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Abstract
Adult female rats with high levels of circulating estradiol are biased to use a place strategy to solve
an ambiguous spatial navigation task and those with low levels are biased to use a response strategy.
We examined the development of this hormonal modulation of strategy use by training juvenile
female rats on an ambiguous navigation task and probing them for strategy use at postnatal day (PD)
16, 21, or 26, after administration of 17 β-estradiol or oil 48 and 24 hrs prior to testing. We found
that rats could use either strategy successfully by PD21 but that estradiol did not bias rats to use a
place strategy until PD26. In order to evaluate the stability of this effect over multiple navigation
experiences, we retested oil-treated juveniles three times during adulthood. On the first adult
navigation experience, rats were significantly more likely to use the same navigation strategy they
used as juveniles, regardless of current estrous cycle phase. On the second and third adult tests, after
rats had more experience with the task, previous navigation experience did not predict strategy use.
Rats in proestrus were significantly more likely to use a place strategy while rats in estrus and diestrus
did not appear to have a group bias to use either strategy. These results suggest that estradiol can
modulate spatial navigation strategy use before puberty but that this effect interacts with previous
navigation experience. This study sheds light on when and under what circumstances estradiol gains
control over spatial navigation behavior in the female rat.
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Estrogens modulate learning and memory of spatial navigation tasks (see Daniel, 2006; Korol,
2004; Galea et al., 2008). These effects have been demonstrated by comparing females in a
variety of hormonal conditions, including intact rats at different stages of their cycles, pregnant
and/or lactating dams with virgins, and ovariectomized females with those replaced with
estradiol (e.g., Galea et al., 2000; Luine et al., 2006; Sandstrom & Williams, 2004). A large
body of evidence supports the view that females with higher levels of estrogens show enhanced
hippocampus-dependent spatial learning and memory on both appetitively (e.g., Daniel et al.,
1997; Liu et al., 2008; Daniel & Dohanich, 2001; Gibbs, 1999; Heikkinen et al., 2002) and
aversively-motivated navigation tasks (e.g., Bimonte & Denenberg, 1999; Frye & Rhodes,
2002; Sandstrom & Williams, 2001, 2004; Markham et al., 2002; Frick & Berger-Sweeney,
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2001), as well as on tasks like spontaneous alternation (Walf et al., 2009) and object recognition
(Luine et al., 2003; Walf et al., 2009; Fernandez et al., 2008; Wallace et al., 2006), which do
not require food deprivation, shock, or cool water for motivation. However, under certain
conditions, estradiol has either no effect or impairs performance on many of these same tasks,
including radial-arm maze (Ziegler & Gallagher, 2005; Galea et al., 2001; Luine & Rodriguez,
1994; Luine et al., 1998; Holmes et al., 2002), water maze (Berry et al., 1997; Chesler &
Juraska, 2000; Fugger et al., 1998; Galea et al., 1995; Warren & Juraska, 1997; Frye, 1995),
active avoidance (Diaz-Veliz et al., 1989; Daniel et al., 1999), and a 2-choice working memory
water task (O’Neal et al., 1996). These varying effects of estradiol may be due to differences
in the task, paradigm of hormone administration, dependent measures, age, or species used in
the studies (for review, see Daniel, 2006). In addition to the effects of estrogens on
hippocampal-dependent spatial navigation tasks, they have also been shown to impair learning
on a number of tasks that rely on the dorsal striatum (e.g., White & McDonald, 2002), including
win-stay, stimulus-response (Galea et al., 2001), cued (Daniel & Lee, 2004), and response
navigation tasks (Korol & Kolo, 2002; Davis et al., 2005).

Several studies have directly examined the effects of estradiol on learning of spatial tasks that
are almost identical but differ only in the strategy that is required to solve the task (Korol &
Kolo, 2002; Davis et al., 2005; Zurkovsky et al., 2007). For example, on a plus-maze task that
required rats to find a food reward using extra-maze cues (i.e., a place strategy), young adult
ovariectomized rats administered 10 µg 17-β estradiol benzoate 48 and 24 hr prior to training
learned more rapidly than their oil-treated counterparts (Korol & Kolo, 2002). However, when
the task required rats to learn a motor response strategy (take a left or right turn) to locate the
food and there were no extra-maze cues available, estradiol-treated rats had impaired learning
compared to oil-treated controls. Estradiol administration has similar effects on place and
response navigation when replacement is given chronically (e.g., a 0.5 mg 60-day release
pellet) and when a more complex eight-arm radial maze is used to examine spatial learning
(Davis et al., 2005). In addition, when rats are trained on a plus maze task in which either a
place or response strategy may be used to find a food-baited arm, intact females in proestrus
and estrus do not differ in their learning rate, but those in proestrus are more likely to use a
place strategy and those in estrus are more likely to use a response strategy (Korol et al.,
2004). These data have all been collected using young adult female rats as subjects, and to
date, the development, and stability of estradiol effects on spatial navigation strategy choice
and performance has never been examined.

