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1. Introduction

Results of a large body of literature indicate that post-menopausal
estrogen therapy has the potential to enhance cognitive function in
women, if administered within a critical window of estrogen sensitivity.
Many early observational studies found that postmenopausal women on
estrogen therapy outperformed women with no history of estrogen use
on a battery of cognitive tasks (Jacobs et al., 1998; Kimura, 1995;
Schmidt et al., 1996). However, the results of the Women's Health In-
itiative Memory Study, conducted by the National Institutes of Health,
surprisingly found that estrogen therapy modestly increased the risk for
cognitive impairment in postmenopausal women who were aged
65–79 years at the time of treatment (Espeland et al., 2004; Shumaker
et al., 2004). Critics of this study have cited a number of design flaws
(Gleason et al., 2005; Maki, 2004; Sherwin, 2005) but the strongest
criticism has been that the subjects were too old (65–79 years) and
beyond a critical post-menopausal window when the treatment was
initiated for it to be effective (Gibbs and Gabor, 2003). Results of the
ongoing Kronos Early Estrogen Prevention Study (KEEPS) (Gleason
et al., 2015) and others (Alhola et al., 2010; Henderson et al., 2016)
indicate no harm, but also no benefit, of hormone therapy for cognitive
function when initiated in more recently postmenopausal women.
Other studies have reported beneficial effects on both activation of
neural substrates of memory and cognitive outcomes when estrogen
therapy is initiated in younger postmenopausal women (Dumas et al.,
2008, 2010; Gleason et al., 2006; Gorenstein et al., 2011). Whether
benefits will be apparent as the women continue to age remains to be
determined. In spite of potential for positive effects on cognitive aging,
current guidelines recommend estrogen use be limited to the smallest
effective dose for the shortest time possible due to potential health risks
of long-term use (Chen and Colditz, 2007; Chen et al., 2006). Initial
intriguing studies in humans have reported that even short-term use of
estrogen therapy within the perimenopausal window can have long-
term cognitive benefits for women as they age (Bagger et al., 2005;
Whitmer et al., 2011).

Rodent models have been used extensively to investigate the mul-
tifaceted effects of estrogen on cognition in not only menopausal

models (Daniel et al., 2015; Koebele and Bimonte-Nelson, 2016) but
also long-term interaction with the cholinergic system (Gibbs, 2010),
rapid effects on memory consolidation (Luine, 2016; Sheppard et al.,
2017), interaction of multiple cognitive systems (Galea et al., 2017;
Korol and Pisani, 2015), and how estrogen sensitivity varies across the
rodent lifespan (Bean et al., 2014). Our lab has adopted a rodent model
of short-term perimenopausal estrogen therapy to determine the long-
term effects of short-term estrogen use on the hippocampus and hip-
pocampus-dependent memory. We previously reported that aged rats
treated for 40 days with continuous, unopposed estradiol immediately
after ovariectomy significantly outperformed vehicle-treated rats on the
hippocampus-dependent radial-arm maze task up to 7months after
termination of treatment (Rodgers et al., 2010). Memory enhancement
coincided with lasting increased expression of estrogen receptor alpha
(ERα) and the estrogen-sensitive target protein choline acetyl-
transferase in the hippocampus. In subsequent studies we found that
antagonism of the nuclear estrogen receptors in the hippocampus fol-
lowing previous estradiol exposure abrogates memory enhancement
(Black et al., 2016) and exogenously increasing expression of ERα in the
hippocampus alone of ovariectomized rats is sufficient to induce
memory enhancement (Witty et al., 2012). Together these observations
indicate that estrogen receptor signaling in the hippocampus is an im-
portant mediator of the observed hippocampus-dependent memory
enhancement that persists long after previous exposure to continuous,
unopposed estradiol.

The hippocampus of both humans and rodents has been reported to
be particularly sensitive to estrogen exposure. Estrogen treatment in
rodents has been shown to elicit a biased use of hippocampus-depen-
dent memory systems at the expense of striatum-dependent memory
systems (Hussain et al., 2016; Lipatova et al., 2014; Pisani et al., 2016;
Quinlan et al., 2013; Zurkovsky et al., 2007). Similarly, clinical reports
indicate that hippocampus-dependent verbal memory tasks are most
consistently improved by postmenopausal estrogen therapy while ef-
fects on other cognitive functions are variable (Sherwin, 2003). The
goal of the current work is to test the hypothesis that previous exposure
to continuous, unopposed estradiol in ovariectomized female mice re-
sults in lasting enhancement of hippocampus-dependent memory and
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estrogen receptor-dependent gene expression in the hippocampus. We
also hypothesized that continuous, unopposed estradiol exposure will
have lasting effects on estrogen receptor activity in the brain that are
distinct from endogenous ovarian hormone synthesis.

