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Abstract
The degree to which memory is enhanced by estrogen replacement in postmenopausal women may
depend on environmental factors such as education. The present study utilized an animal model of
environmental enrichment to determine whether environmental factors influence the mnemonic and
neural response to estrogen. Female mice were raised in standard (SC) or enriched (EC) conditions
from weaning until adulthood (7 months). All mice were ovariectomized at 10 weeks, and tested in
object recognition and water-escape motivated radial arm maze (WRAM) tasks at 6 months. Each
day at the completion of training, mice received injections of 0.1 mg/kg cyclodextrin-encapsulated
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17-β-estradiol (E2), 0.2 mg/kg E2, or cyclodextrin vehicle (VEH). At the completion of behavioral
testing, hippocampal levels of the presynaptic protein synaptophysin and of brain-derived
neurotrophic factor (BDNF) were measured. Enrichment effects were evident in VEH-treated mice;
relative to SC-VEH females, EC-VEH females committed fewer working memory errors in the
WRAM and exhibited increased hippocampal synaptophysin levels. Estrogen effects depended on
environmental conditions. E2 (0.2 mg/kg) improved object memory only in SC females. The same
dose improved working memory in SC females, but somewhat impaired working memory in EC
females. Furthermore, both doses reduced hippocampal synaptophysin levels in EC, but not SC,
females. In contrast, E2 reduced hippocampal BDNF levels in SC, but not EC, females.

This study is the first to compare the effects of estrogen on memory and hippocampal function in
enriched and non-enriched female mice. The results suggest that: (1) estrogen benefits object and
working memory more in mice raised in non-enriched environments than in those raised in enriched
environments, and (2) the changes induced by estrogen and/or enrichment may be associated with
alterations in hippocampal synaptic plasticity.
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Recent data indicate that conjugated equine estrogen in combination with
medroxyprogesterone acetate provides no protection from mild cognitive impairment in
postmenopausal women (Rapp et al., 2003; Shumaker et al., 2003). In contrast, estrogen alone
can improve several types of memory (Duff and Hampson, 2000; Duka et al., 2000;Resnick et
al., 1998; Verghese et al., 2000), although these benefits are also not universally reported
(Carlson and Sherwin, 1998; Hogervorst et al., 2000). These inconsistencies may be attributed
to differences in subject pools including the source of menopause (natural vs. surgical),
duration of estrogen replacement prior to testing, and the delay between menopause onset and
start of estrogen treatment. Furthermore, variables such as level of education, age, health, or
socioeconomic status of the subjects, which may influence the extent to which cognitive
improvements are observed, have not been systematically manipulated. Indeed, recent work
in humans suggests that level of education can significantly influence the cognitive response
to estrogen replacement (Matthews et al., 1999). Because the implications of this finding are
difficult to address in humans, animal models may be useful for examining the interactions
between estrogen and environmental factors such as cognitive enrichment.

Estrogen reportedly enhances memory in young and aging female rats (e.g. Frick et al.,
2002; Gibbs, 2000;Luine and Rodriguez, 1994; Vaucher et al., 2002; although see Chesler and
Juraska, 2000; Fugger et al., 1998;Holmes et al., 2002). However, because studies such as these
administer estrogen prior to training, they cannot distinguish between the effects of estrogen
on mnemonic processes versus the effects on other performance factors present during training.
In contrast, post-training estrogen administration can pinpoint the effects on memory
consolidation in the absence of confounding effects on non-mnemonic factors such as
motivation, attention, and motor ability. Post-training systemic administration of estradiol
immediately after training improves memory consolidation in young female rats tested in
spatial water maze (Packard and Teather, 1997b) and non-spatial object recognition (Luine et
al., 2003) tasks, as does post-training intrahippocampal estradiol administration in young
female rats tested in the spatial water maze (Packard and Teather, 1997a). Because these
memory improvements are not observed when estrogen is administered 2 h after training, the
possibility that the mnemonic benefits of immediate post-training treatment are due to
performance factors can be eliminated (Luine et al., 2003; Packard and Teather, 1997a,b).
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One way in which estrogen may improve mnemonic function is by enhancing synaptic
plasticity in the hippocampus, a brain region critical for learning and memory. For example,
increases in synaptophysin, a presynaptic protein located in the membranes of
neurotransmitter-containing vesicles (Calhoun et al., 1996; Schlaf et al., 1996) have been noted
following estrogen treatment. Estradiol increases synaptophysin expression in cultured
hippocampal neurons and elevates synaptophysin immunoreactivity in the cornu ammonis
(CA) 1 region of the rat hippocampus (Brake et al., 2001; Murphy and Segal, 1996;Pozzo-
Miller et al., 1999b). Furthermore, estrogen increases levels of synaptophysin in aged female
mice, a finding which has been associated with enhanced hippocampal-dependent learning
(Frick et al., 2002).

Estrogen also modulates hippocampal levels of the neurotrophin BDNF (brain-derived
neurotrophic factor). BDNF has been shown to increase synaptic plasticity in numerous ways,
including enhancing synaptogenesis (McAllister et al., 1999), promoting basal synaptic
transmission in excitatory synapses of CA1 (Kang and Schuman, 1995; although see
Gottschalk et al., 1998), and inducing LTP (see Lu and Chow, 1999; Thoenen, 1995 for
reviews). Estrogen replacement in ovariectomized female rodents has been shown to increase,
decrease, or not affect hippocampal BDNF mRNA expression (Berchtold et al., 2001; Cavus
and Duman, 2003; Gibbs, 1999; Liu et al., 2001; Singh et al., 1995). Cavus and Duman
(2003) have recently shown that the duration of estrogen depletion prior to replacement or of
estrogen replacement following ovariectomy affect whether or not changes in BDNF
expression are observed in vivo. These factors may contribute to current discrepancies in the
literature. Nevertheless, in vitro preparations have proven useful in identifying a mechanism
through which estrogen-induced changes in BDNF promote synaptic plasticity. Specifically,
Murphy et al. (1998a,b) have shown in hippocampal cultures that estrogen-induced decreases
in BDNF reduce the inhibition of hippocampal pyramidal neurons, which leads to increased
hippocampal CA1 spine density. Studies in cycling rats further support this idea, as decreases
in BDNF mRNA expression have been reported when estrogen levels and CA1 spine density
peak (Cavus and Duman, 2003;Gibbs, 1998; Woolley et al., 1990; Woolley and McEwen,
1992). Taken together, enhanced hippocampal synaptic plasticity, as indicated by decreased
BDNF or increased synaptophysin expression, may contribute to estrogen-induced mnemonic
improvements.