Based on the findings described above indicating that the presence of high levels of estradiol
increases the likelihood of using a place strategy and the absence of high levels of estradiol
increases the probability of using a response strategy in adulthood, one might predict that
prepubertal females would be biased towards using a response strategy until the rise in estradiol
signaling the start of puberty activates neural networks to modulate place and response strategy
use. Examination of the development of place and response strategies has shown that both male
and female rats are able to locate a hidden platform in a water maze that is marked with a
proximate cue by postnatal day (PD) 17, but they can not use extra-maze cues to find the hidden
platform until PD20 (Akers & Hamilton, 2007; Rudy et al., 1987). Thus, both navigation
strategies are available well before puberty, although it is unclear whether use of a response
strategy is the “default” strategy for young rats when both strategies may be used and whether
neural networks for navigation are sensitive to estradiol action prior to the onset of estrous
cyclicity as are other neural and behavioral systems, such as female mating behaviors including
lordosis and ear wiggling (Williams, 1987; Williams & Blaustein, 1988).

In addition to questions about the development of estradiol-modulated spatial navigation,
studies in adult females have all used a between subject experimental design (Korol & Kolo,
2002; Davis et al., 2005; Quinlan et al., 2008), and therefore it is unclear whether navigation
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strategy use varies across the estrous cycle within individual rats. While there is no evidence
that learning and working memory requiring place navigation varies across the estrous cycle
in individual rats (Stackman et al., 1997), this issue has been examined very little. In addition,
it is possible that experience using one navigation strategy may influence what strategy will
be used upon subsequent experiences with the task. Thus estradiol may only modulate strategy
use in inexperienced females, and experience may greatly influence the strategy used on
subsequent spatial navigation tasks.

In order to avoid food deprivation in our juvenile subjects, we used a simplified water-based
T-maze task in which the hidden escape platform could be found using either a place or response
strategy to determine the development of estradiol-modulated navigation in rats from 16 to 26
days of age. Additionally, we retested females several times in adulthood at various stages of
their estrous cycle to determine a) whether estradiol is able to maintain control over strategy
selection over several experiences with the navigation task and b) the extent to which previous
experience in the task interacts with the ability of estradiol to influence strategy use.

Materials and Methods
Subjects

Subjects were 80 female offspring from 10 timed-pregnant Sprague-Dawley CD rats purchased
from Charles River Laboratories (Kingston, NY). Pregnant dams arrived in our colony at Duke
University on their ninth day of gestation and were singly housed in individually-ventilated,
transparent shoebox cages with corn cob bedding and ad libitum access to water and a standard
diet (Rodent Diet 5001, PMI Nutrition International, Inc., Brentwood, MO). The temperature-
controlled colony room was maintained on a 12:12 hr light:dark cycle with lights on at 7 a.m.
daily. At birth, pups from all 10 litters were sexed and randomly assigned to foster mothers,
and litters were culled to approximately 6 females and 4 males. Pups were weaned on postnatal
day 26 (PD26) after the last age group of juveniles was tested. Females that were also
behaviorally trained as adults were pair-housed at weaning, with the same food and living
conditions described for dams above.

Treatments and experimental time points
Two females from each litter (n = 20 at each age) were behaviorally trained at PD16, PD21,
or PD26. Forty-eight and 24 hours prior to the training day, one female from each litter was
administered a subcutaneous (s.c.) injection of 5µg 17 β-estradiol (Sigma-Aldrich, St. Louis,
MO) dissolved in 0.1ml sesame oil (Sigma-Aldrich, St. Louis, MO) in the nape of the neck,
and the other pup from each litter was injected with the oil vehicle alone. Twice the amount
of estradiol given on the same schedule to the adult female rat produces circulating estradiol
just above those found in the intact rat in proestrus (75–90 pg/ml; Viau & Meaney, 1991),
increases hippocampal CA1 spine density (Gould et al., 1990; Woolley & McEwen, 1993),
and increases learning rate when a place strategy is needed to solve a hippocampal-dependent
maze task (Korol & Kolo, 2002).

