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Abstract
Conjugated equine estrogen (CEE) is the most commonly prescribed estrogen therapy, and is the
estrogen used in the Women's Health Initiative study. While in-vitro studies suggest that CEE is
neuroprotective, no study has evaluated CEE's effects on a cognitive battery and brain
immunohistochemistry in an animal model. The current experiment tested whether CEE impacted:
I) spatial learning, reference memory, working memory and long-term retention, as well as ability
to handle mnemonic delay and interference challenges; and, II) the cholinergic system, via
pharmacological challenge during memory testing and ChAT-immunoreactive cell counts in the
basal forebrain. Middle-aged ovariectomized (Ovx) rats received chronic cyclic injections of either
Oil (vehicle), CEE-Low (10 μg), CEE-Medium (20 μg) or CEE-High (30 μg) treatment. Relative to
the Oil group, all three CEE groups showed less overnight forgetting on the spatial reference memory
task, and the CEE-High group had enhanced platform localization during the probe trial. All CEE
groups exhibited enhanced learning on the spatial working memory task, and CEE dose-dependently
protected against scopolamine-induced amnesia with every rat receiving the highest CEE dose
maintaining zero errors after scopolamine challenge. CEE also increased number of ChAT-
immunoreactive neurons in the vertical diagonal band of the basal forebrain. Neither the ability to
remember after a delay nor interference, nor long-term retention, was influenced by the CEE regimen
used in this study. These findings are similar to those reported previously for 17 ß-estradiol, and
suggest that CEE can provide cognitive benefits on spatial learning, reference and working memory,
possibly through cholinergic mechanisms.
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Introduction
Conjugated equine estrogen (CEE; tradename Premarin) is the most widely used hormone
therapy (HT) in the United States, given since 1942 (Stefanick, 2005), and was the estrogen
used in the Women's Health Initiative (WHI) (Shumaker et al., 1998; 2004). In vitro, CEE
increases neuronal growth in the basal forebrain, hippocampus and cortex (Diaz Brinton et al.,
2000) and attenuates beta amyloid-induced cell death in hippocampus (Brinton et al., 2000).
Clinical findings assessing CEE have been inconclusive. CEE-containing therapy improved
memory via self-report (Campbell and Whitehead, 1977), case studies (Ohkura et al., 1995)
and randomized psychometric evaluations (Kantor et al., 1973). Yet, findings evaluating global
cognitive function in the large placebo-controlled WHI Memory Study (WHIMS), conducted
by the National Institutes of Health, showed an increase in probable dementia risk and no effect
on mild cognitive impairment in women 65+ years taking the combination therapy CEE
+medroxyprogesterone (Shumaker et al., 2003). Unopposed treatment with CEE alone showed
a trend for an increased incidence of probable dementia and mild cognitive impairment,
although this did not reach statistical significance (Espeland et al., 2004; Shumaker et al.,
2004). An ancillary study to the WHI testing more specific cognitive functions, the WHI Study
of Cognitive Aging (WHISCA), reported that combination CEE+medroxyprogesterone
therapy had a negative effect on verbal memory and a trend for positive effects on figural
memory in women 65 and over free of probable dementia (Resnick et al., 2006). Together, the
clinical studies indicate that CEE-containing therapy can result in both beneficial and
detrimental actions on cognition in the aging brain.

Rodent models can provide insight into cognitive effects of HTs, and allow evaluation of
correlative brain changes. Such studies enable excellent experimental control by obviating
issues impacting HT use in women, such as socioeconomic status and education, as well as
factors potentially affecting cognitive efficacy of HT such as time after ovarian hormone loss
and age (Sherwin, 2006). The estrogen 17 ß-estradiol has been shown to benefit spatial working
and reference memory in young rodents (Bimonte and Denenberg, 1999; Daniel et al., 1997;
Daniel et al., 2005; El-Bakri et al., 2004; Fader et al., 1999; Feng et al., 2004; Hruska and
Dohanich, 2007; Korol and Kolo, 2002; Luine and Rodriguez, 1994), as well as in middle-
aged rodents (Bimonte-Nelson et al., 2006; Markham et al., 2002; Talboom et al., 2008).

Abundant evidence suggests that learning and memory is mediated, in part, by the cholinergic
system. Supporting data include research showing that basal forebrain (BF) cholinergic lesions
impaired acquisition of a delayed match-to-position (DMP) T-maze task (Gibbs, 2002, 2007),
and that DMP performance correlated with increased choline acetyltransferase (ChAT) activity
in the hippocampus and frontal cortex (Gibbs, 2002). This link between cholinergic neurons,
neurochemistry and cognitive performance might be relevant to estradiol's effects during
cognitive testing, as estradiol treatment potentiated increases in hippocampal acetylcholine
levels during maze learning (Marriott and Korol, 2003), and estradiol induced memory
improvements in animals with intact BF cholinergic neurons, but not with BF cholinergic
lesions (Gibbs, 2002, 2007). Further, estradiol increases the number of ChAT-immunoreactive
(IR) neurons in the BF medial septum (MS) and vertical diagonal band (VDB) in young Ovx
rats (Gibbs, 1997; Gibbs and Pfaff, 1992), and increases the number and size of MS ChAT-IR
neurons in middle-aged mice (Granholm et al., 2002). Estradiol administration also protects
against the cholinergic challenge of scopolamine-induced amnesia in young and middle-aged
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rats (Dohanich et al., 1994; Fader et al., 1998; Fader et al., 1999; Packard and Teather, 1997;
Savonenko and Markowska, 2003).

Estradiol is the primary estrogen used to test cognitive effects of HT in animal models; CEE
has not been thoroughly evaluated. Estradiol is the most potent naturally-circulating estrogen,
followed by estrone and estriol, in order of receptor affinity (Kuhl, 2005; Sitruk-Ware, 2002).
CEE contains sulfates of at least ten estrogens. Only two of these, estrone and estriol, are found
naturally in women; all others are unique to horses (Kuhl, 2005). CEE is over 50% estrone
sulfate, and contains only trace amounts of estradiol; after metabolism, the resulting
biologically active circulating hormones are primarily estrone and estradiol (Bhavnani, 2003;
Sitruk-Ware, 2002). Because, after CEE treatment, other weaker estrogens are present that
could alter efficacy of the resulting circulating levels of estradiol (Kuhl, 2005), the animal
studies done thus far testing the cognitive and cholinergic effects of estradiol cannot be
generalized to potential effects of CEE.

