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Abstract

Ovariectomized rats that received previous administration of oestradiol in midlife display 

enhanced cognition and increased hippocampal levels of oestrogen receptor alpha (ERα) months 

after oestradiol treatment ended as compared to ovariectomized controls. Objectives of the current 

work were to investigate mechanisms by which ERα levels are maintained following midlife 

oestradiol exposure and the role of ERα in memory in aging females in the absence of circuiting 

oestrogens. Unliganded ERα has increased interaction with the ubiquitin ligase, C terminus of 

Hsc-70 interacting protein (CHIP) leading to increased degradation of the receptor. In our first 

experiment, we tested the hypothesis that midlife oestradiol exposure in ovariectomized rats 

results in decreased interaction between CHIP and hippocampal ERα, leading to increased levels 

of ERα. Middle-aged rats were ovariectomized and received oestradiol or vehicle implants. After 

40 days, implants were removed. One month later, rats were killed and hippocampi processed for 

whole protein western blotting and co-immunoprecipitation, in which ERα was 

immunoprecipitated from lysate. As expected, ERα protein expression was increased in rats 

previously treated with oestradiol compared to vehicle-treated rats. In rats treated with oestradiol, 

there was a decrease in CHIP-ERα interaction, suggesting that previous oestradiol treatment 

reduces interaction, slowing degradation of ERα. In a second experiment, we determined the 

impact on memory of antagonism of ER in the absence of circulating oestrogens. Rats were 

ovariectomized and implanted with oestradiol capsules. Capsules were removed after 40 days. 

Rats received chronic i.c.v. infusion of ER antagonist, ICI 182,780 or aCSF vehicle and were 

tested on a spatial memory radial maze task. Rats treated with ICI 182,780 had significantly worse 

performance (more errors). These experiments provide evidence that previous midlife oestradiol 

treatment maintains hippocampal ERα by decreasing its interaction with CHIP and that activation 

of these receptors provides cognitive benefits in the absence of circulating oestrogens.
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Women spend approximately one-third of their lives post-menopause, a state characterized 

by a marked decrease in levels of circulating oestrogens and is associated with an increased 

risk of age-related dementias, including Alzheimer’s disease (1–4). Oestrogens, when 

administered during a critical period immediately following the cessation of ovarian 

function, is beneficial to cognition and hippocampal function (1,5–7). However, due to 

putative health-risks resulting from long-term exposure to oestrogens (8,9), current 

recommendations are that women use oestrogen therapy to treat menopausal symptoms for 

the shortest time possible.

The long-term implication for cognition and the brain of short-term, midlife oestrogen 

treatment is unclear. Results from several (10–13), but not all (14) studies indicate that short-

term use of oestrogens following natural or surgical menopause can provide long-term 

cognitive benefits years after hormone treatment is terminated. Data from our lab using a 

rodent model of menopause also demonstrates long-term cognitive benefits resulting from 

short-term hormone treatment following ovariectomy. Ovariectomized, aged rats previously 

treated with 40 days of oestradiol, the primary oestrogen produced by the ovaries, in midlife 

show improved cognition on the hippocampal-dependent radial-arm maze task compared to 

ovariectomized, aged rats that were not exposed to oestradiol when tested one (15), 2.5 (16), 

and seven (16) months after termination of oestradiol exposure. Interestingly, we also found 

that rats previously treated with short-term, midlife oestradiol had increased levels of 

hippocampal oestrogen receptor alpha (ERα) at each of these time points when compared to 

ovariectomized rats that received no hormone treatment (15,16).

ERα, a classical nuclear receptor that acts as a transcription factor (17) is important for 

cognition in the aging brain. In Alzheimer’s patients, increased levels of ERα in the frontal 

cortex are associated with better cognition (18). Furthermore, ERα polymorphisms are 

associated with the onset of cognitive impairment in the elderly (19). Young adult, 

ovariectomized ERα knockout mice have impaired spatial memory in the absence of 

exogenously administered estrogens, an effect that is rescued by lenti-viral delivery of ERα 
to the hippocampus (20). Our lab has demonstrated that lenti-viral delivery of ERα to the 

hippocampus of aging female rodents, in the absence of circulating oestrogens, improves 

spatial cognition compared to ovariectomized rats that received vehicle (21). Collectively, 

these data from human and rodent models suggest that ERα can positively impact cognitive 

function in the absence of circulating oestrogens. There has yet to be a direct experimental 

test of the hypothesis that endogenous levels of ERα can impact memory in the absence of 

circulating oestrogens.

