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Abstract
Transient global ischemia induces selective, delayed neuronal death in the hippocampal CA1 and
cognitive deficits. Physiological levels of 17β-estradiol ameliorate ischemia-induced neuronal death
and cognitive impairments in young animals. In view of concerns regarding hormone therapy in
postmenopausal women, we investigated whether chronic estradiol treatment initiated 14 days prior
to ischemia attenuates ischemia-induced CA1 cell loss and impairments in visual and spatial memory,
in ovariohysterectomized (OVX), middle-aged (9-11 months) female rats. To determine whether the
duration of hormone withdrawal affects the efficacy of estradiol treatment, hormone treatment was
initiated immediately (0 week), 1 week, or 8 weeks after OVX. Age-matched, OVX and gonadally
intact females were studied at each OVX interval. Ischemia was induced 1 week after animals were
pretested on a variety of behavioral tasks. Global ischemia produced significant neuronal loss in the
CA1 and impaired performance on visual and spatial recognition. Chronic estradiol modestly but
significantly increased the number of surviving CA1 neurons in animals at all OVX durations.
However, in contrast with previous results in young females, estradiol did not preserve visual or
spatial memory performance in middle-aged females. All animals displayed normal locomotion,
spontaneous alternation and social preference, indicating the absence of global behavioral
impairments. Therefore, the neuroprotective effects of estradiol are different in middle-aged than in
young rats. These findings highlight the importance of using older animals in studies assessing
potential treatments for focal and global ischemia.
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Introduction
Cerebral ischemia, arising from cardiac arrest in humans or induced experimentally in rodents,
results in selective, delayed cell death, particularly of pyramidal neurons in the highly
vulnerable CA1 area of the hippocampus (Kirino, 1982; Pulsinelli et al., 1982). The ovarian
hormone estradiol affords histological protection in experimental models of global and focal
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ischemia (Alkayed et al., 2000; Chen et al., 1998; Glendenning et al., 2008; He et al., 2002;
Jover-Mengual et al., 2007; Koh et al., 2006; Plahta et al., 2004; Rau et al., 2003) and
ameliorates the cognitive deficits associated with ischemic cell death after global ischemia
(Gulinello et al., 2006; Plamondon et al., 2006). The majority of these studies investigated
estradiol’s neuroprotective properties in young animals (< 6 months), although there is
evidence that estradiol retains its beneficial actions in focal ischemia (middle cerebral artery
occlusion, MCAO) in middle-aged (9-11 months) (Dubal and Wise, 2001; Wise and Dubal,
2000) and reproductively senescent (16 months) (Alkayed et al., 2000; Toung et al., 2004)
female rats. Stroke and cardiac arrest occur more frequently in older individuals, and in women,
the risk increases after menopause (Lobo, 2007). In view of recent controversies over the
benefits of hormone therapy for postmenopausal women (Espeland et al., 2004; Wassertheil-
Smoller et al., 2003), neuroprotection studies after global ischemia should examine whether
estradiol is also neuroprotective in the aging brain.

In the single study examining global ischemia in older females, estradiol pretreatment did not
protect middle-aged female gerbils from ischemia-induced CA1 pyramidal cell death (De
Butte-Smith et al., 2007). Whether the failure of estradiol to protect against ischemia-induced
cell death in gerbils is species specific, a reflection of age-related changes in brain
responsiveness to estradiol, or a consequence of prolonged hormone withdrawal prior to
treatment is unknown. The critical period hypothesis proposes that there is an opportune time
window for estradiol to retain its beneficial actions following ovarian hormone withdrawal and
that following extended periods of hormone deprivation, estradiol may no longer be efficacious
in protecting the brain against various insults such as stroke. Support for this hypothesis comes
from both human (MacLennan et al., 2006; Rossouw et al., 2002; Viscoli et al., 2001) and
animal (Daniel et al., 2006; Selvamani and Sohrabji, 2008; Suzuki et al., 2007) studies. In large
clinical trials such as the Women Estrogen Stroke Trial (WEST) and the Women’s Health
Initiative (WHI), no beneficial effects of estradiol (WEST) or premarin (WHI) on stroke
incidence were reported (Rossouw et al., 2002; Viscoli et al., 2001). In the WEST trials,
postmenopausal women with estradiol treatment had an increased risk of stroke and worse
neurological outcomes (Viscoli et al., 2001). Similarly, the WHI study reported an increase in
the risk for stroke following estrogen and/or progestin treatment (Wassertheil-Smoller et al.,
2003). Notably, many of the women in these clinical trials were postmenopausal for many
years prior to the initiation of the hormone treatment. These unexpected negative results might
indicate that beneficial effects of estrogen treatment may be lost or reversed with increasing
duration of hormone withdrawal.

Research in rodents also suggests that the timing of estradiol administration may be critical.
Estradiol treatment ameliorates age-related impairments in working memory in middle-aged
female rats (12 months) when initiated immediately following ovariectomy but not when
initiated 5 months later (Daniel et al., 2006). As well, estradiol protects young mice from
MCAO-induced injury when initiated immediately following OVX but not when initiated after
10 weeks of ovarian steroid deprivation (Suzuki et al., 2007). In a recent study, chronic estradiol
reduced cortical infarct volume in young adult females (7-8 weeks old) subjected to MCAO
by endothelin-1 application but increased cortical and striatal infarct volumes in middle-aged
(9-11 months), reproductively senescent females (Selvamani and Sohrabji, 2008). Thus it
remains unclear whether the effectiveness of estradiol treatment in older females depends on
age per se, the timing of treatment initiation with respect to reproductive status, or the type of
insult (global versus focal ischemia).

The current study investigated whether long-term estradiol at physiological levels attenuates
ischemia-induced CA1 cell loss and impairments in recognition memory in middle-aged female
rats. We used the same duration and dose of hormone treatment previously shown to decrease
ischemia-induced hippocampal neuron loss and associated cognitive dysfunction in young (6-8
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week old) females (Gulinello et al., 2006). To test the critical period hypothesis, estradiol
treatment was initiated either immediately (0 week), 1 week, or 8 weeks following hormone
withdrawal.

Materials and Methods
Animals

This study was conducted in accordance with the National Institutes of Health guidelines for
care and use of animals in research, and the protocol was approved by the Animal Care and
Use Committee of the Albert Einstein College of Medicine. Female Sprague-Dawley rats
(retired breeders, 9-11 months of age) obtained from Charles Rivers (Wilmington, DE) were
group housed (3 per cage), maintained in a temperature- and light-controlled environment with
a 14h light, and 10h dark cycle, and given food and water ad libitum. We used retired breeders
rather than virgin females because the majority of middle-aged women have had at least one
pregnancy; therefore, the use of retired breeders is more clinically relevant.

