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Abstract

Physiologically high levels of circulating estradiol enhance the use of place learning and impair the use of response 

learning to find food on a land maze. These two types of learning are impaired by lesions of distinct neuronal 

structures, i.e. the hippocampus and striatum, respectively. Moreover, it has been shown in male rats that 

compromising hippocampal function can promote the use of response learning, while compromising striatal 

function can promote place learning. These findings suggest an ongoing competition between the hippocampus 

and striatum during cognition, such that intact functioning of one structure somehow obstructs the relative 

participation of the other. The goal of this study was to determine if estrogen’s opposing effects on place and 

response learning in female rats are due to direct actions, either independent or interacting, at the hippocampus and 

striatum. We infused 0.5 •M 17β-estradiol 3-sulfate sodium or vehicle bilaterally into the dorsal hippocampus or 

dorsolateral striatum of ovariectomized young adult female rats, 48, 24 and 2 hours before training. Rats were 
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ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

tested on one of three appetitive tasks in a Y-maze: place learning, response learning, or response learning with 

reduced visual cues (cue-poor condition). Intrahippocampal estradiol infusions enhanced place learning, reversing 

a cannula-induced impairment, whereas intrastriatal infusions had no effects on place learning. Estradiol infusions 

into neither structure significantly affected response learning when extramaze cues were visible. However, in the 

response task, cue-poor condition, intrastriatal but not intrahippocampal infusions impaired learning. These data 

demonstrate that estrogen modulates place and response learning at the hippocampus and striatum respectively, 

most likely through independent actions at these two structures. 

Keywords: hippocampus, striatum, hormones, cognition, strategy
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Estrogen has repeatedly been shown to influence learning and memory in navigational tasks, at times improving 

and at other times impairing performance (for review see Dohanich, 2002). Several ideas have been proposed to 

account for the mixed effects of estrogen on cognition, including the possibility that the efficacy of estrogen 

treatment varies with motivating factors of the task (Wilson et al., 1999), stress state of the animals (Wood and 

Shors, 1998), type of memory (Fader et al., 1999; Galea et al. 2001), and duration and type of hormone treatment, 

(Luine et al., 1998; Thomas et al., 2002; Gibbs, 2000). 

Accumulating evidence from our and other laboratories suggests that the varied effects may also result from 

estrogen biasing the relative contributions of memory systems during cognition, thereby shifting the learning 

strategy an animal uses to solve a task, perhaps producing impairments in some learning contexts and 

enhancements in others (for review see Korol, 2004). For example, in a dual solution appetitive T-maze task that 

can be solved either by place (“go there”) or response (“turn this way”) strategies, female rats at proestrus, a point 

in the estrous cycle when estrogen and progesterone are elevated, use a place strategy (Korol et al., 2004). This 

type of learning is considered hippocampus-sensitive because it is consistently modulated by manipulations to this 

structure (Chang and Gold, 2003; Packard and McGaugh, 1996). Conversely, when hormones are lowest, rats at 

estrus prefer to use a response strategy, considered a dorsal striatum-sensitive task. Together, the data suggest that 

fluctuations in reproductive hormones across the cycle bias learning strategy through the activation of different 

memory systems (Korol et al., 2004).

The dissociation of the effects of hormones on learning strategy is supported by findings from numerous studies 

examining the effect of ovariectomy plus hormone administration on learning and memory (for review see Korol, 

2004). Estrogen treatments administered to ovariectomized rats enhance performance on hippocampus-sensitive 
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tasks, such as retention in the spatial version of the swim task (Packard and Teather, 1997a), acquisition and 

working memory in radial maze and swim tasks (Bimonte and Deneberg, 1999; Daniel et al., 1997; Daniel and 

Dohanich, 2001; Luine et al., 1998; Sandstrom and Williams, 2001), and delayed alternation in the T-maze (Fader 

et al., 1998). Hormone-deprived rats show enhanced performance on hippocampus-insensitive behaviors, 

particularly those dependent on an intact dorsal striatum such as cued (Daniel and Lee, 2004), win-stay (Galea et 

al., 2001) and response (Korol and Kolo, 2002) learning. Furthermore, when trained on a hippocampus- or 

striatum-sensitive task with the same basic training protocol except for the specific cognitive demands, i.e. place vs 

response learning, respectively, rats that receive estradiol treatment exhibited enhanced performance on the place 

task and impaired performance on the response task (Korol and Kolo, 2002). Importantly, rats deprived of estradiol 

demonstrated the opposite pattern of effects: enhanced performance on response and impaired performance on 

place learning.

The idea that different neuronal structures mediate different attributes of learning is supported by findings from 

both human and non-human animal studies using various paradigms that alter or measure the function or 

participation of specific neuronal structures. Consensus from these studies, mostly conducted with male rats, is that 

learning to navigate a maze with the extramaze cues is impaired by manipulations that decrease the functional 

integrity of either the dorsal hippocampus or its main afferent/efferent tract, the fornix, but is not impaired by 

disruption of the dorsal striatum (Becker et al. 1980; Packard and McGaugh, 1992; Packard and Teather, 1997b). 

Furthermore, performance in tasks requiring egocentric responses or stimulus-response pairings is impaired by 

lesions to the dorsal striatum but not the hippocampus (McDonald and White, 1993; Devan and White, 1999; 

Kesner et al., 1993). Interestingly, temporary inactivation of the striatum with lidocaine impaired response learning 

only when access to the extramaze visual cues was diminished with low lighting or a curtain (Chang and Gold, 

2004). These and other examples of double and triple dissociations (White and McDonald, 2002) support the idea 

that different memory systems disproportionately contribute to learning depending on the nature of the task and the 

training environment.

The precise nature of the interactions between memory systems is relatively unknown and currently under 

extensive investigation. In some instances the function of the hippocampus and dorsal striatum appear independent 

and dissociable such that manipulations of one structure fail to influence performance on the non-canonical task 

(Cook and Kesner, 1988; Packard and White, 1991; Packard and McGaugh, 1992; Kesner et al., 1993; Packard and 

Teather, 1997b; Kobayashi and Iwasaki, 2000). However, a growing literature suggests that the function of the 

hippocampus and striatum may interact (Mizumori et al., 2004; White, 2004). For example, lesions to the 

hippocampus or the fimbria/fornix can enhance acquisition of cued, response, or win-stay tasks, suggesting that an 
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intact hippocampus obstructs learning in these contexts (Packard et al., 1989; McDonald and White, 1993; 

Matthews and Best, 1995; Chang and Gold, 2003). Furthermore, subpopulations of hippocampal and dorsal striatal 

neurons may both be active during learning and performance of place and response tasks (Mizumori et al., 2004). 