Environmental enrichment, like estrogen, may also improve memory by altering synaptophysin
and BDNF levels. Enrichment provides animals with a complex combination of social and
cognitive stimulation through interactions with cage-mates and toys (Rosenzweig et al.,
1978). Enrichment-induced improvements in both spatial and non-spatial (e.g. object
recognition) memory tests (Daniel et al., 1999; Nilsson et al., 1999; Rampon et al., 2000;
Teather et al., 2002; Williams et al., 2001) have been consistently noted throughout the lifespan,
in young (Kempermann et al., 1997), middle-aged (Frick et al., 2003; Kempermann et al.,
1998), and aged animals (Frick and Fernandez, 2003;Kempermann et al., 1998). Environmental
enrichment has been shown to attenuate age-related decreases in hippocampal synaptophysin
expression in rats (Saito et al., 1994). Furthermore, a recent study in aging female mice found
that enrichment-induced increases in hippocampal synaptophysin levels were associated with
enhanced spatial memory (Frick and Fernandez, 2003). Additionally, exposure to enrichment
increases hippocampal BDNF protein in rats (Ickes et al., 2000). Interestingly, one aspect of
environmental enrichment, voluntary exercise, has also consistently increased hippocampal
BDNF protein and mRNA levels in rats (Berchtold et al., 2001; Neeper et al., 1996; van Praag
et al., 2000; Widenfalk et al., 1999).

The impact of environmental enrichment on the cognitive and neural response to estrogen is
not well understood. The influence of environmental factors has been particularly difficult to
assess in women, because most patients taking hormone replacement are highly educated
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(Keating et al., 1999) and are healthier (Matthews et al., 1996) than women who do not elect
treatment. However, one recent study found that estrogen improved memory more effectively
in women with less education than in those with more education (Matthews et al., 1999).
Because no study to date has examined estrogen-enrichment interactions in animal models, it
is unclear whether estrogen and enrichment affect cognitive and neural function in an additive
or contradictory fashion. Thus, the present study was designed to determine whether
environmental enrichment in mice from weaning through adulthood influences the mnemonic
response to estrogen (measured in object recognition and radial arm maze tasks) and to identify
whether changes in hippocampal plasticity (assessed by changes in synaptophysin and BDNF
levels) contribute to this effect.

EXPERIMENTAL PROCEDURES
Subjects

Female (N=60) C57BL/6J mice were obtained at 3 weeks of age from Taconic (Germantown,
NY). Upon arrival, all mice were handled for 5 days (5 min/day) in order to acclimate them to
being picked up by the experimenter. Five mice/cage were housed in a room with a 12-h light/
dark cycle (lights on at 07:00 h). All behavioral testing occurred during the light phase of the
cycle. Food and water were available ad libitum for the duration of testing. All procedures
followed the guidelines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and were approved by the Animal Care and Use Committee of Yale
University. All efforts were made to minimize the number of animals used and their suffering.

Design
Mice were raised in standard (SC) or enriched (EC) conditions for the duration of the study (7
months). A water-soluble form of estrogen was administered each day following the
completion of object recognition and water-escape motivated radial arm maze (WRAM)
training. Because this form of estrogen is rapidly metabolized, it is only in the circulation during
memory consolidation and not during retrieval 24 or 48 h later (Packard and Teather, 1997b).
Post-training estrogen has previously been shown to facilitate spatial memory consolidation
in the Morris water maze (Packard et al., 1996; Packard and Teather, 1997b) and non-spatial
object recognition (Luine et al., 2003).

Rearing environment and enrichment
Upon arrival, mice were assigned to one of two rearing environments. Mice in the SC were
group housed in their home cage but were not exposed to enriching stimuli at any time. Mice
in the EC were group housed and exposed to both cognitive and physical stimulation in
enrichment chambers (56.6×41.5×22 cm high) separate from the home cage through
interactions with cage-mates, toys (e.g. Legos, PVC pipe fittings), and running wheels for 3 h/
day. All EC mice from one home cage were placed together in an enrichment chamber. Each
chamber always contained three or four different toys, a running wheel, food pellets, and a
weigh boat filled with water. To maintain interest in the toys for the duration of the study, toys
and wheels were changed daily. At the completion of the enrichment session, the mice were
returned to their home cage. Daily enrichment began the day after arrival and continued for
the duration of the study. A detailed description of the enrichment chambers and procedures
is provided elsewhere (Frick and Fernandez, 2003).

Ovariectomy (OVX)
All mice underwent OVX between 9 and 11 weeks of age, as previously described (Frick and
Berger-Sweeney, 2001), to ensure that the mice reached sexual maturity prior to removal of
endogenous sources of estrogen. Furthermore, surgery at this time ensured that all mice would
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be without estrogen for several months prior to estrogen replacement. Mice were anesthetized
with 2% isoflurane gas in 100% oxygen. Two incisions were made on the dorsal surface of the
body, just above the upper left and right pelvic bones. The ovary, oviduct, and tip of the uterine
horn were isolated, clamped off and removed. The rest of the uterine horn was returned to the
abdominal cavity. Mice were housed singly for 1 week, during which time pediatric Tylenol
(approximately 1 ml/100 ml of water) was added to each water bottle. During recovery, a small
toy which changed daily was placed in the home cages of EC mice. After recovery, mice were
re-housed with their original cage-mates in groups of five/cage. Daily enrichment sessions
resumed for EC mice after re-housing.

Estrogen administration
SC and EC mice were injected intraperitoneally with either estrogen or vehicle. Injections were
administered each day at the completion of training (see below). Cyclodextrin-encapsulated
17β-estradiol (E2; Sigma, St. Louis, MO, USA), in a dose of either 0.1 mg/kg or 0.2 mg/kg,
was dissolved in physiological saline in a volume of 4 ml/kg. The cyclodextrin complex acts
as a solubility-enhancing carrier for the estradiol and this type of estrogen is metabolized within
24 h (Pitha and Pitha, 1985;Taylor et al., 1989). Cyclodextrin-encapsulated estrogen has
previously improved memory in a post-training Morris water maze paradigm (Packard and
Teather, 1997b) when injected immediately, but not 2 h, after training. The vehicle (VEH),
hydroxypropyl-β-cyclodextrin, was dissolved in an equal volume of saline and contained the
same amount of cyclodextrin present in the 0.2 mg/kg dose of cyclodextrin-encapsulated E2.
Because techniques for assaying serum estradiol levels in mice are currently unreliable, we
could not accurately measure circulating levels in our mice. Nevertheless, it has previously
been reported that 1 μg and 10 μg of β-estradiol produce levels in the mouse similar to those
seen during estrus and proestrus, respectively (Akinci and Johnston, 1997). Based on their
weights (ranging from 25 to 45 g), mice in the present study were injected with E2 in volumes
ranging from 0.10 to 0.18 ml, corresponding to a concentration of E2 ranging from 2.5 μg (for
the low dose) to 9 μg (for the high dose). Thus, the doses used in the present study were within
the physiological range.