In addition to the hippocampus, treatment with estrogens in ab-
sence of ovarian function has been reported to affect a number of brain
regions. In humans, functional magnetic resonance imaging studies
have reported greater activity in both the hippocampus and frontal
cortex during memory tasks in postmenopausal women currently on
estrogen therapy (Dumas et al., 2010; Gleason et al., 2006). Similarly,
in ovariectomized mice, ongoing estradiol treatment improves novel
object recognition memory through physiological effects reported in
both the medial temporal lobe (Fonseca et al., 2013) and cerebral
cortex (Fernandez and Frick, 2004). Estradiol treatment in ovar-
iectomized mice has also been shown to affect brain stem (Asarian and
Geary, 2007) and hypothalamus-dependent (Thammacharoen et al.,
2017) feeding behavior, amygdala-dependent anxiety-like behavior
(Oyola et al., 2012), and cerebellum-dependent memory (Andreescu
et al., 2007). We were therefore interested to determine if previous
exposure to continuous, unopposed estradiol in ovariectomized female
mice results in lasting enhancement of estrogen receptor-dependent
gene expression in the cortex and hypothalamus in addition to the
hippocampus.

The transgenic ERE-Luciferase (ERE-LUC) reporter mouse line was
chosen as our model system to achieve these goals. The classic cellular
function of nuclear estrogen receptors is that of a ligand-dependent
nuclear transcription factor. Ligand-bound receptor enters the nucleus
to interact with the RNA polymerase complex and target mRNA
synthesis at specific gene promoter elements known as estrogen re-
sponse elements (ERE) (Mckenna, 1999; Tsai and Malley, 1994). The
ERE-LUC mouse line has been engineered to express the firefly luci-
ferase enzyme under unique control of the consensus ERE. Quantifica-
tion of luciferase enzyme protein expression in tissue from this mouse
thus provides a direct measurement of the relative rate of ERE-depen-
dent gene expression in the tissue of interest (Ciana et al., 2001). Pre-
vious work with the ERE-LUC mouse model has established that ex-
pression of the ERE-dependent luciferase transgene is readily detectable

across multiple brain regions of intact female mice, varies across the
estrus cycle in a brain region-specific manner, and is significantly re-
duced by application of the pan-estrogen receptor antagonist ICI-
182,780 (Stell et al., 2008). This previous work established that ERE-
Luciferase transgene expression in the ERE-LUC mouse brain responds
to changes in levels of circulating estrogens, that these effects are sub-
region specific, and that transgene activity is dependent on activity of
nuclear estrogen receptors. Therefore, the ERE-LUC mouse line is the
ideal model to study the lasting effects of our rodent model of short-
term perimenopausal continuous estradiol exposure on nuclear es-
trogen receptor activity in the brain.

The current work reports three related experiments examining the
lasting effects of short-term continuous estradiol exposure in ovar-
iectomized mice on the hippocampus and hippocampus dependent
memory. In Experiment 1, we establish that this treatment paradigm re-
sults in lasting enhancement of hippocampus dependent memory in wild-
type mice in agreement with previous work in rats (Rodgers et al., 2010).
In Experiment 2, we applied the same rodent model of short-term peri-
menopausal, unopposed estradiol exposure to the transgenic ERE-Luci-
ferase mouse line and determined the lasting effects on ERE-dependent
gene expression in the hippocampus, cortex, and hypothalamus. Finally in
Experiment 3, we compared the lasting effects of continuous, unopposed
estradiol exposure to the lasting effects of prolonged exposure to the same
duration of endogenous ovarian hormone synthesis. Results of this ex-
periment will improve our understanding of how short-term exposure to
continuous, unopposed estradiol treatment can have unique lasting effects
on hippocampal function and cognition in rodents.

2. Materials and methods

2.1. Experiment 1

2.1.1. Experimental design
The goal of Experiment 1 was to determine if short-term exposure to

continuous, unopposed estradiol immediately after cessation of ovarian
function resulted in lasting enhancement of hippocampus-dependent
memory in mice. As shown in Fig. 1A, mice were first trained to

Fig. 1. Summary of experimental protocols for Experiment 1 (A), Experiment 2 (B), and Experiment 3 (C). RAM, radial-arm maze. OVX, ovariectomy.
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criterion on the radial-arm maze task of hippocampus-dependent
memory. They were then ovariectomized and implanted with hormone
capsules delivering estradiol or vehicle alone. After 40 days all treat-
ments were terminated by implant removal. Beginning 14 days after
implant removal, mice were assayed with the radial-arm maze delay
trials.

2.1.2. Subjects
Young adult female (~12weeks of age) C57BL/6 mice were pur-

chased from Charles Rivers Laboratories. All animal care was performed
in accordance with the guidelines set by the National Institutes of
Health Guide for the care and Use of Laboratory Animals (1996), and
procedures were approved by the Tulane University Institutional
Animal Care and Use Committee. Mice were individually housed
throughout the duration of the experiment in a temperature-controlled
environment with a 12-h light/dark cycle. Water was provided ad li-
bitum but access to food was manipulated as needed to motivate active
exploration of the radial-arm maze.