These and other findings support the idea that both structures play important roles in mediating place and response 

learning and that at times the dorsal striatum may compete with the hippocampus and at other times collaborate for 

control of cognition.

Given our previous results that estrogen enhances place learning and impairs response learning, it is possible that 

estrogen acts at distinct neural sites, specifically hippocampus and striatum, to modulate learning strategy. What is 

less clear is whether estrogen acts at both structures or solely through one structure to modulate both learning 

attributes, i.e. to enhance place and to impair response learning.

If estrogen acts at each memory system independently, we would expect to find simple dissociations: 

intrahippocampal application of estrogen will only enhance place learning, and intrastriatal infusions will only 

impair response learning. If estrogen alters the competitive balance between hippocampus and striatum to produce 

its effects, then estrogen into the hippocampus of an ovariectomized animal would dually enhance place and 

impair response learning. Alternatively, but not mutually exclusively, intrastriatal infusions of estrogen may also 

impair response and enhance place learning.

We tested these predictions by infusing bilaterally estradiol or vehicle into either the dorsal hippocampus or 

dorsolateral striatum of ovariectomized young adult rats. Separate groups of rats were then tested on place and 

response learning tasks. Our findings support the hypothesis that estrogen acts directly at the hippocampus to 

enhance place learning and at the striatum to impair response learning.
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Experimental Procedures

Subjects

Three-month-old Sprague-Dawley virgin, female rats were obtained from Harlan (Oregon, WI barrier) in squads of 

10–12 rats. Rats were housed individually in plastic cages with free access to food and water until food restriction 

was initiated. Lights were maintained on a 12:12 light:dark cycle. Rats were given at least one week to habituate to 

the vivarium before any procedures were initiated. 

All rats underwent bilateral ovariectomy 21 days prior to behavioral training. They were allowed seven days to 

recover before guide cannulae were implanted bilaterally into the neural site of interest (see below). One week 
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ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

prior to maze training, rats were food restricted to 85% of the free feeding weight plus 5 g to account for normal 

growth. Rats received a bilateral infusion of treatment or vehicle 48, 24, and 2 hrs prior to training. Immediately 

after training was complete, rats were sacrificed for collection of brains for histology.

All procedures were approved by the University of Illinois Institutional Animal Care and Use Committee and are 

in compliance with the Guide for the Care and Use of Laboratory Animals (National Institute of Health, 1986).

Experimental Groups

Three maze tasks were used: place training with visual cues, response training with visual cues, and response 

training with diminished visual cues. Rats with hippocampal implants (HC) and striatal implants (DS) were 

randomly assigned to one of the three behavioral tasks and one of two drug treatments, vehicle control (artificial 

cerebral spinal fluid, aCSF) or 17-β estradiol-3-sulfate (E2-S). Thus, there were three tasks (place, response, and 

response, cue-poor), two neural sites (HC, DS) and two treatments (aCSF, E2-S), creating twelve main treatment 

groups. Three controls were also included: 1) Unimplanted control (UC) rats without cannulae to control for 

effects of tissue damage due to cannula implantation, 2) rats with cannulae aimed at the cortex just dorsal to the 

hippocampus or the striatum to control for the spread of hormone beyond the site of interest, and 3) rats with 

unilateral DS infusions trained on rotational behavior to test the efficacy of the E2-S. UC rats were unimplanted, 

ovariectomized rats receiving no hormonal treatment but trained on each task. Cortical controls included two 

groups of rats receiving E2-S: One with cannulae aimed at the cortex overlying the hippocampus and trained on 

the place task and the other with cannulae in the cortex overlying the striatum and trained on the response, cue-

poor task. Controls for hormone efficacy had striatal cannulae and were tested for rotational behavior following 

unilateral E2-S and aCSF exposure. This latter control group was not food restricted or trained on maze learning 

tasks but was otherwise treated like maze-tested groups. 

Ovariectomy

Rats were anesthetized (i.p.) with ketamine (74 mg/kg) and xylazine (5 mg/kg) and given pre- and post-operative 

injections of the analgesic Rimadyl (5 mg/kg, s.c.). Bilateral removal of the ovaries was done through a 

dorsolateral approach under aseptic conditions (see Korol and Kolo, 2002). All ovariectomies were complete as 

evidenced by smears (see below) and inspection upon sacrifice. 

Cannula Implantation

Approximately one week after ovariectomy, rats were anesthetized with ketamine (74 mg/kg, i.p.) and xylazine (5 
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mg/kg; i.p.) and received 30,000 units of penicillin (i.m.; Dura-Pen; Henry Schein, Inc., Indianapolis, IN) prior to 

stereotaxic surgery. Sterile, stainless steel guide cannulae (22 gauge, 6mm; Plastics One, Inc., Roanoke, VA) 

aimed either at the dorsal hippocampus (AP −3.8, ML 2.5, 1.9 mm ventral to dura) or the dorsal striatum (AP +0.2, 

ML 3.6, 2.8 mm ventral to dura), were implanted bilaterally in all rats (Figure 1A, B). Coordinates were chosen 

based on reports demonstrating effects of hippocampal and striatal inactivation on place and response learning 

(Packard and McGaugh, 1996; Chang and Gold, 2003; 2004) and were adapted from the atlas of Paxinos and 

Watson (1986). Cannulae for cortical control groups were implanted just dorsal to the hippocampus (0.8 mm 

ventral to dura; Figure 1A) or to the dorsal striatum (1.0 mm ventral to dura; Figure 1B). Four stainless steel 

jeweler’s screws were placed into the skull for anchors and the assemblage was cemented in place with dental 

acrylic. To keep cannulae open, 28 gauge stylets (Plastics One, Inc., Roanoke, VA) cut to the length of the guide 

cannulae were inserted at the time of surgery and were removed only during the central infusions. Rats received 

pre- and post-operative injections of Rimadyl (5 mg/kg, s.c.) for analgesia. 

Figure 1 

Infusion sites aimed at the A) dorsal hippocampus or overlying cortex and B) dorsolateral 

striatum or overlying cortex. Circle shading represents the task used during training, black = 

place, gray = response, white = response, cue-poor.

Central Hormone Injections

All maze-tested rats with cannulae received bilateral 0.5 •L infusions of hormone or vehicle 48, 24 and 2 hours 

prior to training. The time points for central injections were chosen to mimic exposure to estrogen when injected 

peripherally at 48 and 24 hours before training, an acute replacement schedule shown previously to modulate 

learning (Korol and Kolo, 2002). Because serum hormone levels remain elevated 24 hours after a second estradiol 

injection (Woolley and McEwen, 1993) and because the time course of clearance following central E2-S infusions 

is relatively unknown, the third injection 2 hours prior to training was added to ensure the presence of estrogen in 

the brain at the time of training. 