All oil-treated juveniles were raised to adulthood and tested again three times, at 3.5, 4.5, and
5.5 months of age in a repeated measures design. In order to determine estrous cycle status and
confirm normal cycling, vaginal samples were taken daily at 09:30 for 3 weeks prior to each
adult test. Cells were collected on a moistened cotton swab, rolled onto a glass slide, and
examined at 10X magnification to determine estrous cycle status based on the proportion of
leukocytes, epithelial, cornified, and nucleated cells (Matthews & Kenyon, 1984).

In addition to the 60 rats already described, twenty rats were ovariectomized (OVX) either at
PD22 or PD44 (n = 10 each) and tested at 3.5 months of age. These ages were chosen because

Pleil and Williams Page 3

Horm Behav. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in our vivarium, offspring of timed pregnant Sprague Dawley rats reach puberty at PD34 as
defined by vaginal opening; therefore, rats were ovariectomized either before or after puberty.

Ovariectomies
In order to remove the source of circulating gonadal hormones, rats were anesthetized for with
a combination of 80 mg/kg ketamine plus 10 mg/kg xylazine and ovariectomized via bilateral
dorsal incisions through the skin and muscle walls of the abdomen. The ovary and ovarian fat
on each side of the body were exposed, tied off, and surgically removed with a scalpel. The
site of removal was cauterized and carefully placed back into the abdominal cavity. The muscle
wall and skin were sutured and antibiotic cream was applied to the wound site. Buprenorphine
(0.5 mg/kg, i.p.) was administered at the end of all surgeries and again 12 hr later as analgesic.
Rats were kept warm on heating pads until they woke up and then returned to their cagemates.
Powdered food was offered in bowls on the cage floor for several days until rats were seen
eating from the overhead food bin. All rats recovered without complications and were included
in the study.

Apparatus and testing room
All behavioral training took place in a clear Plexiglas plus-maze placed inside a black plastic
pool with a diameter of 1.8m. Each arm of the plus maze was 50.8 cm long and 15.2 cm wide,
with a 15.2 cm x 15.2 cm center and 30 cm high walls. The maze was filled with approximately
15.5 cm of water mixed with black water-based paint, which was maintained at 24–25 °C. A
platform with diameter 10.2 cm, hidden just below the water’s surface, was placed at the end
of the goal arm. Rats could be prevented from entering arms of the maze by inserting a clear
piece of Plexiglas at the base of the arm (see Figure 1).

The maze was located in a 6.5 m × 3.8 m rectangular room (1.3 m from the North wall and 0.7
m from the East wall) that was rich with cues including a curtain, table with computer, cart
with rat cages, counter, shelves, and walls with posters and objects with high-contrast patterns.
We hung three additional cues of different shapes, colors, and contrast patterns 75 cm above
the height of the water and outside the radius of the maze to provide additional extramaze cues
in order to ensure that any failure of task learning in juveniles was not due to the rats’ poor
visual acuity at these young ages. Hanging cues were quasi-randomly placed in four possible
locations and counterbalanced across estradiol-treated rats within each juvenile age group, as
well as within each adult test and across adult tests for each rat. No significant differences in
latency or strategy were observed across cue configurations, therefore, all groups were
combined for further data analysis. Oil-treated littermate controls were always trained in the
same apparatus configuration as their estradiol-treated littermates.

Behavioral training and testing
Behavioral training and probe testing took place within a single session that consisted of 10
training trials and one probe trial during the lights-on portion of the day. Rats were trained in
groups of four, which consisted of two estradiol-treated females from different litters and their
two oil-treated littermates. Each rat was removed from its litter and placed in a clean holding
cage with its littermate. Holding cages were then transported on a cart to the maze room, where
the cart remained throughout behavioral training. During the 10 training trials, rats were always
started from the arm closest to the experimenter (South arm) and the goal arm was either the
West or East arm (counterbalanced across rats and tests). Clear plexiglass inserts blocked the
other two arms, forming an “L” shaped route such that the rat could only enter the correct arm
of the maze (see Figure 1). The apparatus remained in the same configuration for all 10 training
trials.
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To begin the first trial of the session, one rat was taken from its holding cage and placed in the
South arm of the maze. A trial was considered complete when the rat climbed onto the escape
platform at the end of the goal arm. If the rat did not find the platform within 60 s, it was guided
to the platform by the experimenter. The rat was allowed to stay on the platform for 15 s and
then placed on a dry towel in an opaque bucket. All walls of the maze were wiped with ethanol
between trials to remove intramaze odor cues. Five consecutive trials were run in this fashion.
The rat was then dried with a towel, and returned to its holding cage that was warmed by a
space heater. The cue configuration and/or platform location were changed if necessary and
the next rat completed 5 trials. After all 4 rats had completed 5 trials and were resting in holding
cages, the first rat received 5 more training trials. Immediately following the last trial, the
platform was removed and the Plexiglas inserts were moved so that only the South arm was
blocked off, forming a T-shaped maze, in order to conduct a probe trial (see Figure 1b). Cues
remained in the same configuration, and the rat was started from the North arm and allowed
to swim for 60 s. During all training and probe trials, latencies to reach the end of any arms
entered and latency to mount the platform were recorded by the experimenter and the path of
the animal was recorded in real time using HVS Image software (Buckingham, WH, UK).