A total of 225 rats entered the study. Of these, 26 died during ischemia surgery, and two animals
were excluded because large abdominal cysts were found during ischemia surgery. Twenty-
four additional rats were excluded because they failed to show neurological signs of ischemia,
either awakening (n=14) or failing to show both complete loss of righting reflex and dilation
of the pupils from 1 min after occlusion was initiated until the end of occlusion (n=10). Rats
that died during ischemia or failed to show neurological signs of ischemia were not
disproportionately represented in any of the age or hormone groups. One cohort of 18 animals
from the 8 week OVX interval underwent behavioral testing, but problems with perfusion
prevented us from carrying out histological analysis. One cohort of 27 animals from the 1 week
OVX interval (13 sham-operated and 14 ischemic) did not undergo behavioral testing but were
used for histological analysis. After surgical deaths and the exclusions described above, we
collected neuronal survival data from 155 rats. For behavior tests, animals that exhibited pre-
ischemia deficits on any behavioral task were excluded from post-ischemia analysis of that
task (see description of each task for exclusion criteria and number of animals excluded).
Excluded rats were not disproportionately represented in any of the different age or hormone
groups.

Ovariohysterectomy (OVX) and estradiol treatment
Daily vaginal smears, monitored for 1 week prior to OVX or sham surgery to verify that animals
were not in constant estrus or constant diestrus, revealed that rats had normal 4-5 day estrous
cycles. Rats then underwent either OVX or sham surgery under isoflurane (4% induction, 2%
maintenance in 70% N2O:30% O2) anesthesia. They received subcutaneous implants (dorsal
neck) of either 17β-estradiol pellets (0.1 mg; 60-day time release; Innovative Research of
America Inc., Sarasota, FL) or no pellet (sham surgery) either immediately (0 week), 1 week
or 8 weeks following OVX. Estradiol pellets were present for two weeks before ischemia and
remained in place until the animals were euthanized. These pellets were used so that we could
compare the results to numerous reports from our laboratory (Jover-Mengual et al., 2007; Jover
et al., 2002; Miller et al., 2005) as well as others (Koh et al., 2006; Plahta et al., 2004; Shughrue
& Merchanthaler, 2003) demonstrating that they are effective in ameliorating ischemia-
induced hippocampal injury in young male and female rodents. Each OVX interval contained
3 groups of rats (intact [sham OVX], OVX, and OVX+estradiol). Figure 1 illustrates a timeline
of experimental procedures and behavioral testing schedule.

Behavioral Testing
One week following pellet implantation, rats underwent pre-ischemia testing in an open field,
object placement, object recognition, spontaneous alternation, and social preference task. Tests
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were carried out in the order indicated below. All animals were videotaped and tracked using
software (Viewer; Biobserve, Bonn, Germany). The experimenter was always blind to the
condition of the animals. One week following ischemia or sham surgery, surviving rats were
retested. All tasks and the order of tests were identical to those given during pre-ischemia
sessions (see Figure 1).

Open field
Open field testing was conducted first, in a square grey box (27 × 27 in) with sides that were
3 ft high. The floor of the box was divided into 9 equal squares. Rats were habituated for 30-45
min to the testing room and placed in the open field for 6 min. The behaviors measured included
locomotor activity, assessed by the number of grid crosses and defined as crossing all four
paws across one of the grid lines; rearing, a measure of exploration defined as lifting of the
upper body and forepaws off the ground; and amount of time (sec) spent in the center square,
an indicator of anxiety levels, and defined as having all four paws in the square.

Object placement and object recognition
Two and three days after open field testing, rats were tested on the object placement and object
recognition tasks. These memory tests are based on the natural propensity of animals to spend
more time exploring a novel rather than a formerly encountered object. The advantage of these
tasks is that they are one-trial tasks that do not require food or water deprivation or exposure
to stressful conditions (for review, see Dere et al., 2007) and can be repeated in the same
subjects in longitudinal tests. Recently, both the object recognition (Gulinello et al., 2006;
Plamondon et al., 2006) and object placement (Gulinello et al., 2006) task were used to assess
both the functional outcome after global ischemia and potential cognitive benefits of estradiol
in young rats.

To assess spatial recognition, rats were placed in the open field with two identical objects, and
the duration of exploration of each object (sec) was recorded for 3 min (Trial 1). Exploration
was defined as physical contact with the object (rearing toward or on object, placing paws on
object, whisking or sniffing object) or orientation and looking at the object from a distance of
2 cm or less. Following a retention interval of 3 min, rats were then placed in the same open
field for 3 min (Trial 2) with the same 2 objects except that the location of one of the objects
was displaced in space. The time spent exploring both objects was recorded (sec). For each
animal, a preference score was calculated as the time spent exploring the displaced object
divided by the total time spent exploring both objects multiplied by 100. This preference ratio
has been used by us (Gulinello et al., 2006) as well as others (Frye and Walf, 2008) to measure
recognition memory. A preference score of 50% corresponds to chance levels and a higher
score reflects intact spatial recognition.

To assess object recognition, rats were placed in the open field with two identical objects, and
the duration of exploration of each object (sec) was recorded for 3 min (Trial 1). Following a
retention interval of 30 min, rats were then placed in the same open field for 3 min (Trial 2)
with one of the familiar objects and a novel object. Time spent exploring both objects was
recorded. Similar to the spatial task, a preference score was calculated as the time spent
exploring the novel object divided by the total time spent exploring both objects multiplied by
100. For both tasks, the arena and objects were cleaned with 70% ethanol before each trial to
eliminate olfactory cues.

To be included in data analysis for a particular task, rats had to demonstrate a preference score
of 53% or greater on the pre-ischemia test. We chose this criterion for several reasons. First,
we conducted extensive validation of the object placement and object recognition tasks, which
demonstrated that animals with higher than 53% preference scores consistently demonstrated
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novel object and placement preferences when retested, whereas animals with lower scores did
not. Very few animals fell into the borderline category (51%-53%), in that the majority of
excluded animals exhibited preferences <50%. Second, we analyzed the data with a more
stringent pre-ischemia criterion (e,g., 58 or 60%); this resulted in more animals being excluded,
reducing some groups sizes to the point where statistical analyses could no longer be performed.
Animals were also excluded if they were unable to complete the task (did not explore at all)
or showed insufficient exploration times (< 2 sec total exploration time) during either sample
or test trials of the visual or spatial object recognition tasks. Of the rats that survived ischemia
surgery, 136 received post-ischemia testing on the visual and spatial recognition task. Among
rats that explored the objects, none were excluded because they had exploration times less than
2 sec. In total, 59 rats were excluded from the visual task (12 of these did not explore on the
pre-ischemia test, precluding comparison of pre- and post-ischemia scores), and 74 rats were
excluded from the spatial test (4 of these did not explore on the pre-ischemia test, precluding
comparison of pre- and post-ischemia scores). There was overlap in exclusions as some rats
were excluded from both tasks.