2.1.3. Behavioral training
Upon arrival, mice were given one week with ad libitum access to

food and water to establish a free-feeding body weight. Access to food
was gradually reduced until body weights held steady at 85–90% of
their free-feeding weight. During this time mice were trained to obtain
food rewards from a radial maze purchased from Coulbourn
Instruments (Whitehall, PA). The maze consists eight arms (66 cm
long×9.5 cm wide× 11.5 cm high) with a metal grated floor and clear
acrylic walls. The arms extend out radially from a central hub that is
28 cm in diameter and the maze was placed on a table that is 30 cm
above the ground. The maze was centered in a 5×5 meter room with
many visible extra maze cues.

During training, a single food reward (puffed rice cereal) was placed
in an opaque dish, 5.5 cm in diameter and 1.25 cm tall, at the end of
each arm so it was not visible from the center of the maze. For each
trial, the mouse was placed in the center of the maze facing one of the
eight arms. The starting orientation varied pseudo-randomly across
trials. The mouse was then allowed to enter arms and obtain food re-
wards until all eight arms had been visited or five minutes had elapsed.
An arm entry was scored when all four paws crossed the midline of the
arm. The arm entry sequence was scored in real time by an observer
located in a fixed location in the room. Errors were scored if the mouse
re-entered an arm that had already been visited previously in the trial.
Mice were trained with one trial per day, five days per week, until no
further improvement was evident.

2.1.4. Ovariectomy and hormone treatment
Mice underwent a single surgery session during which they were

both ovariectomized and implanted with a silastic hormone capsule.
Throughout all surgical procedures mice were anesthetized with con-
tinuous inhalation of 1.5–2.5% isoflurane. Bilateral incisions were
made through the skin and abdominal muscle wall, the ovaries were
removed, and the wounds were sutured closed. Mice were then im-
planted with a subcutaneous silastic hormone capsule (Dow Corning,
VWR International, Buffalo Grove, IL, USA; 3.18mm outer diameter,
1.57mm inner diameter, 20mm in length and capped on both ends
with a 3mm piece of wooden applicator stick) containing either 1 μg of
17 β-estradiol dissolved in 27.1 uL of sesame oil vehicle (Previous
Estradiol) or vehicle alone (Previous Vehicle). This estradiol treatment
paradigm delivers serum estradiol levels within the physiological range
for up to 35 days (Ingberg et al., 2012) and was shown to correlate
predictably with both uterine weight and degree of cornification in
vaginal smears (Cohen and Milligan, 1993). After the surgery was
complete, the mice were given a subcutaneous injection of 0.024mg/kg
of Buprenex for analgesia. Vaginal smears and body weight gain were
monitored across the treatment period to confirm treatment efficacy.
Vaginal swabs were obtained every other day from 17 to 40 days post-

treatment and body weight gain was measured 20 days post-treatment
to monitor estradiol delivery. After 40 days of treatment, all capsules
were removed under isoflurane anesthesia. Vaginal smears, body
weight gain, and uterine weight were obtained on the day of sacrifice to
confirm physiologically low levels of circulating estrogens.

2.1.4.1. Maintenance trials. During the hormone treatment period, mice
completed one acquisition trial per week to maintain training. Mice
were fed ad libitum during the course of the hormone treatment, but all
food was removed 24 h prior to each maintenance trial to ensure that
the mice were motivated to complete the task. All capsules were
removed after 40 days of treatment. One week after implant removal,
mice were weighed again to establish new free feeding body weights.
During the final week of maintenance trials, mice again began daily
food restriction until they weighed 85–90% of the newly established
free feeding body weight in preparation for delay trials.

2.1.5. Delay trials
Mice were placed into the center of the radial-arm maze in a

pseudorandom orientation across trials and allowed to choose arms
freely. After the fourth arm choice, the mice were removed from the
maze and placed in their home cage for the duration of a delay period.
Mice were then returned to the maze after the delay period and to make
their final arm choices. Mice were tested with delays of 1min, 2.5 h,
and 4 h, performing two trials per delay on consecutive days. An error
was recorded any time a mouse returned to an arm that had previously
been visited. Errors within the first eight total arm choices were ana-
lyzed for treatment-dependent differences.

2.1.6. Statistical analysis
The final analysis included eight Previous Vehicle and 15 Previous

Estradiol mice. The average errors within the first eight arm choices
were calculated for delay trials of 1min, 2.5 h, and 4 h. A two-way
ANOVA was performed with the between subjects variable of “treat-
ment”, the within subjects variable of “length of delay”, and the de-
pendent variable of average errors in the first eight arm choices.
Percent change from body weight at time of ovariectomy was compared
with a student's t-test at two different time points, at the midpoint of the
40-day treatment period and at the time of sacrifice.

2.2. Experiment 2

2.2.1. Experimental design
The goal of Experiment 2 was to determine if short-term exposure to

continuous, unopposed estradiol immediately after cessation of ovarian
function resulted in lasting enhancement of ERE-dependent gene acti-
vation in the hippocampus. As shown in Fig. 1B, the treatments and
timeline of Experiment 1 were replicated in Experiment 2, with the
omission of all behavioral training and testing. Twenty-eight days after
termination of treatment, brain tissue was harvested and expression of
the ERE-Luciferase transgene was assayed with luciferase enzyme ac-
tivity assays.

