle-aged groups). Estradiol increased total STAT3 in both

young and middle-aged rats (G; P < 0.05 all placebo groups vs all estradiol groups). *, ** P

< 0.05 and P < 0.01, respectively.
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Figure 5.
Effect of age and ischemia on STAT3 in CA1 12 h following global ischemia.

Representative Western blots (A) and relative abundance of p-STAT3 and STAT3 (B and C)

in CA1 whole-cell lysates from placebo and estradiol (E) treated rats subjected to sham

surgery or ischemia (isx). Data are expressed relative to controls (young sham) (B and C).

Ischemia increased p-STAT3 and total STAT3 in CA1 of both young and middle-aged rats

(D and G; P < 0.05 all ischemic groups vs all sham groups). Middle-aged rats showed higher

levels of p-STAT3 than young rats (E; P < 0.05 all middle-aged groups vs all young groups).
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Estradiol did not alter levels of either p-STAT3 or total STAT3 at 12 h following ischemia

(B and C; P > 0.05). Total STAT3 levels were lower in middle-aged than in young rats (F; P

< 0.01 all middle-aged groups vs all young groups). *, ** P < 0.05 and P < 0.01,

respectively.
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