Spontaneous alternation
Rats were tested for spontaneous alternation using a Y-maze one day after object recognition.
This task measures exploratory behavior (Deacon et al., 2002; Dember & Fowler, 1959;
Lalonde 2002) and requires rats to remember which arms they previously entered in order to
alternate successfully. Spontaneous alternation performance was assessed by placing each rat
in a grey Y-maze composed of three equally spaced arms (44 cm long × 40 cm high). All rats
were placed in the same starting arm of the Y-maze and allowed to explore the maze for 15
min. The sequence and number of arms entered were recorded. The maze was cleaned with
70% ethanol after each rat. For each consecutive triplet entry, it was determined if the rat
exhibited a spontaneous alternation pattern, an alternate arm return, or a same arm return. A
spontaneous alternation pattern was recorded if the rat entered three different arms
consecutively. A same arm return error was recorded if the rat entered two different arms
consecutively and then re-visited the first arm or if a rat re-entered an arm immediately after
exiting that arm. A percent alternation score was computed by dividing the number of
spontaneous alternations made by each rat by the total number of triplets then multiplying that
quotient by 100.

One rat was excluded from analysis because she did not complete the task (i.e., stayed in one
arm for the entire duration of the test). An additional 7 rats were excluded because they showed
a percent alternation score less than 50% at pre-test.

Social preference
One day after the spontaneous alternation task, rats were tested on a social preference task
adapted from Engelmann and colleagues (1995). This task measures preference for a
conspecific over an inanimate object and is useful for assessing sickness behavior and anxiety-
like behavior, as reduced or abolished social preference reliably measures sickness behavior
(Bluthé et al., 1992; 1995) and anxiety (File, 1978; 1980). A wire mesh was placed at the end
of two of the arms of the Y-maze. Enclosed at the end of one arm was a juvenile female rat
while at the other end was a small clear bottle. Because of the wire mesh, rats could not
physically touch either the juvenile animal or the small clear bottle. A rat was placed in the
start arm and allowed to explore the maze freely for 5 min. The amount of time exploring either
the juvenile animal or clear bottle was recorded (sec). Because rats could not physically touch
the juvenile or the object, exploration in this case was defined as sniffing, whisking, or rearing
toward or on the wire mesh located at the end of the arms. For each animal, a preference score
was defined as the time spent exploring the juvenile rat divided by the total time spent exploring
the juvenile rat and the object multiplied by 100. A preference score of 50% indicates chance
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performance while a higher preference score is indicative of intact social preference. To be
included in data analysis for this task, rats had to demonstrate a preference score of 53% or
greater on the pre-ischemia test. Four rats were excluded from post-test analysis because their
pre-test preference score was below 53%.

Global ischemia
Two weeks following pellet implantation or sham surgery, most rats were subjected to global
ischemia by four vessel occlusion as previously described by Pulsinelli and Brierley (1979).
Briefly, rats were deeply anesthetized under isoflurane (4% induction, 2% maintenance in 70%
N2O:30% O2), and the vertebral arteries were irreversibly occluded by electrocoagulation to
prevent collateral blood flow to the forebrain during the subsequent occlusion of the common
carotid arteries. A 3-0 silk thread was also looped around the carotid arteries to facilitate
subsequent occlusion. Twenty-four hr later, the animals were anesthetized again, the wound
was reopened and both carotid arteries were occluded with microarterial clamps for 10 min.
During clamping, the animals were awake and spontaneously ventilating. During both
surgeries, rectal temperature was monitored and maintained at 36.5-37.5°C with a rectal
thermistor and heat lamp until recovery from anesthesia. For animals subjected to global
ischemia, those that failed to show complete loss of righting reflex and dilation of the pupils
from 1 min after occlusion was initiated until the end of occlusion were excluded from the
study.

Some rats from the 1 (n=13) and 8 (n=34) week OVX interval were subjected to sham surgery.
Sham operated animals were subjected to the same anesthesia and surgical procedures as
animals subjected to global ischemia, except the carotid arteries were not occluded. These sham
animals included intact, OVX, and OVX+estradiol conditions.

Hippocampal cell counts
After the completion of behavioral testing, on day 12 following ischemia or sham surgery, rats
were deeply anesthetized with isoflurane, and blood was collected by cardiac puncture for the
measurement of serum estradiol levels (see below). Rats were trascardially perfused using
0.9% saline with heparin followed by ice cold 10% phosphate buffered formalin (Fisher
Scientific, Pittsburgh, PA). Brains were removed, placed in formalin at 4°C overnight, fixed
in 30% sucrose in phosphate buffered saline at 4°C for 48 hr and then frozen at -80.

Coronal sections (20 μm) were cut at the level of the dorsal hippocampus (3.3-4.0 mm posterior
from bregma) and 4 sections per animal at 140 μm intervals were mounted and stained with
toluidine blue. The dorsal hippocampus is more vulnerable to ischemic damage than the ventral
hippocampus (Akai et al., 2003; Ashton et al., 1989); hence, cells counts were performed only
at the dorsal level. Medial, middle, and lateral sectors from the CA1 region of the left and right
hippocampus were photographed at 40X magnification using a Nikon microscope and digital
camera. As previously described by Colbourne and Corbett (1995) and shown in Figure 1A, a
microscope counting grid (250 μm × 250 μm) was positioned a few cells medial from CA2
neurons (lateral sector), at the apex of the CA1 (middle sector) and on the upswing of CA1 in
an area clearly distinct from subiculum (medial sector). Digital images were opened in Adobe
Photoshop and the number of viable pyramidal neurons in this 250 μm × 250 μm region of
interest was counted. Viable neurons had rounded cell bodies and clearly visible nucleoli.
Pyknotic and shrunken neurons were not counted. Counts were summated over right and left
hemispheres. All cell counts were carried out by an investigator who was blind to the animals’
treatment.
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Estradiol assay
Cardiac blood samples from animals at each of the OVX durations were obtained at euthanasia
to assess serum estradiol levels. The samples were left to clot overnight at 4°C and then
centrifuged (800 × g for 5 min) to obtain the serum. Serum was stored at -20°C and later
analyzed using a Coat-a-Count radioimmunoassay kit (Siemens Medical Solutions
Diagnostics; Los Angeles, CA). All assays were performed in duplicate, and the mean value
was reported. The sensitivity of detection was 8 pg/ml. The inter- and intra-assay coefficients
of variance were 8.1% and 7.0%, respectively. Serum estradiol levels are reported from a subset
of the animals in this study. We found that the assay previously used successfully in young
rats (Jover-Mengual et al., 2007; Gulinello et al., 2006; Miller et al., 2005) did not provide
valid results in older animals. Therefore, we only include values from the Coat-a-Count
estradiol assay in the statistical analysis.

Statistical analysis
Serum estradiol levels and body weights were analyzed using Statview® with a two-way
ANOVA (OVX duration × hormone condition) followed by Newman-Keuls post-hoc test.
Body weight (g) was measured on the day of pellet implantation and one week later, at the start
of the pre-ischemia behavioral tests. A difference score (in g) was calculated and these
difference scores were analyzed by two-way ANOVA.

Cell count data from sham animals were analyzed using a two-way ANOVA (OVX duration
× hormone condition) followed by Newman-Keuls. Because there was no effect of hormone
condition on cell counts in the sham group, we next compared sham-operated to ischemic
animals using a two-way ANOVA (ischemia × hormone condition) followed by Newman-
Keuls. After verifying significant cell loss in all ischemic animals, a two-way ANOVA (OVX
duration × hormone condition) was performed to determine differences among ischemic groups
under different OVX intervals and hormone conditions.