Object recognition
Object recognition testing began 12 weeks after surgery. The object recognition task was
conducted in a wooden open field box (58×58×46 cm high) painted white and located in a quiet
room under dim lighting. A video camera was mounted on the ceiling above the box and
connected to a video recorder, monitor, and computer in an adjoining room. Throughout testing,
the door to the testing room was closed and mice were observed on the monitor.

The experimental protocol was based on that reported previously (Clark et al., 2000; Ennaceur
and Delacour, 1988) and was similar to a previously published description by our laboratory
(Frick and Gresack, 2003). The task takes advantage of the natural affinity of mice for novelty.
In brief, the task consisted of three phases, habituation, sample and choice, which were
completed on separate test days. During habituation, each mouse was placed in the empty open
field box and allowed to explore for 5 min. Locomotor activity was assessed during habituation
by recording the number of crossings of a 5×3 grid laid over the field on the computer monitor.
The next day, all mice completed the sample phase. Following a 1-min rehabituation to the
box, two identical objects were placed in the northwest and northeast corners of the box
(approximately 5 cm from the walls) and the mice explored the objects until they accumulated
30 s of exploration. Each mouse was then removed from the box, immediately injected with
VEH, 0.1 mg/kg E2, or 0.2 mg/kg E2, and returned to its home cage. Mice were tested in the
choice phase 48 h after injection. During this phase, one familiar object (identical to that which
was used in the sample phase) and one novel object were placed in the same corners of the box
occupied during the sample phase. The location of the novel object was counterbalanced across
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mice in each group. Mice remained in the box until they accumulated 30 s of object exploration.
Objects used during this task differed significantly from objects used during enrichment in
terms of shape, size, material (e.g. metal vs. plastic). Furthermore, unlike enrichment objects,
those used during the recognition task could neither be stood upon, nor crawled through. During
all phases of testing, the box was always cleaned with 70% ethanol in between each mouse.
Time spent exploring each object was recorded during both the sample and choice phases using
the video tracking system and a custom-written computer program. Object exploration was
scored only when the mouse’s nose or front paws touched the object. In addition, the time
needed to accumulate 30 s of exploration (i.e. elapsed time) during both the sample and choice
phases was recorded.

WRAM
The protocol for this task was adapted from that described by Bimonte et al. (2000) and has
been previously described by our laboratory (Gresack and Frick, 2003). Briefly, the center of
the maze (diameter, 44 cm) was opaque plastic and the eight arms radiating from the center
(38×12 cm) were constructed of clear Plexiglas. The maze was placed in a large pool of water
(24 ± 2 °C) made opaque with white non-toxic tempera paint. Four of the eight arms in the
WRAM contained hidden platforms submerged approximately 1 cm below the water surface
at the end of the arms. The sequence of arms with platforms was randomized between mice
but remained unchanged within a mouse for all sessions.

Prior to the first day of testing, each mouse completed a four-trial shaping procedure as
previously described (Gresack and Frick, 2003). During testing, all mice completed four trials/
day for 15 days. At the start of trial 1, the mouse was released from a designated start arm and
given 2 min to locate and climb onto a submerged platform. If the mouse did not find a platform
within this time, it was gently guided to the nearest one and allowed to remain there for 15 s,
after which time it was removed and placed in a holding cage for a 30 s inter-trial interval (ITI).
During the ITI, the platform that had been found was removed from the maze, leaving three
platforms in the pool. The mouse was then returned to the start arm for trial 2. This procedure
was repeated until all four platforms were located (one platform/trial). At the end of the fourth
trial, the mouse was removed from the maze, dried off, injected with VEH, 0.1 mg/kg E2, or
0.2 mg/kg E2, and returned to its home cage. The next test session began approximately 24 h
following injection. Despite the fact that mice were injected with E2 every day for 15
consecutive days, the encapsulated estradiol used in the present study was metabolized within
hours (Pitha and Pitha, 1985) and thus estrogen effects on this task may be due to modulation
of memory consolidation rather than to effects on non-mnemonic performance factors.

Three types of errors were recorded during each trial of the 15 test sessions (Bimonte et al.,
2000; Gresack and Frick, 2003). Entries into arms from which a platform had been removed
during a daily session were considered working memory errors. First entries in a session into
arms that never contained a platform were considered initial reference memory errors. Finally,
repeated entries into arms that never contained a platform were considered repeated reference
memory errors. In addition to determining the total number of working memory errors
committed in each session, the number of working memory errors committed in trials 2-4 of
each session was determined (it was not possible to make a working memory error in trial 1).
This allowed working memory errors to be assessed as the trials progressed and as the amount
of working memory information to be remembered (i.e. the working memory load) increased
(Hyde et al., 1998).

Enzyme-linked immunosorbent assays (ELISA)
Immediately following the completion of Session 15 in the WRAM, mice were injected with
VEH or estradiol. Approximately 24 h later, mice were sedated briefly with CO2 and
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decapitated. The hippocampus was dissected bilaterally on ice, weighed and stored at -70 °C
until homogenization. The protein content of the samples was measured using a Bio-Rad (Bio-
Rad Laboratories, Hercules, CA, USA) protein assay (Bradford, 1976; Frick and Berger-
Sweeney, 2001).

Synaptophysin was measured using an ELISA adapted from Schlaf et al. (1996) for use in mice
(Frick et al., 2003). Because purified synaptophysin was not available for use as a standard,
synaptophysin levels in the samples were expressed as ‘equivalents’ relative to synaptophysin
immunoreactivity from whole mouse brain homogenate [termed mouse brain standard (MBS)].
An antibody sandwich ELISA using two different anti-synaptophysin antibodies (monoclonal
anti-synaptophysin Clone SY 38 and polyclonal rabbit anti-synaptophysin; DAKO
Corporation, Carpinteria, CA, USA) was used to determine the relative amounts of
synaptophysin in the samples. A Labsytems Multiskan Plus microplate reader set at a
wavelength of 405 nm was used to measure optical density.