In addition to the question as to the functional impact for memory of lasting increased levels 

of hippocampal ERα following short-term midlife oestradiol exposure is the question of 

how ERα levels are maintained beyond the period of oestradiol exposure. Besides 

modification of ERα gene transcription, ERα levels can be impacted by changes in receptor 

degradation rate. Work in cell culture has demonstrated, in the absence of oestradiol, ERα is 
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degraded by the E3 ubiquitin ligase, C terminus of Hsc70-interacting protein (CHIP; 22,23). 

When ERα is unliganded, it interacts with heat shock protein-90 (Hsp90) chaperone 

complexes, maintaining a competent conformation (24). If ERα is liganded, ERα dissociates 

from the chaperone complex and becomes transcriptionally active. However, if ERα remains 

unliganded, CHIP targets Hsp90 for proteasomal degradation, resulting in ubiquitination and 

degradation of ERα (22). In young adult rats, long-term oestrogen deprivation following 

ovariectomy resulted in increased interaction between CHIP and ERα, as demonstrated by 

co-immunoprecipitation (25). This increase in interaction was accompanied by decreased 

protein expression of ERα, an effect that was attenuated by administration of MG132, a 

proteasome inhibitor. From these data we hypothesize that midlife oestradiol treatment will 

impact the interaction between CHIP and ERα, protecting it from degradation even after 

hormone exposure has ended.

The objective of the current study was twofold. First, we aimed to elucidate mechanisms 

contributing to the long-term maintenance of hippocampal ERα following termination of 

short-term, midlife oestradiol treatment. Second, we aimed to determine the impact of 

endogenous ERα on cognition in the absence of circulating oestrogens. In our first 

experiment, we tested the hypothesis that prior, midlife oestradiol treatment maintains ERα 
in the aging female hippocampus by decreasing the interaction between ERα and the E3 

ubiquitin ligase, CHIP. Rats were ovariectomized and treated with either vehicle or 

oestradiol capsules for 40 days. Hormone capsules were removed and one month later rats 

were sacrificed and hippocampi processed for co-immunoprecipitation of ERα and 

subsequent western blotting for ERα-associated CHIP as well as western blotting for total 

protein levels of ERα and CHIP. In the second experiment, we tested the hypothesis that 

antagonism of ER in the aging female brain impairs spatial cognition in the absence of 

circulating oestrogens. Rats were trained on the radial-arm maze, a hippocampal-dependent 

spatial memory task, ovariectomized, and treated with oestradiol capsules to optimize levels 

of ERα. Hormone capsules were removed and chronic i.c.v. infusion of vehicle or the anti-

oestrogen, ICI 182,780, began. Spatial memory testing began one week after the initiation of 

drug infusion.

Materials and Methods

Experiment 1

Subjects—Twelve middle-aged female Long-Evans hooded rats, retired breeders (~11 

months of age), were purchased from Harlan Sprague Dawley Inc. Animal care was in 

accordance with guidelines set by the National Institute of Health Guide for the Care and 
Use of Laboratory Animals), and the Institutional Animal Care and Use Committees of 

Tulane University approved all procedures. Rats were housed individually in a temperature-

controlled vivarium under a 12-h light, 12-h dark cycle and had unrestricted access to food 

and water. See Figure 1A for an overview of experimental timeline.

