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Abstract
17β-Estradiol (E2) may influence cognitive and/or affective behavior in part via the β isoform of the
estrogen receptor (ERβ). Endocrine status and behavior in cognitive (object recognition, T-maze),
anxiety (open field, elevated plus maze, mirror maze, emergence), and motor/coordination (rotarod,
activity chamber) tasks of proestrous and diestrous wildtype (WT) and ERβ knockout (βERKO) mice
was examined. Proestrous (WT or βERKO), versus diestrous, mice had higher E2 and progestin levels
in plasma, hippocampus, and cortex. The only effect of genotype on hormone levels was for
corticosterone, such that βERKO mice had higher concentrations of corticosterone than did WT mice.
Proestrous WT, but not βERKO, mice had improved performance in the object recognition (greater
percentage of time with novel object) and T-maze tasks (greater percentage of spontaneous
alternations) and less anxiety-like behavior in the plus maze (increased duration on open arms) and
mirror chamber task (increased duration in mirror) than did diestrous mice. This pattern was not seen
in the rotarod, open field, or activity monitor, suggesting effects may be specific to affective and
cognitive behavior, rather than motor behavior/coordination. Thus, enhanced performance in
cognitive tasks and anti-anxiety-like behavior of proestrous mice may require actions of ERβ in the
hippocampus and/or cortex.
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1. Introduction
17β-estradiol (E2) alters cognitive and affective processes. Proestrous, versus diestrous,
rodents have higher E2 levels and demonstrate better cognitive performance in the inhibitory
avoidance, object recognition, object placement, and classical eye-blink conditioning tasks
[10,48,49]. Proestrous, versus diestrous, rats have greater anti-anxiety-like behavior in the open
field and elevated plus maze [11]. Ovariectomy (ovx) can decrease cognitive performance and
anti-anxiety behavior, and E2 administration reverses this [4,23,43,45]. Thus, E2 can alter
cognitive and affective processes of rodents, but these patterns of results are not observed in
all studies (e.g. [24]).

Actions at intracellular E2 receptors (ERs) may underlie some of these functional effects and
differences in the pattern of E2's effects. ERs function as transcription factors that can be
modulated by E2. E2 binds to intracellular ERs in a ligand-dependent manner, resulting in
synthesis of proteins that carry out the cell's functional response [7]. The original ER identified
[21] is now referred to as ERα, after a second form of ER, called ERβ was identified in rat
prostate and uterine tissue [27,39]. The expression of ERα and ERβ differs between and within
different tissues in the body and brain [18,36]. In the brain, there are some regional similarities
and differences in expression of ERα and ERβ, which support both convergent and divergent
actions of E2 and these substrates. ERα and ERβ are both co-expressed in the preoptic area,
bed nucleus of the stria terminalis, and medial amygdala [33,36]. However, expression of
ERα is greater than ERβ in the ventromedial hypothalamus and pituitary. Moreover, ERβ
expression is more predominant than ERα in the cerebral cortex, hippocampus, anterior
olfactory nucleus, dorsal raphe, substantia nigra, midbrain ventral tegmental area, and
cerebellum [36,37]. This distribution of ERα and ERβ, which is overlapping but also shows
distinct differences in expression, has substantiated investigation of whether there are
functional effects associated with actions of ERβ for cortical and hippocampal processes.