To calculate the relative amount of synaptophysin in the samples, the absorbance of each of
four MBS concentrations was plotted versus the log of the total protein concentration. The
equation of the straight line that resulted and the absorbance of each sample were used to
determine the concentration of MBS which would have the absorbance exhibited by the sample.
This apparent MBS concentration of the sample was divided by the total protein concentration
of the sample to determine the relative amount of synaptophysin in the sample versus the
amount of synaptophysin in the MBS homogenate (termed ‘MBS synaptophysin equivalent’).
A detailed description of the procedure used to measure synaptophysin in mice has been
reported previously (Frick and Fernandez, 2003; Frick et al., 2003).

BDNF levels were analyzed using a Promega Emax Immuno-Assay System ELISA kit
(Promega, Madison, WI, USA). Prior to running the assay, samples were resuspended 1:10 w/
v in Tris/Triton X-100, homogenized and centrifuged for 10 min at 10,000×g, diluted 1:20 w/
v in a lysis buffer (0.137 mM NaCl, 20 mM Tris-HCl, 1% Tergitol NP-40, 10% glycerol, 1
mM PMSF, 10 μg/ml aprotinin, 1 μg/ml leupeptin, and 0.5 mM sodium meta-vanadate), and
re-centrifuged at 10,000×g. On the day of assay, 96 well Nunc-Immuno Plates with Maxisorp
surface were coated with a carbonate coating buffer containing an anti-BDNF monoclonal
antibody and incubated overnight at 4 °C. The next day, the plates were washed with TBST
wash buffer, blocked with block and sample buffer, and incubated at room temperature for 1
h. The samples were diluted 1:50 in DPBS (2.7 mM KCl, 0.137 mM NaCl, 1.47 nM
KH2PO4, 8.1 mM Na2HPO4, 0.5 mM MgCl2, 0.9 mM CaCl2, pH 7.4), acid-treated and
neutralized, and diluted 1:200 in block and sample buffer. Standards (0-500 pg/ml) and samples
were run in triplicate using anti-human BDNF polyclonal antibody and anti-IgY HRP
conjugate. The plates were then incubated with TMB One Solution, the reaction terminated
with 1 N HCl, and optical density was measured at 450 nm on the microplate reader. The
concentration of BDNF was divided by the total protein concentration of each sample to yield
a value of ng BDNF/mg total protein.

Data analysis
A two (Environment)×three (Treatment) analysis of variance (ANOVA) was used to analyze
grid crossings completed during the habituation phase of object recognition. A preference for
the novel object during the choice phase was assessed using one-sample t-tests to determine
whether time spent with the novel object differed significantly from the chance value of 15 s
(Baker and Kim, 2002; Frick and Gresack, 2003). This type of t-test was used because time
spent with the novel object is not independent from time spent with the familiar object, as the
total time exploring must equal 30 s. For the same reason, one-sample t-tests were used to
determine whether time spent with the northwest object during the sample phase differed
significantly from 15 s.
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Working memory errors, initial reference memory errors, and repeated reference memory
errors committed in the WRAM were analyzed separately using repeated-measures ANOVA
with two between-subject (Environment and Treatment) and one within-subject (Sessions)
factors. Planned contrasts were performed to analyze treatment effects within an environmental
condition. The effect of increasing working memory load on errors was first analyzed using
repeated-measures ANOVA with two between-subject (Environment and Treatment) and one
within-subject (Trials) factors. Next, working memory errors within each trial were analyzed
using ANOVA with two between-subject (Environment and Treatment) factors. This was
followed by planned contrasts to identify treatment effects within an environmental condition.

Data from session 1 of the WRAM were excluded from all analyses, as described previously,
because performance in this session does not accurately measure memory. In addition, by
conducting separate ANOVAs on the first (sessions 2-8) and second (sessions 9-15) halves of
testing, previous studies have demonstrated that the greatest amount of learning in the WRAM
task occurs during acquisition (i.e. sessions 2-8; Bimonte et al., 2000; Gresack and Frick,
2003; Hyde et al., 2000). In order to more closely examine effects in the present study during
task acquisition, we also conducted separate ANOVAs on the first (sessions 2-8) and second
(sessions 9-15) halves of testing.

Hippocampal synaptophysin and BNDF data were analyzed separately using ANOVA with
two between-subject (Environment and Treatment) factors. Tukey-Kramer post hocs were
performed to delineate between-group differences.

RESULTS
Subjects

In general, all mice remained in good health for the duration of the study. However, one non-
EC mouse died within days of arrival of unknown causes. In addition, four mice (one EC and
three non-EC) were killed prior to behavioral testing because of postoperative complications.
One additional mouse (non-EC) was excluded from all data analyses because, in addition to
weighing significantly less than her cage-mates, she exhibited clear signs of hyperactivity
during several behavioral tasks. Thus, the final sample sizes for each group were: SC-VEH
(n=8), SC-0.1 E2 (n=9), SC-0.2 E2 (n=8), EC-VEH (n=9), EC-0.1 E2 (n=10), EC-0.2 E2
(n=10).

Object recognition
Grid crossings. No effects of enrichment or estrogen treatment were noted on general
locomotor activity measured during the habituation phase of the object recognition task (Table
1). Neither Environment (F(1,48)=0.83, P=0.35) nor Treatment (F(2,48)=0.93, P=0.40)
significantly affected the number of grid crossings completed during the 5 min habituation
period, nor did these factors interact (F(2,48)=1.85, P=0.15).

Sample phase. Only mice raised in SC and treated with the high dose of estrogen showed a
preference for one of the identical objects during the sample phase (t(7)=2.67, P<0.05),
although this preference was very modest (17.8 ± 2.9 s for the northwest object relative to
chance). No other group showed a preference for either object (time with northwest object for
each group: 13.2±1.6-16.7±1.3 s). Time to accumulate 30 s during the sample phase was
unaffected by Environment (F(1,48)=1.96, P=0.16) and Treatment (F(2,48)=0.72, P=0.49),
and these factors did not interact (F(2,48)=1.00, P=0.37), indicating that neither enrichment
nor estrogen affected activity level in the sample phase (Table 1).

Choice phase. Only mice raised in SC and treated with the high dose of estrogen showed a
significant preference for the novel object during the choice phase (Fig. 1). Specifically, neither
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the SC-VEH (t(7)=0.40, P=0.70) nor the SC-0.1 E2 group (t(8)=1.71, P=0.12) spent
significantly more time exploring the novel object relative to chance. In contrast, the SC-0.2
E2 group showed a significant preference for the novel object (t(7)=2.95, P<0.03). Among EC
mice, the EC-VEH group tended to prefer the novel object (t(8)=2.16, P=0.06). Treatment with
either dose of estrogen did not, however, increase the magnitude of this preference (ts(9)
=1.74-2.02, Ps>0.05). Neither enrichment nor estrogen affected activity level during the choice
phase as indicated by the nonsignificant main effects of Environment (F(1,48)=2.93, P=0.09)
and Treatment (F(2,48)=1.98, P=0.14) and the nonsignificant Environment×Treatment
interaction (F(2,48)=0.53, P= 0.59) for time to accumulate 30 s (Table 1).