Ovariectomy and hormone treatment—Rats were ovariectomized while under 

anesthesia induced by injection of ketamine (100 mg/kg ip; Bristol Laboratories, Syracuse, 

NY) and xylazine (7 mg/kg ip; Miles Laboratories, Shawnee, KS) and implanted with 5-mm 
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SILASTIC brand capsules (0.058 in. inner diameter and 0.077 in. outer diameter; Dow 

Corning, Midland, MI) on the dorsal aspect of their necks. Capsules contained either 25% 

17β-oestradiol (Sigma-Aldrich, St. Louis, MO) diluted with cholesterol (Previous E; n = 6) 

or 100% cholesterol vehicle (Previous Ch; n = 6). We reported previously that implants of 

these dimensions and oestradiol concentrations maintain blood plasma oestradiol levels in 

middle-age retired breeders at approximately 37 pg/mL (26), which falls in the physiological 

range. The ovariectomy model to induce cessation of ovarian function during the 

chronological equivalent of middle-age is a commonly used model of menopause. Whereas 

female rats undergo some of the same processes of reproductive aging as women, including 

cessation of reproductive cycles and loss of fertility, rats differ from humans in that middle-

age is characterized by high levels of estrogens that are maintained for long periods (27).

Termination of hormone treatment—Forty days after ovariectomy and hormone 

capsule implantation, rats were anesthetized with ketamine and xylazine and all capsules 

were removed. Visual inspection confirmed their integrity.

Tissue dissection—Approximately 30 days after capsules were removed and oestradiol 

treatment had been terminated in the Previous E group, rats were killed by decapitation 

under anesthesia induced by ketamine and xylazine. This time-point is consistent with 

previous work in which we examined levels of hippocampal ERα 30 days following 

termination of oestradiol treatments in ovariectomized, aging rats (15). Hippocampi were 

dissected on ice, quick-frozen on dry ice, and stored at −80°C until processing.

Tissue processing—Hippocampal tissue was homogenized in 10 μL/mg IP Lysis/Wash 

Buffer included in the Pierce Classic Immunoprecipitation Kit (Pierce, Rockford, IL) then 

centrifuged at 13,000 × g for 10 min. Protein concentration of supernatant was determined 

using the Bradford Protein Assay Kit (Pierce). Half of the supernatant was used for total 

protein western blotting, while the other half was further processed for co-

immunoprecipitation.

Western blotting sample preparation—Samples were diluted 1:1 with Laemmli 

Sample Buffer (Bio-Rad; Hercules, CA) mixed with 350 mM D,L-dithiothreitol, boiled for 5 

min, and stored at -80°C.

Co-immunoprecipitation sample preparation—Supernatant containing 1 mg of 

protein was incubated overnight with 2 μg anti-ERα (H184; #sc7202, Santa Cruz; Santa 

Cruz, CA). Samples were then incubated for 1 h with Protein A/G beads. Following 

incubation, samples were eluted by non-reducing electrophoresis buffer and 20 mM DTT 

and boiled for 5 min followed by centrifugation at 1,000 × g. Elution was collected for 

western blotting.

Electrophoresis and western blotting—For total protein samples obtained from each 

rat, 22 μg of total protein were loaded and separated at 250 V on 7.5% SDS-PAGE gels 

(Bio-Rad) for 60 min in order to probe for ERα and CHIP protein levels. For samples in 

which we immunoprecipitated ERα, 15 μL of each sample were loaded and separated as 

described above in order to probe for ERα-associated CHIP protein levels. Molecular weight 
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markers (Kaleidoscope, Bio-Rad) were included with each run. We have previously verified 

our procedures when probing for ERα using western blotting (5). Because multiple bands 

are evident in brain homogenate, uterus samples, which yield a single band in the area of 

interest, are included as positive controls for ERα. Proteins were transferred to nitrocellulose 

membranes at 100 V for 30 min. Membranes were blocked with 5% nonfat dry milk in 0.1% 

Tween/1 X Tris-buffered saline (TTBS) at room temperature for 1 h. Following block, 

membranes were incubated with primary antibody overnight at 4°C in 1% nonfat dry milk-

TTBS. Primary antibodies used were for ERα (H184, rabbit polyclonal, 1:750; Santa Cruz) 

and CHIP (C3B6, rabbit polyclonal, 1:2000; #2080 Millipore). Blots were washed three 

times for 15 min each with TTBS and incubated with 5% nonfat dry milk containing 

secondary antibody conjugated to horseradish peroxidase for 1.5 h at room temperature. 