Open field, object recognition(exploration time on training and test trials and DI scores),
spontaneous alternation, and social preference data were analyzed with a three-way ANOVA
(OVX duration × hormone condition × pre/post) with repeated measures on pre/post, followed
by Newman-Keuls. For animals at the 8-week OVX interval only, which included sham-
operated animals, a three-way ANOVA (ischemia × hormone condition × pre/post) with
repeated measures on pre/post was performed to determine whether there were differences
between sham and ischemic groups. Associations between memory performance (preference
score) and cell survival were analyzed using Pearson’s correlation coefficient. For all tests,
differences were considered significant at p < .05. Because sham-operated animals that were
assigned to the intact, OVX, or OVX+estradiol groups were not statistically different in either
the histological or behavioral measures, these groups were combined in the graphs and are
labeled as “sham”.

Results
Serum estradiol levels and body weight

Serum estradiol levels at the time of euthanasia in animals from each treatment group are shown
in Table 1. Estradiol levels were significantly lower in the OVX compared to the intact and
OVX+estradiol groups [F(2,101)= 9.2, p<.001] and were commensurate with our previous
reports (Miller et al., 2005;Gulinello et al., 2006). Serum estradiol was in the physiological
range in both the intact and OVX + estradiol animals, and these two groups did not differ
significantly. There was no effect of OVX duration [F(2,101)=1.8, p>.05] or interaction
between hormone condition and OVX duration [F(4,101)=1.3, p>.05].
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Estradiol reduces food intake and body weight in both intact and OVX female rats (McElroy
et al., 1987; Santallo et al., 2007). Therefore, to confirm the physiological effects of hormone
treatment, body weight was measured on the day of pellet implantation and one week later, at
the start of the pre-ischemia behavioral tests. Therefore, a positive difference score reflects
weight gain, while a negative score reflects weight loss. Difference scores were analyzed by
ANOVA. There was a significant main effect of hormone condition [F(2,102) = 66.7, p<.0001].
As shown in Table 2, OVX rats treated with estradiol lost weight after pellet implantation, as
evidenced by negative difference scores, while non-treated OVX rats maintained or gained
weight (Newman-Keuls, p<.01). Although intact rats showed a small negative difference score
at 0 and 8 weeks post-OVX, indicative of a loss of weight in these animals after sham surgery,
the extent of weight loss was significantly less compared to the OVX+estradiol rats (Newman-
Keuls, p<.01).

Estradiol replacement modestly reduces CA1 cell loss after global ischemia
Hippocampal CA1 cell counts were performed after completion of behavioral testing following
perfusion at 13 days post-ischemia. Sham-operated controls were included at the 1 and 8 week
OVX durations; 0 week animals were not included as it is unlikely that there would be
significant differences in pyramidal cell number between animals given pellets immediately
after OVX or 1 week later. As noted previously, the sham-operated rats in the intact, OVX,
and OVX+ estradiol groups were analyzed statistically as separate groups, but because they
did not differ [F(2,22)=.44, p>.05], the data for all sham-operated animals at all OVX durations
were combined on the figure.

As previously reported, ischemia induces substantial (50-70%) CA1 cell death as indicated by
a significant main effect of ischemia on CA1 cell counts [F(1,149) = 111.2, p<.0001]. As
illustrated in Figure 2, ischemia induced significant loss of CA1 pyramidal neurons in all
animals at all OVX durations and hormone treatments when compared to sham-operated
controls (Newman-Keuls, p<.01 for each post hoc comparison). As compared to sham-operated
rats, a 64%, 70%, and 45% loss of CA1 neurons was observed following global ischemia in
the intact, OVX, and OVX+estradiol rats, respectively. There was a significant main effect of
estradiol administration on cell loss [F(2,118)=8.6, p< .001], with OVX+ estradiol animals
exhibiting significantly more surviving cells than OVX or intact rats. Estradiol increased cell
survival by 46% and 36% relative to the OVX and intact groups subjected to ischemia,
respectively (Newman-Keuls, p<.01 for both comparisons). The number of surviving
pyramidal neurons in CA1 did not differ between the intact and OVX animals (Newman-Keuls,
p>.05), despite the fact that endogenous levels of estradiol in the intact rats were higher than
in the OVX rats. There was neither a significant main effect of OVX duration [F(2,118)=1.8,
p>.05] nor a significant interaction between hormone condition and OVX duration [F(4,118)
=2.2, p>.05] on CA1 pyramidal neuron survival.

Visual and spatial recognition memory were not preserved by chronic estradiol treatment
To examine ischemia-induced deficits in cognition and the ability of estradiol to ameliorate
these deficits, we tested animals for spatial and visual memory using the object placement and
object recognition tasks, respectively. Rats were pre-tested one week before ischemia or sham
surgery and were then retested one week after ischemia. Approximately 44% and 28% of the
middle-aged rats were unable to perform above chance level (preference score >53%) in the
spatial and visual memory task, respectively, even before ischemia or sham surgery. Animals
that could not perform these tasks were distributed among all OVX durations and hormone
treatments. To evaluate ischemia-induced memory impairments, only animals that could
perform the task prior to ischemia or sham surgery were included in the statistical analysis of
ischemia effect. Importantly, the pattern of results does not change if post-ischemia behavioral
performance is analyzed statistically without excluding these animals (see Supplemental
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Figure 1). However, because our objective was to use the rats’ own baseline to determine if
ischemia induced deficits and if estradiol could prevent these deficits, inclusion of rats that
were unable to do the task prior to ischemia could have been misleading.

Object recognition—Neither OVX duration [F(2,55)=1.7, p>.05] nor hormone treatment
[F(2,55)=.4, p>.05] altered the extent of object exploration during training Trial 1 (see Table
3). All rats explored both objects for similar amounts of time during this trial (data not
illustrated). However, ischemia had a significant impact on mean object exploration time. The
mean total time spent exploring the objects during training post-ischemia was significantly
greater than the time spent exploring the objects pre-ischemia (ANOVA, [F(1,55)=33.6, p<.
0001]) (Table 3).

We next compared pre-test and post-test visual preference scores for ischemic and sham
operated rats to determine the impact of ischemia and sham surgery on visual memory at the
8 week OVX duration (Figure 2B). Ischemia significantly impaired visual working memory
performance (pre/post [F(1,41) = 24.4, p<.0001]) indicated by the fact that all groups showed
lower preference scores at post-test compared to pre-test. There was also a significant
interaction between ischemia and pre/post [F(1,41) = 4.6, p<.04]. While the pre-test
performance of animals subjected to ischemia did not differ from sham-operated rats, they
differed on the post-test (Newman-Keuls, p<.01). As illustrated in Figure 3B, sham-operated
rats showed modestly lower preference scores on the post-test than on the pre-test, but the
preference scores of 79% of these animals were still above chance (>53%). This contrasts with
the 55% of ischemic animals that had post-test preference scores that were below chance
(<53%).