2.2.2. Subjects
Young adult (10–12weeks old) female heterozygous ERE-LUC

transgenic mice were obtained from our on-site breeding colony. Mice
were individually housed throughout the duration of the experiment in
a temperature-controlled environment with a 12-h light/dark cycle.
Food and water was provided ad libitum throughout the course of the
experiment.

2.2.3. Ovariectomy and hormone treatment
Ovariectomy and hormone capsule implantation were performed as

described in Experiment 1. Vaginal smears and body weight gain were
monitored across the treatment period to confirm treatment efficacy.
Vaginal swabs were obtained every other day from 17 to 40 days post-
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treatment and body weight gain was measured 20 days post-treatment
to monitor estradiol delivery. After 40 days of treatment, all capsules
were removed under isoflurane anesthesia. Mice were sacrificed
28 days after termination of treatment and brain tissue was harvested
for luciferase enzyme activity assays. Vaginal smears, body weight gain,
and uterine weight were obtained on the day of sacrifice to confirm
physiologically low levels of circulating estrogens.

2.2.4. Tissue processing
Both hippocampi, a sample of cortical tissue overlying the hippo-

campus, and the hypothalamus were obtained from each experimental
subject. Tissue was homogenized in luciferase reporter assay lysis buffer
(Promega; Madison, WI) and processed according to manufacturer in-
structions. Briefly homogenate was immediately flash frozen on cru-
shed dry ice and incubated for 15min. Samples were then rapidly
thawed in a 37 °C water bath, and homogenate was then centrifuged at
4900×g for 30min at 4 °C. The resulting supernatant was collected and
frozen at −80 °C.

2.2.5. Luciferase enzyme expression assay
The Promega Luciferase Assay System (Madison, WI) was used ac-

cording to the manufacturer's instructions to quantify luciferase protein
content in each sample. Light intensity generated by lysate from each
tissue sample was measured in duplicate and averaged to obtain the
relative light units (RLU) value for each sample. Total protein con-
centration was determined from a separate aliquot of lysate with a
Lowry Assay (Bio-Rad; Hercules, CA). Each RLU value was then nor-
malized to its total protein concentration generating a final value, lu-
ciferase content, with units of RLU/microgram of protein.

2.2.6. Statistical analysis
The final analysis included six Previous Vehicle and seven Previous

Estradiol mice. A student's t-test was used to compare the mean luci-
ferase content in the hippocampus, cortex, and hypothalamus of ovar-
iectomized mice previously treated with continuous, unopposed estra-
diol or vehicle alone. Percent change from body weight at time of
ovariectomy was compared with a student's t-test at two different time
points, at the midpoint of the 40-day treatment period and at the time
of sacrifice.

2.3. Experiment 3

2.3.1. Experimental design
The goal of Experiment 3 was to determine if the lasting effects of

continuous, unopposed estradiol exposure on ERE-dependent gene ex-
pression in the brain are distinct from prolonged exposure to ovarian
hormone fluctuations. As shown in Fig. 1C, the Previous Vehicle and
Previous Estradiol treatment groups of Experiment 2 were replicated in
Experiment 3 and an additional group (Previous Intact) was included in
which endogenous ovarian function was maintained during the 40-day
treatment period. This previously intact group was then ovariectomized
at the time implants were removed and brain tissue was harvested
28 days later for analysis of luciferase content.

2.3.2. Subjects
Young adult (10–12weeks old) female heterozygous ERE-LUC

transgenic mice were obtained from our on-site breeding colony. Mice
were individually housed throughout the duration of the experiment in
a temperature-controlled environment with a 12-h light/dark cycle.
Food and water was provided ad libitum throughout the course of the
experiment.

2.3.3. Ovariectomy and capsule implantation
Ovariectomy and capsule implantations were performed as de-

scribed in Experiment 1. During sham ovariectomy, mice were an-
esthetized and bilateral incisions were made in the skin above each

ovary. The wound was sutured shut and mice were given a sub-
cutaneous injection of 0.024mg/kg of Buprenex for analgesia. All
sham-operated mice received a vehicle implant as described in
Experiment 1. Vaginal smears and body weight gain were monitored to
confirm treatment efficacy. Vaginal swabs were obtained every other
day from 17 to 40 days post-treatment and body weight gain was
measured 20 days post-treatment to monitor estradiol delivery. After
40 days of treatment, all capsules were removed under isoflurane an-
esthesia and previous intact mice were ovariectomized. Mice were sa-
crificed 28 days later and tissue was harvested as described in
Experiment 2. Vaginal smears, body weight gain, and uterine weight
were obtained on the day of sacrifice to confirm physiologically low
levels of circulating estrogens.

2.3.4. Tissue processing for luciferase assays
Tissue samples were obtained and processed as described in

Experiment 2.

2.3.5. Luciferase enzyme expression assay
Luciferase enzyme activity assays were performed as described in

experiment 2.

2.3.6. Statistical analysis
The final analysis included four Previous Vehicle, three Previous

Estradiol, and seven Previous Intact mice. A one-way ANOVA followed
by LSD post-hoc tests were used to identify significant differences in
mean luciferase content in the hippocampus, cortex, and hypothalamus
of Previous Estradiol, Previous Vehicle, and Previous Intact mice.
Percent change from body weight at time of ovariectomy or sham
ovariectomy was compared with a one-way ANOVA followed by LSD
post hoc test at both the midpoint of the 40-day treatment period and at
the time of sacrifice.