ERβ may play a more predominant role in E2-enhanced cognitive and affective processes.
Selective ER modulators (SERMs) with greater affinity for ERβ produce mnemonic effects in
the water maze and inhibitory avoidance tasks and anti-anxiety effects in the open field and
elevated plus maze of ovx rats [34,42]. Knockdown of ERα or ERβ in the hypothalamus and
hippocampus, respectively, attenuates acute effects of E2 to facilitate sexual behavior or
produce anti-anxiety effects among ovx rats [41]. ERβ knockout mice (βERKO) demonstrate
poorer performance in the water maze and object recognition tasks, and more anxiety-like
behavior in the elevated plus maze, that is not reversed by E2 or ERβ-SERM treatment [20,
26,35,43,46,47]. Whether βERKO mice are sensitive, and respond normatively, to endogenous
fluctuations in E2 for effects on cognitive and/or affective behavior is of interest. To this end,
cycling mice were tested in a variety of cognitive, affective, and motor/coordination tasks.
Given the putative roles of the cortex and hippocampus for these functional effects, plasma,
cortical, and hippocampal concentrations of E2 and progestins (which fluctuate over the cycle)
were measured. We hypothesized that if E2 has effects to improve cognitive and anti-anxiety
effects in part through actions at ERβ, then: (1) WT mice in proestrus will demonstrate better
performance in the cognitive tasks (T-Maze, object recognition) and more anti-anxiety-like
behavior, compared to diestrous WT mice, and (2) these estrous cycle effects would be
abrogated in βERKO mice.

2. Materials and Methods
These methods were pre-approved by the Institutional Animal Care and Use Committee at The
University at Albany-SUNY. Adequate measures were taken to minimize pain or discomfort,
and all procedures were carried out in accordance with the guidelines laid down by the National
Institute of Health (NIH) regarding the care and use of animals for experimental procedures
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2.1. Mice Husbandry
Subjects were adult (8-10 weeks old), gonadally-intact, female mice. Mice were group-housed
(4-5 per cage) in polycarbonate cages (26 × 16 × 12.5 cm) in a temperature-controlled room
(21 ± 1 °C) in the Laboratory Animal Care Facility. Mice were maintained on a 12/12-hour
reversed light cycle (lights off at 8:00 am) with continuous access to Purina Mice Chow and
tap water in their home cages.

2.2. Strain and Genotyping
WT (n=26) and homozygous βERKO (n=30) mice were on a C57BL/6 background and derived
from breeder pairs purchased from Jackson Laboratories (Bar Harbor, ME). Genotype of these
mice cannot be determined based on phenotypic characteristics. As such, genomic DNA was
isolated from tails and analyzed by PCR. PCR was conducted in the laboratory of Dr. Anne
Messer at The Wadsworth Center by K. Manley, in the Molecular Core Facility at SUNY
Albany, or in our laboratory. Briefly, DNA was denatured at 94°C for 3 min, followed by 35
cycles of amplification: 94°C for 30 secs, 60°C for 30 secs, 72°C for 30 secs and a final primer
extension step at 72°C for 2 min. Specific primers used: ESR2-1, which lies upstream of
insertion site in exon 2 (5-GTTGTGCCAGCCCTGTTACT-3), ESR2-2, which lies
downstream of the insertion site in exon 2 (5′-TCACAGGACCAGACACCGTA-3), and
ESR2-3, a neo gene-specific primer (5′-GCAGCCTCTGTTCCACATACAC-3). Primers were
obtained from Integrated DNA Technologies (Coralville, IL). Bands of approximately 106 and
160 base pairs were amplified for wild-type and βERKO mice, respectively. Figure 1 shows
characteristics bands for WT, heterozygous, and homozygous βERKO mice, as well as
appropriate control lanes. For this study, only WT and homozygous βERKO mice were
included.

2.3. Estrous cycle
One cohort of mice was utilized in the present study. Mice were removed from their housing
room and transported on a cart in their home cages to the adjacent core behavioral testing
facility. Vaginal epithelium of experimental mice was obtained by lavage and examined under
a light microscope daily between 0700 and 0900. After two weeks of regular, 4-5 day cycles,
mice were tested when in proestrus or diestrus. Mice were considered in proestrus when their
vaginal epithelium had characteristic nucleated cells, 4-5 days following the previous smear
of this type. Mice in diestrus had heterogeneous cell types in their vaginal smears for two
consecutive days and nucleated cell were absent. Mice that were to be tested on a given day
were then individually housed (from 0900 to 1400) and the remaining mice were returned to
their home cages to the animal facility.