To determine whether hormone condition and OVX duration modified visual memory
performance on the post-test in ischemic animals, we compared preference scores of intact,
OVX, and OVX+estradiol rats at all OVX intervals. As illustrated in Figure 3A and described
above, all ischemic groups showed a significant decline in visual memory performance at post-
test compared to pre-test [F(1,55)= 22.1, p<.0001]. Duration of OVX also impacted working
memory performance [F (2,55)= 6.1, p<.01]. Ischemic rats from the 8 week OVX interval
exhibited significantly lower preference scores in the visual memory task compared to rats at
either the 0 or 1 week OVX durations (Newman-Keuls, p<.05 for both durations). There was
no effect of hormone condition [F(2,55)=1.8, p>.05] or an interaction between OVX duration
and hormone condition [F(4,55)=1.4, p>.05] (Figure 3B). Thus, estradiol administration did
not significantly preserve visual memory performance in middle-aged, OVX rats subjected to
global ischemia.

We also assessed whether CA1 pyramidal cell survival correlated with visual memory
performance on the post-test in sham-operated and ischemic rats. No correlation was found
between the number of surviving neurons and preference scores (r= -.04, p>.05). As well, no
correlation was found between total exploration times and preference score for either the
training (r=.09, p>.05) or test (r=.05, p>.05) trials. Thus, the absolute amount of time rats spent
exploring the objects did not affect their preference for a novel object.

Object placement—The overall pattern of results in the spatial memory test (object
placement task) (Figure 3C, 3D) was very similar to that for object recognition. To determine
whether ischemia, hormone condition and OVX duration modified spatial memory
performance on the post-test in ischemic animals, we compared preference scores of intact,
OVX, and OVX+estradiol rats at all OVX intervals. As illustrated in Figure 3C, all ischemic
groups showed a significant decline in spatial memory performance at post-test compared to
pre-test [F(1,50)= 22.4, p<.0001]. Duration of OVX also impacted spatial memory
performance [F (2,50)= 4.9, p<.05]. Ischemic rats from the 8 week OVX interval exhibited
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significantly higher preference scores in the spatial memory task compared to rats at the 1 week
OVX duration (Figure 3D; Newman-Keuls, p<.05). There was no effect of hormone condition
[F(2,50)=2.1, p>.05] or an interaction between OVX duration and hormone condition [F(4,50)
=.7, p>.05] (Figure 3D). Although it appeared that estradiol might have attenuated the effects
of ischemia on spatial memory in the 8 week OVX group, a separate three-way ANOVA on
the entire 8 week cohort, which included sham-operated animals, showed that there was no
significant difference in performance between sham-operated and ischemic animals [F(2,38)
= .2, p > .05] nor was there an interaction between ischemia status and post-test performance
[F(2,38)=.7, p>.05]. Thus, estradiol administration did not significantly preserve spatial
memory performance in middle-aged, OVX rats subjected to global ischemia.

Similar to the visual memory task, no correlation was found between preference scores on the
spatial memory task and the number of surviving CA1 cells (r=.186, p=.13). Similar to the
visual task, no correlation was found between total exploration times and preference score
during either training (r=.04, p>.05) or testing (r=.01, p>.05) trials.

Exploration but not locomotion in the open field test is affected by ischemia in middle-aged
female rats

To test whether chronic estradiol treatment and/or ischemic damage produces global behavioral
deficits, we assessed locomotor activity and exploration in the open field. We first compared
locomotor activity (grid crosses) at pre-test and post-test of ischemic and sham-operated rats
at the 8 week OVX interval. There was no impact of hormone condition [F(2,61)=2.3, p>.05],
or ischemia [F(1,61)=.09, p>.05] on locomotor activity. As illustrated in Figure 4A, regardless
of hormonal status, both sham-operated and ischemic rats showed similar locomotor activity.
Further comparisons of the intact, OVX, and OVX+estradiol groups at all OVX durations did
not reveal any significant differences in locomotor activity as a function of hormonal condition
[F(2,94)=2.3, p>.05] or OVX duration [F(2,94)=.03, p>.05], and there were no significant
interactions [F(4,94)=1.1, p>.05]. As well, there was no significant main effect of pre/post [F
(1,94)=.57, p>.05] or any significant interactions between pre/post and hormone condition [F
(2,94)=2.0, p>.05] or OVX duration [F(2,94)=.03, p>.05]. Hence, there was no impact of long-
term OVX, hormone condition, or ischemia on locomotor activity.

Analysis of exploration (rears) at pre-test and post-test of ischemic and sham-operated rats at
the 8-week OVX interval, the only duration in which sham subjects were represented, revealed
a significant main effect of pre/post [F(1,61) = 5.8, p<.02] and a significant interaction between
ischemia and pre/post [F(1,61) = 12.3, p<.001]. While sham-operated and ischemic rats did
not differ in the number of rears on the pre-test, ischemic rats exhibited significantly fewer
rears than sham-operated rats during the post-test (Newman-Keuls, p<.05). We further
compared pre and post-ischemia exploration as a function of hormone condition and OVX
duration in ischemic rats at all hormone durations. Ischemia significantly reduced rearing [F
(1,95) = 44.6, p<.0001], but there was no significant effect of hormone condition [F(2,94)=.
70, p>.05] or OVX duration [F(2,94)=.54, p>.05] and no interactions between pre/post and
either hormone condition [F(2,94)=.23, p>.05] or OVX duration [F(2,94)=1.2, p>.05]. As
illustrated in Figure 4B, regardless of hormonal status or OVX duration, all rats subjected to
global ischemia reared less often at post-test than at pre-test (Newman-Keuls, p<.01).

Because object recognition involves exploratory behavior (i.e., object exploration), a
correlational analysis was performed to determine whether the number of rears on the post-
ischemia test was associated with visual memory performance (preference score) on the post-
test. No significant relationship was found (r=.19, p=.14), indicating that impaired performance
was unlikely to be due to inadequate object exploration. This conclusion is strengthened by
the observation that the time animals spent exploring the objects on the post-ischemia test was
greater than the time spent exploring the objects on the pre-test (Table 3). Similar to the visual
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task, no correlation was found between total exploration times and preference score during
either training (r=.04, p>.05) or testing (r=.01, p>.05) trials.

Spontaneous alternation and social preference are not altered by global ischemia or chronic
estradiol treatment in middle-aged female rats

Because global ischemic injury could conceivably alter other behaviors, we tested animals on
a spontaneous alternation task using a Y-maze as well as a social preference task. Spontaneous
alternation deficits are not reliably induced observed after selective CA1 damage, but rather
are evident only when more widespread damage occurs, involving the prefrontal cortex,
septum, and basal forebrain (Lalonde, 2002). Neither ischemia, OVX duration nor hormone
condition altered the high spontaneous alternation predictably exhibited by rats, a finding that
is consistent with specific and restricted cell death in the CA1. ANOVAs comparing pre-
ischemia and post-ischemia spontaneous alternation and social preference scores revealed no
significant main effects of pre/post, hormone condition or OVX duration and no interactions
between pre/post and either OVX duration or hormone condition. Therefore, only post-test
data are presented in the figure for both spontaneous alternation and social preference.

