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Abstract
Acute effects of estrogens on mnemonic processes were examined at the behavioral and
neurochemical levels. 17β-estradiol and 17α-estradiol influences on memory consolidation were
assessed using object placement (OP) and object recognition (OR) tasks. Subjects received
treatment immediately after a sample trial (exploring two novel objects), and memory of objects
(OR memory) or location of objects (OP memory) was tested 4hr later. Both isomers of estradiol
enhanced memory. For spatial memory, 15 and 20μg/kg of 17β-estradiol facilitated OP, while
lower and higher doses were ineffective. 17α-estradiol had a similar pattern, but a lower dose was
effective. When treatment was delayed until 45min after a sample trial, memory was not
enhanced. For non-spatial memory, OR was facilitated at 5μg/kg of 17β-estradiol and at 1 and 2
μg/kg of 17α-estradiol and, similar to OP, lower and higher doses were ineffective. These data
demonstrate that beneficial effects of estrogens are dose, time and task dependent, and the dose-
response pattern is an inverted-U. Because monoamines are known contributions to memory,
brains were removed 30 min after treatment for measurements of dopamine (DA), norepinephrine
(NE), serotonin (5-HT), and metabolites. Estrogen elevated 5HT, NE metabolite MHPG, turnover
ratio of NE to MHPG, and DA metabolite DOPAC levels in the prefrontal cortex, while NE and
MHPG were decreased in the hippocampus. Thus, acute estrogens exert rapid effects on memory
consolidation and neural function, which suggests that its mnemonic effects may involve
activation of membrane-associated estrogen receptors and subsequent signaling cascades, and that
monoamines may contribute to this process.
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Introduction
The majority of existing research on cognitive effects of estrogen has focused on chronic
and/or sub-chronic treatments and has demonstrated that administration of estradiol (E2) to
ovariectomized (OVX) animals enhances performance in some, but not all, memory and
learning tasks (see Dohanich, 2002 and Luine, 2006, 2008 for review). These studies
indicate that estrogen has specific, rather than global, effects on memory systems. Moreover,
accumulative evidence has revealed that the beneficial effects of estrogen treatments depend
on various factors, including demands of memory tasks (Galea et al., 2001; McLaughlin et
al., 2008; Zurkovsky et al., 2007), doses (Holmes et al., 2002; Wide et al., 2004), routes of
administration (Garza-Meilandt et al., 2006), duration and timing of treatment (Daniel et al.,
2006; Gresack and Frick, 2006a), age (see Frick, 2009 for review), sex (Gibbs, 2008) stress
level of subjects (Bowman et al., 2002, 2003, 2009; Luine et al., 2007), environmental
enrichment (Gresack et al., 2007a, 2007b) and extent of daily handling (Bohacek and
Daniel, 2007)

In contrast, acute effects of estrogen on memory function are less studied, but recent work
has shown that acute treatments can influence memory consolidation processes in rats
(Luine et al., 2003; Packard et al., 1996; Packard and Teather, 1997a, 1997b; Rhodes and
Frye, 2004, 2006) and mice (Fernandez et al., 2008; Gresack and Frick, 2006b; Harburger et
al., 2009; Lewis et al., 2008). Some of these studies demonstrated time-limited effects of
acute estrogen on memory consolidation using “post-training treatment paradigms”, in
which hormone treatment was given after training or the sampling phase of a memory task.
This paradigm minimizes possible non-mnemonic or psychological effects of treatments
since drug/hormones are not present when animals encounter new information. Packard and
Teather (1997a), for example, trained OVX rats in a Morris water maze and immediately
gave intraperitoneal injections of 0.1, 0.2 or 0.4mg/kg of 17β-estradiol. The intermediate
dose (0.2mg/kg) improved memory for the hidden platform location when tested 24hr later,
but the same dose given 2hr after training was ineffective. The results suggested a “critical
time and/or dose window” for acute estrogen enhancements of memory consolidation.

Using pre- and post-sampling injection paradigms, we have shown enhanced memory occurs
rapidly, within a few hours after acute estrogen treatment (Luine et al., 2003). Interestingly,
17α-estradiol was more potent than 17β-estradiol for hippocampal dependent spatial
memory when treatment was given 30min before a sample trial and memory tested 4hr later.
Affinity of 17α-estradiol for nuclear estrogen receptors, ERα and ERβ, is much lower
compared to 17β-estradiol (Kuiper et al., 1997), but recent studies indicate 17α-estradiol
shows greater affinity for some membrane-related estrogen receptors (Toran-Allerand et al.,
2002, 2005). Thus, rapid memory enhancement by acute estrogen treatment and the greater
potency of 17α-estradiol suggest the responses are, at least in part, mediated via non-
genomic pathways. Monoaminergic neurotransmitters are important in rapid membrane
associated effects, but few studies have investigated monoamines in relation to rapid effects
of estrogen on memory. Non-genomic regulation of monoamine systems following acute
estrogen treatment has been reported in some brain areas such as the hypothalamus, an
important region for estrogen-regulated sexual behavior, and in the hindbrain, telencephalon,
cerebellum (Cornil et al., 2005, 2006) and the nucleus accumbens (Thompson and Moss,
1994). But whether acute estrogen treatments affect monoamines in relation to memory is
not known.

The objective of the present study was to investigate acute effects of estrogens on memory
consolidation. To achieve this goal, we tested various doses of 17β- and 17α-estradiol given
post-sampling in the spatial memory task, object placement, and the non-spatial memory
task, object recognition (Ennaceur et al., 1997). Possible contributions of monoamines to
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estrogen-induced enhancements of memory consolidation were assessed by measuring DA,
NE, 5-HT and metabolites in brain areas known important for memory including the
prefrontal cortex, the hippocampus, the vertical limb of the diagonal band and the striatum
during the period of memory consolidation. The results obtained provide further support for
and novel information on estradiol's ability to rapidly enhance memory consolidation in
OVX rats.