2.4. Handling/habituation
Before behavioral testing commenced, all mice were subjected to 5-days of handling/
habituation [46]. In brief, this procedure involved mice being picked up from their homecage,
handled for 15 secs, and returned to their homecage on Day 1. On Day 2, mice were transferred
from their homecage to a novel cage. On Day 3, mice were weighed and then returned to their
homecage. Day 4 involved mice in their homecage being transferred to another room on a cart.
On Day 5, mice were transferred on a cart to another room and then were placed in a novel
environment (i.e. the open field utilized for object recognition testing) for 5 minutes.

2.5. Behavioral Testing
Given that differences in ER isoform action and distribution may underlie behavioral effects
of E2, it was important to characterize estrous cycle differences in WT and βERKO mice across
a variety of tasks. Object recognition and T-maze were utilized to assess cognitive behavior,
that is spontaneous alternation and novelty detection, respectively, because cycling mice could
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be retested in these tasks in both proestrus and diestrus. On the contrary, repeated-testing is
generally avoided for anxiety tasks because the tasks typically assess the mouse's response to
a novel situation. As such, we utilized four different anxiety tasks that assess the propensity of
mice to spend time in, or have a reduced latency to enter, a bright, open space (i.e. open field,
elevated plus maze, mirror maze, emergence). By doing this, mice were tested in either
proestrus or diestrus, but four assessments were done, and mice showed similar patterns of
behavior across tasks when they were in the same condition. A similar protocol has been used
with comparable results in ovx WT and βERKO mice administered E2 [47]. Motor/
coordination indices were determined using the rotarod task and activity monitor. In these
tasks, mice were repeatedly tested in different endogenous hormonal milieu. The order in which
mice were tested through behavioral tasks was the same for all animals and was as indicated
below. Mice were tested once or twice (in proestrus and/or diestrus) in tasks that are not
sensitive to test decay (object recognition, T maze), but were tested only once in anxiety
measures. Most mice were tested in all tasks; however, data from some mice on some measures
could not be collected and/or considered valid because of acyclicity. Obvious behavioral
differences were not noted in mice depending on which tasks they were exposed to. Behavioral
data were collected by trained observers and video-recorded with the aide of a video-camera
and/or video-tracking system (Any-maze- Stoelting, Inc., Wood Dale, IL).

2.5.1. Object Recognition—Object recognition can be considered a novelty detection task.
Object recognition was assessed in an open field (46 × 57 × 30 cm) with small, plastic washable
toys that have distinct circular (oranges, lemons, apples) or cone-like shapes (buoys, soda
bottles), as stimuli (as per previous reports [29,46]). Mice were placed in an open field (one in
which mice were placed in during habituation procedure, described above) that contained 2
identical objects during training for three mins. If mice did not explore (i.e. be in close proximity
and facing objects, sniffing, touching) objects during training, they were excluded from testing.
Four hours later, mice were placed in the open field with the familiar and a novel object for
three minutes [46]. Increased percentage of time spent with the novel object is an index of
improved performance in this task. Chance levels of performing in this task are typically 50%
in our laboratory, and diestrous control mice performed close to chance in the present study,
suggesting that diestrous mice can perform in this task, but may not have a preference for
investigating novel objects.

2.5.2. T-Maze—Spontaneous alternation was assessed in the T-Maze, which has a clear
Plexiglas start box connected to a start arm (30.5 × 9 × 7 cm) and two goal arms (17.8 × 9 × 7
cm; [38]). Mice were placed in the start box, the door was opened, and following one forced
trial (where either the left or right side was blocked in a random fashion), the number of
spontaneous alternations made to each goal was assessed for 13 consecutive trials (max latency
= 900 secs). Each of the 13 trials consisted of the mouse fully returning to the start arm and
then entering the right or left goal arm. Spontaneous alternation relies on the innate desire of
the mouse to avoid revisiting a recently-visited location. Although it does require an intact
memory, changes in preferred strategy can also account for differences in performance in this
task. Chance levels of performing in this task are 50%, and we typically see that mice in control
conditions have 40-60% alternations, as was observed in diestrous control mice in the present
study (see [13]).