The goal of the current study was to determine whether CEE could positively impact cognition
and the cholinergic system in middle-aged rodents, while controlling for factors possibly
influencing HT outcome such as Ovx duration before treatment and age, and obviating clinical
variables such as socioeconomic status and education. We evaluated whether CEE influenced
learning, spatial reference and working memory, including after delay and interference
challenges in order to better define parameters impacted by CEE-treatment. We also
investigated whether CEE affects the cholinergic system by evaluating response to
pharmacological challenge during memory testing, as well as assessing number of ChAT-IR
neurons in the MS and the VDB of the BF. These endpoints were chosen because in the rat
model estradiol treatment after Ovx impacts spatial working and reference memory maze
performance (Bimonte-Nelson et al., 2006; Bimonte and Denenberg, 1999; Daniel et al.,
1997; Daniel et al., 2005; El-Bakri et al., 2004; Fader et al., 1999; Feng et al., 2004; Hruska
and Dohanich, 2007; Markham et al., 2002; Talboom et al., 2008), protects against
pharmacological cholinergic challenge during maze testing (Dohanich et al., 1994; Fader et
al., 1998; Fader et al., 1999; Gibbs et al., 1998; Packard and Teather, 1997; Savonenko and
Markowska, 2003), and increases the number of ChAT-IR neurons in the basal forebrain
(Gibbs, 1997; Gibbs and Pfaff, 1992; Granholm et al., 2002).

Materials and Methods
Subjects

At the start of the experiment there were 33 thirteen month old Fischer-344 female rats born
and raised at the aging colony of the National Institute on Aging at Harlan Laboratories
(Indianapolis, IN). Prior to surgery, rats were acclimated for several weeks, and were pair
housed with an identical treatment assigned cage-mate. Animals had exposure to food and
water ad-lib, and were maintained on a 12-h light/dark cycle. All procedures were approved
by the local IACUC committee and adhered to NIH standards.

Surgery and hormone administration
Forty-two±2 days before behavioral testing ensued, all rats received Ovx. Rats were
anesthetized with an intraperitoneal injection of a cocktail of 70 mg/kg ketamine (Fort Dodge
Animal Health, Fort Dodge, IA, USA)/and 6 mg/kg xylazine (Lloyd Laboratories, Shenandoah,
IA, USA) and acepromazine 10mg/ml, Vedco Inc., St Joseph MO 64507. After bilateral
dorsolateral incisions the ovaries and tips of uterine horns were ligatured and removed. The
muscle was then sutured and the skin stapled. Twenty-five±3 days after surgery rats began
hormone/vehicle administration after random assignment. One subcutaneous injection was
given for two consecutive days followed by two days off, a pattern repeated throughout the
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study. Rats received either chronic cyclic treatment with vehicle injection (sesame oil, Ovx-
Oil) or one of the following doses of injectable CEE prescribed to women (Wyeth
Pharmaceuticals Inc., Philadelphia, PA) dissolved in sesame oil: 10 (Ovx-CEE Low), 20 (Ovx-
CEE Medium) and 30 μg (OvxCEE High). The doses used in the current study were based on
the daily 0.625 mg CEE dose commonly taken by women, and used in the WHIMS. Since no
similar study had been done in the rodent, we extrapolated the dose to be used in our animal
model as follows. We used the average female weight of 70 kg (www.halls.md) for calculations
to determine mg drug/kg body weight for the 0.625 dose, which resulted in 0.00893 mg drug/
kg body weight woman. Estimating dose based on a 220 gram rat, this resulted in approximately
20 micrograms daily CEE. This was used as the medium dose, with 10 micrograms lower and
higher for the low and high groups, respectively. Behavioral testing began 18 days after
hormone administration was initiated. The testing schedule is outlined in Table I. The last
treatment injection was administered in the morning, 2 days prior to sacrifice.

Vaginal smears and uterine weights
To confirm Ovx and CEE treatment, vaginal smears were taken daily for 17 days, beginning
one day prior to the first CEE injection. Smears were classified as either proestrus, estrous,
metestrus or diestrus (Goldman et al., 2007). Before CEE injection, all animals were in diestrus.
Six days after the first CEE injection, all CEE-treated animals showed estrous smears. To
examine CEE effects on uterine tissues, an additional 10 Ovx animals given injection were
sacrificed at this same timepoint. The injection regimen was identical to that used in the
behavior study. Six days after the initial injection of either oil (n=3), CEE-Medium (n=3) or
CEE-High (n=4), uterine tissues were collected. After anesthesia, a ventral incision was made
in the abdominal region, and the uterus was cut above the junction with the cervix and on the
uterine horn below the ligature remaining from Ovx (Ashby et al., 1997). Uteri were trimmed
of all visible fat and were immediately weighed to obtain wet weight.

Morris water maze
We tested spatial reference memory via the Morris water maze (MWM), a test we and others
have shown to be enhanced by estradiol replacement given to older Ovx rats (Bimonte-Nelson
et al., 2006; Markham et al., 2002). A video camera and tracking system (Ethovision, Noldus
Instruments) tracked and analyzed each rat's path. The MWM consisted of a hidden platform
(10 cm wide) in a round tub (188 cm diameter) filled with water made opaque with black non-
toxic paint (Bimonte-Nelson et al., 2006; Morris et al., 1982). The rat was placed in the maze
from any of four locations (North, South, East, or West) and had 60s to locate the platform
which remained in a fixed location (Northeast quadrant). After 15s on the platform, the rat was
placed into its heated cage until the next trial. Rats were given 5 trials a day/5 days. Animals
were tested in squads (8-9 rats in each squad) so that trial 1 was completed for each rat in the
group, then trial 2, etc., as done previously (Hyde et al., 2002; Schrott et al., 1992; Stavnezer
et al., 2002). The inter-trial-interval (ITI) was 5-8m. Distance and Speed (Distance/Time) were
the dependent variables.

To evaluate whether rats localized the platform to the spatial location, after the test trials a 60s
probe trial was given whereby the platform was removed. Percent of total distance in the
platform quadrant (NE, or target) was compared to the quadrant diagonally opposite (SW). To
determine whether CEE impacted ability to locate the exact platform location in space, we also
quantified platform crossings. Quantifying behavior by using these two measurements
(quadrant preference and platform crossings) gives information about the animals' ability to
navigate through the environment in search for the goal, which is located in a specific place in
space. Evaluating localization to the platform quadrant is indicative of the ability to locate the
general vicinity of the platform, while assessment of platform crossings yields insight into
knowledge of the specific platform location. Furthermore, in this and other studies we have
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noted that during the initial portion of the probe trial some animals actively cross the platform
location while others do not. As time commences, animals decrease platform crossings and
swim elsewhere. To determine whether CEE impacts localization of the platform and behavior
across trial time, we blocked platform crossings into the first half of the probe trial (0-30
seconds) and the second half of the probe trial (31-60 seconds).