Secondary antibodies used were goat anti-rabbit IgG (ERα; 1:40,000, CHIP; 1:10,000; 

Santa Cruz) and for co-immunoprecipitated samples Clean-Blot IP Detection Reagent was 

used (1:2000; Pierce). Blots were washed again three times for 15 min each and incubated 

with the chemiluminescent substrate SuperSignal West Femto for 5 min (Fisher Scientific) 

and exposed to film (Kodak Biomax MR) for varying durations to capture optimal signal 

intensity. To verify there were no differences in initial loading of protein into wells, the 

loading control, β-actin was used. Blots that were previously probed for ERα and CHIP 

were washed and stripped with stripping buffer (RestorePlus Western Blot; Fisher Scientific) 

for 15 min at 37°C. Blots were then blocked and incubated with primary antibody for β-

actin (mouse monoclonal, 1:15,000; Santa Cruz) overnight at 4°C in TTBS. Blots were 

washed three times for 15 min each with TTBS and incubated in 5% nonfat dry milk 

containing goat antimouse IgG (1:10,000; Santa Cruz) conjugated to horseradish peroxidase 

for 1.5 h at room temperature, washed, and detected by chemiluminescence. Films were 

imaged using MCID Core imaging software (InterFocus Imaging Ltd., Cambridge, 

England), and optical density × area was measured for bands of interest. Mean values for 

western blots were calculated from the previous cholesterol control samples. Values 

represent the percentage relative to the average control value.

Hormone treatment and ovariectomy efficacy—To confirm endocrine status, daily 

vaginal smears were collected by lavage during the final week of hormone treatment. Smears 

of ovariectomized, cholesterol-treated rats were characterized by a predominance of 

leukocytes, while smears of ovariectomized, oestradiol-treated rats were characterized by a 

predominance of cornified and nucleated epithelial cells indicating hormone treatment was 

effective. Two rats (1 Previous E and 1 Previous Ch) were excluded from the experiment 

because analysis of vaginal smears indicated the possibility that their hormone capsules had 

been switched. At the time rats were killed, right uterine horns were extracted and weighed 

to verify ovariectomy. All rats presented with atrophied uteri, indicating successful 

ovariectomy. Final number of rats included in the experiment was 10 (5 per group).

Statistical analyses—All data were analyzed by independent samples t-tests.

Experiment 2

Subjects—Seventeen middle-aged female Long-Evans hooded rats, retired breeders (~11 

months of age), were purchased from Harlan Sprague Dawley Inc. (Indianapolis, IN). 
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Animal care was conducted as described in Experiment 1. See Figure 1B for an overview of 

experimental timeline.

Maze training—Procedures were as previously described (16). One week after arrival, rats 

were trained on the radial-maze task, a test of spatial working memory. Rats were placed on 

diets and weighed daily to maintain body weights at 85–90% of pre-surgery weights and 

trained to obtain food rewards (Froot Loops; Kellogg Co., Battle Creek, MI) from the arms 

of an eight-arm radial maze purchased from Lafayette Instruments (Lafayette, IN). To begin 

a trial, a rat was placed in the center compartment in a pseudorandom orientation and had 

access to all eight arms. Arm choices were recorded by an observer seated in a fixed location 

approximately 1 m away from the maze. An arm choice was scored if the rat traversed 

halfway down an arm. Rats were allowed to choose arms in any order until all arms were 

visited or 5 min elapsed. Each animal received one trial per day across 24 days of 

acquisition.

Ovariectomy and hormone treatment—Following radial maze acquisition, rats were 

ovariectomized and implanted with oestradiol capsules. All rats received oestradiol capsules 

to optimize levels of ERα before antagonism of the receptor (15). Rats were trained on the 

radial maze acquisition task once per week to retain performance levels until testing (see 

below).

Termination of hormone treatment and initiation of drug treatment—Forty days 

after ovariectomies and hormone capsule implantation, rats were anesthetized with ketamine 

and xylazine and all capsules were removed. Visual inspection confirmed their integrity. 