Figure 5 shows the percentage of spontaneous alternation patterns exhibited on the Y-maze by
sham-operated (8 week OVX) and ischemic rats at all OVX durations. Both sham-operated
and ischemic rats exhibited similar, high levels of spontaneous alternation after surgery.
Hormone treatment and OVX duration had no impact on spontaneous alternation as there was
no significant main effect of ischemia [F(1,28)=.56, p>.05], hormone treatment [F(2,70)=1.0,
p>.05] or OVX duration [F(2,70)=.23, p>.05] and no interactions [F(4,70]=.62, p>.05].

Social preference scores of sham-operated (8 week OVX) and ischemic rats at all OVX
durations were compared to determine the impact of ischemia on social preference. Here, there
was no significant main effect of ischemia [F(1,38)=.80, p>.05] or a significant interaction
between ischemia and hormone condition [F(2,38)=1.1, p>0.5] on preference scores. As shown
in Figure 5, both sham operated and ischemic rats exhibited a strong preference for a juvenile
animal compared to an inanimate object. Further comparisons of intact, OVX, and OVX
+estradiol rats at all OVX durations did not reveal a significant main effect of hormone
condition [F(2,88)=.44, p>.05], OVX duration [F(2,88)=1.5, p>.05] or interaction between
hormone condition and OVX duration [F(4,88)=1.1, p>.05], indicating that social preference,
like spontaneous alternation, was not influenced by either hormone status or OVX duration.

Discussion
Estradiol increases neuron survival but not cognitive performance in middle-aged rats

Our results demonstrate that one cannot extrapolate findings in young females pretreated with
estradiol and subjected to transient global ischemia to middle-aged females given similar
hormone therapy. Pretreatment with physiological levels of estradiol provided a statistically
significant rescue of CA1 pyramidal neurons in middle-aged females assessed approximately
2 weeks after global ischemia. However, the increase in neuron survival was much more
variable than in most reports in young females (e.g., Jover-Mengual et al., 2007; Miller et al.,
2005; Plamondon et al., 2006). About 50% of CA1 pyramidal neurons survived in estradiol-
treated rats when compared to sham-operated females, which is somewhat lower than the
approximately 60% survival rate in most of our young estradiol-treated animals (Miller et al.,
2005; Jover-Mengual et al., 2007). Additionally, Plamondon and colleagues (2006) reported
that estradiol-treated animals showed 73.5% CA1 neuronal survival compared to shams as long
as 6 months after ischemia. Thus, it is plausible that age may reduce the ability of estradiol to
attenuate global ischemia-induced hippocampal cell death in female rats. However, estradiol
continues to provide significant histological preservation of CA1 neurons in middle-aged
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female rats, which stands in contrast to our recent report that estradiol failed to preserve CA1
neurons in middle-aged gerbils subjected to 2-vessel occlusion (De Butte-Smith et al., 2007).

Of perhaps greater clinical relevance is the current finding that the significant increase in CA1
pyramidal neuron survival is not correlated with improved performance on spatial and visual
recognition memory tests. These results are in stark contrast with reports from our own
(Gulinello et al., 2006) and other (Kondo et al., 1997; Plamondon et al., 2006) laboratories that
estradiol pretreatment significantly attenuates ischemia-induced deficits in visual and spatial
memory in young animals, even in rats with massive loss of CA1 pyramidal neurons (Gulinello
et al., 2006; Kondo et al., 1997). The failure of estradiol to improve recognition memory in
middle-aged rats after ischemia is unlikely to be attributable to gross behavioral impairments
caused by damage to brain structures other than the hippocampus as these animals showed
similar locomotor activity and social preference when compared to shams or to their own pre-
ischemia test performance. As well, they demonstrated normal levels of spontaneous
alternation. The middle-aged rats in this study also showed similar object exploration times
(Table 3) as younger females of the same strain (Gulinello et al., 2006), suggesting that lower
preference scores were not a result of lower exploration or lack of interest in the objects.
Likewise, there was no correlation between the number of surviving CA1 pyramidal neurons
and performance on recognition memory tasks. This latter observation agrees with previous
reports that cell number does not correlate with behavioral outcome after global ischemia
(Gulinello et al., 2006; Kondo et al., 1997; Nunn et al., 1994; Wahl et al., 1992).

We cannot be certain that age is the only factor that contributed to the failure of estradiol to
preserve hippocampal-dependent cognitive function after global ischemia. To more closely
model the human situation, wherein the majority of middle-aged women have had at least one
pregnancy, the present experiments used retired breeders. However, the young females in our
earlier study were all virgins (Gulinello et al., 2006). Parity can affect hippocampal function
(Kinsley et al., 2006; Tomizawa et al., 2003) and cognition (Kinsley et al., 1999; Macbeth et
al., 2007; Paris and Frye, 2008) in rodents. Therefore, we cannot discern what effects, if any,
parity may have had on the behavioral and hippocampal responses to estradiol and ischemia.

Present findings reinforce our previous suggestion that distinct mechanisms may underlie the
neuroprotective effects of estradiol in global and focal ischemia. In agreement with
observations in middle-aged females subjected to MCAO (Wise and Dubal, 2000), estradiol
reduces the extent of neuron loss after global ischemia in middle-aged animals. However,
studies with knockout mice implicate estrogen receptor-α as the exclusive mediator of
neuroprotection in animals subjected to MCAO (Dubal et al., 2001). In contrast, our data
(Miller et al., 2005) and other laboratories (Carswell et al., 2004; Shughrue & Merchanthaler
2003) suggest that both estrogen receptor isoforms contribute to increased neuron survival after
global ischemia. The ability of physiological levels of estradiol to reduce infarct size after
MCAO is lost when young animals are OVX for 10 weeks prior to insult (Suzuki et al.,
2007). Our results indicate that estradiol retains a significant ability to reduce global ischemia-
induced hippocampal cell death in middle-aged rats even when hormone administration does
not begin until 8 weeks after hormone withdrawal.

Cognitive performance in middle-aged females
On the pretests performed prior to global ischemia or sham surgery, 28% and 44% of middle-
aged rats showed poor performance in the visual and spatial recognition tasks, respectively.
This finding is consistent with previous reports that both visual (de Lima et al., 2005; 2007;
Wallace et al., 2007) and spatial (Cavoy & Delacour, 1993; Soffie et al., 1992; Shukitt-Hale
et al., 2001) object recognition may decline with age. Our finding that some but not all rats
exhibited behavioral deficits at pre-test is consistent with reports by Gallagher (1988) that older
rats can be subdivided into cognitively impaired and unimpaired groups. Although animals in
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some of the earlier studies were much older (18-24 months) than our rats, the pattern was
similar. That is, some aged rats exhibit age-related impairments in learning and memory,
whereas other aged rats are comparable to their younger counterparts. Pre-test performance in
animals at the 8 week OVX duration was equal to or even better than in animals at the 0 or 1
week OVX intervals. The 8 week animals were, on average, two months older than rats in the
other groups, suggesting that age is not the only explanation for the observed deficits. It is
possible that poor performance of middle-aged females on these tasks reflects their slow
recovery from the OVX or sham surgery. If so, then the object recognition and placement tests
may be especially sensitive to subclinical inflammation or other aspects of surgical stress.
However, the animals were healthy enough to perform well in a social preference test, a reliable
indicator of sickness behavior (Bluthé et al., 1992). The greater vulnerability of older animals
to surgical stress may also explain the reduced levels of rearing in the open field after ischemia
and modestly lower preference scores of shams on the visual test after ischemia.