2.5.3. Rotarod—Motor behaviors of mice were assessed on a 3 cm diameter rod, elevated
35 cm above the floor using the Accurotor Roto-Rod Apparatus (AccuScan Instruments, Inc.,
Columbus, OH; [12,31]). One hour after three, 30-sec habituation trials, mice were placed on
a horizontal rod for two consecutive sessions with a one-hour interval between each session.
For the first session, the rod was rotating at a constant speed. For the second session, the speed
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of the rod accelerated (0 to 20 rpm over a 60-s period). There were 2 trials in each session and
the latency to fall from the rod was determined (max latency = 180 secs).

2.5.4. Open Field/Activity Monitor—As per previously reported methods [14], motor
behavior of mice was assessed in a 39 × 39 × 30 cm activity monitor (AccuScan Instruments,
Inc., Columbus, OH) that had a grid floor with a total of 16 equal squares delineated. An
observer recorded the number of entries into the 12 peripheral or 4 central squares for five min,
whilst interruptions in light beams in a horizontal plane were automatically recorded. Increased
central entries are indicative of anti-anxiety-like behavior [14].

2.5.5. Elevated Plus Maze—The elevated plus maze is made of stainless steel, painted a
matte black, and was obtained from Columbus Instruments, Inc., Columbus, OH. It has 2 open
arms, which are 30 cm in length and 5 cm in width, and 2 closed arms, which are the same size
but enclosed by 14.5 cm high walls. The arms are 47.5 cm off the ground. Mice are placed at
the juncture of the open and closed arms, facing an open arm. The time spent, and number of
entries to, the open and closed arms was recorded during a five-minute test [44]. Increases in
open arm time are considered an index of anti-anxiety-like behavior [44]. Total entries are
indicative or general motor behavior.

2.5.6. Mirror Maze—The Mirror Maze consists of an open field (30 × 35 × 30 cm) with
mirrors on all four walls and an adjacent alleyway (30 cm × 5 cm × 30 cm) that does not have
mirrored walls. Mice were placed in the center of the mirrored-chamber and the time spent in,
and entries made to, the mirrored chamber vs. the alleyway were recorded for five minutes
[12,22]. Anti-anxiety-like behavior in this task is characterized by an increase in time and/or
entries to the mirrored-chamber.

2.5.7. Emergence—For the emergence task, mice were placed in a closed opaque cylinder
(20 × 4 × 4 cm), secured in a corner of a brightly-lit open field (39 × 39 × 30 cm) to prevent
rolling. Mice were placed in this cylinder and their latency to emerge was recorded (max latency
= 900 secs). A shorter latency indicates anti-anxiety-like behavior [11].

2.6. Hormone Measurement
2.6.1. Tissue Collection and Dissection—Mice were euthanized by cervical dislocation.
Mice were then rapidly decapitated, and brains were quickly removed from the skull, and placed
on weighboats on dry ice. Whole brains were stored at −80° C until radioimmunoassay. Blood
was collected via cardiac puncture and/or from the trunk following decapitation. Blood was
collected in chilled eppendorf tubes containing 10 μl saturated EDTA solution and spun at 4 °
C at a speed of 3000 × g for 20 minutes and then stored at −20 °C until radioimmunoassay of
plasma.

Immediately before radioimmunoassay, blood was spun at 4°C at a speed of 3000 × g for 10
minutes and whole brains were gently thawed in weighboats placed on ice. Brain sections were
dissected out (cortex, hippocampus) from the whole brain samples and stored temporarily on
ice until steroids were extracted from samples (as described below).

2.6.2. Radioimmunoassay for Steroid Hormones—To address whether mice exhibited
normal estrous cycle variations in E2, as well as stress and other ovarian hormones,
corticosterone, E2, P4 and its metabolite allopregnanolone were measured by
radioimmunoassay. Detailed methods are not included because standard steroid extraction and
radioimmunoassay techniques were used by our laboratory and have been described in detail
elsewhere [13,46,47]. The inter-and intra-assay reliability co-efficients were: 0.05 and 0.06 for
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corticosterone, 0.06 and 0.08 for E2, 0.08 and 0.10 for P4, and 0.09 and 0.10 for
allopregnanolone.