Materials and Methods
Subjects

Thirty eight female Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN),
aged 55-60 days upon arrival and ovariectomized (OVX) by the vender, served as subjects.
All rats were double-housed in cages, maintained on a 12/12 hr light-dark cycle (lights on at
7:00AM). They had ad libitum access to low phyto-estrogen food (Chow 2016, 16% protein
rodent diet, Harlan Teklad Global Diets, Madison, WI) and water for the entire period of the
experiments. Rats were allowed to acclimate to the housing environment for a week and
received eight days of habituation sessions prior to behavior experiments (see acclimation/
habituation schedule). All experiments were conducted in accordance with the NIH Guide
for Care and Use of Animals and the Institutional Animal Care and Use Committee of
Hunter College of the City University of New York.

Memory Tasks
Two types of memory tasks, object placement (OP) and object recognition (OR), were
adapted from working memory tasks developed by Ennaceur and Aggleton (1987). These
tasks measure object place memory (spatial memory) and object recognition memory (non-
spatial memory) based on animals spontaneous exploration behavior and their innate
tendency of novelty preference. The OR and OP tasks have several advantages to access
hormonal effects on memory performance. First, the tasks do not use positive (e.g., food/
water rewards) or negative (e.g., electrical shock) reinforcement, which can interact with
some factors such as motivation, appetite, thirst and anxiety levels. Second, animals are not
required to learn contingency rules for the tasks. Third, stress related confounding variables
can be minimized since animals do not encounter stressful circumstances (e.g., forced to
swim) during task performance. Finally, because of the nature of OP and OR tasks described
above, animals can be used repeatedly for tests (Ennaceur et al., 1997). In the present
experiments, the subjects were repeatedly used for the OP and/or OR tests every 10 days.

Object placement (OP)
Spatial memory was tested using the object placement (OP) task as previously described in
young and aged rats (Bisagno et al., 2002; Bowman, 2009; Luine et al., 2003; Wallace et al.,
2006, 2007). All trials were conducted in a 3 × 3 grid open field made of black Plexiglass
(70cm wide × 70cm long × 30cm high), which was placed on a 70cm high table, and
external spatial cues (e.g., posters, pictures, a video camera) were available on the walls.
Intensity of room light was carefully controlled to illuminate the floor of the chamber
evenly. A session consisted of a 3-min sample trial (T1) and a 3-min retention trial (T2) with
a 4hr inter-trial interval between T1 and T2. During T1, two identical objects were placed at
one end of the open field. The total amount of time rats spent exploring the two objects for
3min was recorded. Exploration behavior was defined when the rats were sniffing at,
looking at, or whisking at the objects within 2cm distance. Following an inter-trial delay of 4
hr, a T2 retention trial was given, in which one of the objects was moved to a novel location
within the open field. The time spent exploring the objects at the old (familiar location) and
the new (novel location) was recorded for 3 min. Objects were candleholders, figurines and
statues. The novel location was counterbalanced across treatments. Objects and the floor of
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the chamber were cleaned with a disinfectant spray after each trial. All trials were
videotaped with a SONY camcorder and analyzed later.

Object recognition (OR)
Recognition memory was accessed using the object recognition (OR) task. The basic
procedure was the identical to the OP task except that one of the objects used during T1 was
replaced with a novel/new object in T2. The exploration time around the old (familiar
object) and the new (novel object) were recorded. Objects used for the OR tasks were a
variety of cans, containers and bottles. The new object and its position in the open field were
counterbalanced across groups.

Acclimation/habituation
Approximately three weeks after ovariectomy and two weeks after arrival, acclimation
began and lasted eight days. First, each rat was placed into a 3 × 5 grid open field chamber
without objects to explore freely for 6 min. For day 2 through day 5, rats received four
habituation sessions to the object recognition task with progressively longer inter-trial
intervals (1 min, 15 min, 1 hr, and 2 hr) between T1 and T2. After a 2-day break, three
habituation sessions to OP were given with a 10 min, 40 min and 1hr inter-trial intervals.

Estrogen treatments
17α-estradiol and 17β-estradiol were obtained from Sigma-Aldrich Corp (St. Louis, MO).
We tested 2-60μg/kg of 17β-estradiol and 0.5-20ug/kg of 17α-estradiol. These doses were
selected based on previous studies (see results for details). Hormones were initially
dissolved in ethanol stock solutions (10mg /1ml and 1mg /1ml), and diluted with corn oil for
injection. The high concentration stock was used to make 10ug/kg or higher injections, and
the low concentration stock was used for less than 10ug/kg in order to control ethanol levels
(less than 0.006%) in each solution. Control rats received 1ml/kg of corn oil, which
contained the corresponding amount of ethanol.

Hormone or vehicle treatment was given using a post-training/sampling treatment paradigm,
which was developed based on memory consolidation hypotheses and has been used in a
number of memory studies (Gresack and Frick, 2006b; Luine et al., 2003; McGaugh, 1966;
Packard, 1998). OVX rats received either a single subcutaneous (sc) injection of estrogen or
corn oil at the nape of the neck immediately after a sample trial (immediate post-T1
injection; see Fig. 1A). To test time-dependent effects of estrogen, a delayed post-sampling
treatment paradigm was used for one OP session, and rats received hormone treatment
45min after a sample trial (delayed post-T1 injection; see Fig. 1A).

To determine the lowest effective doses of acute estradiol, rats were tested approximately
every 10 days with doses described above. Treatments (vehicle or estradiol) were
counterbalanced in every experiment. For the dose-response relationship study, all doses of
estradiol were tested in each experiment using a matched block paradigm (18 or 20 rats per
block with equal numbers of rats at each dose). Experiments were repeated every 10 days
until each rat received all doses and each dose group contained a sample size of at least eight
subjects.

Neurochemical; monoamines, metabolites and activity levels
A week after completion of behavioral study, 12 rats were used for neurochemical analysis.
Rats received either 20μg/kg of 17β-estradiol (the most effective dose for OP memory
consolidation) or vehicle immediately after a sample trial. 30 min later, they were lightly
anesthetized with carbon dioxide and sacrificed by rapid decapitation (Fig.1B). This time
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interval (30min) was chosen to ensure that we examined neurochemical changes induced by
acute estrogen treatment during the time of memory consolidation.