After completion of all behavioral tests (5 weeks after initial MWM testing), rats were again
tested on the MWM for retention and relearning of the maze. For this retest, animals received
7 trials within one maze session.

Delayed-match-to-sample plus maze
Two days after initial MWM testing concluded, we tested spatial working memory and short-
term memory retention using a win-stay delayed-match-to-sample (DMS) place learning task
in a new room. The black plexiglass maze (each arm was 38.1cm × 12.7cm) was filled with
water made opaque with black non-toxic paint, and had a hidden platform at the end of one of
the four arms. Start location varied across trials, and the platform location changed every day.
Within a day, the platform remained in the spatial location. Rats received six consecutive trials
within a daily session. Trial one was the information trial informing the animal where the
platform was for that day's session, trial two was the working memory test trial, and trials three
through six were recent memory test trials (Frick et al., 1995). Rats were given 90s to find the
platform. Once on the platform, the rat remained on it for 15s, followed by placement into a
heated cage for a 30s ITI. An arm entry was counted when the tip of a rat's snout reached a
mark delineated on the outside of the arm and not visible from the inside of the maze (11 cm
into the arm). Entry into any non-platformed arm was counted as an error. The total number
of errors was analyzed for each trial.

Delay testing—After 5 days of testing at a 30s ITI, increased time delays were given (Table
I). Four- and six- hour delays were initiated between trials 5 and 6, to assess retention of recent
memory. Since these delays did not influence performance, we then gave delays between trials
1 and 2 after only one exposure to the correct platform location. Indeed, since the second trial
is the first trial to test recall of the updated information (working memory), the next series of
delays were given between trial 1 and trial 2 to determine whether the increasing delays
impacted working memory. Using this procedure, delays of 4-, 6- and 7- hours were given on
days 14, 15 and 16, respectively. On day 17, after trial 2, rats were given a probe trial whereby
the platform was removed. This was initiated to confirm that animals localized the spatial
location of the platform, and that an animal's choice was not due to platform visualization or
another strategy.

Interference testing—Some animal research has imposed task-related interference on
passive avoidance, operant behavior and visual discrimination tasks (Dunnett and Martel,
1990; Dunnett et al., 1990; Winocur, 1984, 1985, 1988). Classically, interference trials have
been administered to people to examine processes of forgetting in short-term memory, which
is driven by limited capacity (Underwood, 1957). We performed a series of interference
manipulations to examine whether CEE influences performance after this mnemonic challenge
(Table I). On days 19, 20 and 21, after the information trial in the original room, rats received
interference trial/s in a new room on an identical maze, and were then brought back to the
original room for the test trial. Performance on the test trial in the original room was a measure
of retroactive interference. On days 19 and 20, each rat received an information trial in the
original room, was immediately transported to the new room for one interference trial, and
then was transported back to the original room for the test trial. The last interference test, on
day 21, tested whether susceptibility to proactive interference, or to more retroactive
interference trials, was influenced by CEE treatment. Rats were administered 3 consecutive
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trials in the original room (this was the proactive interference), followed by 3 consecutive trials
in the new room (here the first trial was the “information trial” and the second trial was the
proactive interference “test trial”). Next, the rat received the test trial in the original room (this
was the retroactive interference “test trial”). Three trials were given in the new room so that
there were three trials of retroactive interference (versus only one trial of retroactive
interference on days 19 and 20) before the retroactive interference test trial in the original room.

Scopolamine challenge—After twelve days of baseline testing, when asymptotic
performance was reached in the new room (Table I), rats received a 0.2 mg/kg IP dose of
scopolamine (Sigma-Aldrich Inc., St Louis, MO) dissolved in saline 20 minutes prior to the
information trial. To ensure drug clearance, baseline maze testing was re-established 24 hrs
after scopolamine challenge.

Basal forebrain ChAT immunostaining and quantification—Animals were sacrificed
3 days after scopolamine challenge. All animals were sacrificed in the same day, with
researchers blinded to treatment group assignment. Animals were decapitated under
isofluorane anesthesia. While one researcher collected blood via cardiac puncture, the other
rapidly blocked the anterior portion of the brain containing the BF. This large block of tissue
was post fixed in 4% paraformaldehyde in phosphate-buffer solution (PB, pH 7.4). After 48
hours the brains were moved to PB until sectioning. Brains were sectioned (plates 1-25 Paxinos
and Watson, 1998) on a Vibratome (Vibratome 3000) in phosphate-buffered saline (PBS; pH
7.4) at 40 microns throughout the BF and collected for immunohistochemistry (Granholm et
al., 2002). Every 3rd section through the BF was selected for choline acetyl-transferase (ChAT)
antibody stain and incubated for 15 minutes in a 0.03% Triton (Triton 100X) in PBS (PBST)
to permeabilize the tissue. The tissue was then blocked, by incubating tissues at room
temperature (RT) for 30 min in a blocking solution (BKS) containing 0.03% PBST and 0.03%
heat inactivated horse serum (Fischer). Three PBS washes (3 min each) were then done. The
primary antibody, goat Anti-ChAT (1:1000, Chemicon), was added to each well, and sections
were incubated overnight at 4° C on a Rocker II (Boekel Scientific, Feasterville, PA). Next,
sections were washed in PBS three times (3 min each) followed by immersion in the secondary
antibody solution (1: 200 biotinylated Donkey anti-Goat IgG, Vector) and BKS for 45 min on
a Titer Plate Shaker (Barnstead International, Dubuque, IO) at RT. Sections were washed three
times in PBS (3 min each), and then placed into an 11% methanol and 1% H202 (Fischer) in
PBS solution for 30 minutes on a Titer Plate Shaker to quench endogenous peroxidase activity.
After three washes in PBS (3 min each), ABC reagent (Vector) was added to each well and
incubated for 45 min at RT on a Titer Plate Shaker. Sections were washed three times in PBS
(3 min each), and were then incubated with DAB solution (Vector). After the desired color
was achieved (dark purple), brain sections were washed three times in PBS (3 min each),
mounted on subbed slides, air dried, dehydrated and cover slipped with Permount. Each group
was equally represented in each round of staining, to avoid group inter-variability in staining.
Further, control procedures were run excluding primary and secondary antibodies. Exclusion
of the primary antibody resulted in no cell staining, and exclusion of secondary antibody
resulted in lack of DAB color development.