2.7. Statistical analyses
Two-way analyses of variance (ANOVA) were used to examine effects of genotype and cycle
phase on dependent measures described above. The α level for statistical significance was p <
0.05 and a trend was considered p < 0.10. Where appropriate, Fisher's post hoc tests were used
to determine group differences.

3. Results
3.1. Hormone Measures

Cycle phase, but not genotype, influenced concentrations of estradiol and progestins in plasma
(E2: F(1,46) = 21.62, p < 0.01; progesterone: F(1,46) = 9.24, p < 0.05; allopregnanolone: F
(1,46) = 56.68, p < 0.05), prefrontal cortex (E2: F(1,46) = 23.66, p < 0.01; progesterone: F
(1,46) = 37.38, P < 0.05; allopregnanolone: F(1,46) = 5.67, p < 0.05), and hippocampus (E2:
F(1,46) = 40.59, P < 0.01; progesterone: F(1,46) = 39.96, p < 0.05; allopregnanolone: F(1,46)
= 13.837, p < 0.05). Proestrous mice, irrespective of genotype, had significantly higher levels
of E2, progesterone, and allopregnanolone in plasma, prefrontal cortex, and hippocampus,
compared to their diestrous counterparts (Table 1). The only main effect of genotype on
hormone levels was for corticosterone, F(1, 46) = 5.82, p < 0.05, such that βERKO mice had
higher plasma concentrations of corticosterone than did WT mice.

3.2. Behavioral Measures
3.2.1. Object Recognition—There was a main effect of genotype, F(1, 97) = 16.57, p<
0.01, no significant main effect of cycle phase, and a significant interaction of cycle phase and
genotype, F(1, 97) = 3.78, p< 0.05, for the percentage of time spent exploring a novel object
(Figure 2). Proestrous WT, but not βERKO, mice spent more time investigating the novel object
during testing than did diestrous mice.

3.2.2. T-Maze—There was a main effect of genotype, F(1, 82) = 13.42, p < 0.01, no main
effect of cycle phase, and a significant interaction of cycle phase and genotype, F(1, 82) = 7.81,
p < 0.05, for the percentage of spontaneous alternations made in the T-maze (Figure 3). WT,
but not βERKO, proestrous mice made more spontaneous alterations than did their diestrous
counterparts.

3.2.3. Rotarod—Cycle phase, F(1,108) =6.05, p< 0.05, but neither genotype, nor an
interaction of cycle phase and genotype, influenced the latency to fall from the rod, when
rotating at a fixed speed (Table 4). Proestrous mice had longer latencies to fall from the rotarod
during the fixed speed trials than did diestrous mice. Cycle phase and genotype did not alter
performance during the accelerated speed trials.

3.2.4. Open Field/Activity Monitor—Genotype, F(1,46) = 23.42, p < 0.05, and cycle
phase, F(1,46) = 5.96, p < 0.05, influenced the number of entries to central squares in the open
field, but there were no significant interaction between these variables (Table 2). WT mice
made more central entries than did βERKO mice and proestrous mice made more central entries
than did diestrous mice. Genotype, F(1,46) = 6.67, p < 0.01, but not cycle phase, or an
interaction between these variables, altered the total entries made in the open field (Table 2).
WT mice made more total entries than did βERKO mice. Cycle phase and genotype did not
alter general motor behavior (i.e. number of beam breaks made) in the activity monitor.
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3.2.5. Elevated Plus Maze—There was a main effect of cycle phase, F(1,35) = 14.03, p <
0.01, and genotype, F(1,35) = 6.18, p < 0.02, and a trend for an interaction between cycle phase
and genotype, F(1,35) = 3.68, p < 0.06, for duration on open arms in the elevated plus maze.
Proestrous WT, but not βERKO, mice spent more time on the open arms of the elevated plus
maze than did their diestrous counterparts (Figure 4). Cycle phase, F(1,35) = 6.66, p < 0.05,
but not genotype, influenced the number of total arm entries in the elevated plus maze.
Proestrous mice (9.8 ± 1.1) made more entries than did diestrous mice (6.7 ± 1.1).