Monoamines and metabolites were measured as described previously (Beck and Luine,
2002; Bisagno et al., 2003; Bowman et al., 2009; Luine et al., 1998; Macbeth et al, 2008).
Briefly, following rapid decapitation, the brains were immediately removed, frozen with dry
ice and stored at − 70 °C. For sampling, the brains were warmed to approximately freezing
and coronally cut into six serial sections with a razor blade, and mounted on a micro slide.
Using a 500μm-diameter cannula, tissue samples in the target areas were obtained from the
frozen sections under a dissecting microscope with the stage maintained at approximately
−11 °C, and placed into a 1.5ml Eppendorf tubes. The number of punches obtained from
each brain area was as follows; the prefrontal cortex (6-8 punches); CA1 (4 punches), CA3
(4 punches), and dentate gyrus (4 punches) of the hippocampus; vDB (3 punches) and
striatum (2 punches).

The punches were dissolved in 60μl of sodium acetate buffer (pH 5.0), and
neurotransmitters obtained through freezing and thawing, which disrupts cellular structures
and releases cellular components. α- Methyl-dopamine was added as an internal standard,
and samples were centrifuged at 12000 g-force for 12 minutes. The supernatant was
removed and the pellet was re-suspended in 200 μl (PFC) or 100μl of 2.0N NaOH (other
brain areas) for protein analysis using Bio-Rad reagent (Bio-Rad Laboratories, Hercules,
CA, USA). High-performance liquid chromatography (HPLC) with electrochemical
detection was used to quantify levels of monoamines and metabolites, including dopamine
(DA) and its metabolites, 3-4-dihydroxyphenylalanine (DOPAC) and homovanillic acid
(HVA); norepinephrine (NE) and its metabolite 3-Methoxy-4-Hydroxyphenylglycol
(MHPG); and serotonin (5-HT) and its metabolite 5-hydroxyindole acetic acid (5-HIAA).
The supernatant (40μl) was injected into a Waters Associates chromatographic system
(Waters 2690), consisting of an alliance module containing an automated refrigerated,
injector pump, Symmetry C18 5μm 4.6 × 150mm reverse-phase column (Novapak, three
micron), and an ESA Coulochem III detector (0.48 to 0.50V potential). The mobile phase
contained 3% acetonitrile, and peak sharpness was increased by the addition of 100%
methanol, approximately 0.5%.

Millennium software (Waters Associates) ran the chromatography system and
concentrations of neurotransmitters and metabolites were calculated by reference to
standards and the internal standard using peak integration. Monoamine and metabolite
concentration were expressed as pg/μg protein. Turnover ratios (metabolite/monoamine)
were calculated as a measure of activity.

Data analyses
All data were analyzed using SPSS software (Systat Inc., Chicago, IL., USA). For
behavioral analysis, group differences in the total exploration times around two objects
during T1 were analyzed using independent t-tests (for two groups) or one-way ANOVAs
(for more than two groups). For the retention trial (T2), two-way ANOVAs, group (oil, E2)
× object or location (old, new), were used to analyze the time spent exploring the old/
familiar objects and the new/novel objects (for OR) or the objects at the old/familiar
locations and the new/novel locations (for OP). If a significant interaction (group ×
exploration times) was found, then independent t-tests were used to test group differences in
exploration ratios (T2 NEW/T2 total time). Exploration ratios show % time spent exploring
the new objects or the objects in the new location relative to the total time spent exploring
the objects in both locations. When more than two groups were tested (dose-response
relationship experiments), one-way ANOVAs were used to analyze group differences in
exploration ratios with a post-hoc test (Fisher LSD). Data from rats that did not explore the
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objects during T1 and/or T2 were excluded from statistical analyses. For neurochemical
analysis, two-way ANOVAs (group × neurochemical) were used to analyze monoamine and
metabolite concentrations and turnover ratios in each brain area. Significant ANOVA results
were followed by two-sample t-tests as post-hoc comparisons.

Results
Acute 17β-estradiol; Effects on object placement (OP)

To determine the most effective dose of 17β-estradiol for OP memory consolidation, we first
tested 60ug/kg and 30ug/kg in separate sessions because previous studies indicated these
doses injected immediately before or after T1 significantly enhanced OP (Luine et al.,
2003), or increased spine synapse density in the CA1 hippocampus (MacLusky et al., 2005a,
2005b). During T1, rats spent similar amounts of time exploring the two identical objects for
both sessions (12.91-14.13 s). Surprisingly, no significant main effects or interaction were
found between 60ug/kg (n=10) and vehicle treated (n=9) group (Fig. 2A) in the retention
trial, but a significant interaction was found in 30μg/kg (n=10) vs. vehicle treated (n=9)
group (F 1,16=7.97, p<0.012, Fig. 2C). Although the rats in the 30μg/kg group spent more
time exploring objects at the new location (12.14 s) than the old location (8.49 s), group
differences in exploration ratios between 30μg/kg (ratio=0.59) and vehicle treated
(ratio=0.51) were not significant (t 16=1.978, p<0.065; Fig. 2C), suggesting the 30μg/kg
dose showed only a trend toward significantly enhancing OP memory.

Based on the above results, we reasoned that effective doses for memory consolidation
might be between 30ug/kg and 60ug/kg, or below 30ug/kg. Thus, we tested doses from 10 to
40ug/kg of 17β-estradiol (n=9-10 in each group). In the T1 sample trials, no significant
differences in exploration times (12.05-16.22 s) were found for any session. In the T2
retention trials, ANOVA indicated significant main effects of location (F1,18=9.600,
p<0.006) and interactions (F1,18=10.665, p<0.004) for the 20ug/kg, and significant
interactions for the 15ug/kg (F1,17= 8.511. p<0.01)dose.. Post-hoc tests revealed that group
differences in exploration ratios were also significantly different for 20μg/kg (t 17=2.988,
p<0.008) and 15μg/kg (t 18=2.943, p<0.009), indicating that both 20μg/kg (Fig. 2D) and
15μg/kg (Fig. 2E) enhanced OP memory consolidation. In contrast, rats in the 40μg/kg (Fig.
2B) and 10μg/kg (Fig. 2F) groups showed chance level performance. Thus, intermediate
doses of 17β-estradiol (15and 20ug/kg) enhance OP memory consolidation, but lower (10ug/
kg) and higher (40 and 60ug/kg) doses have no effects.