Basal forebrain ChAT-IR image analysis
ChAT immunohistochemically stained cells were quantified in the BF. One experimenter, blind
to treatment group status of the animals, performed all image analysis procedures. Images were
acquired using PictureFrame software (MicrobrightField, Burlington, VT) from a CX9000
camera (MicrobrightField, Burlington, VT) coupled to an Olympus BX51 microscope. A 2X
objective was used to capture images. Captured images for each section where then manually
counted using the Point Picker plugin under NIH ImageJ software (Rasband, 1997-2004). Cell
counts were then exported to Excel (Microsoft, Redmond, WA) for analysis. Two sections per

Acosta et al. Page 6

Horm Behav. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



animal were quantified, corresponding to plates 13-17 from Paxinos and Watson (1998),
similar to prior publications (Gibbs, 2002; Yamamoto et al., 2007). ChAT-IR cells were
counted in the MS and the VDB. Counts from the two sections were averaged to yield one
value per basal forebrain region per animal.

Hormone assays—Serum levels of estradiol and estrone were determined by liquid
chromatography-Tandem Mass Spectrometry (LC/MSMS) according to previously published
methods (Nelson et al., 2004). After dansyl chloride derivatization, samples were separated by
fast gradient chromatography and then were injected in a tandem mass spectrometer after
formation of positive ions with atmospheric pressure chemical ionization. Limits of
quantification for estrone and estradiol was 0.2 and 0.5 pg/ml, respectively, with interassay
CV's of 15% or less at the concentrations obtained for these steroids.

Statistical analyses—Unless otherwise noted, two-tailed tests were used and alpha was set
at 0.05. For behavior assessments, data were analyzed separately for each maze, first with an
omnibus repeated measures ANOVA with Treatment as the between variable and Days and/
or Trials as the within variable, as appropriate for the specific maze test. This was done to allow
interpretation of Days and/or Trials repeated measures effects in the context of potentially
complex Treatment interactions. Since our interest was to determine whether each dose
enhanced performance relative to the Ovx group, all of our follow-up two-group comparisons
were planned. Additional analyses were run to address specific questions about how CEE
influenced learning and memory, as follows. MWM overnight forgetting was tested since
estradiol has been shown to aid in overnight retention on this task (Bimonte-Nelson et al.,
2006; Markham et al., 2002). Overnight forgetting was analyzed by comparing trial 5 of one
day to trial 1 of the next day, with these scores as repeated measures. Thus, the analysis had
scores from day 1, trial 5 to day 2, trial 1 blocked; from day 2, trial 5 to day 3, trial 1 blocked;
from day 3, trial 5 to day 4, trial 1 blocked. The analysis therefore consisted of a 1 between
(Treatment), 2 within (overnight forgetting block and trial) repeated measures ANOVA. A
significant increase in scores from trial 5 to trial 1 of the next day is indicative of forgetting.
Because there were interactions with Treatment, follow up analyses were used analyzing each
group alone (repeated measures ANOVA with overnight forgetting block and trial) to
determine which group/s showed overnight forgetting. For MWM probe trial data, percent of
total distance in the previously platformed (target) quadrant was compared to that in the
diagonally opposite quadrant by using repeated measures (Quadrant) ANOVA. Rats that
learned the platform location were expected to spend the greatest percent distance in the target
vs. opposite quadrant. To evaluate whether CEE influenced search patterns, the probe trial was
divided into Block 1 (first 30 seconds) and Block 2 (second 30 seconds), tested with a repeated
measures (Block) ANOVA. To test MWM long-term retention, we compared distance on the
final trial of testing (trial 5, day 5) to the retention trial (trial 1, day 36) using repeated measures
(Trial) ANOVA.

Days 1-4 of the DMS plus maze were considered acquisition. All groups performed equally
on DMS day 5; thus, this was considered baseline for delay and interference trials. Performance
on the test trial after the delay or interference was compared to that same trial of the baseline
score from day 5 using a repeated measures of Day (test trial on manipulation day vs. test trial
at baseline day) ANOVA. For the DMS probe trial, entries into the arm that previously
contained the platform were compared to average entries into the other 3 arms using a 2 within
(arm entries into the platform arm versus other arms) repeated measures ANOVA. Performance
after scopolamine was compared to baseline performance from the previous day (day 33).

Uterine weight and ChAT analyses were assessed using a 1 between (Treatment) ANOVAs.
A priori planned comparisons using t-tests were conducted as follow-up analyses to determine
significance of two group comparisons (Keppel and Wickens, 2004). After data transformation
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due to a skewed distribution (described below), trend analyses were used to analyze serum
estradiol and estrone levels followed by planned t-tests for two-group comparisons.

We also ran a series of multiple regression analyses to examine the relationship between
number of ChAT neurons in each basal forebrain region, serum levels of estradiol and estrone,
and memory variables (alpha was set to < .01). Estradiol, estrone or number of VDB or MS
ChAT-IR neurons were the predictor variables in the model, and the following served as
outcome variables: MWM distance scores collapsed across all trials/days, MWM overnight
forgetting scores, MWM block 1 probe trial platform crossings, DMS errors for baseline days,
DMS working memory errors after each delay.

Results
Vaginal smears and uterine weights

Confirming complete Ovx, before CEE all animals showed diestrus smears, with overall few
cells that were primarily leukocytes. By day 6 after CEE injections, all CEE-treated rats
exhibited estrous smears as noted by an abundance of cornified cells. All Ovx-Oil rats
continued diestrus smears. At the timepoint where all animals showed estrous smears due to
CEE treatment (six days after CEE injections began), we sacrificed a subset of animals from
the Ovx-CEE-Medium and Ovx-CEE-High groups to determine uterine weight, a reliable
measure of peripheral estrogen stimulation. Mean±SE uterine weights were: Ovx-Oil (.17±.
03), Ovx-CEE-Medium (.34±.04) and Ovx-CEE-High (.35±.03). The ANOVA analyzing the
subset of animals yielded significant omnibus effects on uterine weight including all treatment
groups [F(2,7)= 8.98; p< .01]. Further analyses revealed that uterine weight increased after
medium-dose CEE treatment [Ovx-Oil vs. Ovx-CEE-Medium: F(1,4)=12.81, p < .05] and
high-dose CEE treatment [Ovx-Oil vs. Ovx-CEE-High: F(1,5)=16.64, p < .01].