Both aging and global ischemia can modulate important features of hippocampal circuitry
required for intact cognitive function. Long-term potentiation is impaired in aged rodents
(Barnes, 2003; Deupree et al., 1993; Rex et al., 2005; Rosenzweig & Barnes, 2003; Shankar
et al., 1998) and in young rodents subjected to global ischemia (Aoyagi et al., 1998; Dai et al.,
2007). Theta rhythm is also important for normal hippocampal functioning and is impaired in
both aged (Watabe & O’Dell, 2003) and ischemic (Mariucci et al., 2003; Monmaur et al.,
1986) rodents. It is plausible that because many anatomical, endocrine and neurophysiological
changes occur independently as a result of age and global ischemia, the combination of the
two results in cognitive injury that is difficult to reverse in older females.

Exogenous but not endogenous estradiol reduces ischemia-induced CA1 neuron loss
An unexpected finding was that estradiol levels were similar in gonadally intact and OVX+
estradiol animals, but that only OVX animals supplemented with exogenous estradiol showed
significantly greater cell survival than OVX controls. One possible explanation is that in OVX
rats implanted with pellets, estradiol is continuously released so that cells are constantly
exposed to the hormone for the duration of the experiment. Intact rats, in contrast, are likely
to experience greater fluctuations in their estradiol levels over time. This possibility is
supported by the significant difference in weight loss between intact and OVX, estradiol-
treated rats. Female rats continue to produce significant levels of ovarian estradiol as they age
(Chakraborty & Gore, 2004; LeFevre & McClintock, 1988), but little is known about the pattern
of estradiol release in this population. Estradiol is also synthesized in adult mammalian
hippocampal neurons (Hojo et al., 2008; Mukai et al., 2006) and may be altered in older rodents.
We did not monitor vaginal cytology in the intact rats after they were assigned to treatment
groups, so we cannot determine the degree of variation in endogenous hormones.

Additionally, it is possible that other ovarian or adrenal secretions such as progesterone may
have impacted the response to endogenous estradiol in intact animals. A recent study suggests
that progesterone may attenuate the beneficial actions of estradiol in middle-aged females.
Carroll et al. (2008) reported that estradiol treatment protected hippocampal CA3 neurons from
kainate-induced injury in middle-aged (9 months) female rats; however, this effect was blocked
if progesterone was also administered. On the other hand, exogenous administration of
progesterone alone (Alkayed 2000; Cervantes et al., 2002; Gonzalez-Vidal et al., 1998; Frye
and Walf, 2008) or in conjunction with estradiol (Dohanich et al., 1994; Harburger et al.,
2007; Sato et al., 2003; Frye et al., 2007; Vongher and Frye, 1999) provided neuroprotection
and enhanced cognitive function in young and aged rodents. Progesterone can also protect
against global ischemia-induced hippocampal damage in young male rats (Morali et al.,
2005) and in female cats (Gonzalez-Vidal et al., 1998). Because hormone therapy in
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menopausal women often includes both estrogen and progestin, it will be important to evaluate
the actions of progestins in future studies of global ischemia

Alternatively, our finding that endogenous estradiol does not afford histological protection in
middle-aged females may suggest that the pattern of brain exposure to estradiol (constant
versus episodic) dictates the downstream molecular events that determine whether estradiol
can avert specific cell death cascades that lead to neuronal loss. In young females, global
ischemia results in dephosphorylation and inactivation of extracellular signal regulated kinase
(ERK) and its target, the transcription factor cyclic AMP response element binding protein
(CREB), followed by down-regulation of the anti-apoptotic protein Bcl-2 and activation of
caspase 3 (Jover-Mengual et al., 2007). In young rats, estradiol attenuates the deleterious effects
of ischemia on ERK, CREB, Bcl-2 and caspase 3 activation, leading to a reduction in apoptotic
neuronal death (Jover-Mengual et al., 2007). It will be of interest to determine in middle-aged
rats whether exogenous estradiol intervenes at similar or different molecular levels in
comparison to young rats.