In order to more precisely determine the dose-response relationship, OP memory
performance was tested with doses of 0, 10, 20, 40, and 60ug/kg of 17β-estradiol in the same
experiment. During T1, no significant group differences in exploration time (12.77-19.18 s)
around the objects were found. Fig. 3A shows the mean exploration ratios of the 0μg
(ratio=0.47), 10μg/kg (ratio=0.58), 20μg/kg (ratio=0.67), 40μg/kg (ratio=0.57), and 60μg/kg
(ratio=0.51) groups during the retention trial, and there was a significant group difference
(F 4, 47=3.191, p<0.021). Post-hoc tests showed that only the 20μg/kg group was
significantly different from the control group (p<0.002). Thus, the dose-response
relationship, based on percent times spent exploring objects at the new locations, was not a
straight line or sigmoidal curve but was an approximately inverted U shape with 20ug/kg of
17β-estradiol exerting the greatest memory enhancing effects.

When estrogen treatment was delayed 45 min after T1, memory-enhancing effects of
estradiol (Fig. 4A, middle and right panel) were not observed, and both control and 20μg/kg
groups spent similar amounts of time exploring the objects around the new and old locations
(Fig. 4B, middle panel), and there was no difference in exploration ratios between the two
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groups (Fig. 4B, right panel). These results indicate that 20μg/kg of estradiol must be
present within 45min after T1 to enhance OP memory consolidation.

Acute 17β-estradiol; Effects on object recognition (OR)
For OR memory, we first tested 20μg/kg (n=9) as this dose enhanced OP memory
performance, but no significant effect was found. We then examined 5, 10 and 15ug/kg
(n=9-10) based on the inverted U seen for OP memory and our previous finding that lower
doses of 17β-estradiol enhanced OR compared to OP when given 30min before a sample
trial (Luine et al., 2003). During the sampling trials, no significant group differences in
exploration times were found (Fig. 5, left panels). In T2, significant main effects of objects
were found for 5ug/kg (F1,16=10.49, p<0.005) and 10ug/kg (F 1,17=9.038, p<0.008), and the
rats spent more time around the new objects (Fig. 5A and Fig.5B, middle panels), while rats
treated with 15μg/kg did not. Post-hoc comparison revealed that only the 5ug/kg group was
significantly different from the control group (t 16=2.188, p<0.044, Fig. 5A, right panel),
indicating that the lowest tested dose (5μg/kg) enhanced OR memory, but the higher doses
(10 and 15ug/kg) were ineffective.

The dose-response relationship was examined with 0, 5, 10 and 15ug/kg doses of 17β-
estradiol given in the same experiment. During the sampling trials, no significant group
differences in exploration times were found. During T2, significant group differences in
exploration ratios were found (F 3, 52=3.604, p<0.019) with only 5ug/kg group being
different from control (p<0.021). Thus, the dose-response relationship for OR is like OP, an
inverted U, and the greatest memory enhancement is at 5μg/kg of 17β-estradiol (Fig. 3B).

Acute 17α-estradiol; Effects on object placement (OP)
Because a number of studies show affinity of 17α-estradiol for membrane associated
estrogen receptors (Green et al, 1997; Singh et al, 2000; Wade et al., 2001; Toran-Allerand
et al, 2002, 2005; MacLusky et al, 2005a), acute, 17α-estradiol effects on memory
consolidation were also investigated. We first tested 20μg/kg of 17α-estradiol since this dose
of 17β-estradiol was effective for OP memory enhancement, however, no difference was
found. Since OP memory is enhanced at a lower dose of 17α- than 17β-estradiol when
treatment is given 30 min before T1 (Luine et al, 2003), we examined dose-response
relationship with several lower doses (0, 2, 5, 10μg/kg; n=8-9 in each group). No significant
differences in exploration times (12.34-19.11s) were found during T1. Fig. 6A shows the
mean exploration ratios of the 0μg (ratio=0.47), 2μg/kg (ratio=0.51), 5μg/kg (ratio=0.68)
and 10μg/kg (ratio=0.54) group during the T2 retention trial, and we found a significant
difference (F 3, 30=4.06, p<0.015) with the 5μg/kg group being significantly different from
the control group (p<0.0019). Thus, the dose-response relationship between 17α-estradiol
and OP memory consolidation is an inverted U like 17β-estradiol, but the effective dose of
17α-estradiol is four times lower.

Acute 17α-estradiol; Effects on object recognition (OR)
Finally, we examined the dose-response relationship between 17α-estradiol and OR memory
consolidation with 0, 0.5, 1, 2, and 10ug/kg (n=8-9 in each group), and a similar pattern of
results to OP was obtained. During T1, rats in all groups spent a similar amount of time
(16.43-21.51 s) around the objects. There was a significant group difference in exploration
ratios during T2 (Fig. 6B, F 4, 38=2.763, p<0.041) and both 1μg/kg (ratio=0.62, p<0.013)
and 2ug/kg (ratio=0.60, p<0.020) groups were significantly different from the control group
(ratio=0.50), indicating these doses enhanced OR memory consolidation. Thus, both high
and low doses of 17α-estradiol were ineffective, while the intermediate doses facilitated OR
memory, revealing a similar inverted U dose-response pattern to 17β-estradiol effects on
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OR. The most effective doses of both isomers of estradiol for OP and OR memory
consolidation are summarized in Table 1.

Monoamines, metabolites and turnover ratios
To determine whether the same dose of 17β-estradiol that enhanced OP memory (20μg/kg)
also alters neurochemical levels, monoamines, metabolites, and turnover ratios were
measured during the period of memory consolidation. We found significant main effects
and/or interactions in the PFC, the CA1 and the DG of the hippocampus, the striatum and
the vDB. Data in each brain area and post hoc results are summarized in Table 2.

The prefrontal cortex
Significant main effects of group (F 1, 70=31.37, p<0.001), monoamines (F 6, 70=97.24,
p<0.001) and interaction (F 6, 70=7.34, p<0.001) were found in the PFC. In general, 17β-
estradiol treated OVX rats had substantially higher levels of monoamines and metabolites
compared with the vehicle-treated controls. Specifically, 17β-estradiol significantly
increased DA metabolite DOPAC concentration (54% higher than control, p<0.01), NE
metabolite MHPG concentration (105% higher than control, p<0.001), and 5-HT
concentration (27% higher than control, p<0.05). For activity levels, the turnover ratio of NE
to MHPG for the estradiol treated group was 85% higher than the vehicle-treated control
(p<0.001). Thus, 20μg/kg of 17β-estradiol rapidly and substantially influenced all
monoaminergic systems in the PFC, showing significant elevations in either transmitters or
metabolites.