Morris water maze
MWM Distance—Figure 1a shows the mean distance to platform scores±SE for each
treatment group across testing days. For the repeated measures omnibus ANOVA including
all days and trials, there was no main effect of Treatment, nor did Treatment interact with Days
or Trials. The overnight forgetting analysis with all groups showed a Treatment × Trial
interaction [F(3,29)=4.25; P =.01]. The only group that showed significant forgetting was the
Ovx-Oil group, as this was the only group that had a significant increase in swim distance from
trial 5 to trial 1 of the next day [F(1,8)=6.96; p < .05] (Figure 1b).

MWM Swim Speed—For swim speed, there was no main effect of Treatment, while there
was a Treatment × Day interaction [F(12,116)=1.96; < .05]. Each day was analyzed separately
to further evaluate this interaction. There were no main effects or interactions with Treatment
for any day, indicating no meaningful effect of Treatment on swim speed.

MWM Probe trial—During the MWM probe trial, there was a Quadrant main effect [F(1,28)
=214.81; p < .0001], and a null Treatment × Quadrant interaction (p=.88). Platform crossings
yielded a Treatment × Block interaction [F(1,3)= 3.17; p< .05] with a CEE dose-dependent
increase in platform crossings on Block 1, the first 30 seconds of the probe trial, and all groups
making few crossings on Block 2 (Figure 2). On Block 1, the Ovx-CEE-High group made more
platform crossings relative to the Ovx-Oil group [F(1,15)= 9.64; p< .01]; no other group
differed from the Ovx-Oil group.

Retention effects: Morris water maze
CEE treatment had no impact on retention or relearning. Indeed, for the retention test trial (trial
1 of the retest, Figure 1a) and relearning trials (trials 2-7, data not shown), there were no main
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effects of Treatment nor Treatment × Trial interactions. For the repeated measures ANOVA
including the final trial of the original session and the first trial on the retention day, there was
a Day main effect [F(1,28)= 15.07; p< .001]. The lack of Treatment × Day interaction indicated
that all rats swam a greater distance on the retention day relative to the last test day, suggesting
forgetting, regardless of treatment.

Delay-match-to-sample plus maze
Maze acquisition: Days 1-4—All three CEE doses enhanced performance on days 1-4,
when the ITI was 30 seconds [ANOVA with all groups, Treatment × Trial interaction: F
(15,145)= 2.15; p=.01; left half of Figure 3a]. For each Ovx-Oil vs CEE group comparison,
there was a Treatment × Trial interaction [Ovx-Oil vs Ovx-CEE Low (F(5,75)= 3.72; p=.005),
Ovx-Oil vs Ovx-CEE Med (F(5,75)= 2.29; p= .05) and Ovx-Oil vs Ovx-CEE High (F(5,75)=
3.98; p< .01)]. For each Ovx-Oil vs CEE group comparison, there was also a Treatment main
effect for trial 2 for days 1-4, with the CEE-treated groups showing fewer errors on trial 2, the
trial that represents spatial working memory performance [Treatment main effect: Ovx-Oil vs
Ovx-CEE Low (F(1,15)= 4.89; p<.05), Ovx-Oil vs Ovx-CEE Med (F(1,15)= 5.79; p< .05) and
Ovx-Oil vs Ovx-CEE High (F(1,15)= 4.51; p= .05); left half of Figure 3a]. Furthermore, after
only one exposure to the new platform location, all three CEE-treated groups remembered the
spatial location of the platform while the group receiving oil did not. Specifically, the Ovx-
CEE-Low [F(1,7)= 50.73; p< .001], Ovx-CEE-Medium [F(1,7)= 16.45; p< .005], and Ovx-
CEE-High [F(1,7)= 81.22; p< .0001] groups each decreased errors from the Information Trial
(trial 1) to the Test Trial (trial 2), while the Ovx-Oil group did not (data not shown). By day
5, there was a null Treatment × Trial interaction (p=0.61), indicating that Ovx animals
eventually learned to perform as well as the CEE treated rats, as shown for the Low [F(5,75)
= 1.54; p= .19], Medium [F(5,75)= 0.21; p= .96] and High [F(5,75)= 0.67; p=.65] doses (right
half of Figure 3a). Thus, performance on day 5 was utilized as the baseline score for delay and
interference manipulations. In addition, for Days 1-4 and Day 5 there were no Treatment effects
on the first daily exposure to the maze to gain information on where the platform was on that
day, e.g. trial 1 (data not shown).

DMS Delay Trials—CEE treatment did not influence retention over any delay manipulation.
For both the 4-hour delays given either between trials 5 and 6 (on day 11) or between trials 1
and 2 (on day 14), there was a main effect of Day [Fs(1,29)= 5.12 and 6.26; ps < .05],
respectively, indicating that rats made more errors on the trial after the delay as compared to
that same trial on baseline day. There were no interactions with Treatment. There were no main
effects or interactions for the 6-hr delay given between trials 5 and 6 or for the 6- or 7-hr delay
given between trials 1 and 2.

DMS Interference Assessments—There were no significant Treatment × Day
interactions for any interference manipulation, although there were Day main effects indicating
an overall impact of interference (data not shown). Specifically, for the first interference test
(day 19), one trial of interference given between the information and test trial impaired
performance [Day effect: F(1,29)= 15.16; p< .0005]. For the second interference day (day 20),
there were no significant main effects or interactions indicating all groups learned to handle
this one-trial interference challenge. For the third interference day (day 21), three interference
trials between trials 1 and 2 negatively impacted performance in the original room, suggesting
effects of retroactive interference [Day effect: F(1,29)= 4.34; p< .05]. Three trials given before
the information trial in the new room also negatively impacted test trial performance in the
new room, suggesting effects of proactive interference [Day effect: F(1,29)=4.66; p < .05].

DMS Probe trial—During the probe trial, rats made more entries into the previously
platformed arm vs the other 3 arms [Arm Choice main effect: F(1,29)= 12.95; p< .001; data
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not shown]. The null Trial × Treatment interaction indicated that rats located the correct spatial
location and entered the arm corresponding to that location, even though the platform was not
there, regardless of treatment group.

DMS Scopolamine challenge—The scopolamine challenge yielded a significant
Treatment × Trial interaction for the omnibus ANOVA with all treatment groups [F(3,29)=
3.87; p< .05; Figure 3b]. This was a dose-dependent effect, with the low CEE dose yielding
no protection, the medium dose yielding marginal protection, and the high dose showing
complete protection against scopolamine-induced amnesia. Specifically, the Ovx-CEE High
group made fewer errors after the scopolamine challenge on trial 2 as compared to the Ovx-
Oil group [F(1,15)= 6.04; p< .05], suggesting that the high dose of CEE protected against the
amnesic effects of scopolamine on working memory. Remarkably, every animal treated with
high dose CEE remained at zero errors even after the scopolamine challenge. The effects of
scopolamine were absent by the following day (day 35), as there were no main effects of
Treatment nor a Treatment × Trial interaction.