Conclusion
This study investigated whether estradiol attenuates ischemia-induced CA1 cell loss and
improves working memory in middle-aged female rats and if so, whether increasing the
duration of ovarian hormone withdrawal modifies the ability of estradiol to protect against the
histological and behavioral consequences of global ischemia. Our results demonstrate that one
cannot easily extrapolate histological or behavioral findings in young females pretreated with
estradiol and subjected to transient global ischemia to middle-aged females. Because the risk
of stroke and cardiac arrest in women increases after menopause, and the WHI enrolled many
women who were more than 10 years post-menopause before initiating hormone therapy, these
results have important implications for evaluating the potential benefits of long-term hormone
treatment in menopausal women. Our results show that responsiveness to the neuroprotective
effects of estradiol is different in middle-aged than in young rodents. Estradiol attenuates
ischemia-induced hippocampal cell loss in middle-aged females even after long periods of
hormone withdrawal. However, estradiol does not preserve cognitive function in middle-aged
females. These findings highlight the importance of using older animals in studies assessing
potential treatments for focal and global ischemia.
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Figure 1.
Timeline of experimental procedures and behavioral tests. Day 0 (D0) refers to the day of
estradiol or placebo pellet implantation irrespective of OVX duration.
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Figure 2.
Estradiol replacement modestly reduces CA1 cell loss in OVX, middle-aged females after
global ischemia (Isx). (A) Representative photomicrographs from the 1 week OVX interval of
intact, OVX, and OVX+estradiol (E) middle-aged female rats subjected to global ischemia or
sham surgery. At 12 days after reperfusion, viable neurons in 4 toluidine blue stained sections
containing the dorsal hippocampal CA1 were counted in 3 sectors (lateral, middle, and medial).
Scale bars, Lower magnification (4X), 400 μm; higher magnification (40X), 60 μm. (B) Data
represent a grand sum across 3 counting sectors and over right and left hemispheres. Because
no statistical difference was found among the different sham groups (intact, OVX, OVX+E)
at 1 and 8 weeks after OVX), these animals were pooled into one sham group. Global ischemia
induced CA1 cell loss vs sham-operated animals. Treatment with E significantly increased
CA1 cell survival. * p< .01 compared to sham-operated rats, ** p < .01 compared to intact and
OVX rats. (C) There was no impact of OVX duration on CA1 cell survival.
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Figure 3.
Visual and spatial recognition memory performance was not preserved after chronic estradiol
treatment. (A) Visual memory was assessed by the object recognition task. Data are reported
as preference scores (novel object exploration/total object exploration, %, X ± S.E.M.) for 3-
min trials. There was a retention interval of 30-min between training and test trials. Black dotted
line at 50% represents equal exploration of both objects (chance performance). Only animals
that were able to do the task pre-ischemia (preference >53%) were included in post-test
analysis. Ischemic rats showed significantly lower preference scores at post-test compared to
pre-test. # p< .05. (B) Ischemic rats exhibited significantly impaired visual recognition memory
relative to sham-operated controls. Ischemia-induced deficits in visual memory were
significantly greater at the 8 week OVX duration compared to either the 0, or 1 week OVX
duration (p<.01). * p< .05 compared to all ischemic rats. (C) Ischemic rats showed significantly
lower preference scores at post-test compared to pre-test. # p<.05. (D) There was no impact of
estradiol treatment on spatial memory.
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Figure 4.
Exploration but not locomotor activity is affected by ischemia in middle-aged female rats. (A)
Locomotor activity was assessed as the number of grid crosses in the open field. Data are
presented as X ± S.E.M. Neither global ischemia, OVX duration, nor estradiol altered
locomotor activity in the open field. (B) Exploration of the open field was assessed as the
number of rears in the open field. Data are presented as X ± S.E.M. All ischemic rats reared
significantly less at post-test compared to pre-test. # p<.01 (C) Ischemic rats reared
significantly less relative to sham-operated controls at the 8 week OVX interval. Regardless
of hormonal status or OVX duration, all rats subjected to global ischemia reared less often at
post-test compared to pre-test.* p<.05 compared to ischemic rats.
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Figure 5.
Spontaneous alternation and social preference are not altered by global ischemia or chronic
estradiol treatment in middle-aged female rats. (A) For spontaneous alternation, rats were
placed on the Y-maze for 15 min and the sequence and number of arms entered were recorded.
For each consecutive triplet entry, it was determined if the rat exhibited a spontaneous
alternation pattern. Data are reported as percentage scores (± S.E.M.) that were computed by
dividing the number of alternations made by each rat by the total number of triplets then
multiplying that quotient by 100. Because no differences were found between pre-test and post-
test scores for either sham-operated or ischemic groups, only post-test data are illustrated. (B)
For social preference tests, rats were placed in the start arm of a Y-maze and were allowed to
freely explore for 5 min. Enclosed at the end of one arm was a juvenile female rat while at the
other end was a small clear bottle. The amount of time exploring either the juvenile animal or
clear bottle was recorded (sec). For each animal, a preference score was defined as the time
spent exploring the juvenile rat divided by the total time spent exploring the juvenile rat and
the object. Data are reported as mean percentage ± S.E.M. Because no significant differences
were found between pre- and post-test scores for either sham-operated or ischemic rats, only
post-test data are illustrated.
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Table 1
Serum estradiol levels in the intact, OVX, and OVX+ estradiol treated groups at 0, 1, and 8 week OVX durations.

Group 0 week (n) 1 week (n) 8 week (n)

Intact 44.6 ± 7.4 (11) 23.4 ± 4.6 (9) 39.7 ± 5.2 (18)

OVX 19.5 ± 2.4(13)* 17.1 ± 2.6 (8)* 22.8 ± 2.4 (12) *

OVX+E 34.0 ± 4.4 (12) 41.0 ± 8.4 (10) 48.4 ± 8.3 (17)

Values are mean serum estradiol levels in pg/ml ± S.E.M.

*
p<.01 compared to OVX+E and intact groups, ANOVA followed by Newman-Keuls.
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Table 2
Impact of OVX and estradiol (E) treatment on body weight at 0, 1, and 8 week OVX durations.

OVX duration W1 (g) W2 (g) Difference (W2-W1)

0 week

Intact (n=11) 382.3 ± 8.2 379.1 ±8.6 -3.1 ±3.1

OVX* (n=13) 374.8 ± 8.7 382.85 ± 9.1 8.0 ± 2.7

OVX+E**(n=12) 383.0 ± 8.5 360.75 ± 7.6 -22.3 ± 4.2

1 week

Intact (n=9) 402.5 ± 8.3 404.6 ± 10.6 2.1 ± 3.5

OVX* (n=8) 392.3 ± 11.6 407.6 ± 13.0 15.2 ± 2.5

OVX+E**(n=10) 388.3 ± 12.9 377.0 ± 13.1 -11.3 ± 2.8

8 week

Intact (n=18) 397.2 ± 17.4 393.5 ± 17.0 -3.7 ± 3.4

OVX* (n=12) 450.0 ± 19.3 450.1 ± 20.9 .08 ± 2.7

OVX+E**(n=17) 479.5 ± 7.9 446.9 ± 7.0 -32.5 ± 1.9

Values are mean weights ± S.E.M. at time of pellet implant (W1) and Day 1 of pre-test (W2) for intact, OVX, and OVX+E rats at the 0, 1, and 8 week
OVX duration. Difference scores represent W2-W1 and these scores were subjected to statistical analysis (ANOVA followed by Newman-Keuls).

*
p< .01 compared to intact and OVX+E rats.

**
p< .01 compared to intact and OVX rats
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Table 3
Total exploration time (s) during trial 1 and test trial 2 at pre and post test on the visual working memory task.

OVX Duration Trial 1 Trial 2

Pre Post* Pre Post*

0 week

Intact 14.8 ± 1.7 22.1 ± 4.1 18.4 ± 2.0 25.6 ± 3.7

OVX 14.9 ± 2.4 22.0 ± 1.6 19.3 ± 1.9 27.6 ± 2.7

OVX+E 17.9 ± 2.2 22.3 ± 2.6 22.4 ± 2.6 25.2 ± 3.8

1 week

Intact 13.6 ± 4.9 26.6 ± 1.7 17.4 ± 4.3 22.4 ± 7.7

OVX 18.0 ± 1.5 22.1 ± 3.0 18.9 ± 3.3 23.8 ± 4.4

OVX+E 11.0 ± 3.3 14.6 ± 2.5 13.0 ± 2.8 21.3 ± 7.7

8 week

Sham 17.0 ± 1.8 24.9 ± 2.8 19.3 ± 1.7 27.4 ± 2.4

Intact 12.9 ± 1.6 20.3 ± 2.9 19.3 ± 2.3 21.8 ± 1.7

OVX 10.4 ± 1.7 16.7 ± 3.8 15.3 ± 3.9 22.5 ± 5.7

OVX+E 7.8 ± 1.0 23.1 ± 5.2 7.7 ± 2.0 22.9 ± 2.4

Data represent mean exploration times ± S.E.M. All rats showed significantly greater exploration times at post-test compared to pre-test during both trial
1 [ F(1,55)= 33.6, p<.0001] and trial 2 [F(1,55)=19.2, p<.0001]

*
denotes p<.001
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