The hormone treatment groups received 0.5•M 17β-estradiol 3-sulfate sodium (E2-S; Sigma-Aldrich, Inc., St. 

Louis, MO) a dose previously found to be effective in altering measures of cardiovascular function (Saleh et al., 

2000) while control groups received aCSF vehicle (in mM: 128 NaCl, 2.5 KCl, 1.3 CaCl2, 2.1 MgCl2, 0.9 NaH2

PO4, 2.0 Na2HPO4, 1.0 dextrose, adjusted to pH 7.4). The sulfated form of estradiol was chosen for its water 
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solubility, thereby enabling infusions in aCSF vehicle. The hormone or vehicle was infused through a 28g injection 

needle (Plastics One Inc., Roanoke, VA) fit to extend 1 mm beyond the guide cannula. Infusions were made for 1 

min with a CMA/100 microinjection pump (CMA Microdialysis AB, North Chelmsford, MA) set at rate of 0.5 •L/

min. Needles were left in place for 1 min after infusion to allow the solution to diffuse from the cannula tips. The 

same procedures were used for unilateral infusions prior to tests of rotational behavior.

Training Procedures

Maze tasks. Three weeks after ovariectomy, separate groups of rats were trained on one of three tasks: place 

learning, response learning and response learning with diminished visual cues (response, cue-poor). Squads of 10–

12 rats were trained, with assignments distributed across different treatments and tasks. Each task required food-

restricted rats to find food on the same three-arm radial maze. For standard place and response learning, training 

was done in the same room with the same cues. For the response, cue-poor condition, the maze was encircled with 

a curtain to minimize access to extra-maze visual cues. 

Training apparatus and environment. The maze was Y-shaped with three symmetrical arms each extending 18 

cm in length, 5 cm in width, with 3 cm–high walls made of clear Plexiglas®. It was placed on a stand 25 cm above 

the floor. At the end of each arm was a food boat where the reward (1/2 Frosted Cheerio®) was placed. The 

training room contained various two- and three-dimensional extra-maze cues, for example a black curtain, black 

and white-stripped box, hanging tennis balls, various placards, etc. Two halogen lights aimed towards the ceiling 

provided ambient lighting.

General training protocol. All training was confined to one day and took place during the light phase, 3–9 hours 

before lights off. To habituate rats to the training environment, animals were placed in a clean holding cage and 

left in the training room for 15 minutes prior to the initiation of testing. Each trial began by placing the animal into 

a start arm and allowing it to enter one arm to find the food reward. If the rat entered the correct arm, it was 

allowed to remain in the goal arm for 10 seconds to eat the food reward or until it turned to exit. If the rat entered 

the incorrect arm, it was removed from the maze and placed in a clean holding cage either 10 seconds after 

arriving at the end of the arm or just after turning to exit. If no choice was made after three minutes, the trial was 

terminated. Between trials, rats remained in the holding cage for a 30-second intertrial interval. Rats were trained 

to a criterion of 9 correct choices in 10 trials.

Place task. Rats with either HC (n’s: aCSF = 9, E2-S =10) or DS (n’s: aCSF = 7, E2-S = 9) infusions or that were 

unimplanted with no treatment (UC; n = 10) were trained to find a food reward at the end of a goal arm in the place 

task. Throughout training, the reward remained in a fixed location relative to the extra-maze room cues. The goal 
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location was assigned randomly and counterbalanced across rats within a treatment condition. The two remaining 

arms served as start positions and were also quasi-randomized and counterbalanced within blocks of 20 trials. To 

reduce the use of intra-maze cues, the maze was rotated randomly using preset stops at 120° intervals.

Response task. Rats with either HC (n’s: aCSF = 8, E2-S = 9) or DS (n’s: aCSF = 8; E2-S = 7) infusions or that 

were UC (n = 8) were trained in the response task. Rats were rewarded for making a specific turn, either right or 

left, at the choice point of the maze. The rewarded turn, right or left, was randomly counterbalanced across rats 

within a treatment condition. Across training trials, the start arm was assigned quasi-randomly and 

counterbalanced within blocks of 12 trials across all three arms of the maze. The goal arm was assigned to 

maintain the directional relationship between start and goal. Again, the maze was rotated during the intertrial 

interval to reduce the use of intra-maze cues.

Response, cue-poor task. Rats with HC (n’s: aCSF = 8; E2-S = 8) or DS (n’s: aCSF = 7; E2-S = 7) infusions or 

that were UC (n = 11) underwent identical treatment to those on the standard response task except that a beige 

curtain was placed around the perimeter of the room to obstruct access to visual room cues.

Cortical Controls. To reduce the numbers of rats used, cortical controls were included only for tasks and neural 

sites for which the effects of estrogen treatment were statistically significant. Rats with cannulae positioned in the 

cortex overlying the hippocampus or striatum were tested after E2-S treatment in the place task (n = 6) or the 

response task, cue-poor condition (n=4), respectively.

Rotation behavior. To test whether the selected dose of sulfated estradiol was active in the brain, contralateral 

rotation behavior was measured after unilateral infusions of the hormone or vehicle in the striatum (n = 8). 

Previous work found that unilateral intrastriatal application of 17β-estradiol alone enhanced rotations contralateral 

to the hemisphere of treatment (Roy et al., 1990). Here, rats were ovariectomized and had cannulae implanted 

bilaterally into the dorsal striatum. Microinjections were given with the same dosage (0.5•M in a volume of 5•L) 

and schedule (48, 24 and 2 hours before behavioral measurement) as described above. To control for natural 

rotation tendencies, all animals were tested under each treatment, E2-S and aCSF, with a one-week wash-out 

period between testing sessions. The order of treatment was randomly assigned and counterbalanced across rats. 

Injection hemisphere was randomly assigned and kept constant across both testing sessions. For testing, rats were 

placed in a clear, circular arena with banked walls for a 10-min testing period, during which quarter turns in each 

direction were recorded manually by the experimenter.

Determination of Estrogen Status
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Vaginal smears were collected daily for 5 days prior to training to determine that ovariectomies were complete and 

estrous cycles had ceased. A small sterile swab (calcium alginate tips, Fisher Scientific, Pittsburgh, PA), soaked in 

sterile saline, was gently inserted into the vagina. Vaginal cells were fixed to a clean slide with ethanol and later 

stained with hematoxylin and eosin. They were then staged using the methods of Long and Evans (1922). 

Assessment of cannula placements

Immediately after training, animals were euthanized with an overdose of pentobarbital and were perfused 

transcardially with phosphate-buffered saline followed by 10% formalin. Brains were stored in 10% formalin and 

cryoprotected in a 20% sucrose/formalin solution for at least 48 hours before being sectioned at 45 •m in a 

cryostat. Rats were excluded if one or both cannulae were misplaced or if there was evidence of tissue damage that 

extended beyond the implantation site. Placements for all groups are shown in Figure 1. 