ChAT positive neurons in the basal forebrain, and relationships with memory
Mean±SE ChAT-immunoreactive neurons for the VDB and MS of the BF are shown in figures
4a and 4b, respectively, for each treatment group. Photomicrographs representing each group
are also shown in figures 4c,d,e and f. For the ChAT-immunoreactive cell count analysis, all
CEE-treated animals were collapsed and compared to the Ovx-Oil group since there were no
group differences between CEE-treated groups. For the VDB, CEE-treated animals had a
higher number of ChAT-immunoreactive neurons relative to the Ovx-Oil group [t(22)=2.37,
p <.05]. No significant effects for the MS, nor significant regression analyses between ChAT-
immunoreactive neurons and memory outcome or hormone variables, were found.

Serum estradiol and estrone levels, and relationships with memory
Blood was taken at sacrifice, two days after CEE injection. Mean±SE levels of estradiol and
estrone, for each treatment group respectively, were: Ovx-Oil (4.14±2.28, 2.38±.81), Ovx-
CEE-Low (3.30±.50, 2.25±.32), Ovx-CEE-Medium (9.51±5.56, 6.33±3.23) and Ovx-CEE-
High (14.11±5.53, 7.67±3.66). Estradiol and estrone levels were positively skewed; thus, a log
transformation was used to normalize scores prior to analysis (Tabachnick and Fidell, 2001).
Linear trend analysis showed a dose-dependent increase in estradiol [F(1,28)=6.69; p = .015;
Figure 5a] and estrone [F(1,28)=6.76; p = .015; Figure 5b] as CEE treatment progressed from
none (Oil) to Low, Medium and High. The Ovx-CEE-High group had higher levels of both
estradiol [t(14)=2.01; p < .05] and estrone [t(14)=1.94; p < .05], as compared to the Ovx-Oil
group (one-tailed). There were no significant regression analyses between levels of estradiol
or estrone and memory outcome variables.

Discussion
In the current study, CEE enhanced learning and memory, prevented scopolamine-induced
amnesia and increased the number of ChAT-immunoreactive neurons in the VDB of the BF
in middle-aged Ovx rodents. Mnemonic benefits of CEE-treatment spanned some, but not all,
evaluated memory measures. Peripheral endocrine responsiveness and conversion to bioactive
estrogens after CEE treatment was confirmed via vaginal smears, uterine weights and serum
levels of estradiol and estrone.

CEE treatment enhances maze performance
For MWM, high-dose CEE decreased overnight forgetting of the platform location,
corresponding to findings with estradiol replacement in Ovx young and middle-aged animals
(Bimonte-Nelson et al., 2006; Markham et al., 2002; Talboom et al., 2008). MWM probe trial
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data indicated that although all groups localized to the platform quadrant, the Ovx-CEE-High
group made more platform crossings relative to the Ovx-Oil group during the first 30 seconds,
suggesting enhanced spatial localization of the platform in CEE-treated rats. Thus, while all
groups remembered the general platform vicinity, the Ovx-CEE-High group had better recall
of the exact platform location indicating a superior ability to efficiently navigate through the
environment.

On DMS, all CEE-treatments enhanced acquisition. The effects were specific to trial 2, which
was the only trial that needed information to be updated and therefore can be considered an
assessment of working memory (Frick et al., 1995; Tulving and Craik, 2000). For the DMS
task used in this study, animals could not use a response strategy to solve the task effectively;
the start location was varied across trials while the goal arm remained in the same place in
space on a given day. Thus, the observed findings of CEE enhancements on learning the DMS
task could be due to an enhanced ability to use a place strategy, as observed previously with
estradiol (Korol and Kolo, 2002). Importantly, the DMS probe trial confirmed that all groups
in our study utilized spatial cues to solve the task. Place learning likely involves the cholinergic
system. BF cholinergic lesions increased perseveration of a response strategy over a place
strategy, impairing DMP acquisition in males and Ovx female rats (Fitz et al., 2008; Gibbs and
Johnson, 2007). Additionally, hippocampal acetylcholine levels were greater prior to and after
performing a reference memory task on a T-maze in animals that used a place strategy relative
to animals that used a response strategy (McIntyre et al., 2003). On a spatial working memory
task, animals showed increased hippocampal acetylcholine levels during initial testing blocks
when a place strategy was used, yet animals showed decreased acetylcholine levels when they
shifted to a response strategy (Pych et al., 2005). Based on these lines of evidence, it is tempting
to speculate that CEE enhanced DMS acquisition by improving the ability to use a place
strategy, and that these effects were at least partially mediated by enhanced cholinergic function
resulting from an increased number of VDB neurons with levels of ChAT sufficient to
immunohistochemically stain positive. Indeed, it is noteworthy that all three doses of CEE
enhanced learning the DMS task, and that all three doses also increased number of ChAT
positive neurons in the VDB of the BF. After task acquisition, CEE dose-dependently prevented
scopolamine-induced amnesia, again linking the cholinergic system to CEE-induced
mnemonic effects. Remarkably, all Ovx-CEE-High rats had zero errors after scopolamine,
indicating complete protection from amnesia induced by muscarinic receptor antagonism.
CEE-treatment did not protect against deficits due to time-delays nor retroactive or proactive
interference. These findings concur with findings from the WHISCA showing that long-term
CEE+medroxyprogesterone yielded null effects after interference, and only a trend for
decreased performance after delays (Resnick et al., 2006).

Many animal studies have shown maze learning enhancements after estradiol treatment. In
accordance with our findings using CEE, in middle-aged rats estradiol treatment prevented
overnight forgetting on the spatial reference memory Morris water maze (Bimonte-Nelson et
al., 2006; Markham et al., 2002; Talboom et al., 2008) and enhanced spatial working memory
(Daniel et al., 2006). Similarly, estradiol-induced improvements were seen in young animals
for spatial reference memory (El-Bakri et al., 2004; Feng et al., 2004) and working memory,
including enhancements on spatial working memory task acquisition as we found herein
(Bimonte and Denenberg, 1999; Daniel et al., 1997; Daniel et al., 2005; Fader et al., 1999;
Hruska and Dohanich, 2007; Luine and Rodriguez, 1994). Thus, the current findings allow
speculation that CEE may be effective, at least partially, due to estradiol increases. Further, a
one-time CEE injection (approximately 125 micrograms/200 gram rat, 12x higher than the
currently used lowest dose) enhanced non-spatial working memory object recognition (Walf
and Frye, 2008). While it is unclear whether object recognition effects persist with lower doses,
the findings indicate that CEE benefits might also translate to non-spatial tasks, in accordance
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with estradiol-induced benefits in object recognition (Luine et al., 2003; Scharfman et al.,
2007).