3. Results

3.1. Experiment 1

3.1.1. Treatment efficacy
Light microscopic examination of vaginal smears was performed

throughout the treatment period. Smears from ovariectomized, vehicle-
treated mice were characterized by a predominance of leukocytes, in-
dicating low levels of circulating estrogens. Smears from ovar-
iectomized, estradiol-treated mice were characterized by a pre-
dominance of cornified and nucleated epithelial cells until
approximately 35 days post-implantation, indicating high levels of cir-
culating estrogens. Smears became more variable during the last five
days of treatment, suggesting decreasing levels of estradiol delivered
from capsules toward the end of the treatment period. Estradiol-treated
mice gained significantly less weight during the treatment period of
Experiment 1 (t(21) = 3.76, p=0.0012. Cohen's d= 1.30; data not
shown). Body weight gain in Previous Estradiol mice accelerated after
termination of treatment and there was no significant difference in
body weight gained between groups at the time of sacrifice (data not
shown). Vaginal smears at the time of sacrifice from both treatment
groups revealed a predominance of leukocytes and a lack of cornifica-
tion, indicating low levels of circulating estrogens. Uterine atrophy at
the time of sacrifice was also similar in both treatment groups, in-
dicating low levels of circulating estrogens in all animals (data not
shown). The corroboration of body weight gain, smear patterns, and
uterine weight indicated that circulating estrogen levels in all animals
were similar to that of the ovariectomized, vehicle-treated mice at the
time of sacrifice.

3.1.2. Radial-arm maze performance
The two-way repeated measures ANOVA revealed a significant main

effect of treatment (F(1,22) = 4.54, p=0.044, η2= 0.09) and a
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significant main effect of delay (F(2,44) = 3.88, p=0.028, η2= 0.13)
with no interaction (F(2,44) = 0.63, p=0.539, η2= 0.02). As shown in
Fig. 2, these results indicate that ovariectomized mice previously ex-
posed to 40 days of continuous, unopposed estradiol committed sig-
nificantly fewer errors on the radial-arm maze task than mice treated
with vehicle alone, which is consistent with enhanced hippocampus-
dependent memory.

3.2. Experiment 2

3.2.1. Treatment efficacy
Light microscopic examination of vaginal smears was performed

throughout the treatment period. Smears from ovariectomized, vehicle-
treated mice were characterized by a predominance of leukocytes, in-
dicating low levels of circulating estrogens. Smears from ovar-
iectomized, estradiol-treated mice were characterized by a pre-
dominance of cornified and nucleated epithelial cells until
approximately 35 days post-implantation, indicating high levels of cir-
culating estrogens. Smears became more variable during the last five
days of treatment, suggesting decreasing levels of estradiol delivered
from capsules toward the end of the treatment period. Estradiol treated
mice gained significantly less weight during the treatment period of
Experiment 2 (t(11) = 3.82, p=0.0029, Cohen's d= 1.46; data not
shown). Body weight gain in Previous Estradiol mice accelerated after
termination of treatment and there was no significant difference in
body weight gained between groups at the time of sacrifice (data not
shown). Vaginal smears at the time of sacrifice from both treatment
groups revealed a predominance of leukocytes and a lack of cornifica-
tion, indicating low levels of circulating estrogens. Uterine atrophy at
the time of sacrifice was also similar in both treatment groups, in-
dicating low levels of circulating estrogens in all animals (data not
shown). The corroboration of body weight gain, smear patterns, and
uterine weight indicated that circulating estrogen levels in all animals
were similar to that of the ovariectomized, vehicle-treated mice at the
time of sacrifice.

3.2.2. ERE-dependent gene expression
As shown in Fig. 3A, the student's t-test revealed a significant effect

of treatment on ERE-dependent gene expression in hippocampus
(t(11) = 3.58, p=0.0044, Cohen's d= 1.41) and cortex in Fig. 3B
(t(11) = 3.76, p=0.0031, Cohen's d= 1.44), but no significant effect in
the hypothalamus in Fig. 3C (t(11) = 1.90, p=0.084, Cohen's
d= 0.95). Experiment 2 indicates that previous exposure to estradiol in
ovariectomized mice results in lasting enhanced ERE-dependent gene
expression in the hippocampus and cortex.