Data Analysis

Measures. Rates of learning were assessed by the number of trials needed to reach the criterion of 9 correct out 

of 10 consecutive trials. Rotation behavior was determined as the proportion of contralateral rotations out of total 

rotations. Percent change in the proportion of contralateral rotations under aCSF compared to estradiol treatment 

was calculated for each rat.

Statistical analysis. To determine the site-specific effects of centrally injected E2-S on learning, separate 

comparisons were made within task and neural site between aCSF and E2-S. Because of the arbitrary ceiling of 

100 trials, Mann-Whitney nonparametric tests were used to assess the effects of hormone treatment on trials to 

criterion. Based on results presented below, it is clear that cannula-induced damage to the hippocampus and 

striatum produce disparate effects on place and response learning; thus, it is critical to compare statistically groups 

receiving aCSF and E2-S treatments in the same neural site and trained on the same task. 

Trials to criterion data from unimplanted controls were compared to HC- and DS-aCSF-treated rats within each 

task using Mann-Whitney tests. Comparisons across tasks in unimplanted, untreated control rats were conducted 

with Kruskal-Wallis tests and post-hoc paired comparisons.

Rats infused with E2-S into the cortex overlying the hippocampus or dorsal striatum were compared to rats 

receiving aCSF or E2-S into the structure of interest, using Mann-Whitney non-parametric tests.

For rotation behavior, paired t-tests were used to evaluate within subject differences in contralateral rotations 

following E2-S and aCSF infusions.
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Results

Rats included in the final analyses showed typical diestrous vaginal smears of ovariectomized rats for five days 

prior to training (data not shown), indicating a lack of estrous cycles.

Maze Training: Place and Response Learning Tasks

Place learning was enhanced by intrahippocampal infusions of E2-S, reversing a cannula-induced impairment, but 

was not affected by intrastriatal infusions of E2-S. Conversely, response learning was impaired by intrastriatal but 

not intrahippocampal infusions of E2-S, with impairments reaching statistical significance only when visual cues 

were reduced. 

Place Learning. Administration of E2-S to the hippocampus enhanced performance on the place task, seen by a 

significant decrease in trials to reach criterion for E2-S rats compared to aCSF controls (Figure 2A; median aCSF 

= 94 and E2-S = 63.5; U(9,10) = 12.5, p < .01). E2-S injected into the dorsal striatum had no significant effects on 

trials to criterion in the place learning task (Figure 2B; median aCSF = 63 and E2-S = 65; U(7,9) = 22.5, p > .3). 

Figure 2 

Learning in the place task following intrahippocampal (A) or intrastriatal (B) infusions. A) E2-S 

into the hippocampus enhanced place learning relative to aCSF, reversing a cannula-related 

impairment. B) E2-S infusions into the dorsal striatum had no (more ...)

Site of cannula implant and infusion significantly affected learning in the place task. Rats with hippocampal 

cannulae treated with aCSF took significantly more trials to reach criterion than did UC, untreated ovariectomized 

rats (Figure 2A; median HC-aCSF = 94 and UC = 57; U(9,10) = 8, p < .005). Cannula implantation into the 

striatum had no significant effect on place learning as trials to criterion in rats treated with intrastriatal aCSF 

(median = 63) were similar to those in UC rats (median = 57; Figure 2B; U(7,10) = 24.5, p > .3)

Response learning: cue-rich environment. E2-S injections into the hippocampus had no significant effects 
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on response learning (Figure 3A; median aCSF = 62 and E2-S = 48; U(8,9) = 36, p > .9). E2-S injections into the 

dorsal striatum also had no significant effects on response learning when visual cues were available (Figure 3B; 

median aCSF = 18 and E2-S = 33; U(8,7) = 17.5, p > .2). 

Figure 3 

Learning in the response task following intrahippocampal (A) or intrastriatal (B) infusions. A) E2-

S into the hippocampus was ineffective in modulating response learning. B) E2-S infusions into 

the dorsal striatum also had no significant effects on response (more ...)

Cannula implant status did not significantly affect learning in the response task when cues were available. 

Compared to UC rats (median = 34), trials to reach criterion were not significantly different for rats with HC aCSF 

infusions (median = 62; U(8,8) = 17, p > .1) or for rats with DS aCSF infusions (median = 18; U(8,8) = 25, p > .4).

Response learning: cue-poor (curtained) condition. Performance on the response, cue-poor task was not 

significantly influenced by infusions of E2-S to the hippocampus (Figure 4A). Rats in aCSF and E2-S-treated 

groups demonstrated similar trials to criterion (median aCSF = 41.5 and E2-S = 45; U(8,8) = 26, p > .5). E2-S 

injections into the dorsal striatum impaired performance of response learning when visual cues were obstructed 

(Figure 4B). Rats treated with E2-S took significantly more trials to reach criterion than did rats with vehicle aCSF 

(median aCSF = 18 and E2-S = 40; U (7,7) = 5, p < .02). 

Figure 4 

Learning in the response, cue-poor task following intrahippocampal (A) or intrastriatal (B) 

infusions. A) E2-S into the hippocampus had no significant effect on response learning when 

visual cues were obstructed. Cannula implantation and aCSF infusions (more ...)

Compared to unimplanted, untreated controls, cannula implantation and infusion into the hippocampus impaired 

learning in the response, cue-poor task while implantation into the striatum did not (Figure 4A, B). Specifically, 
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compared to UC rats (median = 19), trials to reach criterion were different for rats with HC aCSF treatments 

(median = 41.5; U(8,11) = 20, p < .05) but not for those with DS aCSF infusions (median = 18; U(7,11) = 38.5; p 

> .9).

Cortical controls. Cortical infusion of E2-S failed to produce significant effects on learning in either the place or 

the response, cue-poor task. Specifically, E2-S infused into the cortex overlying the hippocampus did not enhance 

place learning. No significant group differences in trials to criterion were found between rats with E2-S infusions 

into the cortex overlying the hippocampus (median = 77.5) and rats with aCSF directly into the hippocampus 

(median = 94; U(9,6) = 25, p > .8). Scores were significantly higher in rats with cortical infusions of E2-S than in 

rats with hippocampal treatments of E2-S (median = 63.5; U(6,10) = 11, p < .04; data not shown). Similarly, E2-S 

injections into the cortex overlying the striatum did not significantly impair performance on the response, cue-poor 

task. Trials to reach criterion for rats receiving E2-S into the cortex overlying the striatum (median = 13) were 

similar to those from rats with aCSF to the striatum (median = 18; U(7,4) = 9; p > .3) and were significantly lower 

than values from rats with E2-S to the striatum (median = 40; U(7,4) = 2, p < .03; data not shown).