The hippocampus
We found significant main effects of group (F 1, 70=5.75, p<0.01), monoamines
(F 6, 70=114.13, p<0.001), and interaction (F 6, 70=4.35, p<0.001) in the CA1of the
hippocampus, and significant main effects of group (F 1, 70=7.50, p<0.007), monoamines
(F 6, 70=89.61, p<0.001), and interaction (F 6, 70=2.70, p<0.02) in the DG of the
hippocampus.

There was a general tendency for noradrenergic neurochemicals to be decreased in the
hippocampus of the estradiol treated rats. In the CA1 of the hippocampus, for example, NE
concentrations of the estrogen treated rats decreased 49% compared to vehicle-treated
control (p<0.01). Although it was not statistically significant (p<0.058), NE metabolite
MHPG levels also declined, an approximately 32% reduction, in the CA1 of the estradiol
treated rats. There were no changes in levels of DA and 5HT neurochemicals in the CA1
after E2.

Similarly in the DG, levels of the NE metabolite, MHPG, were significantly decreased in E2
treated rats, an approximately 35% reduction, compared to controls (p<0.018). HVA/DA
turnover ratios also showed a trend toward reduction, (31%; p<0.068). Thus, these data
demonstrate that, in contrast to the PFC, 20μg/kg of 17β-estradiol significantly decreased
some monoamine concentrations and activity levels in hippocampal areas.

Striatum and vDB
In both areas, acute 17β-estradiol affected only the DA system. In the striatum, significant
main effects of group (F 1, 70=18.63, p<0.00), monoamines (F 6, 70=167.05, p<0.001), and
interaction (F 6, 70=16.26, p<0.001) were found. DA levels in estradiol treated rats were
significantly higher than control rats (26% above control, p<0.001). In the vDB, a significant
group x neurochemical interaction (F 6, 69=2.23, p<0.05) was found. E2 significantly
increased turnover ratios of HVA/DA (52% above control, p<0.037) and DOPAC/DA (46%
above control, p<0.024).
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Discussion
The current study examined acute effects of estrogen on memory consolidation and
determined dose-response characteristics between hormone treatment and OP (spatial
memory) and OR (non-spatial memory) tasks. In addition, we compared levels of
monoamines and metabolites in vehicle-treated and estrogen treated OVX rats in brain areas
involved in memory function. The present data are consistent with previous findings that
post-sampling injection of 17β-estradiol facilitates memory consolidation, and provide novel
findings that 17α-estradiol also exerts dose-specific effects on OP and OR memory
performance, which supports a recent finding that low doses of 17α-estradiol enhanced
contextural fear conditioning, while high doses did not (Barha et al., 2010). Some important
relationships between acute estrogen treatment and memory function include : (1) dose-
response patterns are an inverted-U for both estrogen isomers in the tasks: (2) the effective
time window for the post-sampling treatment is narrower (45min) than previously reported
(2hr): (3) non-spatial memory is enhanced at much lower doses of estrogens than spatial
memory: (4) 17α-estradiol is more potent than 17β-estradiol in enhancing memory: (5)
activity of monoaminergic terminals in areas important for memory, the PFC, hippocampus,
vDB and the striatum, are affected by 17β-estradiol at a dose and during the time when
enhancement of spatial memory consolidation occurs.

Dose-response patterns
The present study demonstrates that acute post-sampling exposure to 17-β estradiol and/or
17α-estradiol results in rapid memory enhancement when retention is tested 4hr later. This
result is compatible with previous findings from our lab (Luine et al, 2003) and others
(Rhodes and Frye, 2004), and provides further support for the hypothesis that estrogens have
the ability to improve memory rapidly, within a few hours after treatment. Moreover, our
data indicate that both isomers of estradiol enhance memory consolidation in a dose-specific
manner and that the dose-response patterns are not a classic sigmoid curve, but appear to be
an inverted-U. These results are consistent with previous work showing a similar inverted-U
dose-response curve using other types of spatial memory tasks, different routes of
administration, and longer inter-trial delays in male (Packard et al., 1996) and female rats
(Packard and Teather, 1997a, 1997b) and mice (Gresack and Frick, 2006b). Packard and
Teather (1997a), for example, utilized a Morris water maze to accesses spatial memory and
demonstrated that doses higher and lower than 200μg/kg of 17β-estradiol did not affect
retention when tested 24hr after intraperitoneal (ip) injection in a post-training treatment
paradigm. This finding was recently replicated by Gresack and Frick (2006b) using the same
task, doses and IPinjection in OVX mice. In addition, the current results show that 17α-
estradiol exhibits dose-response patterns similar to an inverted-U in both spatial and non-
spatial memory tasks. Thus, an inverted U pattern of hormonal effects may be generalized
across memory tasks, routes of administration, lengths of inter-trial delays, and types of
estrogen isomers.

In fact, this response pattern is not surprising in biological and toxicological studies (Baldi
and Bucherelli, 2005; Calabrese and Baldwin, 2001a, 2001b, 2003; Calabrese and Blain,
2005; Zoladz and Diamond, 2008), and inverted-U dose-responses are relatively common
characteristics for the post-training injection effects of some hormones, drugs,
environmental chemicals and neurotransmitters on performance in memory and learning
tasks (Boccia et al., 1998; Clark et al., 1998; Flood et al., 1987; Okuda et al., 2004;
Roozendaal, 2000). Packard (1998) argued that an inverted U might represent optimal levels
of receptor activation necessary for memory enhancing effects. In this hypothesis, both too
little and too much agonist is ineffective because lower doses produce sub-optimal levels of
receptor activation, whereas higher doses produce supra-optimal levels which adversely
affect receptor activation.
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Although mechanisms underlying estrogen effects on memory are not clear, evidence
indicates that estrogens exert direct effects on hippocampal synaptic plasticity (see McEwen,
2002; Woolley, 2007; and Spencer et al., 2008 for review) and an association between
estrogen-mediated changes in spine density and performance in memory tasks has been
reported (McLaughlin et al, 2008; Li et al, 2004; Wallace et al, 2006, 2007). A recent study
demonstrated that both isomers of estradiol rapidly altered dendritic spine synapse density
and, interestingly, lower doses of 17α-estradiol (15μg/kg) produced greater increases than
higher doses (45μg/kg) of the same hormone (MacLusky et al, 2005a), suggesting that dose-
response relationships between 17α-estradiol and spine synapse density may also be an
inverted U. Thus, their results are consistent with Packard's optimal receptor activation
hypothesis, and may account for the inverted U dose-response effects of acute treatment on
memory consolidation observed in the current study.