3.3. Experiment 3

3.3.1. Treatment efficacy
Light microscopic examination of vaginal smears was performed

throughout the treatment period. Smears from ovariectomized, vehicle-
treated mice were characterized by a predominance of leukocytes, in-
dicating low levels of circulating estrogens. Smears from ovar-
iectomized, estradiol-treated mice were characterized by a pre-
dominance of cornified and nucleated epithelial cells until
approximately 35 days post-implantation, indicating high levels of cir-
culating estrogens. Smears became more variable during the last five
days of treatment, suggesting decreasing levels of estradiol delivered
from capsules toward the end of the treatment period. Smears from
intact mice varied across the estrus cycle. During the treatment period
of Experiment 3, ovariectomized mice treated with vehicle gained sig-
nificantly more weight than ovariectomized mice treated with estradiol
or sham operated mice with intact ovaries (F(2,11) = 14.43, p<0.001,
η2= 0.72; data not shown). Body weight gain in Previous Estradiol and
Previous Intact mice accelerated after termination of treatment and
there was no significant difference in body weight gained between
groups at the time of sacrifice (data not shown). Vaginal smears at the
time of sacrifice from all treatment groups revealed a predominance of
leukocytes and a lack of cornification, indicating low levels of circu-
lating estrogens. Uterine atrophy at the time of sacrifice was also si-
milar in all treatment groups, indicating low levels of circulating es-
trogens in all animals (data not shown). The corroboration of body
weight gain, smear patterns, and uterine weight indicated that circu-
lating estrogen levels in all animals were similar to that of the ovar-
iectomized, vehicle-treated mice at the time of sacrifice.

3.3.2. ERE-dependent gene expression
As shown in Fig. 4A, the one-way ANOVA revealed a significant

effect of treatment in the hippocampus (F(2,11)= 6.61, p=0.013,
η2= 0.55). Subsequent post-hoc testing determined that ERE-dependent
gene expression in the hippocampus of Previous Estradiol mice was
significantly greater than that of Previous Vehicle mice (p=0.011,
Cohen's d= 1.70) and Previous Intact mice (p=0.005, Cohen's
d= 1.75), but there was no difference in ERE-dependent gene expres-
sion in the hippocampus of Previous Intact and Previous Vehicle mice
(p=0.904, Cohen's d= 0.06). A one-way ANOVA also revealed a sig-
nificant effect of treatment (F(2,11)= 4.14, p=0.046, η2= 0.43) on
ERE-dependent gene expression in the cortex, as shown in Fig. 4B.
Subsequent post-hoc testing again determined that ERE-dependent gene
expression in the cortex of Previous Estradiol mice was significantly
greater than that of Previous Vehicle mice (p=0.017, Cohen's
d= 1.77) and Previous Intact mice (p=0.047, Cohen's d= 1.26), but
there was no difference in ERE-dependent gene expression in the cortex

Fig. 2. Effects of previous treatment with
continuous, unopposed estradiol on hippo-
campus-dependent memory in ovar-
iectomized mice. Mice were trained on the
radial-arm maze, then ovariectomized and
implanted with capsules delivering con-
tinuous treatment with estradiol (Previous
Estradiol) or vehicle alone (Previous
Vehicle). After 40 days all capsules were re-
moved. Hippocampus-dependent memory
was assayed during delay trials, in which
various delays were inserted between the
fourth and fifth arm choices, beginning
14 days after termination of treatment. (A)
Mean number of errors of first 8 arm choices
(±SEM) presented across delays. (B) Mean
number of errors (±SEM) of first 8 arm
choices averaged over all delays. *p<0.05
vs. Previous Vehicle.
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of Previous Vehicle and Previous Intact mice (p=0.353, Cohen's
d= 0.50). Finally, a one-way ANOVA determined that there was no
effect of previous estradiol exposure on ERE-dependent gene expression
in the hypothalamus (F(2,11) = 1.93, p=0.192, η2= 0.26), as shown in

Fig. 3. Effects of previous treatment with continuous, unopposed estradiol on
estrogen response element (ERE)-dependent gene expression in the hippo-
campus (A), cortex (B), and hypothalamus (C) of ovariectomized mice.
Transgenic ERE-Luciferase reporter mice were ovariectomized and implanted
with capsules delivering continuous treatment with estradiol (Previous
Estradiol) or vehicle alone (Previous Vehicle). After 40 days all capsules were
removed. Brain tissue was harvested 28 days after termination of treatment.
*p<0.05 vs. Previous Vehicle.

Fig. 4. Effects of previous exposure to continuous, unopposed estradiol or de-
layed ovariectomy on estrogen response element (ERE)-dependent gene ex-
pression in the hippocampus (A), cortex (B), and hypothalamus (C) of ovar-
iectomized mice. Transgenic ERE-Luciferase reporter mice were sham
ovariectomized (Previous Intact) or ovariectomized and implanted with cap-
sules delivering continuous treatment with estradiol (Previous Estradiol) or
vehicle alone (Previous Vehicle). After 40 days all capsules were removed and
Previous Intact mice were ovariectomized. Brain tissue was harvested 28 days
after termination of treatment. *p<0.05 vs. Previous Vehicle, #p<0.05 vs
Previous Intact.
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Fig. 4C. The long lasting enhancement of ERE-dependent gene expres-
sion in the hippocampus and cortex was not replicated by continued
exposure to the same duration of endogenous ovarian hormone synth-
esis. Together the results of Experiment 3 indicate that the lasting ef-
fects of previous unopposed estradiol exposure on ERE-dependent gene
expression in the brain of ovariectomized mice are distinct from con-
tinued exposure to endogenous ovarian hormone synthesis.