Rats were then placed into a stereotaxic frame. An incision was made in the scalp and fascia 

that overlie the skull. A hole was drilled in the skull and cannulae (Brain Infusion Kits, 

Alzet; Cupertino, CA) were lowered through the hole to the appropriate depth (to the right 

lateral ventricle located −0.3 mm AP, +1.2 mm ML, and −4.5 mm DV relative to Bregma; 

(28) and anchored to the skull with screws and dental acrylic. Cannulae were connected to 

Alzet osmotic minipumps by vinyl tubing that delivered aCSF vehicle (Tocris; Ellisville, 

MO) or the oestrogen receptor antagonist ICI 182,780 (200 nM in 0.2% DMSO) (Sigma; St. 

Louis, MO) diluted in vehicle at a rate of 0.25 μl/h. ICI 182,780 prevents ER dimerization 

and suppresses ER-mediated transcription (29). All pumps were implanted s.c. in the nape of 

the neck and cannulae were inserted after the pumps began pumping. Approximately half of 

the rats received osmotic minipumps containing aCSF vehicle (aCSF, n = 8), and half 

received ICI 182,780 (ICI, n = 9).

Behavioural testing—Rats were allowed approximately one week to recover from 

surgeries before being tested on the radial-arm maze. Rats were re-trained in the maze for 

two days using the same acquisition protocol as described above. Performance of all rats was 

at pre-surgery levels. Behavioural testing consisted of daily delay trials in the radial maze 

during which various delays (1 min, 30 min, 2.5 h, 4 h, 5 h, 6 h) were imposed between the 

fourth and fifth arm choices to increase memory load. Delays increased memory load and 

required that rats remember over an extended period of time which arms had already been 

visited. After each fourth arm choice, the animal was removed from the maze and put in a 
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holding cage in a separate room for delays. Then the animal was returned to the maze until 

the four remaining, still baited arms had been visited or until 5 min had elapsed. Arm choice 

accuracy was measured by the mean number of retroactive and proactive errors for each 

delay. A retroactive error is the first (and only the first) reentry into an arm visited before the 

delay. A proactive error is the reentry into an arm visited post delay. Rats were given one day 

of habituation to a one-minute delay trial. Subsequently, two daily trials were conducted for 

each increasingly longer delay beginning with a one-minute delay.

Cannulae placement confirmation—Coronal sections (20 μM) were taken from the 

right hemisphere of each brain, thaw-mounted onto gelatinized slides, stained with 0.5% 

cresyl violet and microscopically examined for verification of cannula placement. All 

animals received correct cannula placement.

Hormone treatment and ovariectomy efficacy—Two procedures were conducted to 

confirm endocrine status as in Experiment 1. Vaginal smears conducted during the final 

week of hormone treatment confirmed endocrine status in all rats. At the time of sacrifice, 

all rats presented with atrophied uterine horns, confirming success of ovariectomies.

Statistical analyses—Arm-choice accuracy data (number of retroactive and proactive 

errors) from each delay was averaged across the two days of testing and analyzed by two-

way ANOVA (treatment × delay) with repeated measures on delay. Separate two-way 

ANOVAs across short (1 min, 1 hr, and 2.5 hr) and long (4 hr, 5 hr, 6 hr) delays were also 

conducted to investigate any differences that may be apparent only as memory load 

increased (30) because in our previous work the effect of manipulating hippocampal ERα 
levels via viral vectors on retroactive errors was evident across long, but not short delays 

(21).

Results

Experiment 1

Total protein western blotting

ERα: As illustrated in Figure 2A, previous exposure to oestradiol in aging, ovariectomized 

rats increased total protein levels of ERα in the hippocampus compared to cholesterol 

vehicle-treated rats, consistent with previous results (15,16). As in our previous work (15, 

16), western blotting for ERα using the H184 antibody revealed multiple bands in brain 

homogenate. Therefore, rat uterus is used as a positive control to identify the band of 

interest. A band of ERα-like immunoreactivity at approximately 66 kDa was revealed in rat 

uterus and a band of the same molecular weight was revealed in brain samples. In addition, a 

single band of interest at approximately 43 kDa was detected on immunostaining for the 

loading control, β-actin. There was a significant effect of treatment on levels of ERα (t(8) = 

−2.533, p = .035) and no effect of treatment on levels of β-actin.