In contrast to the similar dose-response patterns seen in the current and previous studies, the
effective doses of 17β-estradiol for spatial memory consolidation were markedly higher in
the previous studies, 200μg/kg, (Fernandez et al, 2008; Gresack and Frick, 2006b; Harburger
et al., 2009; Lewis et al, 2008; Packard and Teather, 1997a) than in the current study, 20μg/
kg. This discrepancy most likely results from differences in length of inter-trial delays,
demands of memory tasks, as well as routes of hormone administration. In the current study,
retention was tested 4 hr after hormone treatment, while all previous studies tested memory
24and/or 48 hr after treatment. Therefore, it is possible that longer inter-trial delays require
more estrogen to enhance memory. Different demands in memory tasks may also influence
the dose-response. In this study, spatial memory was measured on the object placement task,
which is a relatively stress-free memory task as it uses animal's novelty preference. On the
other hand, the Morris water maze is a relatively stressful task as animals are forced to swim
to locate a hidden platform. High levels of corticosterone in the limbic system and the
hippocampus during the course of the Morris water maze have been reported (Aguilar-
Valles et al., 2005). In such environment, higher doses of estrogen might be required to
enhance memory consolidation. Alternatively, dose-response relationships for acute post-
training/sampling estrogen may not be a simple inverted U, but rather a non-monotonic
curve with multiple effective doses (ineffective doses between effective doses) or bimodal
dose-responses. Some hormones, environmental chemicals and endocrine disruptors show
these non-monotonic dose-response relationships following acute administration in cell
culture lines, including time and dose-dependent effects of 17β-estradiol on ERK activation
levels (Watson et.al, 2007), and membrane-initiated action of Bisphenol A, an estrogenic
environmental chemical, on prolactin release (Wozniak et al., 2005). It is important to note
that the lowest tested dose of 17β-estradiol in the previous acute post-training studies
(Gresack and Frick, 2006b; Packard and Teather, 1997a) was 100μg/kg, whereas the present
study tested the dose range of 10-60μg/kg of 17β-estradiol. Therefore, there is a possibility
that both 20 and 200μg/kg are effective but doses in between are ineffective. Since no study
has explored this possibility, further research is necessary to investigate possible bimodal
dose-responses between acute estrogen and memory consolidation processes.

Time-limited effects of acute estrogen treatment
Previous studies have shown that acute estrogen treatments enhance memory given up to 2hr
after a training or sample trial (Luine et al., 2003; Packard et al., 1997a). We evaluated this
effect with 20μg/kg of 17β-estradiol given immediately, or 45 min after the sampling trial.
Confirming previous findings, OVX rats given estrogen immediately after the sample trial
had better spatial memory than the vehicle-treated control (Fig. 4A, right), but OVX rats
receiving the treatment 45 min after the sample trial did not, a narrower critical time window
than previously reported 2hr (Fig. 4B, right). The differences between this and previous
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studies are probably due to different inter-trial delays (e.g., 4hr vs. 24hr, respectively) and/or
effective estrogen doses (e.g., 20μg/kg vs. 200μg/kg, respectively).

Interestingly, a similar time-dependent effects of acute estrogen treatment was also reported
in a neural plasticity study (MacLusky et al., 2005a), which found that increases in dendritic
spine synapse density in the hippocampus were greater at 30 min after acute estrogen
treatment than that at 4.5 hr regardless of increased circulating estrogen levels over time.
MacLusky et al argued that the decline at 4.5 hr and greater potency of the lower dose might
reflect down-regulation of the response mechanism. In addition, these biphasic temporal
effects of estrogen on hippocampal plasticity suggest that responses may involve different
mechanisms; membrane ER mediated responses for the initial rapid increase in spine
synapse density at 30 min after treatment, and nuclear mediated responses or integrated
actions of genomic and nongenomic pathways for the subsequent decrease at 4.5 hr after
treatment.

It should be noted that one possible confound of the current study is that injected hormones
might not be fully metabolized and present in the circulating system when animals are tested
4 hr later, and therefore, it is possible that estrogen might have enhanced the retrieval
process rather than consolidation and that potential non-mnemonic effects of estrogen might
have affected memory performance during retention. But this possibility is unlikely because
treatments given immediately after the sample trial enhance memory, while treatments
administrated 45 min after the sample trial have no effects.

Optimal doses for spatial vs. non-spatial memory consolidation
The current results indicate that the same dose of estrogen which enhances object memory
consolidation, 5μg/kg, is not effective for place memory consolidation. Four times the dose
of estradiol (20μg/kg) was necessary to enhance OP memory, indicating that non-spatial
memory maybe more sensitive to estradiol than spatial memory. These differences may be
due to differential effects of estrogen in distinct brain regions critical for these two types of
memories. Although both are hippocampal dependent working memory tasks, object
placement is primarily dependent on an intact hippocampus and/or fornix (Ennaceur and
Aggleton, 1994), and may also rely on prefrontal cortical input (Ennaceur et al., 1997). On
the other hand, object recognition is less dependent on the hippocampus and requires
prefrontal cortical activity (Ennaceur et al., 1997). This notion is evidenced by the
demonstration that lesioning of the hippocampus impairs memory performance in object
placement task, but caused lesser effects in the object recognition task (Broadbent et al.,
2004; Mumby et al., 2002). For example, Broadbent et al showed that damage to 30–50% of
the dorsal hippocampus caused spatial memory impairment, while lesions of 75–100% were
required to impair object recognition memory.