Recent studies indicate that variables likely influencing estrogen's cognitive effects include
time after ovarian hormone loss and age. Estradiol-treatment administered immediately, but
not 5 months, after Ovx enhanced spatial working memory on a land radial-arm maze (Daniel
et al., 2006), and estradiol-treatment given immediately or three months after Ovx, but not 10
months after Ovx, enhanced delayed match to position performance (Gibbs, 2000), suggesting
estradiol treatment has a critical time-window for maximal cognitive efficacy. We have shown
that aged Ovx rats were not responsive to the estradiol regimen that enhanced spatial reference
memory in young and middle-aged Ovx rats, demonstrating age by estradiol interactions
(Talboom et al., 2008), as seen by others (Foster et al., 2003). Age and a delay between
menopause and CEE-treatment may have played a role in the lack of positive cognitive effects
of CEE treatment in the WHIMS (see Sherwin and Henry, 2008, for discussion). Women in
the WHIMS were 65-79-years old and many had not had hormone therapy previously, and thus
likely had undergone ovarian hormone deprivation for many years before study initiation and
CEE treatment began (Shumaker et al., 1998). While the current animal study controlled for
age (all middle-aged) and time after Ovx before CEE treatment (treatment was initiated 25
days after Ovx), as these factors were held constant, there are likely complex interactions with
CEE-treatment to be revealed in future studies. That we now report CEE can enhance multiple
cognitive domains in the rodent model allows further manipulation of parameters governing
the neural and functional effects of CEE treatment, as well as mechanism of these effects.

CEE treatment influences the cholinergic system: protection against scopolamine-induced
amnesia and increases in number of VDB ChAT-IR neurons

Our study implicates the cholinergic system in CEE-induced memory enhancements. CEE
protected against scopolamine-induced amnesia and increased the number of ChAT-IR
neurons in the VDB of the BF. Studies testing estradiol have also implicated the cholinergic
system as one mechanism of the effects. Estradiol protected against scopolamine-induced
learning and memory in young (Dohanich et al., 1994; Fader et al., 1998; Fader et al., 1999;
Gibbs et al., 1998; Packard and Teather, 1997) and middle-aged (Savonenko and Markowska,
2003) animals. Other studies have shown that estradiol treatment alters multiple markers of
ChAT in middle-aged and aged animals, which appears to depend on duration of ovarian
hormone deprivation before treatment as well as specific brain region and BF nuclei (Bohacek
et al., 2008; Kompoliti et al., 2004; Singer et al., 1998). In young adult Ovx rats, DMP
acquisition correlated with increased ChAT activity in two targets of BF cholinergic
innervation, the hippocampus and frontal cortex (Gibbs, 2002), and high affinity choline uptake
was increased in these regions (O'Malley et al., 1987; Singh et al., 1994). There is additional
direct evidence that BF cholinergic neurons, and their projections to hippocampus and frontal
cortex, are involved in estrogen's cognitive effects. Estradiol increased ChAT in the horizontal
limb (Luine, 1985; Luine and McEwen, 1983; Singer et al., 1998) and in projection sites to
hippocampus and cortex (Feng et al., 2004; Luine, 1985; Singh et al., 1994), and restored BF
ChAT mRNA expression (Gibbs et al., 1994; McMillan et al., 1996). Also, BF lesions
prevented estradiol-enhanced DMP acquisition (Gibbs, 2002, 2007). In the current study, high-
dose CEE, specifically, enhanced DMS place learning and prevented anticholinergic-induced
amnesia on the working memory trial of this task. The evidence above suggests that the BF
may be involved in this process. In postmenopausal women, estradiol attenuated
anticholinergic-induced impairment on attention and psychomotor tasks, processes mediated
by frontal cortex (Dumas et al., 2006), supporting the tenet that the cholinergic system may be
related to estrogenic effects on brain function in women as well. However, long-term treatment
(2 years) with CEE alone did not alter BF or hippocampal ChAT or AChE activity in monkeys
(Gibbs et al., 2002), similar to long-term estradiol effects (Gibbs, 1997). Further studies
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evaluating how timing, referring to both ovarian hormone deprivation and CEE-treatment
duration, impacts efficacy will help determine replacement parameters for optimal brain
function.

Concurrent with findings in aged monkeys that estradiol treatment increased number of ChAT-
IR neurons in the VDB (Kompoliti et al., 2004), we found that CEE treatment increased number
of ChAT-IR neurons in the VDB in middle-aged Ovx rats. These findings in the VDB concur
with other studies giving estradiol treatment to young Ovx animals, although we failed to find
significant increases in the MS that have also been reported (Gibbs, 1996, 1997; Gibbs and
Pfaff, 1992; Gibbs et al., 1994). One reason for the current discrepant results could be the
hormone regimen. Chronic cyclic administration of CEE might have produced fluctuating
hormone levels throughout the regimen, and fluctuations in hormone levels have been shown
to differentially alter ChAT mRNA in various regions of the BF (Gibbs, 1996). In cycling rats,
the highest levels of ChAT mRNA in the MS and striatum occurred during diestrus 1 while
highest levels were detected during diestrus 2 in the nucleus basalis magnocellularis (NBM)
(Gibbs, 1996). In estradiol-treated rats, increases in the same regions were observed during
time-points ranging from 5 to 72 hrs after injections that produced time-dependent fluctuations
in estradiol levels (Gibbs, 1996). Estradiol treatment also produced region specific effects
within the BF, which vary with dose and duration of treatment (Gibbs, 1997). In particular, in
the MS increases in ChAT-IR were observed after one week of estradiol treatment at doses of
2, 10, and 25 μg given every other day, but not at a dose of 100μg or after 2 or 4 weeks of
treatment (Gibbs, 1997); Yet, in the NBM, increases in ChAT-IR were only observed after
administration of 10 μg of estradiol for 1 week or 2 μg of estradiol for 2 weeks (Gibbs,
1997). It is therefore possible that after over one month of treatment with CEE, as done in the
current study, sensitivity to detect changes in the MS might have decreased.