All rats were trained once as juveniles, at PD16, 21, or 26. Those administered oil as juveniles
were raised to adulthood and tested again three times in adulthood as described above. All
procedures were approved by the Institutional Animal Care and Use Committee of Duke
University.

Time spent in start arm as a measure of strategy use
After 10 training trials, rats completed a probe trial which required them to start the maze from
a novel arm 180° from the start arm used during training. Rats that returned to the same spatial
location in the room that the platform had been located during training were considered to have
used a “place” strategy, and rats that made the same turn (i.e., left or right) that they had taken
on the training trials were categorized as using a “response” strategy. In order to confirm that
rats were using different strategies to navigate rather than choosing an arm randomly, time
spent in each segment of the maze (i.e., start arm, middle, goal arm) for each rat on each trial
was examined. Rats trained at PD21 or PD26 that were categorized as place strategy users
spent significantly more time in the start arm on the probe trial than during the last three training
trials, when performance latency had reached asymptote (PD21: t(9) = 3.51, p = 0.007; PD26:
t(14) = 2.32, p = 0.036), but rats at PD16 did not (p > 0.80; see Figure 2a). This increase in
time spent occurred only in the start arm and occurred in a significant proportion of PD21 and
PD26 place strategy users (PD21: χ2 = 11.15, p = 0.0008; PD26: χ2 = 8.89, p = 0.002), but
was random in PD16 rats (χ2 = 0.09, p > 0.75). Once PD21 and PD26 place strategy rats reached
the center of the maze, they spent no more time in these areas on the probe trial than they did
on trials 8–10 (p > 0.10; Figure 2a). In contrast, rats that used a response strategy spent a similar
amount of time in all parts of the maze during the probe trial as they did during their last 3
training trials indicating that they behaved similarly even though the start location had changed
(p > 0.10, see Figure 2b). This analysis suggests that place strategy users have a representation
of the environment to which they must reorient when they solve the task from the new location.
In contrast, response strategy users simply employ the same motor response acquired during
training (e.g., “take a left”) and therefore spend a similar amount of time in each segment of
the maze on the probe as the last few training trials. Change in latency to reach the middle of
the maze on a probe trial is a measure of strategy learning that is independent of arm choice.
Therefore, this measure is a useful for assuring that rats have learned the task and are employing
a strategy on the probe trial rather than choosing a goal arm at random or by mistake. This
measure may be used in the future to confirm strategy use.
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Statistical analysis
All analyses were calculated using an α value of 0.05. Because strategy choice was a binary
dependent measure and group n’s were small, we used two-tailed exact binomial tests to
determine whether strategy use of each group differed from the null hypothesis that there was
no strategy bias (that is, 50% of the group used a place strategy and 50% used a response
strategy). In addition, two-tailed Liebermeister’s quasi-exact test for small sample sizes, which
is an appropriate Bayesian alternative to Fisher’s exact test when the frequency of one variable
is not fixed (in this case, strategy used; see Seneta & Phipps, 2001), was used to determine
differences in strategy use across groups in order to evaluate the effects of developmental age,
estradiol treatment in adolescence, and estrous status in adulthood on strategy bias. Repeated
measures ANOVAs were performed with latencies on the 10 training trials as the dependent
measures and strategy (place or response) and estradiol status (estradiol- vs. oil-treated or
estrous phase) as the independent measures to examine any differences in the rate of learning
between groups. Because path length and latency measures were highly correlated, only latency
measures are reported. T-tests were used to determine whether rats spent a significantly
different amount of time in each part of the maze on the probe than on the last three training
trials.