WRAM
Working memory errors. Overall, mice raised in EC conditions committed fewer errors than
mice raised in SC. The number of working memory errors made by all groups significantly
decreased across sessions 2-15 (F(13,624)=4.36, P<0.0001), as well as in the first (sessions
2-8) and second (sessions 9-15) halves of testing considered separately (Fs(6,288)>2.34,
Ps<0.04). There was a significant main effect of Environment (F(1,48)=6.37, P<0.02) across
sessions 2-15, with EC mice committing fewer working memory errors than standard mice.
This effect was driven mainly by the non-estrogen treated groups, as the EC-VEH group made
significantly fewer working memory errors than the SC-VEH group across all sessions (F
(1,15)=5.31, P<0.04; Fig. 2A). Interestingly, this effect was most robust during the first, but
not the second, half of testing (sessions 2-8: F(1,15)=16.85, P<0.001; sessions 9-15: F(1,15)
=0.07, P=0.79; Fig. 2B, C).

The highest dose of estrogen improved memory in mice raised in SC, but impaired working
memory in mice raised in EC conditions, particularly during the first half of testing. During
sessions 2-15, the main effect of Treatment (F(2,48)=1.02, P=0.36) and
Environment×Treatment interaction (F(2,48)=1.31, P=0.28) were not significant. However,
contrasts revealed that the SC-0.2 E2, but not the SC-0.1 E2 group, committed significantly
fewer errors across all sessions than SC-VEH females (SC-0.2 E2: t(14)=2.17, P<0.05; SC-0.1
E2: t(15)=1.05, P=0.31). Estrogen-treated EC groups did not significantly differ from EC-VEH
(ts(17)=0.03-0.15, P>0.05;Fig. 2A). The environment-dependent effect of estrogen was
particularly evident in the first half of testing as indicated by the significant
Environment×Treatment interaction in sessions 2-8 (F(2,48)=4.82, P<0.02; Fig. 2B), but not
in sessions 9-15 (F(2,48)=0.27, P=0.76;Fig. 2C). Contrasts for sessions 2-8 indicated that 0.2
mg/kg E2 significantly decreased working memory errors among SC females (SC-VEH vs.
SC-0.2 E2: t(14)=2.58, P<0.03), whereas this dose tended to increase working memory errors
among EC females (EC-VEH vs. EC-0.2 E2: t(17)=2.01, P=0.06). Mice receiving 0.1 mg/kg
E2 did not differ significantly from their respective VEH groups (SC: t(15)=1.39, P=0.18; EC:
t(17)=1.65, P=0.11). Contrasts for sessions 9-15 indicated that no dose of E2 decreased working
memory errors among SC females (SC-VEH vs. SC-0.1 E2: t(15)=0.45, P=0.66; SC-VEH vs.
SC-0.2 E2: t(14)=0.72, P=0.48) or EC females (ts(17)=1.47-1.74, P>0.10).

Working memory load. Mice raised in EC conditions made fewer errors than mice raised in SC
at medium and high working memory loads. As working memory load increased during trials
2-4, the number of working memory errors increased in all phases of testing (Fs(2,96)
=190.26-382.65, Ps<0.0001 for sessions 2-15, 2-8, and 9-15). Enrichment significantly
reduced errors made throughout testing (sessions 2-15: F(1,48)=6.33, P<0.02), but this effect
was particularly evident during the first half of testing (sessions 2-8: F(1,48)=5.40, P<0.03;
sessions 9-15: F(1,48)=2.37, P=0.13). Specifically, EC-VEH females made fewer errors than
SC-VEH females in trial 3 of sessions 2-15 (F(1,15)=11.33, P<0.004; Fig. 3B), whereas EC-
VEH made fewer errors than SC-VEH females in both trial 3 (F(1,15)=14.77, P<0.002) and
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trial 4 of sessions 2-8 (F(1,15)=8.67, P<0.01). No effect of enrichment was observed in VEH-
treated females in any trial during sessions 9-15 (F(1,15)=0.072, P=0.79).

In general, estrogen dose-dependently reduced errors at low loads in SC, but not EC, females.
When all trials were analyzed together, neither the Treatment effect (F(2,48)=1.02, P=0.36)
nor the Environment×Treatment interaction was significant (F(2,48)=1.31, P=0.28). Although
the main effect of Treatment was not significant for any specific trial in any phase of testing
(Fs(2,48)=0.31-1.60, Ps>0.05), treatment effects were nearly significant for trial 2 in sessions
2-15 (F(2,48)=2.92, P=0.06) and sessions 2-8 (F(2,48)=2.97, P=0.06). Furthermore, the
Environment×Treatment interaction was significant in trials 2 and 3 across all sessions (Fs
(2,48)=3.25-4.37, Ps<0.02, Fig. 3A, B) and in the first half analyzed separately (F(2,48)
=3.68-4.55, P<0.04). This interaction was not significant for trial 4 of any phase of testing
(Fs(2,48)=0.11-1.60, Ps>0.05; Fig. 3C) or for any trial in sessions 9-15 (F(2,48)=0.27,
P=0.77). Contrasts were performed to further decompose the significant
Environment×Treatment interactions in trials 2 and 3 across all sessions. In trial 2, SC-0.2
E2 females made significantly fewer errors than both SC-VEH (t(14)=-3.06, P<0.01) and
SC-0.1 E2 (t(15)=2.77, P<0.02) females (Fig. 3A). In contrast, neither EC-0.1 E2 nor EC-0.2
E2 females differed significantly from EC-VEH females in trial 2 (ts(17)=-0.15-0.28, P>0.05).
In trial 3, SC-0.2 E2 females (t(14)=-2.09, P=0.06), but not SC-0.1 E2 females (t(15)=-1.06,
P=0.31), tended to commit fewer errors than SC-VEH females. No effect of estrogen was
observed among EC females (ts(17)=0.83-1.34, Ps>0.05).