3.2.6. Mirror Chamber—There was a trend for a main effect of genotype, F(1,29) = 3.22,
p < 0.08, no effect of cycle phase, and an interaction between these variables, F(1,29) = 5.27,
p < 0.03, to influence time spent in the mirror chamber (Figure 5). Proestrous WT, but not
βERKO, mice spent significantly more time in the mirror chamber than did their diestrous
counterparts.

3.2.7. Emergence—Genotype, F(1,37) = 4.15, p < 0 .05, but not cycle phase, nor an
interaction between these variables, influenced the latency to emerge (Table 2). WT mice had
decreased latencies as compared to βERKO mice.

4. Discussion
Our hypothesis that endogenous E2 in mice may alter performance in cognitive and anxiety
tasks in part through actions at ERβ was partially supported. E2 levels were similarly increased
among proestrous βERKO and WT mice. WT, but not βERKO, mice in proestrus made more
alternations in the T-maze task, spent more time investigating novel objects in the object
recognition task, spent more time in the mirror chamber, and tended to have increased time
spent in the open arm in the elevated plus maze, than did their diestrous counterparts. However,
these interactions were not observed in all behavioral tasks. For example, irrespective of cycle
phase, βERKO, compared to WT, mice made fewer central and total entries in the open field
and had longer latencies to emerge from a dark container. Both WT and βERKO mice, when
in proestrus, made more central entries in the open field, more total arm entries in the plus
maze, and had longer latencies to fall from the fixed speed rotating rotarod, compared to
diestrous mice. Thus, enhancements in some measures of cognitive performance and anti-
anxiety like behavior of mice in the proestrous phase of the estrous cycle may require actions
at ERβ.

The results of this study confirm and extend previous findings from our laboratory and others
on the potential role of ERβ for performance in cognitive tasks. Although βERKO compared
to WT mice show deficits in water maze performance [35], in the object recognition and T-
maze task, we found similar baseline performance of WT and βERKO mice (i.e. close to chance
levels typically observed in mice in our laboratory). WT and βERKO mice perform in a
comparable manner in the inhibitory avoidance task, which is mediated by the hippocampus
and amygdala, but ERα knockout mice show deficits [15]. These data suggest that some effects
of E2 for cognitive processes may involve ERβ in the hippocampus, and extends these results
to suggest that the prefrontal cortex may also be a target. Proestrous, compared to diestrous,
mice performed better in the T-maze and object recognition tasks. There are similarities in
these tasks in that they both take advantage of animals' natural tendency to explore novel stimuli
and performance in these tasks is not dependent upon presentation of rewarding or aversive
stimuli. Although there is little evidence for direct comparisons of specific cortical and
hippocampal circuitry for spontaneous alternation and object recognition memory, and lesion
studies have yet to demonstrate irrefutable evidence of the role of these regions, there is some
indication from the literature that performance in both tasks rely to some degree on proper
functioning of the hippocampus and cortex [1,6,19,28,32]. Given that we found similar effects
in both tasks, further investigations of the relative role of the cortex and hippocampus as targets
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for performance in this task are warranted. Indeed, few studies have assessed the role of E2 for
spontaneous alternation; however, it has been demonstrated that chronic oral administration
of E2 to middle-aged mice enhances performance in the object recognition task [8]. Although
we, and others, have shown that ERβ may be involved in cognitive tasks, such as the water
maze, inhibitory avoidance, and object recognition/placement, by using SERMs or βERKO
mice [15,34,35,45,46], this is the first report showing that endogenous variations in steroids
may alter performance similarly in the T-maze and object recognition tasks of young female
mice. Thus, it may be that natural elevations in E2 have effects on cortical-hippocampal
circuitry to enhance non-spatial, working memory of young mice, but this needs to be
investigated further.