Effects of task in unimplanted controls. There was a significant task-dependent effect on learning in UC rats, 

i.e. rats that were ovariectomized and without hormone treatment or cannula implantation (H(2,29) = 16.7, p 

< .0005). Specifically, UC rats trained on the place task took significantly longer to reach criterion (median = 57) 

than did rats trained on either the response task (median = 33; p < .02 or the response, cue-poor task (median = 19; 

p < .0005). Scores on the two response tasks were not significantly different from each other (p > .5), though 

performance on the response task without visual cues available was better than performance on the response task 

with cues (see Figures 2, 3, and 4).

Contralateral Rotation: Unilateral Estradiol-3-Sulfate Injections

Compared to vehicle administration, E2-S infusions significantly enhanced rotations contralateral to the treated 

hemisphere. Within-animal comparisons revealed a 29% (± 10%) increase (data not shown; t(7) = 2.8, p < .05) in 

contralateral rotations following unilateral estradiol application. 
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Discussion

Our findings suggest that estrogen acts at distinct neural sites to modulate performance on two maze tasks that 

differ in the cognitive strategy required for successful completion. Specifically, hormone injections into the 

hippocampus but not striatum of ovariectomized rats enhanced place learning, a task requiring the use of 

extramaze cues to find a food reward. The enhancement following intrahippocampal estrogen treatment reflected a 

reversal of impairment caused by cannula implantation. Conversely, intrastriatal estrogen impaired response 

learning when access to visual cues was diminished, a task in which rats are rewarded for making the correct body 

turn. Importantly, intrahippocampal injections were ineffective in modulating response learning with or without 

cues available. Together, these data suggest that estrogen enhances and impairs learning in a site-specific manner, 

effects that cannot be explained by actions at any single structure.

The faster learning on the response tasks observed in the unimplanted control rats mirrors our previous findings 

(Korol and Kolo, 2002) in which rats that were ovariectomized and hormone deprived for three weeks, i.e. the 

duration used presently, performed better on a response than on a place task. Performance on other tasks that also 

tap function of the dorsal striatum, e.g. cued versions of the swim and radial maze tasks, is enhanced in rats with 

relatively low estrogen status (Daniel and Lee, 2004; Galea et al. 2001).

Site-specific dissociations in the modulation of memory systems

Functional dissociations between the hippocampus and striatum are well established, where lesions of each 

structure impair a specific type of task. Hippocampal or fornix lesions impair the use of extramaze cues to navigate 

through a maze, whereas striatal lesions impair the use of body-movement and intramaze cues (Packard and 

McGaugh, 1992; Kesner et al., 1993). These patterns in learning support the well-known belief that each structure 

is specialized for processing specific types of information or attributes (for review see White and McDonald, 

2002). Our data support distinct roles for the hippocampus and striatum in learning, and suggest that estrogen acts 

within those established parameters by affecting place learning through actions at the hippocampus and response 

learning through actions at the striatum. 

The finding that E2-S infusions into the hippocampus enhance place learning is supported by converging lines of 

work demonstrating robust effects of intrahippocampal estrogen on other cognitive behaviors and on direct 

measures of hippocampal function (for review see Dohanich, 2002). Intrahippocampal infusions of estradiol-

cyclodextrin, a rapidly metabolized form of estrogen, enhance 24-hour memory in the spatial version of the swim 

task in male and ovariectomized female rats (Packard and Teather, 1997c). Further, chronic (Gibbs, 1999) 
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systemic estrogen treatments attenuate the cognitively impairing effects of cholinergic muscarinic antagonists 

delivered to the hippocampus on delayed matching to position tasks, supporting further estrogen’s potential actions 

at the hippocampus and interactions with the cholinergic system. Consistent with a synergistic role of estrogen and 

acetylcholine, systemically administered doses of scopolamine that alone were subeffective on performance in the 

swim task, blocked the learning enhancement caused by intrahippocampal estrogen injections (Packard et al., 

1996). Potentiated acetylcholine release in the hippocampus has been demonstrated following potassium 

stimulation (Gibbs et al. 1997) or maze learning (Marriott and Korol, 2003). The finding that estrogen facilitates 

forebrain cholinergic activity has been shown using many other approaches (Luine, 1985; Singh et al., 1994; Gibbs 

et al. 2004; Simpkins et al., 1997), and reflects one candidate mechanism through which estrogen modulates 

hippocampal inhibition (Rudick et al. 2003) and NMDA receptor properties (Daniel and Dohanich, 2001). Given 

these data showing extensive estrogen effects on hippocampal function, as well as findings linking estrogen to 

learning-associated synaptic plasticity, such as long-term potentiation (Cordoba Montoya and Carrer, 1997; Foy et 

al., 1999), long-term depression (Day and Good, 2005) dendritic spine formation (Gould et al., 1990; Woolley and 

McEwen, 1993) and phosphorylation of cAMP response element binding protein (Wade and Dorsa, 2003), it is not 

surprising that direct estrogen infusions enhance place learning, a cognitive function shown to be sensitive to 

hippocampal manipulations.

The current experiments test directly the effects of striatal estrogen on striatum sensitive learning. Others have 

shown that enhancements in learning following peripheral injections of estrogen are not associated with changes in 

striatal muscarinic receptor binding (Vaucher et al., 2002) or acetylcholinesterase activity (Das et al., 2002). 

However, the tasks used in these studies, object recognition memory and single-trial passive avoidance, 

respectively, may fail to engage the striatum sufficiently, or the measure, cholinergic muscarinic receptor binding, 

may not reflect the neural mechanism related to the tasks. In addition to our previous work using systemic 

injections (Korol and Kolo, 2002), findings from others show that elevations in peripheral estrogen impair 

performance on tasks sensitive to striatal manipulations. Learning in a cued win-stay task was impaired by daily 

injections of estradiol 4 hrs prior to training (Galea et al. 2001). Furthermore, when trained on tasks that have 

multiple solutions, rats with high plasma estradiol prefer to use extramaze cues, similar to the presumptive strategy 

used during place learning (Korol et al., 2004), whereas rats with low plasma estradiol use striatum-sensitive body 

movements (Korol et al., 2004) or intramaze cues (Daniel and Lee, 2004). Consistent with the logic that low 

estrogen profiles may promote the use of non-hippocampal strategies, rats with low plasma estradiol are more 

attentive to intramaze cues than are those with high levels (Tropp and Markus, 2001).