Initial reference memory errors. No effects of enrichment or estrogen were noted for initial
reference memory errors. Initial reference memory errors decreased significantly during
sessions 2-15 (F(13,624)=7.11, P<0.0001), indicating improved memory for arms not
containing platforms. The main effect of Environment approached significance (F(1,48)=3.66,
P=0.06); however, neither the main effect of Treatment (F(2,48)=1.40, P=0.25), nor the
Environment×Treatment interaction (F(2,48)=0.18, P=0.83) was significant (Table 2). These
results did not change when data were analyzed separately for sessions 2-8 and 9-15, except
that the decrease in number of initial reference memory errors across sessions 2-8 was no longer
significant (F(6, 288)=2.05, P=0.06).

Repeated reference memory errors. Overall, mice raised in EC conditions made fewer repeated
reference memory errors than mice raised in SC. No effect of estrogen was noted for this type
of error. Repeated reference memory errors significantly decreased during sessions 2-15 (F
(13,624)=3.16, P<0.0001), suggesting that mice learned not to re-enter arms that did not
contain a platform. In addition, the main effect of Environment was significant (F(1,48)=15.12,
P<0.0004), with the EC group committing fewer repeated reference memory errors than the
SC group (Table 2). Neither the main effect of Treatment (F(2,48)=0.61, P=0.54) nor the
Environment×Treatment interaction (F(2,48)=0.17, P=0.84) was significant across all
sessions. These effects did not change when sessions 2-8 and 9-15 were analyzed separately,
although the decline in repeated reference memory errors across each block of sessions
individually did not reach significance (Fs(6,288)=1.00-1.08, Ps>0.05).

Neurochemical assays
Environmental enrichment increased, and estrogen decreased, synaptophysin levels in the
hippocampus, as indicated by significant main effects of Environment (F(1,47)=86.91,
P<0.0001) and Treatment (F(2,47)= 6.57, P<0.005). Although the Environment×Treatment
interaction was not significant (F(1,47)=2.14, P=0.12), post hoc analyses suggested that
estrogen-mediated decreases in hippocampal synaptophysin levels were limited to EC mice.
Among EC females, both estrogen-treated groups exhibited lower synaptophysin levels relative
to VEH (Ps<0.05), but among SC females, neither E2 group exhibited altered synaptophysin
levels relative to their VEH-treated counterparts (Ps>0.05; Fig. 4A).
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Although environmental enrichment did not alter hippocampal BDNF levels (F(1,41)=2.24,
P=0.14), EC-VEH mice tended to have lower BDNF levels than SC-VEH mice (F(1,12)=4.21,
P= 0.06). The nearly significant main effect of Treatment (F(2,41)=3.06, P=0.06) suggest a
possible effect of estrogen. Although the Environment×Treatment interaction was not
significant (F(2,41)=1.27, P=0.29), post hoc analyses indicate that estrogen decreased
hippocampal BDNF in SC, but not EC, mice. Both doses of estrogen significantly reduced
BDNF levels relative to VEH among SC (Ps<0.05), but not EC (Ps>0.05), females (Fig. 4B).

DISCUSSION
The results of the present study demonstrate that environmental factors present from early
development significantly influence the mnemonic and neural response to estrogen.
Environmental enrichment alone resulted in superior spatial working memory and increased
levels of hippocampal synaptophysin. Estrogen treatment alone dose-dependently improved
object memory and spatial working memory, and reduced hippocampal BDNF levels.
However, when combined with enrichment, estrogen did not improve object recognition,
impaired working memory acquisition, and reduced hippocampal synaptophysin
immunoreactivity (Table 3).

Effects of enrichment alone
The finding that enrichment improved WRAM performance in non-estrogen-treated females
is consistent with other reports of enhanced spatial memory following enrichment (Daniel et
al., 1999; Kempermann et al., 1997; Nilsson et al., 1999; Williams et al., 2001). Enrichment
also moderately improved object recognition, which is consistent with previous findings in
adult mice of an improvement following a 24-h retention interval (Rampon et al., 2000). Our
use of a 48-h retention interval may explain why the novelty preference exhibited by EC mice
was not as robust as previously reported (Rampon et al., 2000). Nonetheless, the present
findings suggest that enrichment can improve both spatial working and non-spatial object
memory in adult female mice.

The aforementioned improvements in behavior may result from enrichment-mediated
increases in hippocampal plasticity. Synaptophysin is a constituent of neurotransmitter-
containing presynaptic vesicle membranes (Calhoun et al., 1996; Jahn et al., 1985; Schlaf et
al., 1996; Wiedenmann and Franke, 1985), and alterations as assessed by ELISA could reflect
numerous changes at the synapse (Frick and Fernandez, 2003) including increased
neurotransmitter release (Ehrhart Bornstein et al., 1991). Our finding that enrichment increases
hippocampal synaptophysin levels is consistent with our recent report that enrichment in aged
female mice increases hippocampal synaptophysin levels (Frick and Fernandez, 2003), and
suggests that enrichment can also increase hippocampal synaptic plasticity in younger females.

Although the fact that enrichment tended to decrease BDNF levels may seem surprising, it
should be noted that studies reporting increased BDNF expression following environmental
enrichment or exercise utilized male or intact female rats (Berchtold et al., 2001; Ickes et al.,
2000; Neeper et al., 1996). Importantly, however, estrogen deprivation resulting from OVX
reduces hippocampal BDNF mRNA and protein relative to baseline levels (Berchtold et al.,
2001; Singh et al., 1995). Furthermore, prolonged estrogen deprivation attenuates
environment-mediated increases in BDNF (Berchtold et al., 2001). Thus, the 3-4- month
estrogen deprivation in our VEH-treated mice may have diminished the response of BDNF to
environmental stimuli. Interestingly, BDNF has previously been shown to promote presynaptic
vesicle docking and increase the amount of synaptophysin per neuron (Lu and Chow, 1999;
Pozzo-Miller et al., 1999a; Takei et al., 1997). Therefore, it is surprising that our enrichment-
induced increases in synaptophysin did not positively correlate with changes in BDNF levels.
It is important to note, however, that the synaptophysin ELISA does not allow us to differentiate
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whether increases in synaptophysin levels were in fact due to increases in number of
synaptophysin vesicles per neuron or rather increases in the total number of presynaptic
terminals. If the latter, then it is unclear whether the relationship between increased BDNF and
increased synaptophysin would still be expected. Finally, it is possible that other neurotrophins
implicated in synaptic plasticity, such as neurotophin-3 (Lu and Chow, 1999; McAllister et al.,
1999), are responsible for enrichment-mediated increases in hippocampal synaptophysin
observed in the present study.