CHIP: As illustrated in Figure 2B, previous exposure to oestradiol in aging, ovariectomized 

rats had no effect on total protein levels of CHIP in the hippocampus. The antibody 

recognized additional bands of unknown origin and densiometric analyses of these bands did 
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not reveal any difference between groups. There was no effect of treatment on levels of 

CHIP or β-actin.

Co-immunoprecipitation

Co-immunoprecipitation of ERα: As illustrated in Figure 3, previous exposure to 

oestradiol in aging, ovariectomized rats decreased the amount of ERα-associated CHIP in 

the hippocampus. Western blots revealed a band of CHIP-like immunoreactivity at 

approximately 37 kDa in lysate from which ERα was immunoprecipitated. There was a 

significant effect of treatment (t(8) = 4.490, p = .002)

Experiment 2

Total retroactive errors—Two-way ANOVA conducted across all delays revealed no 

main effect of delay or treatment (Figure 4A). As illustrated in Figure 4B, two-way ANOVA 

conducted on the three shortest delays revealed no effect of treatment, but there was a 

significant effect of treatment across the three longest delays (F(1,15) = 8.97, p = .009) 

indicating administration of ICI 182,780 resulted in decreased accuracy as memory load 

increased. There were no main effects of delay on either the three shortest delays or the three 

longest delays. There were no interactive effects of delay and treatment for either the three 

shortest delays or the three longest delays.

Total proactive errors—Two-way ANOVA conducted across all delays revealed no main 

effect of delay or treatment (Figure 5A). Two-way ANOVAs conducted on the three shortest 

delays and the three longest delays revealed no main effect or interactive effect of delay or 

treatment (Figure 5B).

Discussion

The results of the current experiment reveal a mechanism involving CHIP-mediated 

degradation underlying the maintenance of hippocampal ERα levels in aging females 

following the termination of transient, midlife oestradiol treatment. The implications of this 

decreased degradation of ERα are evident in our results demonstrating that action at 

oestrogen receptors is beneficial to cognition in the absence of circulating oestrogens. In the 

first experiment, we examined the interaction between ERα and CHIP, an ubiquitin ligase, 

approximately one month following termination of a 40-day period of oestradiol treatment. 

As shown previously (15,16), aging, ovariectomized rats that had previous exposure to 

exogenous oestradiol had increased levels of ERα in the hippocampus as compared to 

ovariectomized controls that had never been treated with oestradiol. There was no effect of 

previous oestradiol treatment on total levels of CHIP. There was, however, decreased 

interaction between CHIP and ERα, as demonstrated by co-immunoprecipitation procedures 

in which we immunoprecipitated ERα and immunoblotted for CHIP. These results suggest 

previous oestradiol treatment provides extended protection to ERα from CHIP-mediated 

degradation. Results from our second experiment, in which antagonism of ER in 

ovariectomized, aging females negatively impacted hippocampal-dependent memory, 

demonstrate the importance of brain ER to memory in the absence of circulating oestrogens. 

Aging, ovariectomized rats that received administration of the ER antagonist, ICI 182,780 
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displayed a delay-dependent decrement in memory for the location of food rewards in a 

maze as compared to controls. Together, these data support the hypotheses that transient, 

midlife oestradiol treatment following ovariectomy maintains hippocampal ERα long-term 

by decreasing CHIP-mediated degradation and that activation of ERα is associated with 

cognitive benefits in the absence of circulating estrogens.

The current results provide a mechanism for the long-term maintenance of ERα levels in the 

hippocampus following midlife oestradiol treatment by demonstrating that there is a 

decrease in interaction between the ubiquitin ligase CHIP and ERα. Mechanisms underlying 

this decreased interaction between ERα and CHIP are unclear but could involve novel 

mechanisms by which ERα is phosphorylated in the absence of circulating estrogens 

maintaining ERα in a transcriptionally active state and thereby preventing interaction with 

CHIP. For example, in MCF7 cells that were transfected with a phosphomimetic ERα serine 

118 (S118) plasmid, but not cells transfected with phosphomimetic ERα-S104/106 or ERα-

S167, ERα was protected from ligand-dependent degradation (31), which occurs via a 

unique ubiquitin ligase (23). Because phosphorylation of ERα is protective against ligand-

dependent degradation, we hypothesize that activation of ERα via phosphorylation at S118 

could protect ERα from CHIP-mediated, ligand-independent degradation as well.