The finding that rats receiving E2-S into the striatum were impaired on response learning only when the visual 
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cues were reduced is somewhat different from predictions based on our results with systemic injections, that 

striatal estrogen would impair learning in the cue-rich response task. The need to obstruct the room cues in order to 

observe impairments by intrastriatal estrogen suggests that when present, extra-maze cues may be used to solve the 

response task and that structures other than the striatum participate in solving the cue-rich response task. Thus, 

following systemic estrogen treatment, impairments in response learning with visual cues present (e.g. Korol and 

Kolo, 2002) may result from additive actions of estrogen at the striatum and at other structures. Supporting these 

possibilities, Chang and Gold (2004) found that lidocaine infusions into the striatum of young adult males 

disrupted response learning in a visually cue-poor but not cue-rich environment. There are other reports showing 

that impairing striatal function allows the use of hippocampus-sensitive strategies on dual solution tasks 

(McDonald and White, 1994; Packard and McGaugh, 1996; Devan and White, 1999; Okaichi, 2001).

How estrogen acts at the striatum to produce learning impairments is still in question. Despite the paucity of 

nuclear alpha and beta estrogen receptors, (Shughrue et al., 1997) there is evidence that estrogen can both augment 

and dampen striatal neurotransmitter function. Compared to estrogen deprivation, estrogen treatment in 

ovariectomized rats enhances dopamine release (Becker and Beer, 1986) and appears to act directly at striatal 

neurons (Becker, 1990). Postsynaptically, estradiol increased the quantity (Roy et al., 1990; Bazzett and Becker, 

1994) and density (Falardeau and Di Paolo, 1987) of D2 dopamine receptors. Given the robust actions of estrogen 

on dopamine function, it is likely that estrogen may impair response learning by acting on striatal dopamine 

function. An estrogen-induced effect on D2 receptors has recently been connected to striatum-sensitive learning. 

Sensitivity to the impairing effects of D2, but not D1, receptor antagonists on accuracy in a task using response 

strategies was enhanced in ovariectomized rats chronically treated with estradiol compared to cholesterol vehicle 

(Daniel et al., 2006).

Paradoxically, numerous studies suggest that increasing striatal dopamine activity, a documented effect of 

estrogen, enhances performance on striatum-sensitive tasks, not impairs function as our data suggest. For example, 

D2 dopamine receptor agonists injected into the striatum enhanced performance on a win-stay task (Packard and 

White, 1991), a task shown to be sensitive to striatal lesions (McDonald and White, 1993). Moreover, substantia 

nigra lesions that damage dopaminergic afferents to the striatum impaired learning the cued version of the swim 

task (Miyoshi et al. 2002; Da Cunha et al., 2003), again a task that is thought to engage striatum-sensitive learning 

strategies (Packard and McGaugh, 1992). Differences in the dynamics of dopamine release and receptor kinetics 

may account for discrepancies between our findings and anticipated results based on studies using acute 

pharmacological treatments. Forty-eight hours of estrogen exposure may produce patterns of dopamine related 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (15 of 26)12/3/2008 11:17:30 AM



ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

activity that are very different from those resulting from pre-training infusions of dopamine agonists and 

antagonists (Becker, 1999).

Estrogen’s effects on striatum to regulate learning may also extend beyond its actions on dopamine to other 

neurotransmitter systems. Estradiol treatment leads to increased ChAT activity in the striatum (Gibbs, 1996), 

which in turn may lead to increased cholinergic inhibition of striatal output (Bonsi et al., 2003; Zhou et al., 2002). 

Furthermore, estradiol has been shown to decrease NMDA and AMPA receptor binding in striatum (Cyr et al., 

2000), supporting the possibility that estrogen may weaken neural plasticity in the striatum and impair response 

learning.

Confinement of estrogen actions to the site of interest

Estrogen infusions into the cortex overlying the hippocampus and striatum did not reproduce effects seen with 

direct infusions into the structures. In rats receiving E2-S into the cortex overlying the hippocampus, performance 

was significantly worse compared to rats with E2-S treatments into the hippocampus but was not different from 

that in rats receiving aCSF. Thus, estrogen in the cortex was not an effective modulator of place learning. 

Complementary findings were obtained with infusions into the cortex dorsal to the striatum. Taken together the 

results suggest that the enhancement of place learning and impairment of response learning did not result from the 

spread of hormone into the overlying cortex. This lends further support to the idea that E2-S has site-specific 

actions on different attributes of learning. 

Cannula-related impairments in learning

The presence of intrahippocampal, but not intrastriatal, cannulae appeared to impair learning in the place task. 

Even small hippocampal lesions amounting to less than 20% of total hippocampal volume, can result in impaired 

acquisition and probe test performance on a spatial swim task (Moser, Moser and Andersen, 1993). The high 

sensitivity to disruption of the hippocampus is possibly due to the ordered projection pathways within the structure 

and the presence of longitudinal fibers running along the dorsal surface (Amaral and Witter, 1995). Therefore, a 

small amount of damage could block processing required by a larger portion of the hippocampus. 

As noted above, a substantial body of literature suggests that blocking striatal but not hippocampal function 

impairs egocentric learning (Kesner et al. 1993; Kobayashi and Iwasaki, 2000) and prevents the use of an 

egocentric strategy (Packard and McGaugh, 1996). Thus, it was surprising that response learning without cues was 

impaired by cannula implantation into the hippocampus but was impervious to striatal cannulae. Differences in 
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training procedures may contribute to this apparent discrepancy. Many of the reports supporting the idea of 

multiple, independent memory systems used training paradigms spanning multiple days, compared to the single-

day massed training used in the present study. Recent findings demonstrate a transient rise in hippocampal 

acetylcholine during massed training in a cue-poor response task in conjunction with the expected increase during 

place learning (Pych et al., 2005). Thus, early in training the hippocampus was activated during both place and 

response learning tasks.

Further support for a role of the hippocampus during response learning comes from studies of unit activity in 

hippocampus and striatum during tests of place and response learning. Unit activity in hippocampal neurons 

correlates not only to location, but also to egocentric movements, heading direction, and behavioral trajectories 

(Mizumori et al., 2004). Neural representations in both structures include information important for both tasks, 

such that disrupting hippocampal integrity would interfere with certain components of response learning. The 

relative increased sensitivity of the hippocampus to lesions might translate into impaired learning in both tasks 

following hippocampal cannula implantation. Importantly, despite the effects of hippocampal damage on place and 

response tasks, relative to aCSF controls, estrogen treatments to the hippocampus were only effective in 

modulating learning for the place task, constraining the effects of estrogen to neural site and task.