In addition to enrichment, other types of environmental stimulation during development, such
as neonatal handling, improve memory function in various behavioral tasks (Fernandez-Teruel
et al., 2002). These improvements have been linked to a more adaptive hypothalamic-pituitary-
adrenal axis response to stress and a faster return of corticosterone to basal levels following a
stressful experience (Fernandez-Teruel et al., 2002; Meaney et al., 1988). Perhaps our EC mice
performed better than the SC mice because they, like neonatally handled mice, exhibited an
adaptive glucocorticoid response to the stress of behavioral testing. Because corticosterone
levels were not measured, this possibility cannot be excluded. Alternatively, if handling in
adulthood reduces anxiety, then the enrichment-induced improvements may have resulted from
daily transfers from the home cage to enrichment chamber. However, studies in rats have shown
that handled and non-handled control rats are similarly impaired relative to EC rats (Greenough
et al., 1972). Furthermore, we have recently noted that although handled (transferred daily to
and from home cage) and non-handled (never removed from home cage) C57BL/6 male mice
perform similarly on object recognition and water maze tasks, both groups perform
significantly worse than EC mice (K. M. Frick, unpublished observations). Therefore, we find
the explanation that enrichment-induced improvements in the present study were due to
increased handling unlikely. Finally, our grid crossing and elapsed time data from object
recognition suggest that all mice were similarly aroused during testing.

Effects of estrogen in SC-housed mice
In the present study, estrogen alone significantly improved the performance of non-EC mice
in both the object recognition and WRAM tasks. This finding is similar to previous estrogen-
induced improvements in these tasks (Bimonte and Denenberg, 1999; Vaucher et al., 2002).
However, these studies differ in that the present study administered estrogen post-training
rather than prior to training. Administering a rapidly metabolized form of estrogen immediately
after training enabled us to examine potential effects of estrogen on memory consolidation,
particularly during the object recognition task. Previous post-training studies in rats tested in
Morris water maze (Packard and Teather, 1997b) and object recognition (Luine et al., 2003)
tasks have shown that when estrogen is injected 2 h post-training, the mnemonic improvements
normally seen following immediate post-training injection disappear. Thus, improvements
using an immediate post-training injection paradigm cannot be attributed to non-mnemonic
(e.g. attentional, motoric) effects of estrogen that may persist even after metabolism. Whereas
the effect of estrogen on object memory consolidation is clear, the 15-session nature of the
WRAM task makes it difficult to definitively determine if estrogen improved spatial working
memory consolidation, per se. Although we think it likely that estrogen improved memory for
which arms contained platforms, estrogen could also have improved acquisition of the rules
of the task. Nevertheless, the present report is the first to demonstrate that post-training estrogen
enhances object memory consolidation and spatial working memory in SC-housed female
mice.

Estrogen may have improved performance in SC mice by down-regulating BDNF. This study
is the first to report estrogen-induced BDNF reductions in young mice. In young cycling rats,
BDNF mRNA is significantly decreased in CA1, CA3, and dentate gyrus when estradiol levels
peak (Cavus and Duman, 2003; Gibbs, 1998). BDNF expression in cultured hippocampal
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neurons is also decreased within 24 h after exposure to estradiol (Murphy et al., 1998b). In the
hippocampus, BDNF is thought to promote the function of the GABAergic inter-neurons that
inhibit pyramidal dendritic spine growth. In hippocampal cultures, estrogen-induced reduction
of GABAergic function leads to increased dendritic spine density (Murphy et al., 1998a).
Therefore, estrogen-induced reductions in BDNF, as seen in the present study, may reduce
GABAergic neurotransmission and thereby promote spine growth and improve memory. This
intriguing possibility will require further study. It should also be noted that although estrogen-
induced increases in BDNF expression have been reported, estrogen replacement in these
studies typically began shortly (3 weeks or less) after estrogen deprivation (OVX; Berchtold
et al., 2001; Gibbs, 1999; Liu et al., 2001; Singh et al., 1995). The only study to begin estrogen
replacement after extended deprivation (3 months) reported no change in BDNF expression
following replacement (Cavus and Duman, 2003). In the present study, 3 1/2 months of
estrogen deprivation prior to the first estrogen injection resulted in significant decreases in
BDNF protein. Therefore, the way estrogen modulates BDNF may vary as a function of
duration of estrogen deprivation. Systematically determining how estrogen-induced decreases
and/or increases in BDNF may improve memory is an important question to be examined in
future studies.

Finally, in SC mice, estrogen did not influence synaptophysin levels, suggesting that increases
in presynaptic terminals or vesicles may not contribute to estrogen-induced memory
enhancements. However, it is noteworthy that studies reporting estrogen-induced increases in
synaptophysin immunoreactivity have used either aging mice, who exhibit substantial
mnemonic and neural dysfunction (Frick et al., 2003), or have measured synaptophysin in
discrete hippocampal subregions (Brake et al., 2001; Kadish and van Groen, 2002). Thus, the
lack of an effect of estrogen on synaptophysin in this study may stem from already high levels
of synaptophysin in the young adult brain or from changes in specific hippocampal subregions
that were obscured by our analysis of the entire hippocampus.

Estrogen-enrichment interactions
Among EC females, estrogen had no effect on object recognition and impaired working
memory during WRAM task acquisition. These findings may have been due to a ceiling effect;
that is, there may have been little room for further improvement because EC females performed
considerably better than SC females. Although this is possible, we do not think this is likely,
as other C57BL/6 female mice in our laboratory have exhibited better performance in the object
recognition (Frick and Gresack, 2003) and WRAM tasks (Gresack and Frick, 2003) than was
observed in the EC-VEH mice. Furthermore, to minimize the likelihood of a ceiling effect in
the object recognition task, a long delay (48 h) was used between the sample and choice phases.
Thus, an estrogen-induced improvement in EC females should have been possible. In addition,
it should be mentioned that whereas the beneficial effects of estrogen replacement among SC
mice were observed in both the object recognition and WRAM tasks, the estrogen effects
among EC mice were generally task-dependent. (That is, no effect was noted in object
recognition whereas an impairing effect was observed in WRAM.) In light of these findings,
it could be argued that the extent to which the beneficial effects of estrogen were minimized
by enrichment depended on the task and subsequently the type of memory (e.g. non-spatial vs.
spatial) being assessed. The combination of enrichment and estrogen appeared most
detrimental to spatial working memory assessed during WRAM. Nevertheless, regardless of
task, environmental enrichment consistently reduced the mnemonic benefits of estrogen
previously noted in SC mice.