In addition, differences in task demands may also account for different effective doses for
object placement and recognition memory, as the cognitive load for spatial memory is
greater than non-spatial object recognition memory (Ennaceur et al., 2005). Indeed, objects
can be encoded and discriminated through multiple sensory modalities (e.g., vision and
tactile) using a variety of cues such as the size, shape, color (wavelength as well as intensity)
and texture of objects, while discriminating location of objects involves abstract
categorizations and use of “cognitive maps”. Thus, it is consistent with the current result that
object memory consolidation is facilitated at lower estrogen doses compared to spatial
location memory.
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17α-estradiol is more potent than 17β-estradiol
Interestingly, the present results indicate that post-sampling 17α-estradiol was more
effective than 17β-estradiol for enhancement of memory consolidation. As shown in Fig. 3
and Fig. 6, about 4-5 fold lower doses of 17α-estradiol, as compared to 17β-estradiol,
enhance memory. These results are particularly noteworthy because binding affinity of 17α-
estradiol for classic nuclear estrogen receptors, ERα and ERβ, is considerably weaker (42%
lower for ERα and 89% lower for ERβ) than 17β-estradiol (Kuiper, et al., 1997), and,
therefore, 17α-estradiol is generally considered less active in the brain and does not elicit
significant estrogenic responses (Anstead et al., 1997). Thus, our results challenge the
general notion of effectiveness of 17α-estradiol and raise a possibility that observed acute
estrogen effects on memory consolidation may be mediated through membrane associated
estrogen receptor systems. Supporting this hypothesis, several lines of evidence indicate that
17α-estradiol has an equal or even stronger biding affinities to membrane associated ERs
(Green et al., 1997;Toran-Allerand et al., 2005;Wade et al., 2001) and can elicit greater
estrogenic responses rapidly (MacLusky et al., 2005a;Toran-Allerand et al., 2005). For
example, 17α-estradiol has an equal potency to 17β-estradiol to elicit rapid and sustained
activation of the MAPK/ERK and phosphatidylinositol 3-kinase-Akt signaling pathways
(Singh et al., 2000), and 17α-estradiol is considerably more potent than 17β-estradiol in
rapid elevation of hippocampal CA1 dendritic spine synapse density (MacLusky et al.,
2005a), which parallels the current behavior data. Interestingly, recent studies have reported
that 17-β and 17α-estradiol might be synthesized locally in the brain and affects neural
functions rapidly within the seconds to minutes (Hojo et al., 2008;Toran-Allerand et al.,
2005; also see Woolley, 2007 for review). In intact rats, Toran-Allerand et al (2005)
measured estrogen concentrations in several tissues including the hippocampus, adrenals,
ovaries and uterus, and found higher levels of 17α-estradiol than 17β-estradiol in all samples
of the brain. In OVX and adrenalectomized mice, 17α-estradiol was also measured in the
brain, while 17β-estradiol was not. Although functional effects of elevated 17α-estradiol are
not yet known, 17α-estradiol may exert autocrine and/or paracrine effects in the brain
(Toran-Allerand et al., 2005), one of which might be on cognitive function.

Acute estrogen altered levels of monoamines
Significant changes in monoamine and metabolite levels, as well as turnover ratios, were
found in the PFC, the hippocampus, vDG, and the striatum of OVX rats following acute,
20μg/kg of 17β-estradiol treatment. Thus, our results demonstrate that the same dose of 17β-
estratiol that enhanced spatial memory consolidation also altered neurochemical levels,
within 30 min after the post-sampling treatment and further suggest that observed rapid
changes in monoaminergic activities may contribute to estradiol's enhancement of spatial
memory consolidation. Of note is the finding that this dose of 17β-estradiol generally
increased neurochemical levels in the PFC, but decreased them in the hippocampus. These
results suggest altered neurochemical levels in the PFC may play an important role for
spatial memory consolidation. Although spatial memory is considered to be primarily
hippocampal rather than PFC dependent, several studies have reported that the PFC-
hippocampal projections may be critical for both spatial and non-spatial memory (Floresco
et al., 1997; Seamans et al., 1998; Thierry et al., 2000; Wang and Cai, 2006), and suggest
possible bidirectional modulation of synaptic strength based on the specific demands of
tasks (see Laroche et al., 2000 for review). The current neurochemical and behavior results
are consistent with this hypothesis, although it is important to note that in the current
behavioral experiments this dose of 17β-estradiol did not enhance OR memory performance.

Several lines of evidence indicate that the PFC is extremely sensitive to changes in the
neuromodulatory inputs from NE and DA systems (Arnsten et al., 1997, 2002, 2006;
Robbins and Arnsten, 2009). Both DA and NE have beneficial effects on working memory
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functions in the PFC. However, studies have shown that both excessive and insufficient
levels of DA and NE in the PFC induce cognitive impairment, including deficits in spatial
working memory in human, rats and monkeys (Murphy et al., 1996a, 1996b; Arnsten 1997,
2007; Zahrt et al., 1997). DA enhances PFC function via D1 receptors, which stimulation
increases production of cAMP, while high DA levels decrease it through D2 receptors
(Trantham-Davidson et al., 2004). Similarly, NE enhances working memory via α-2
adrenergic receptors and a-1 receptors have opposing effects (Arnsten, 1997). Thus,
evidence suggests DA has an inverted U dose-response relationship at D1 receptors (Arnsten
and Robbins, 2002; Vijayraghavan et al., 2007), that is, both too little and too much
stimulation of D1 receptors impaired working memory in rats (Arnsten, 1997, 2007), and
effects may be time-dependent (Hotte et al., 2005). Arnsten (1997) argued that memory
impairment occurs with endogenous release of both DA and NE during stress and with the
exogenous administration of high and low doses of D1 and α-1 agonists. These observations
suggest critical levels of DA and NE are crucial for the optimal PFC functions. In the
present study, we observed significantly higher levels of DA and NE metabolites in the PFC
following 20μg/kg of estradiol, which suggests more activity in monoaminergic neurons.
Thus, increased levels of these neurochemicals in the PFC may contribute to enhancement
of spatial memory consolidation, but this change may be excessive for object memory
consolidation, and therefore, no beneficial effects were observed in the OR task.