Estrogen enhances place and impairs response through independent 

mechanisms

Our results that, relative to vehicle controls, intrahippocampal estrogen enhanced place learning and intrastriatal 

estrogen impaired response learning suggest that estrogen acts in a site-specific manner without altering the 

competitive balance between the hippocampal and striatal memory systems. The independent action of estrogen at 

the hippocampus and striatum is somewhat different from what is reported in male rats following structural or 

functional lesions. When global manipulations of function are made with lidocaine inactivation or hippocampal 

lesions, interactions between hippocampus and striatum emerge. The findings that fornix lesions in male rats 

enhanced a cued win-stay task (Packard et al., 1989; McDonald and White, 1993) popularized the idea of 

competition between memory systems: intact functioning of the hippocampus may impede learning of a striatum-

sensitive task by “winning” control over information access and behavioral responses during learning. Other work 

demonstrating that disrupting hippocampal functioning enhances response learning confirmed this finding 

(Schroeder et al., 2002; Chang and Gold, 2003). 

More selective manipulations, such as intrahippocampal injections of acetylcholine antagonists (Kobayashi and 

Iwasaki, 2000) or dopamine agonists (Packard and White, 1991), do not produce the same results. Thus, it is 
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possible that intrahippocampal and intrastriatal estrogen failed to modulate performance on the noncanonical tasks, 

e.g. response and place learning, respectively, because estrogen’s actions on the function of the regions are 

neurochemically specific and, thus, too selective to produce a shift in the competitive balance between the 

hippocampus and striatum.

It is unlikely that the sulfated form of estradiol was ineffective in both neural structures. We showed that unilateral 

infusions of 17β-estradiol 3-sulfate sodium into the striatum were capable of increasing proportion of contralateral 

rotations, an established effect of 17β-estradiol when applied unilaterally to the striatum (Roy et al., 1990), 

supporting the idea that sulfated estradiol acts similar to free estradiol at least in striatum. Steroid sulfatases are 

found in brain tissue (Steckelbroeck et al., 2004) and may be important for regulating neurosteroid modulation of 

spatial memory and other hippocampal functions (Johnson et al., 2000). Furthermore, based on in vitro 

transcription assays with estradiol (Harrington et al., 2003) it is likely that the 0.5 •M dose of estradiol sulfate used 

in our studies is fully able to modulate gene activation through both ERα and ERβ. However, because complete 

dose-response functions were not included in the current studies we cannot fully exclude the possibility that doses 

of estradiol sulfate necessary to produce the competitive interactions between hippocampus and striatum are 

different from those needed to demonstrate direct enhancements or impairments. For example, while 0.5 •M E2-S 

in hippocampus may be sufficient to enhance place learning, it may not be the optimal or effective dose to 

modulate response learning. In any event, the opposing effects of estradiol on place and response learning can be 

shown when applied directly to the hippocampus and striatum.

Summary and conclusions

Our findings suggest that estrogen’s effects on place and response learning result from independent actions at the 

hippocampus and striatum, respectively. The enhancement of place learning is supported by a broad literature 

reporting many effects of estrogen on the neurochemistry and physiology of the hippocampal system. The neural 

mechanisms that underlie the impairment of response learning are less clear, but may relate to downstream 

consequences in the striatum of estrogen-induced modulation of dopaminergic activity (Becker and Beer, 1986; 

Clopton and Gordon, 1986; Falardeau and Di Paolo, 1987), cholinergic function (Euvrard et al, 1979; Gibbs, 

1996), or glutamatergic processes such as binding to the NMDA receptor (Cyr et al., 2000). In particular, the 

failure of intrahippocampal infusions to affect response learning suggests that the modulation estrogen imposes on 

hippocampal neurons may be too selective or too weak to cause changes in striatum-sensitive tasks. However, it 

should be noted that both hippocampus-sensitive and striatum-sensitive learning engage processes throughout the 

brain, including the amygdala (Packard and Teather, 1998; McIntyre et al., 2003) and frontal cortex (Becker et al., 
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1980; Kolb et al., 1982), areas shown to respond to estrogen treatments (Ansonoff and Etgen, 2001; Cyr et al., 

2000; Edwards et al., 1999; Womble et al., 2002). Examination of these and other structures need to be made in 

order to understand fully the modulatory effects of estrogen on different components of cognition. 

 Abbreviations Used In Text

aCSF artificial cerebrospinal fluid

DS dorsolateral striatum

E2 17β-estradiol

E2-S 17 β-estradiol 3-sulfate

UC unimplanted controls

HC dorsal hippocampus

i.p intraperiotoneal

•L microliters

n number of animals in a group

s.c subcutaneous

 

 Footnotes

1Supported by NSF IBN 0081061, IOB 0520876, and NIH/HD07333

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the 

resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which 

could affect the content, and all legal disclaimers that apply to the journal pertain.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (19 of 26)12/3/2008 11:17:30 AM



ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

Top

Abstract

Experimental Procedures

Results

Discussion

Works Cited

Works Cited

●     Amaral, DG; Witter, MP. Hippocampal formation. In: Paxinos G. , editor. The rat nervous system. San Diego: Academic Press; 1995. 

pp. 443–493. 

●     Ansonoff, MA; Etgen, AM. Estrogen increases G protein coupled receptor kinase 2 in the cortex of female rats. Brain Res. 

2001;898:186–189. [PubMed] 

●     Bazzett, TJ; Becker, JB. Sex differences in the rapid and acute effects of estrogen on striatal D2 dopamine receptor binding. Brain Res. 

1994;637:163–172. [PubMed] 

●     Becker, JB. Direct effect of 17 beta-estradiol on striatum: sex differences in dopamine release. Synapse. 1990;5:157–164. [PubMed] 

●     Becker, JB. Gender differences in dopaminergic function in striatum and nucleus accumbens. Pharmacology, Biochemistry and 

Behavior. 1999;64:803–812. 

●     Becker, JB; Beer, ME. The influence of estrogen on nigrostriatal dopamine activity: behavioral and neurochemical evidence for both 

pre- and postsynaptic components. Behav Brain Res. 1986;19:27–33. [PubMed] 

●     Becker, JT; Walker, JA; Olton, DS. Neuroanatomical bases of spatial memory. Brain Res. 1980;200:307–320. [PubMed] 

●     Bimonte, HA; Denenberg, VH. Estradiol facilitates performance as working memory load increases. Psychoneuroendocrinology. 