Phosphorylation of ERα in the absence of ovarian oestrogens can occur via ligand-

independent mechanisms by growth factors, including insulin-like growth factor 1 (IGF-1). 

IGF-1 receptors and ERα co-localize in the CA1 of the hippocampus (32) and are both 

decreased in the aging rat brain (33). Activation of IGF-1 receptors leads to activation of 

either ERK/MAPK or AKT/PI3K pathways (34), both of which can activate ERα-mediated 

transcription in the absence of ligand, via phosphorylation of ERα (35) including at site 

S118 (36,37). Our lab has demonstrated that antagonism of IGF-1 receptors beginning after 

termination of midlife oestradiol treatment in ovariectomized rats reverses the increase in 

hippocampal levels of ERα induced by the previous oestradiol treatment (15). Results 

suggest that short-term oestradiol treatment in midlife permanently alters communication 

between the IGF-1 system and ERα, leading to increased ERα levels, even when there are 

no circulating ovarian or exogenous oestrogens present. This altered communication could 

increase second-messenger cascades and phosphorylation of ERα, specifically at S118, 

offering a potential mechanism for protection of ERα from CHIP-mediated degradation.

Besides ligand-independent mechanisms, in the absence of circulating oestrogens, locally 

produced neuro-oestrogens could activate ERα. Proteins necessary for oestradiol synthesis 

are expressed in the hippocampus (38,39) and inhibition of aromatase, the enzyme involved 

in the final step of oestradiol synthesis, decreases oestradiol production in adult hippocampal 

neurons in vitro (40). Rapid actions, including activation of the ERK/MAPK pathway, at 

membrane-associated ERα may be initiated by hippocampal-derived oestradiol. Data from 

our lab demonstrate, along with increased levels of ERα, there is also increased activation of 

ERK/MAPK in the hippocampus following short-term oestradiol treatment in 

ovariectomized females (15). Viral vector infusion of ERα into the hippocampus of female 

rodents also increases ERK/MAPK in the absence of circulating oestrogens, suggesting that 

the ERK/MAPK pathway plays a role in the cognitive benefits of ERα following 

ovariectomy and short-term, midlife oestradiol treatment (21).
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Increasing ERα levels via viral vector infusion to the hippocampus results in cognitive 

benefits in the absence of circulating oestrogens (20,21). However, to date, the importance of 

endogenous hippocampal ERα in the absence of circulating oestrogens has not been directly 

tested. In our second experiment, we found that action at endogenous ERα enhances 

cognitive function in ovariectomized aging rats, as administration of ICI 182,780, an ER 

antagonist, resulted in poorer memory performance. The importance of ERα on memory has 

also been demonstrated in humans. In elderly men and women, performance on the 

Modified Mini-Mental Examination was negatively correlated with single nucleotide 

polymorphisms in the gene encoding for ERα (19). Additionally, increased levels of wild-

type ERα, but not ERβ, in the frontal cortex was associated with better cognitive 

performance in Alzheimer’s disease patients (18). Together, these data support the 

hypothesis that ERα can have positive impacts in the aging brain and on cognitive function 

in the absence of circulating oestrogens.

Whereas ICI 182,780, the ER antagonist used in the current study, antagonizes both ERα 
and ERβ (41), it is more potent at inhibiting activity at ERα than ERβ (42). Previously, our 

lab found that ERα, but not ERβ, protein expression was increased in the hippocampus 

following previous short-term oestradiol treatment in ovariectomized, aging females (16). 

Furthermore, ERβ knockout animals showed enhanced cognition on a hippocampal-

dependent task, compared to both ERα knockout and wild-type controls (43). Thus, results 

from the current study combined with results from previous work in our lab and others 

support the hypothesis that activation at ERα, but not ERβ, is necessary for enhanced 

hippocampal-dependent memory in the absence of circulating oestrogens.