Although mechanisms underlying the function of NE in memory processing are not clear, it
has been reported that NE modulates the efficacy of glutamate transmission activating G-
protein coupled adrenergic receptors (Scheiderer et al., 2004). Several electrophysiological
studies have shown that NE promotes long-term potentiation or LTP in the adult rat
hippocampus (Izumi and Zorumski, 2004) and also induces long-term depression or LTD
(Scheiderer et al., 2004). Both LTP and LTD are important for certain types of memory
formation and considered the cellular model of learning and memory (Kemp and Manahan-
Vaughan, 2004: Scheiderer et al., 2004). Specifically, novelty acquisition is associated with
induction of hippocampal LTD (Manahan-Vaughan and Braunewell, 1999: Kemp and
Manahan-Vaughan, 2007), and performance in a spatial memory task was significantly
correlated with the magnitude of LTD in hippocampus (Nakao et al, 2002). Moreover, using
a behavior test similar to the OP/OR task, Kemp and Manahan-Vaughan (2004)
demonstrated that induction of LTD was correlated with encoding the object location within
a spatial context rather than recognition of object themselves, and not triggered by
exploration behavior in space. They also showed LTD/LTP induction was regulated by 5-
HT4 receptor activation. These findings are particular noteworthy because in our behavior
study vehicle-treated OVX rats did not remember the locations of the objects, and showed
significantly lower levels of 5-HT in the PFC and higher levels of NE in the CA1 of vehicle-
treated rats as compared with 20μg/kg E2 treated rats, while rats that received acute estrogen
treatment immediately after the novelty acquisition did remember the locations of objects
and had higher levels of 5-HT and lower levels of NE. Therefore, it appears that these
neurochemical changes observed in 20μg/kg group might exert “buffering” effects on LTD
expression, which in turn resulted in better memory performance in the OP task.

It should be noted that in the current study monoamine and metabolite concentrations were
measured with the rats that had been repeatedly used for behavioral tests. Also the rats were
given a sample trial 30 min before sacrificed. Therefore it is possible that observed
neurochemical changes might be a result of an interaction of behavioral experiences and
estrogen treatment. Some studies, for example, have reported that stress levels (Bowman et
al., 2002, 2003) and food reward (Beck and Luine, 1999) alters monoamine levels. But this
possibility is unlikely since we used extensively habituated subjects to minimize stress and
novelty effects, and, as described in Methods section, food reward/training are not required
for the memory tasks used in the current study.
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In conclusion, the current behavioral and neurochemical data provide new information about
acute effects of estrogen on mnemonic function and raise the possibility that monoamines
play a role in activating membrane associated neurochemical cascades, which contribute to
memory consolidation.
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FIG. 1.
Timeline for hormone treatment. A. OVX rats received a single sc injection of either vehicle
or estradiol immediately after T1 (immediate post-T1 treatment) or 45min after T1 (delayed
post-T1 treatment). B. For neurochemical analysis, treatment was given immediately after
T1. Subjects were sacrificed 30 min after treatment.
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FIG. 2.
Acute effects of 17β-E2 on object placement (OP). Exploration ratios during retention trials
are shown and the dashed line at 0.5 indicates chance level performance (rats spent equal
amount of time around objects at old and new locations). n=9-10 in each group. A. OIL vs.
60μg/kg of E2. Not significant. B. OIL vs.40μg/kg of E2. Not significant. C. OIL vs.30μg/
kg of E2. Significant interaction (F 1, 16=7.97, p<0.012), but no group difference in
exploration ratios (t 16=1.978, p<0.065). D. OIL vs.20μg/kg of E2. Significant interaction
(F1,18=10.67, p<0.004) and group differences in exploration ratios (t 18=2.943, p<0.009)
were found. E. OIL vs.15μg/kg of E2. Significant interaction (F1, 17=8.51, p<0.01) and
exploration ratios (t 17=2.988, p<0.008) were found. F. OIL vs. 10μg/kg of E2. Not
significant. Data were analyzed by two-way ANOVA (group × location) with two sample t
tests. Entries are means ± SEM. *p<0.05; **p<0.01.
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FIG. 3.
Dose-response for 17β-E2 and memory performance. Data were analyzed by one-way
ANOVA with post-hoc test (Fisher LSD). The dashed line at the exploration ratio of 0.5
indicates chance level performance (rats spent equal amount of time around objects at old
and new locations). A. Object Placement (OP). ANOVA was significant, F 4, 47=3.191,
p<0.021, and 20μg/kg E2 enhanced OP memory (p<0.002). B. Object Recognition (OR).
ANOVA was significant, F 3, 52=3.604, p<0.019 and 5μg/kg enhanced memory (p<0.02).
Entries are means ± SEMs. *p<0.05; ** p <0.01.
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FIG. 4.
Immediate (A) vs. delayed postT1 treatment (B) with 20μg/kg of 17β-E2 on OP. Left
panels: exploration times around objects during T1. Middle panel: time spent exploring
objects at old and new locations during T2. Right panel: exploration ratios during T2.
Dashed lines at 0.5 indicate chance level performance. Entries are means ± SEM. **p <
0.01.
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FIG. 5.
Acute effects of 17β-E2 on object recognition (OR). Time spent around objects during T1
(Left), T2 (Middle) and exploration ratios during T2 (Right). T2 Data were analyzed by two-
way ANOVA (group × object) with post-hoc tests. n=9-10. T1 exploration time was not
significant for all groups. A. OIL vs. 5ug/kg of E2. Significant interaction (F 1, 16= 10.49,
p<0.005) was found and exploration ratios (p<0.04) were different from the control. B. OIL
vs. 10ug/kg of E2. Significant interaction (F 1, 17=9.038, p<0.008) was found. C. OIL vs.
15ug/kg of E2. Not significant by ANOVA. Entries are means ± SEM. * P < 0.05, **
p<0.01
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FIG.6.
Dose-response for 17α-E2 and memory performance. Data were analyzed by one-way
ANOVA with post-hoc test (Fisher LSD). The dashed line at the exploration ratio of 0.5
indicates chance level performance (rats spent equal amount of time around objects at old
and new locations). A. Object Placement (OP). ANOVA was significant, F 3, 30=4.06,
p<0.015, and 5μg/kg of E2 enhanced OP memory (p<0.0019). B. Object Recognition (OR).
ANOVA was significant, F 4, 38=2.763, p<0.041 and both 1μg/kg (p<0.013) and 2ug/kg
(p<0.02) of E2 enhanced memory. Entries are means ± SEMs. *p<0.05.
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Table1

Summary of effective estradiol doses for acute enhancements in memory consolidation

Memory task 17β-estradiol 17α-estradiol

Object Placement (OP) 20μg/kg 5μg/kg

Object Recognition (OR) 5μg/kg 1, and 2μg/kg
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