The present results that proestrous WT, but not βERKO, mice demonstrated more anti-anxiety-
like behavior than did diestrous mice, confirms and extend previous findings. Proestrous,
compared to diestrous, mice spend twice as long on the open arms of the elevated plus maze
[16]. Moreover, proestrous rats spend more time on the open arms of the elevated plus maze,
more time in social interaction with a conspecific, and less time freezing in response to shock
than do diestrous or male rats [9,11,43]. Ovx typically increases anxiety-like behavior, and
systemic or intrahippocampal E2 reverses this effect, but this depends upon regimen of E2
administered [43]. We, and others, have demonstrated that cognitive-enhancing and anti-
anxiety-like effects may occur through actions at ERβ using SERMs, knockout mice, or
targeted knock down strategies [20,26,41,43,45]. Thus, the present results confirm previous
reports that E2 can alter affective behaviors of female rodents, and suggest that the
hippocampus, and actions through ERβ, are important for these effects.

WT and βERKO mice generally showed normative patterns of steroid hormone levels. Plasma,
cortical, and hippocampal levels of E2 were greater among proestrous versus diestrous mice,
irrespective of genotype. These findings are analogous to previous reports that βERKO mice
have normal levels of gonadal steroids [3]. In addition, βERKO mice can respond to ovarian
steroid stimulation and demonstrate reproductive behavior, albeit, with deficits in ovulation
[25]. Here, we see that βERKO mice have E2 and progestin levels commensurate with those
previously reported over the estrous cycle [2]. Although functional effects we observed may
be related to E2, progestins and androgens also are elevated during proestrus and can alter
cognitive and affective performance [5,10,48]. Furthermore, we found differences in
circulating corticosterone levels between WT and βERKO mice, such that βERKO mice had
higher levels than did WT mice. These results are supported by previous findings that show
that subcutaneous administration of E2 or an ERβ agonist reduces plasma corticosterone levels
of rats [30] or WT, but not βERKO, mice [47]. Thus, we cannot rule out the contributory role
of other hormones that are elevated in proestrus for performance in the tasks utilized in the
present study.

The central targets for E2's actions at ERβ for the behavioral effects observed require further
investigation. It is likely that there are diverse targets for actions of E2 for these behaviors. For
instance, in vivo work has demonstrated that membrane ER-mediated actions of E2 can
potentiate intracellular ER-mediated actions [40]. Despite these limitations, the present
findings do provide insight into behaviors that are sensitive and responsive to normal
fluctuations in E2, such that we can further investigate their functions and the underlying
mechanisms in the future.
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Figure 1.
Picture of PCR. Lanes 1 and 2 show represent bands for wildtype (WT) mice. Representative
bands for homozygous (hom; Lanes 3 and 4) and heterozygous (het; Lanes 5 and 6) βERKO
mice are shown. Lanes 7 and 8 show bands for H20 loaded control lane and lane with template
from a C57Bl/6 mouse (c57), respectively. Lane 9 depicts 100 base pair DNA ladder.
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Figure 2.
Mean (± standard error of the mean) percentage of time spent exploring the novel object made
by diestrous wildtype (WT; n=27) or estrogen receptor β knockout (βERKO; n=28) mice or
proestrous WT (n=20) or βERKO (n=26) mice. ** indicates a significant (P ≤ 0.05) interaction
due to proestrous WT, but not βERKO, mice being greater than diestrous mice.
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Figure 3.
Mean (± standard error of the mean) percentage of alternations in the T-maze made by diestrous
wildtype (WT; n=23) or estrogen receptor β knockout (βERKO; n=22) mice or proestrous WT
(n=16) or βERKO (n=25) mice. **indicates a significant (P ≤ 0.05) interaction due to
proestrous WT, but not βERKO, mice being greater than diestrous mice.
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Figure 4.
Mean (± standard error of the mean) duration of time spent on the open arms of the elevated
plus maze by diestrous wildtype (WT; n=10) or estrogen receptor β knockout (βERKO; n=11)
or proestrous WT (n=10) or βERKO (n=8) mice. + indicates a trend (P ≤ 0.06) for an interaction
due to proestrous WT, but not βERKO, mice being greater than diestrous mice.
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Figure 5.
Mean (± standard error of the mean) duration of time spent in the mirror chamber made by
diestrous wildtype (WT; n=7) or estrogen receptor β knockout (βERKO; n=10) mice or
proestrous WT (n=8) or βERKO (n=8) mice. **indicates a significant (P ≤ 0.05) interaction
due to proestrous WT, but not βERKO, mice being greater than diestrous mice.
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Table 1
Mean (± standard error of the mean) plasma concentrations of corticosterone (B), estradiol (E2), progesterone (P4) and
allopregnanolone (3α,5α-THP), or prefrontal cortex or hippocampus levels of E2, P4, and 3α,5α-THP, of diestrous
wildtype (WT; far left) or estrogen receptor b knockout (βERKO; center left) and proestrous WT (middle right) or
βERKO (far right) mice.