CEE treatment induces changes in uterus, pituitary and blood
In the current study we confirmed CEE-induced peripheral endocrine responsiveness and CEE
administration by finding positive vaginal smears, increases in uterine weight and dose-
dependant elevations in serum estrone and estradiol levels. Both medium- and high- CEE doses
increased uterine weights at the time point when estrous smears emerged. Blood was taken at
sacrifice, two days after the second of a pair of CEE injections. There were dose-related
increases in serum estrone and estradiol levels, with all CEE doses resulting in levels which
were within physiological range for ovary-intact young and middle-aged rodents (Lerner et al.,
1990; Page and Butcher, 1982).

CEE is largely estrone sulfate, which undergoes conversion to estrone in liver and fat via a
desulfatase enzyme, and then gets converted to estradiol. Thus, that estradiol increases after
CEE treatment corresponds with the expected sequence of steroid conversion, even though
CEE itself contains only trace amounts of estradiol (Kronenberg et al., 2008). Women typically
take CEE via daily oral administration, whereas we treated rats with CEE via parenteral
subcutaneous administration. Oral CEE is subject to first pass and then a second hepatic
metabolism, resulting in estrone levels that are higher than estradiol levels (Coelingh Bennink,
2004). Conversely, subcutaneous administration bypasses first pass hepatic metabolism,
rendering higher levels of estradiol than estrone (Coelingh Bennink, 2004; Gleason et al.,
2005, for discussion). The pattern we found of higher estradiol to estrone values after
subcutaneous CEE administration were therefore expected, and also correspond with the
pattern shown in women after parenteral CEE treatment (Gleason et al., 2005).

Notably, in the current study aside from all doses enhancing DMS task acquisition, the
cognitive benefits of CEE were only seen with the highest dose. This dose yielded estradiol
and estrone levels that were 14.1 and 7.6 pg/ml respectively. These levels are near or at the
low physiological range for the ovary-intact young rat, with levels across the 4-5 estrous cycle
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ranging between 9 and 53 pg/ml for estradiol and 10 and 40 pg/ml for estrone (Page and
Butcher, 1982). In women the circulating levels of estradiol and estrone resulting from the
0.625 mg and 1.25 mg CEE oral doses are within physiological range for the ovary-intact young
woman. Indeed, across the 28 day menstrual cycle the ovary-intact young woman has levels
between 40 and 500 pg/ml for estradiol and between 15 and 200 pg/ml for estrone; for oral
CEE treatment in women, levels approximate 40 pg/ml for estradiol and 153 pg/ml for estrone
for the 0.625 mg/day tablet, and 60 pg/ml estradiol and 200 pg/ml estrone for the 1.25 mg/day
tablet (Gruber et al., 2002; O'Connell, 1995). Notably, an oral CEE regimen given to Ovx rats
in future studies would likely yield an estradiol:estrone ratio more similar to oral treatment in
women, with estrone levels higher than estradiol.

In conclusion, the current findings suggest that in the rodent model CEE can provide cognitive
enhancements specific to particular domains of function. It benefits learning spatial working
memory information, aids overnight memory retention, protects against cholinergic challenge,
and enhances efficient navigation through the environment, possibly via cholinergic
mechanisms. These findings are similar to those previously reported using estradiol.
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Fig 1.
a) Mean ± SE distance to platform (cm) for each treatment group shown for the 5 testing days
collapsed across trials, and for trial one of the retention day. b) Mean ± SE distance to the
platform (cm) for each treatment group for trial 5 (days 1-4) to trial 1 of the next day (days
2-5). While the three CEE groups did not have a significant increase in distance scores from
trial 5 to trial 1, the Ovx-Oil group did. Thus, all groups receiving CEE remembered the
platform location overnight while the Ovx-Oil group did not. *p < 0.05.

Acosta et al. Page 19

Horm Behav. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2.
Number of platform crossings±SE for each treatment group across the two 30 sec blocks during
the probe trial. On Block 1 (0-30 seconds), the Ovx-CEE-High group made more platform
crossings relative to the Ovx-Oil group. On Block 2 (31-60 seconds), there were no group
differences.
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Fig 3.
a) Mean±SE total number of errors for each treatment group across the test trials (trials 2-6)
for days 1-4 and baseline day 5. CEE-treated animals showed enhanced performance on trial
2 relative to Oil-treated animals for days 1-4. There were no group differences on baseline day
5. b) Mean±SE total number of errors for each treatment group after scopolamine (0.2 mg/kg,
IP) challenge. The Ovx-CEE-High group made fewer errors compared to the Ovx-Oil group
on the test trial after scopolamine challenge. The Ovx-Oil and Ovx-CEE-Low groups had
increased errors after the scopolamine challenge relative to baseline. In contrast, the Ovx-CEE-
Medium and Ovx-CEE-High groups showed no difference relative to baseline, suggesting
maintained performance after cholinergic challenge. It is noteworthy that all Ovx-CEE-High
animals made zero errors after scopolamine challenge.
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Fig 4.
Mean±SE ChAT-immunoreactive neurons in the VDB (a), and MS (b) of the BF. All CEE-
treated groups were collapsed and compared to the Ovx-Oil group. CEE-treated animals had
more ChAT-immunoreactive neurons relative to the Ovx-Oil group *ps < 0.05.
Photomicrographs show ChAT-immunoreactive neurons in sections through the MS and VDB
of the BF from animals in the Ovx-Oil (c), Ovx-CEE-Low (d), Ovx-CEE-Medium (e), Ovx-
CEE-High (f).

Acosta et al. Page 22

Horm Behav. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5.
Mean±SE serum estradiol (a), and estrone (b), levels for each treatment group. Log
transformation was performed due to a skewed distribution. A significant linear trend for both
hormones was evident (*ps = .015), showing that estradiol and estrone levels increased with
treatment. In addition, the Ovx-CEE High group had higher levels of both estradiol and estrone
compard to the Ovx-Oil group (ps < 0.05).
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Table I

Behavioral testing timeline (info = information, OR = original room, NR = new room).
Maze Day of

Experiment
Morris Maze plus probe trial Days 1-5
Plus Maze
Initial learning (6 trials/day) Days 6-10
4-hour delay between trials 5-6 Day 11
Baseline Day 12
6-hour delay between trials 5-6 Day 13
4-hour delay between trials 1-2 Day 14
6-hour delay between trials 1-2 Day 15
7-hour delay between trials 1-2 Day 16
Probe trial Day 17
Baseline Day 18
First Interference Day:
info trial OR, info trial NR, test trial OR, test trial NR Day 19

Second Interference Day
info trial OR, info trial NR, test trial OR, 45-m delay, test trial NR Day 20

Third Interference Day
3 trials OR, 3 trials NR, test trial OR Day 21

Baseline in new room Day 22-33
Scopolamine challenge in new room Day 34
Baseline in new room Day 35
Morris Maze retention Day 36
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