In addition to decreased CHIP-mediated degradation, there may be other mechanisms 

involved in maintaining ERα levels in the absence of circulating oestrogens. For example, 

increased transcription of ESR1, the gene encoding for ERα could be a direct result of 

increased phosphorylation of ERα. In young adult mice ovariectomized and implanted with 

oestradiol capsules, there was an increase in ERα gene expression in the hippocampus 

compared to rats that did not receive oestradiol (44). Furthermore, mRNA expression of 

hippocampal ESR1 positively correlated with better performance on the radial-arm maze. 

We are currently investigating the role of transcription in the absence of circulating 

oestrogens following midlife oestradiol treatment.

In conclusion, the current experiments provide evidence that maintenance and activation of 

endogenous ERα provides benefits for cognition in the absence of ovarian oestrogens. In 

addition, results provide a mechanism involving increased degradation as to how previous 

oestradiol treatment maintains ERα beyond the period of oestradiol exposure. These data 

add to a growing body of literature suggesting that action at ERα mediates lasting cognitive 

benefits resulting from short-term oestradiol treatment in midlife.
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Figure 1. 
(A) Experiment 1 timeline. (B) Experiment 2 timeline. OVX, ovariectomy. E, oestradiol. Ch, 

Cholesterol. Co-IP, co-immunoprecipitation. ICI, ICI 182,780
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Figure 2. 
Effects of previous treatment with oestradiol on total ERα and C terminus of Hsc70-

interacting protein (CHIP) levels in the hippocampus in aging, ovariectomized rats. Middle-

aged rats were ovariectomized and implanted with either oestradiol (Previous E) or 

cholesterol vehicle (Previous Ch) capsules for 40 days. Hormone capsules were removed 

and one month later rats were killed. Hippocampi were processed for total protein western 

blotting. Western blot data showing the effects of treatments on hippocampal protein levels 

of (A) ERα, using uterus (UT) as a positive control to confirm band of interest, and (B) 

CHIP. Mean density (±SEM) expressed relative to Previous Ch control group. 

Representative blot images for ERα or CHIP and the loading control β-actin are shown in 

insets above the graph. * P<.05.
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Figure 3. 
Effects of previous treatment with oestradiol on interaction between ERα and C terminus of 

Hsc70-interacting protein (CHIP) in the hippocampus in aging, ovariectomized rats. Middle-

aged rats were ovariectomized and implanted with either oestradiol (Previous E) or 

cholesterol vehicle (Previous Ch) capsules for 40 days. Hormone capsules were removed 

and one month later rats were killed. Hippocampi were processed for co-

immunoprecipitation, in which ERα was immunoprecipitated from lysate and resultant 

sample was probed for the ubiquitin ligase, CHIP. Western blot data showing the effects of 

treatments on protein levels of CHIP that is associated with ERα. Mean density (±SEM) 

expressed relative to Previous Ch control group. Representative blot images for CHIP are 

shown in insets above the graph.
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Figure 4. 
Effects of antagonism of brain estrogen receptor on total retroactive errors in aging, 

ovariectomized rats. Middle-aged rats were ovariectomized and implanted with oestradiol 

capsules. After 40 days all capsules were removed and chronic i.c.v. delivery of aCSF 

vehicle or the estrogen receptor antagonist, ICI 182,780 (ICI) was initiated and continued for 

the duration of testing on a radial-arm maze task. (A) Retroactive errors across various 

delays that were imposed between the fourth and fifth arm choices. (B) Mean retroactive 

errors averaged across short delays (1 min, 30 min, and 2.5 hr; left) and long delays (4 hr, 5 

hr, 6 hr; right). *P<.05.
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Figure 5. 
Effects of antagonism of brain estrogen on total proactive errors in aging, ovariectomized 

rats. Middle-aged rats were ovariectomized and implanted with oestradiol capsules. After 40 

days all capsules were removed and i.c.v. delivery of aCSF vehicle or the estrogen receptor 

antagonist, ICI 182,780 (ICI) was initiated and continued for the duration of testing on a 

radial-arm maze task. (A) Proactive errors across various delays that were imposed between 

the fourth and fifth arm choices. (B) Mean proactive errors averaged across short delays (1 

min, 30 min, and 2.5 hr; left) and long delays (4 hr, 5 hr, 6 hr; right).
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