Condition
Diestrous Proestrous

WT βERKO WT βERKO
n= 12 9 11 18

levels in plasma
B

(μg/dl)
0.9
±

0.2

#2.4
±

1.42

0.9
±

0.2

#4.6
±

1.3
E2

(pg/ml)
10.0
±

3.0

11.0
±

2.9

*40.5
±

8.0

*32.9
±

5.2
P4

(ng/ml)
15.3
±

7.6

10.8
±

3.8

*38.1
±

9.2

*34.9
±

6.8
3α,5α-

THP(ng/ml)
0.7
±

0.3

0.4
±

0.2

*19.4
±

4.6

*22.5
±

2.7
levels in the prefrontal cortex

E2
(pg/mg)

8.5
±

1.2

7.3
±

1.7

*13.9
±

1.1

*14.2
±

1.0
P4

(ng/mg)
1.8
±

0.7

2.2
±

1.1

*17.4
±

3.9

*16.4
±

2.2
3α,5α-

THP(ng/mg)
7.6
±

2.8

8.5
±

2.5

*14.2
±

2.5

*12.3
±

1.0
levels in the lippocampus

E2
(pg/mg)

6.4
±

1.3

6.7
±

1.7

*14.7
±

2.1

*16.5
±

0.8
P4

(ng/mg)
0.8
±

0.3

1.7
±

1.2

*18.6
±

4.6

*21.3
±

2.8
3α,5α-THP-
THP(ng/mg)

9.4
±

2.8

8.3
±

2.7

*20.4
±

2.4

*14.8
±

1.5
#
indicates a significant (P ≤ 0.05) effect of genotype, due to higher levels among the βERKO mice.

*
indicates a significant (P ≤ 0.05) effect of cycle phase, which is attributable to higher levels among proestrous mice.
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Table 2
Behavior (mean ± standard error of the mean) of diestrous wildtype (WT; far left) or estrogen receptor β knockout
(βERKO; center left) and proestrous WT (middle right) or βERKO (far right) mice.

Condition
Diestrous Proestrous

WT βERKO WT βERKO
Fixed Rotorod:
Latency to fall

(secs)

139.8
±

11.2

151.0
±

9.1

*161.7
±

6.9

*171.0
±

6.2
Accelerated

Rotorod:
Latency to fall

(secs)

108.6
±

7.0

111.3
±

6.7

111.3
±

5.9

102.7
±

6.4

Open Field-
Central entries

19.2
±

4.4

#7.2
±

2.0

*29.9
±

4.1

*#11.7
±

1.7
Open Field-
Total entries

122.0
±

15.4

#102.6
±

10.2

150.9
±

16.9

#100.4
±

12.2
Activity

Monitor-# of
beam breaks

150.0
±

54.9

71.6
±

11.6

122.4
±

24.3

137.8
±

31.4
Latency to

emerge
(secs)

68.9
±

19.6

#136.9
±

39.4

51.1
±

20.8

#109.7
±

28.9
#
indicates a significant (P < 0.05) effect of genotype due to differences among βERKO and WT mice.

*
indicates a significant (P < 0.05) effect of cycle phase, due to increases among proestrous compared to diestrous mice.
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