One reason why the mnemonic and neural benefits of estrogen and enrichment disappeared
when these two factors were combined may be tied to changes in circulating levels of the stress
hormone, corticosterone. It is well established that optimal levels of corticosterone can enhance
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cognitive performance and that deviations above or below this level result in suboptimal
cognitive performance (e.g. Larsson et al., 2002; Lupien and McEwen, 1997). Environmental
enrichment and estrogen have independently been shown to increase corticosterone levels
(Carey et al., 1995; Haemisch et al., 1994; Kempermann et al., 2002), and this may explain
why these two factors individually enhanced memory in the present study. However, the
combination of estrogen and enrichment may have elevated corticosterone levels beyond
optimal levels, impairing memory as a result. Alternatively, estrogen-induced increases in the
synthesis of corticosterone binding globulin may have blunted enrichment-mediated increases
in basal free corticosterone, resulting in suboptimal elevations in this glucocorticoid and
corresponding mnemonic deficits (Kempermann et al., 2002; McCormick et al., 2002).
Because serum samples were not collected, corticosterone levels were not measured in the
present study and thus the hypothesized effects of combined estrogen and enrichment on
corticosterone-mediated changes in memory are speculative.

As indicated above, previous studies have shown that estrogen alone reduces hippocampal
BDNF levels (Murphy et al., 1998b), whereas enrichment alone increases BDNF levels
(Berchtold et al., 2001; Ickes et al., 2000). These competing effects may explain why no overall
change in BDNF levels was observed in the estrogen-treated EC group. Furthermore, in the
present study, estrogen had opposite effects on hippocampal plasticity depending on the
environment in which mice were raised. In non-EC mice, estrogen reduced BDNF levels
(beneficial effect). In EC mice, estrogen reduced synaptophysin levels (adverse effect). These
findings illustrate the importance of environmental factors in evaluating the neurological basis
of estrogen-induced mnemonic alterations.

CONCLUSIONS
The current study demonstrates for the first time that environmental factors significantly
modulate the effects of estrogen on the brain and behavior. Although estrogen treatment
improved memory consolidation in non-EC females, it was detrimental to memory and
hippocampal plasticity in EC females. If similar relationships exist in older females, then this
interaction may have implications for hormone therapy in menopausal women.
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Fig. 1.
Time spent with the novel object during the choice phase (48 h following estrogen injection).
Each bar represents the mean (±S.E.M.) of each group. The dashed line represents chance
performance (15 s). SC-VEH females did not show a preference for the novel object. Among
the SC group, estrogen dose-dependently improved performance, such that SC-0.2 E2 females
spent significantly more time with the novel object relative to chance (* P<0.03). Among the
EC females, there was a trend for a preference for the novel object relative to chance in the
VEH group. However, estrogen did not increase this preference.
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Fig. 2.
The mean (±S.E.M.) number of working memory errors committed by SC and EC mice during
all sessions. (A) During sessions 2-15, EC-VEH females made significantly fewer errors than
SC-VEH females (+ P<0.04). Among SC females, those treated with 0.2 E2, but not 0.1 E2,
committed fewer errors relative to VEH (* P<0.05). Among EC females, neither the 0.1 E2 nor
the 0.2 E2 group differed from VEH. (B) During sessions 2-8, enrichment reduced working
memory errors in VEH-treated females (+ P<0.001, EC-VEH relative to SC-VEH). In addition,
0.2 E2 significantly reduced working memory errors in SC mice (* P<0.03, SC-0.2 E2 relative
to SC-VEH), but tended to increase the number of errors in EC mice. (C) No environment or
treatment effects were observed during sessions 9-15.
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Fig. 3.
Working memory errors (mean ± S.E.M.) committed by all groups within each trial across all
sessions. Note that the number of working memory errors increased across trials 2-4 with
increased working memory load. (A) During trial 2, SC, but not EC, mice treated with 0.2
E2 committed significantly fewer working memory errors than those treated with VEH or 0.1
E2 (* P<0.02, SC-0.2 E2 relative to SC-VEH and SC-0.1 E2). (B) The Environment×Treatment
interaction remained significant during trial 3. EC-VEH mice made fewer errors relative to
SC-VEH mice (+ P<0.004). (C) During trial 4, estrogen did not improve performance in either
SC or EC mice.
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Fig. 4.
Synaptophysin and BDNF levels in the hippocampus. (A) Synaptophysin values represent
mean (±S.E.M.) ‘MBS synaptophysin equivalents’ expressed as sample immunoreactivity
relative to that of an equal amount of MBS. Hippocampal synaptophysin levels were increased
in EC-VEH mice relative to SC-VEH mice (+ P<0.0001). Among SC females, estrogen did
not alter hippocampal synaptophysin levels. However, both doses of estrogen, reduced
synaptophysin immunoreactivity in EC females (* Ps<0.05, relative to EC-VEH). (B) BDNF
levels in the hippocampus, expressed in ng BDNF/mg tissue protein. Both doses of estrogen
reduced hippocampal BDNF levels in SC, but not EC, mice (* Ps<0.05, relative to SC-VEH).
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Table 1
Mean ± S.E.M. activity levels during object recognition testing

Group Grid crossings Elapsed time(seconds)

Habituation Sample Choice

SC-VEH 131.0±11.7 184.8±35.8 205.0±38.3
SC-0.1 E2 128.4±12.8 193.9±33.1 192.5±24.1
SC-0.2 E2 105.4±7.4 203.4±40.6 174.8±21.8
EC-VEH 98.4 ±11.8 228.5±36.6 281.9±50.9
EC-0.1 E2 123.5±14.6 280.3±37.7 234.0±20.6
EC-0.2 E2 117.2±7.3 192.8±24.1 186.8±20.9
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Table 2
Mean ± S.E.M. initial reference memory (IRM) and repeated reference memory (RRM) errors in sessions 2-15

Group IRM error RRM errora

SC-VEH 4.0±0.3 1.1±0.2
SC-0.1 E2 4.5±0.2 1.3±0.2
SC-0.2 E2 3.8±0.3 1.2±0.2
EC-VEH 3.6±0.2 0.7±0.1
EC-0.1 E2 3.7±0.2 0.8±0.1
EC-0.2 E2 2.8±0.2 0.5±0.1

a
Main effect of Environment.
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Table 3
Summary of estrogen effects on behavioral and neurochemical variablesa

Behavioral or neurochemical variable Environment

Standard Enriched

Object memory consolidation —
Working memory consolidation
Synaptophysin —
BDNF —

a
Filled arrows indicate a significant increase or decrease by estrogen relative to same environment vehicle group. Open arrows indicate a moderate decrease

by estrogen relative to vehicle. Horizontal lines represent no difference relative to vehicle.
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