Results
Juvenile strategy use and learning

There were no significant differences in strategy use between estradiol- and oil-treated rats at
any juvenile age (p > 0.15). However, 26-day-old estradiol-treated rats showed a significant
bias toward using a place strategy when compared to chance (p = 0.021; Figure 3), while no
other oil- or estradiol-treated groups showed a strategy bias (p > 0.15). In addition, PD26 rats
administered estradiol were significantly more likely to use a place strategy than PD21 rats (p
= 0.034), but there was no change in strategy use between PD16 and PD21 rats given estradiol
or between any developmental age in oil-treated rats (p > 0.20). Together, these data suggest
that estradiol was able to bias females to use a place strategy by PD26, at least a week before
puberty.

A repeated measures ANOVA with strategy and estradiol status as the independent variables
and trial latency (trials 1–10) as the dependent variable were calculated for each age. The
analysis for PD16 rats revealed a main effect of trial (F(9,144) = 4.87, p < 0.0001) and an
estradiol status × strategy interaction (F(1,16) = 5.65, p = 0.030), but no other effects (p > 0.05;
Figure 4a). Individual trials analyses revealed that PD16 rats given estradiol that were classified
as response strategy users had significantly longer trial latencies than oil-treated rats using a
response strategy on trials three (t(7) = 3.41, p = 0.011), four (t(7 )= 2.85, p = 0.025), and five
(t(7) = 4.52, p = 0.003), but no other trials (p > 0.05). There were no differences in trial latency
between oil and estradiol-treated place strategy users. ANOVAs for PD21 and PD26 revealed
main effects of trial on PD21 (F(9,63) = 6.99, p < 0.0001) and PD26 (F(9,63) = 8.33, p <
0.0001) but no other effects (p > 0.10), indicating that all groups learned the task at similar
rates (see Figure 4b and c).

Adult strategy use and learning
Once control rats grew to adulthood, they underwent the same training and testing paradigm
three times in different estrous phases but with different cue configurations. On adult test 1
(AT1), 66% of rats in estrus, 63% in diestrus, 71% in proestrus, and 50% of rats transitioning
from proestrus to estrus used a place strategy. None of these values was different from chance
(p > 0.45; Figure 5a). Because we predicted that rats in proestrus would be more likely to use
a place strategy than any other group, we directly compared the proestrus group to each other
group and to all other groups combined, but none of these comparisons revealed any group
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differences (p > 0.25). To determine the effects of previous experience with the task, we
evaluated the probability of using the same strategy on the first adult test that was used on the
juvenile test. Regardless of estrous phase at AT1, rats were significantly likely to use the
strategy on AT1 that they used as juveniles (p = 0.024; Figure 6). Together, these results suggest
that previous experience, but not current estradiol status, strongly influenced choice behavior
on AT1.

We also examined the effects of previous experience and estrous phase on the second (AT2)
and third (AT3) adult tests using similar analyses. Neither strategy used as a juvenile nor
strategy used on the previous test had a significant effect on strategy choice on either AT2 or
AT3 (p > 0.25). When strategy selection was analyzed based on estrous phase, 60% of rats in
estrus, 50% in diestrus, 90% in proestrus, and 50% transitioning from proestrus to estrus used
a place strategy on AT2, and 40% in estrus, 0% in diestrus, 83% in proestrus, and 67%
transitioning into estrus used a place strategy on AT3. Rats were biased to use a place strategy
only during proestrus on AT2 compared to chance (p = 0.021), and proestrus rats were more
likely to use a place strategy than rats in other estrous cycle phases (ps < 0.10) as well as to all
other phases combined (p = 0.048). While there was no significant bias toward using a place
strategy during any estrous phase on AT3 (p > 0.20), proestrus rats were more likely to use a
place strategy than those in estrus (p = 0.060) and diestrus (p = 0.033). In addition, because no
rats were tested in the same estrous phase twice, choice behavior from AT2 and AT3 were
combined to confirm that rats in proestrus were significantly more likely to use a place strategy
than chance (p = 0.004) but no strategy bias was present during any other estrous phase (p >
0.60; Figure 5b). These results suggest that high estradiol levels, but not previous experience,
modulated strategy use on AT2 and AT3.