4. Discussion

The results of the current work indicate that 40 days of continuous,
unopposed estradiol treatment initiated at the time of ovariectomy in
young adult mice results in enhancement of hippocampus-dependent
memory and ERE-dependent gene expression in the hippocampus
28 days after treatment has been terminated. Many previous studies
have reported ovarian hormone deprivation to impair (Fonseca et al.,
2013; Li et al., 2012; Wilson et al., 1999) and estrogen treatment to
enhance hippocampus-dependent memory in ovariectomized mice
(Frick et al., 2002; Gresack and Frick, 2006; Heikkinen et al., 2002;
Iivonen et al., 2006; Li et al., 2004; Phan et al., 2012; Xu and Zhang,
2006), provided that estrogen treatment is initiated within a critical
window after ovariectomy (Heikkinen et al., 2004). Results of the
current study demonstrate that short-term estradiol exposure can have
effects on hippocampus-dependent memory in ovariectomized mice
that persist after treatment has ceased and in absence of ovarian-de-
rived or exogenously administered estrogens. The results reported here
are consistent with both previous studies from our lab in rats (Black
et al., 2016; Rodgers et al., 2010; Witty et al., 2013) and clinical results
(Bagger et al., 2005; Whitmer et al., 2011). The current results extend
our previous findings from rats into the mouse species to validate the
use of the transgenic ERE-LUC reporter mouse in subsequent experi-
ments.

Short-term continuous, unopposed estradiol exposure also provides
long-term enhancement of classic ERE-dependent gene activation in the
hippocampus. This is consistent with previous findings from our lab
highlighting the importance of ERα expression (Witty et al., 2012) and
activity (Black et al., 2016) in the hippocampus in mediating memory
enhancement after previous estradiol exposure. The results of the cur-
rent experiment extend our previous findings by confirming that ca-
nonical ERE-dependent gene expression is enhanced in the hippo-
campus by previous estradiol exposure 28 days after termination of
treatment. We also have now established that previous exposure to
continuous, unopposed estradiol results in lasting effects on ERE-de-
pendent gene activity in the brain that are distinct from previous ex-
posure of the same duration to prolonged endogenous cyclic estrogen
fluctuations. Prolonged exposure to endogenous ovarian hormones
during the 40-day treatment window did not result in the enhanced
ERE-dependent gene expression seen in the hippocampus and cortex of
mice treated with 40 days of continuous, unopposed estradiol. There-
fore, lasting enhancement of ERE-dependent gene transcription is not a
result of prolonged exposure to estrogens of any kind, but specific to
continuous, unopposed estradiol exposure. This observation may help
explain how a relatively short duration of estradiol treatment can have
effects on estrogen signaling in the brain and cognition that last up to
seven months after termination of treatment in rats (Rodgers et al.,
2010) and years after termination of treatment in women (Bagger et al.,
2005; Whitmer et al., 2011).

Endogenous ovarian hormone synthesis differs from continuous,
unopposed estradiol exposure in multiple ways. Previous Intact mice
experienced a cyclic treatment regimen while Previous Estradiol treated
mice received a continuous treatment regimen. Furthermore, con-
tinuous treatment likely results in a greater total dose of estradiol ex-
posure across the 40-day treatment window due to the cyclicity of en-
dogenous estradiol synthesis. Finally, the ovaries are also the main
source of cyclic progesterone synthesis across the estrus cycle.
Therefore, Previous Intact mice were subjected to cyclic fluctuations in

progesterone as well as estradiol while previous estradiol mice experi-
enced continuously low levels of progesterone during the 40-day
treatment period. The results of the present work establish that 40 days
of continuous, unopposed estradiol exposure initiated at the time of
ovariectomy has lasting effects on ERE-dependent gene expression
across the brain that are distinct from the lasting effects of extended
exposure to the same duration of ovarian hormone synthesis. Whether
this difference arises from differences in regimen, dose, or due to the
absence of other ovarian-derived hormones, are all subject to further
investigation.

The effects of the estrus cycle, ovariectomy, and aging on ERE-de-
pendent transgene expression across the brain in the ERE-LUC mouse
model have only been partially defined. It has been shown that ERE-
dependent transgene expression varies significantly across the estrus
cycle in multiple brain regions, including the hypothalamus, but not in
the hippocampus, parietal cortex, or motor cortex (Stell et al., 2008). It
has also been shown that 21 days of ovariectomy had no effect on ERE-
dependent transgene expression in the motor cortex but significantly
increased ERE-dependent gene expression in the hypothalamus
(Fontana et al., 2014). These results suggest that the ERE-dependent
transgene in the ERE-LUC mouse brain is sensitive to circulating levels
of ovarian hormones, but this sensitivity varies by brain region. In the
current work, we found no difference in ERE-dependent transgene ex-
pression in the cortex, hippocampus, or hypothalamus in young adult
mice that had been ovariectomized for 28 or 68 days, indicating that 40
additional days of ovarian hormone deprivation had no further effect
on ERE-dependent gene expression in the brain regions examined.
Furthermore, the sensitivity of the hippocampus to estradiol exposure is
known to decline with age (Bean et al., 2014). All previous published
work using the ERE-LUC mouse line and the current experiments were
conducted in young adult ERE-LUC mice. Future work will determine if
similar effects of ovarian hormone deprivation and continuous, un-
opposed estrogen treatment are seen in mice ovariectomized at more
advanced ages.