In addition to intact rats tested in adulthood, 60% of rats OVX at PD22 and 60% of rats OVX
at PD44 used a place strategy to solve the task when they were tested once as young adults,
revealing that there was no bias in either group (p > 0.75; Figure 7). These findings provide
supporting evidence that rats with low or no circulating estradiol have no strategy bias in this
task. Together, these results suggest that previous experience was the most influential factor
on strategy choice at AT1, but high levels of estradiol biased rats to use a place strategy on
AT2 and AT3.

Repeated measures ANOVAs were calculated for AT1, AT2, and AT3, with independent
variables of strategy and estrous phase and dependent variables of latency on trials 1–10. On
AT1, there was a main effect of trial, F(9,171) = 33.1, p = 0.000, and a trial × estrous phase ×
strategy interaction, F(27,171) = 1.93, p = 0.007, but no other effects, p > 0.10. Rats in proestrus
that used a response strategy had significantly longer latencies on the first two training trials
than those that used a place strategy (trial 1: t(5) = 3.58, p = 0.016; trial 2: t(5) = 3.71, p =
0.014), while response strategy users in estrus had significantly shorter latencies on the first
training trial (t(4) = 6.52, p = 0.002). On AT2 and AT3, there were main effects of trial (AT2:
F(9, 99) = 5.44, p < 0.0001; AT3: F(9, 144) = 16.68, p < 0.0001) but no other effects or
interactions (p > 0.10).

Discussion
The results of the present study are consistent with previous findings that estradiol modulates
spatial navigation strategy use in the adult female rat (see Korol, 2004) and extend these
findings by showing that prepubertal females can use either place or response strategies by
PD21 but their choice of strategy is not altered by estradiol administration until PD26. Our
data provide no support for the hypothesis that prepubertal females, because of their low
circulating estradiol levels, are more likely to use a response strategy in a spatial navigation
task. We have also shown for the first time that the experience of using one spatial navigation
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strategy biases what strategy is used on the next spatial navigation task, irrespective of current
estradiol status. However, after females have experience with multiple estrous cycles and
spatial navigation, estradiol gains control of navigation strategy use and its influence can
override the effects of prior experience with the task. Thus, we have found that both previous
navigation strategy use and experience with cyclical estradiol influence the strategy used to
navigate. Finally, we have shown that the normal hormonal transition of puberty is not required
for the activational effects of estradiol on spatial navigation strategy use.

The development of estradiol’s modulation of navigation strategy use
We found that estradiol administration may be able to bias female rats to use a place strategy
by PD26, as it does in young adult females (Korol et al., 2004; Quinlan et al., 2008). Thus,
while both male and female rats have the ability to use extra-maze cues to perform place
navigation by 20 days of age (Akers & Hamilton, 2007; Rudy et al., 1987), hippocampal
network sensitivity to estradiol in females is not functional for several more days. Interestingly,
these results parallel the precocious ability of estradiol to elicit other estrogen-sensitive
behaviors such as lordosis and ear wiggling (Williams, 1987), as well as physiological changes
such as the induction of progesterone receptors (Williams & Blaustein, 1988). And, it is not
surprising that hippocampal and/or striatal sensitivity to estradiol occurs before puberty, as
there is evidence that estrogen receptors (ERs) are expressed in both regions in the juvenile
rat. Estrogen receptor α (ERα) is expressed at low levels in the hippocampus at PD0 and
stabilizes at an adult-like baseline by PD15 after a transient increase that peaks between PD7
and PD10 (Perez et al., 2003; O’Keefe et al., 1995; Solum & Handa, 2001; Orikasa et al.,
2000). Estrogen receptor β (ERβ) does not appear to be present in the hippocampus until at
least PD14 (Perez et al., 2003), but it is present in the adult (e.g., Le Saux et al., 2006, but see
also Orikasa et al., 2000). There is little evidence that ERs are present in the juvenile rat striatum
(Toran-Allerand et al., 1992), but both receptor types have been detected in the mouse striatum
throughout development at greater or equal levels than that of the adult (Kuppers & Beyer,
1999). Given the many complex mechanisms through which estradiol may influence navigation
strategy use and the lack of detailed examination of ER expression during the developmental
window that we studied, it remains to be explained why estradiol did not have a behavioral
effect until PD26. It is possible that ER sensitivity and/or distribution of expression changes
throughout the developmental window between PD21 and PD26 contribute to the development
of estradiol modulation of spatial navigation strategy use.

Previous research has shown that low levels of estradiol (as during estrus) bias adult females
to use a response strategy to solve an appetitively motivated navigation task (Korol et al.,
2004; Quinlan et al., 2008). These results suggest that a response strategy is the “default” for
females with no or low estradiol and predict that prepubertal females, who have very low
circulating estradiol, are naturally response-biased. Surprisingly, the absence of estradiol did
not bias rats at any age to use a response strategy in our water plus maze task. Juveniles, rats
ovariectomized shortly before or after puberty and tested in adulthood, and adult females in
estrus and diestrus were not, as a group, biased toward using a response strategy. We speculate
that our task parameters, room cues, or use of an aversively-motivated water escape task
favored place navigation over response navigation. For example, our testing room may be
richer with salient geometric and landmark cues than those used by other labs examining this
behavior or the use of aversive motivation may have increased rats’ attention to the cues in the
environment, increasing the probability of using a place strategy in all rats. In addition, it is
possible, although unlikely, that the handling needed for oil injections of prepubertal rats
influenced strategy use in adulthood.

While estradiol administration did not influence strategy use in PD16 or PD21 females, rats
were able to learn the task quickly and successfully at PD21 and their behavior and learning
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rates were similar to that of adult rats. In contrast, PD16 rats showed only slight decreases in
trial latency over the 10 training trials, and those categorized as using a place strategy did not
spend more time in the start arm on the probe than during training as PD21 and PD26 rats did,
suggesting that they did not learn to employ a strategy but instead randomly chose a goal arm
on the probe trial. However, estradiol disrupted the learning rates of only those PD16 rats
categorized as using a response strategy, such that trial latencies were higher than those of all
other PD16 groups on several trials. These data suggest that there was some qualitative
difference between rats classified as place and response users at PD16. In addition, PD16 rats
were likely to use the same strategy on the first test in adulthood as they used as juveniles, just
as PD21 and PD26 rats did, suggesting that some rats may have learned a strategy at PD16.
Thus, it is possible that PD16 rats were learning the task but became tired, which caused their
trial latencies to stay high. Together, our results are consistent with previous research that
navigation strategies develop between PD16 and PD21 (Akers & Hamilton, 2007; Rudy et al.,
1987) and show for the first time that estradiol is able to modulate navigation strategy use by
PD26, before the pubertal onset of naturally-cycling estradiol.

Previous experience and high estradiol levels modulate strategy use in adulthood
Previous studies examining estradiol effects on place and response strategy use have employed
between-subjects designs in which subjects have had no previous experience with the task.
Because females cycle for a great deal of their adult lives and likely have many experiences in
which they must navigate through space, we examined the modulatory roles of previous
navigation experience and estrous phase on strategy use. Because estradiol was able to bias
females to use a place strategy on a first navigation experience as early as PD26 but in
adulthood, the strategy used on a single previous navigation experience before puberty was a
better predictor of the strategy used on the first test in adulthood than current estrous phase, it
seems that a salient navigation experience in adolescence can overshadow the modulatory
effects of estradiol. However, with increased experience with the task, a female is more likely
to use a place strategy when in a high estradiol state, or estradiol is more able to prevent the
gradual shift to use of a response strategy that has been observed in males (Packard &
McGaugh, 1996; Chang & Gold, 2003). In our study rats received their initial navigation
experience prior to puberty, though, such an experience may be extremely salient regardless
of whether it occurs in adolescence or puberty. Our results suggest that the reason many
previous studies have not found within-subjects effects of estrous cycle phase on place
navigation (e.g., Stackman et al., 1997) is that the previous experience with the task was more
influential on behavior than current estrous status.