In the current experiments, monitoring of vaginals smears, body
weight, and uterine atrophy indicated that circulating estradiol levels in
all experimental animals were physiologically low at the time of sa-
crifice, similar to that of an ovariectomized mouse. However, in
agreement with previous work (Fontana et al., 2014), ERE-dependent
gene expression was still readily detectable across all brain regions
examined despite these low levels of circulating estrogens. This result
suggests that an alternate source of estrogen receptor activation in the
brain is responsible for the high levels of transgene activation when
there are physiologically low levels of circulating estrogens. Estrogen
receptors can be activated in a ligand-independent fashion that is
functionally distinct from ligand-dependent activation (Tora et al.,
1989). Ligand-independent activation of estrogen receptors is depen-
dent on activation of intracellular kinase cascades culminating in
phosphorylation of the receptor, which has been shown to occur in both
neuronal (Mendez and Garcia-Segura, 2006; Patrone et al., 1998) and
non-neuronal cell lines (Ali et al., 1993; Bunone et al., 1996). Insulin-
like growth factor-1 receptor (IGF-1R) has been shown to activate ERα
in vitro and co-localizes with ERα within the same cell populations in
the hippocampus (Cardona-Gómez et al., 2000). Our lab has found that
treatment of ovariectomized rats with IGF-1 increased phosphorylation
of ERα and increased expression of estrogen responsive target genes
(Grissom and Daniel, 2016). Furthermore, our lab has found that an-
tagonism of IGF-1R signaling in ovariectomized rats after previous es-
tradiol exposure eliminates the associated cognitive benefits (Witty
et al., 2013). Therefore it appears that IGF-1R signaling is particularly
important for the maintenance of estrogen receptor activity after pre-
vious short-term estradiol exposure.

The hippocampus is also fully capable of synthesizing estrogen de
novo to maintain estrogen receptor signaling. The enzyme responsible
for the synthesis of estradiol, aromatase, is expressed throughout the
medial temporal lobe and hippocampus in the human brain (Biegon

K.J. Pollard et al. Hormones and Behavior 102 (2018) 76–84

82



et al., 2010). The enzyme appears to maintain significant activity after
menopause as several studies have found that postmenopausal ar-
omatase enzyme inhibition can adversely affect cognitive processes
including hippocampus dependent memory (Bayer et al., 2015; Bender
et al., 2015; Collins et al., 2009). Aromatase is also expressed in the
rodent hippocampus (Hojo et al., 2004; Wehrenberg et al., 2001) where
estradiol levels have been shown to exceed plasma levels (Kato et al.,
2013). In agreement with clinical observations, aromatase inhibition in
ovariectomized mice decreased LTP in the hippocampus (Vierk et al.,
2012) and aromatase knockout mice display hippocampus-dependent
memory deficits (Martin et al., 2003). Continuous, unopposed estradiol
exposure has also been shown to enhance expression of the aromatase
gene in ovariectomized mice (Iivonen et al., 2006). It is possible that
enhanced expression of the aromatase gene persists long after termi-
nation of estradiol exposure and contributes to the enhanced estrogen
receptor signaling in ovariectomized rodents, but this hypothesis has
never been tested directly.

Finally, we determined that short-term estradiol exposure in ovar-
iectomized mice also results in increased ERE-dependent gene expres-
sion in the cerebral cortex after termination of continuous, unopposed
estradiol treatment. The hippocampus and cortex are both brain regions
associated with cognitive function and have been shown to be affected
by estrogen treatment in both rodents (Fernandez and Frick, 2004;
Fonseca et al., 2013) and humans (Dumas et al., 2010; Gleason et al.,
2006). The hypothalamus is also known to be affected by ongoing es-
trogen treatment in ovariectomized mice (Thammacharoen et al., 2017)
but we did not observe significantly enhanced ERE-dependent gene
expression 28 days after termination of continuous, unopposed estra-
diol exposure. Future studies will be needed to determine the extent to
which previous unopposed estradiol exposure in ovariectomized ro-
dents affects ERE-dependent gene expression across the brain, and how
these effects relate to cognitive health.

5. Conclusions

In summary, short-term exposure to estradiol at the time of ovar-
iectomy has beneficial effects on hippocampus-dependent memory in
ovariectomized mice for at least 28 days after treatment has terminated.
The consistency of this effect in both mice and rats and comparable results
from clinical studies suggest that this model may have implications on
postmenopausal estrogen therapy in humans. Furthermore, we have de-
monstrated that short-term estradiol exposure at ovariectomy results in a
long-lasting enhancement of classical ERE-dependent gene activation in
the hippocampus that is not replicated by simply prolonging exposure to
endogenous ovarian hormones. The identification of unique lasting effects
of continuous, unopposed estradiol exposure in the brain will help de-
termine how short-term estradiol therapy can have lasting beneficial ef-
fects on cognitive function in perimenopausal women.
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