Potential mechanisms of estrogen-modulated spatial navigation
There is evidence that estradiol has its effects on spatial navigation strategy use in the adult
female rat via ERs within the hippocampus and striatum. Direct administration of estradiol to
the striatum impairs response learning, and direct administration to the hippocampus enhances
place learning (Zurkovsky et al., 2007), and local administration of ER antagonists to the
hippocampus prevents the enhancing effects of systemic estradiol on place learning (Zurkovsky
et al., 2006). In addition, estradiol has been shown to modulate hippocampal and striatal
plasticity and behavior in a number of ways (for reviews, see Spencer et al., 2008 and Morissette
et al., 2008) which may contribute to navigation learning and strategy use. Estradiol increases
several aspects of hippocampal synaptic plasticity, such as NMDA and AMPA receptor activity
to increase synaptic transmission (Foy et al., 1999; Teyler et al., 1980; Wong & Moss, 1991,
1992), the magnitude of hippocampal long-term potentiation in response to high frequency
stimulation (Foy, 2001; Foy et al., 1999), dendritic spine density (Woolley & McEwen,
1993; Woolley et al., 1990), neurogenesis (Isgor & Watson, 2005; Mazzucco et al., 2006),
spinogenesis (Mukai et al., 2007), and synaptic protein expression (Waters et al., 2009; Li et
al., 2004).
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Estradiol also appears to bias rats to use a hippocampal-dependent place strategy by directly
modulating striatal dopaminergic activity, as administration of a dopamine receptor antagonist
causes females with low levels of circulating estradiol (32 pg/ml) to switch from using a
response strategy to a place strategy on an ambiguous navigation task, as females with high
circulating estradiol (90 pg/ml) do (Quinlan et al., 2008). These data suggest that high levels
of estradiol in the striatum may inhibit dopamine-mediated striatal function. However, estradiol
has also been shown to increase striatal dopamine activity in a number of ways, suggesting
that there are multiple mechanisms through which estradiol has its actions in the striatum.
Estradiol potentiates dopamine release in the dorsolateral striatum both in vitro (Becker,
1990a; Xiao and Becker, 1998;Xiao et al., 2003) and in vivo (Becker, 1990b; Castner et al.,
1993), upregulates striatal D2 receptors (Le Saux et al., 2006), increases dopamine receptor
binding (Di Paolo et al., 1981; Levesque & Di Paolo, 1989), and enhances behavioral responses
to dopaminergic drugs (Becker, 1990b; Jackson et al., 2006; Becker and Hu, 2008; Hu and
Becker, 2008; Schultz et al., 2009). While complex, these data suggest that estradiol may act
locally in the dorsolateral striatum to influence navigation strategy use.

The results of our study suggest that one or more of the mechanisms in the hippocampus and/
or striatum involved in producing an estradiol-modulated bias to use a place strategy become
functional around 26 days of age. Our data also point to a mechanism that that is modified by
experience. These findings support the view that hormone-responsive circuits for cognitive
function may be organized and respond to experience in a similar fashion to hormone sensitive
neural circuits for reproductive behaviors like lordosis (Beach & Orndoff, 1974) and maternal
behavior (Maestripieri & Zehr, 1998), in which increased experience and length of exposure
to ovarian hormones increases hormonal control of behavior.
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Fig. 1.
Ambiguous water T-maze task. (a) Rats received 10 training trials on which they were always
started from the south arm of the maze and had to navigate to the hidden platform at the end
of the adjacent arm, with the other two maze arms blocked by clear plexiglass. The start and
goal arms remained the same for all 10 training trials. (b) Immediately following 10 training
trials, rats received a probe trial in which they were started from the north arm and only the
opposite arm was blocked.
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Fig. 2.
The difference between the time spent on the probe trial and training trials 8–10 for each
segment of the maze. a) PD21 and PD26 rats that were categorized as using a place strategy
spent significantly more time in the start arm during the probe than the last three training trials
(PD21: t(18) = 3.618, p = 0.002; PD26: t(28) = 2.364, p = 0.025), while this was not the case
for any other segment for PD21and PD26 rats or any segment for PD16 rats; b) All rats that
used a response strategy spent a similar amount of time in each maze segment for the probe
and training trials.
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Fig. 3.
The proportion of rats in each age group that used place and response strategies in control (a)
and estradiol-treated (b) conditions shows that estradiol biased females to use a place strategy
at PD26.
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Fig. 4.
Latencies on the first 10 trials of PD16 (a), PD21 (b), and PD26 (c) rats show that PD16 rats
that were treated with estradiol and used a response strategy had significantly longer latencies
than control rats that used a response strategy. * indicates p < 0.05.
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Fig. 5.
The proportion of rats on (a) adult test 1 and (b) adult tests 2 and 3 in each estrus cycle phase
that used place and response strategies, showing that estrus phase did not affect strategy use
until adult test 2, when females in proestrus were significantly more likely to use a place strategy
than all other groups, χ2 = 12.583, p = 0.0003.
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Fig. 6.
Comparison of strategy use across juvenile and adult tests revealed that rats were significantly
likely to use the same strategy on adult test 1 as they did as juveniles, regardless of age at
juvenile testing or current estrus phase. However, strategy use on the previous adult test had
no impact on the strategy used on the current test for either adult test 2 or 3.
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Fig. 7.
All low/no estradiol groups in adulthood display no strategy bias.
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