1999;24:161–173. [PubMed] 

●     Bonsi, P; Florio, T; Capozzo, A; Pisani, A; Calabresi, P; Siracusano, A; Scarnati, E. Behavioural learning-induced increase in 

spontaneous GABAa-dependent synaptic activity in rat striatal cholinergic interneurons. Eur J Neurosci. 2003;17:174–178. [PubMed] 

●     Chang, Q; Gold, PE. Intrahippocampal lidocaine injections impair acquisition of a place task and facilitate acquisition of a response 

task in rats. Behav Brain Res. 2003;144:19–24. [PubMed] 

●     Chang, Q; Gold, PE. Inactivation of dorsolateral striatum impairs acquisition of response learning in cue-deficient, but not cue-

available conditions. Behav Neurosci. 2004;118:383–388. [PubMed] 

●     Clopton, J; Gordon, JH. In vivo effects of estrogen and 2-hydroxyestradiol on D-2 dopamine receptor agonist affinity states in rat 

striatum. J Neural Transm. 1986;66:13–20. [PubMed] 

●     Cook, D; Kesner, RP. Caudate nucleus and memory for egocentric localizatin. Behav Neural Biol. 1988;49:332–343. [PubMed] 

●     Cordoba Montoya, DA; Carrer, HF. Estrogen facilitates induction of long term potentiation in the hippocampus of awake rats. Brain 

Res. 1997;778:430–438. [PubMed] 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (20 of 26)12/3/2008 11:17:30 AM

javascript:return(false);
javascript:return(false);
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0psTJiWfeBrXIxixtUMnvckMxuVjVKGpJLyO1rQ_I&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11292465
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0pwwCsUxEM8JT9l9aw3IAbpjKFut-LaIcrWtHKA_R&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8180794
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0XECey6c5EXKRtx4ss44fKPrKs8ib4niFcJTRBATg&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/2309159
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0Lc9_AyekYfEBx2p_aplVaPx-KmV3CYct83rPQQnU&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/3954864
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0R9lrkLBVJHgS20eqCdroDwFsrxI7VMcpnPB2JkCB&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/7417818
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0FWETXoqUVQBcVIgDWey0i4KI54MG6vOoe-lYoQ5v&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10101725
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=00GmOkOpf1qetZG6fCFKIspqklnGqDXnmnDPP7k52&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12534982
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0jQxq4joOrzwDpJWqTHD-4aCR-8OGsEpnjpPvzkf7&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12946591
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0LeyHQ1tzPcvwB1hk09uEOkFNpY091vbLpvd5u5TV&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15113264
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0-qDy8Kol14_NMZs4FUcnI3_rot1izIw6B5GgGAqp&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/3734774
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0JmV_alyaq4bVEUgtNCHyXlZTF_WnCPpVk1EWIks1&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/3408445
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0FohCw08bloLBDRhrOq2tdeCvVO89cNq_Vk6UVQR7&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9459564


ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

●     Cyr, M; Ghribi, O; Di Paolo, T. Regional and selective effects of oestradiol and progesterone on NMDA and AMPA receptors in the 

rat brain. J Neuroendocrinol. 2000;12:445–452. [PubMed] 

●     Da Cunha, C; Wietzikoski, S; Wietzikoski, EC; Miyoshi, E; Ferro, MM; Anselmo-Franci, JA; Canteras, NS. Evidence for the 

substantia nigra pars compacta as an essential component of a memory system independent of the hippocampal memory system. 

Neurobiol Learn Mem. 2003;79:236–242. [PubMed] 

●     Daniel, JM; Dohanich, GP. Acetylcholine mediates the estrogen-induced increase in NMDA receptor binding in CA1 of the 

hippocampus and the associated improvements in working memory. J Neurosci. 2001;21:6946–6956. 

●     Daniel, JM; Fader, AJ; Spencer, AL; Dohanich, GP. Estrogen enhances performance of female rats during acquisition of a radial arm 

maze. Horm Behav. 1997;32:217–225. [PubMed] 

●     Daniel, JM; Lee, CD. Estrogen replacement in ovariectomized rats affects strategy selection in the Morris water maze. Neurobiol 

Learn Mem. 2004;82:142–149. [PubMed] 

●     Daniel, JM; Sulzer, JK; Hulst, JL. Estrogen increases the sensitivity of ovariectomized rats to the disruptive effects produced by the 

antagonism of D2 but not D1 dopamine receptors during performance of a response learning task. Horm Behav. 2006;49:38–

44. [PubMed] 

●     Das, A; Dikshit, M; Srivastava, SR; Srivastava, UK; Nath, C. Effect of ovariectomy and estrogen supplementation on brain 

acetylcholinesterase activity and passive-avoidance learning in rats. Can J Physiol Pharmacol. 2002;80:907–914. [PubMed] 

●     Day, M; Good, M. Ovariectomy-induced disruption of long-term synaptic depression in the hippocampal CA1 region in vivo is 

attenuated with chronic estrogen replacement. Neurobiol Learn Mem. 2005;83:13–21. [PubMed] 

●     Devan, BD; White, NM. Parallel information processing in the dorsal striatum: relation to hippocampal function. J Neurosci. 

1999;19:2789–2798. [PubMed] 

●     Dohanich, GP. Gonadal steroids, learning and memory. In: Pfaff DW, Arnold AP, Etgen AM, Fahrbach SE, Rubin RT. , editors. 

Hormones brain and behavior. Vol. 2. San Diego: Academic Press; 2002. pp. 265–327. 

●     Edwards, HE; Burnham, WM; Mendonca, A; Bowlby, DA; MacLusky, NJ. Steroid hormones affect limbic afterdischarge thresholds 

and kindling rates in adult female rats. Brain Res. 1999;838:136–150. [PubMed] 

●     Euvrard, C; Labrie, F; Boissier, JR. Effect of estrogen on changes in the activity of striatal cholinergic neurons induced by DA drugs. 

Brain Res. 1979;169:215–220. [PubMed] 

●     Fader, AJ; Hendricson, AW; Dohanich, GP. Estrogen improves performance of reinforced T-maze alternation and prevents the 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (21 of 26)12/3/2008 11:17:30 AM

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=067Mul3mXmmjPgOIHjn8tdRYB5LfMDXDIAJFxTAi3&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10792584
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0davaBQfUuIJR8oxftOW6bK6P-05V6rC_DnD0vQjY&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12676522
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0TOQuaqM14Tbp-0IFXY7efE7iSbyyds6MlLYGLQU_&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9454673
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0l_ukeZEwdYfu_03Awm9h3TDOdRlxARhW3u0CDQ0Y&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15341799
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0bWZeSyaMqL6ZZ5SoYneOoxfYMrLnT05SBtJl9QiX&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15936760
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0Ns9_1JUh5v2DVWu0yIz16B24jKnKSd8j5lnJmQJH&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12430986
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0R_0TYxmfztZM4Amsl4-ccbbi0IQB0ZnfOl9HRQaf&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15607684
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0NU2B69CoU57RPswX-0juWVQEhIaNz5ph7ZzYG5ly&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10087090
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0VYqRns_Vs-B2mgRgeQrI6uiZbHPqBgtfJUC6X5Aq&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10446326
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0di44ugBlyrPoKbV-WLRP5F5Z0ma7iVaBQ6J6-QSK&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/455094


ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

amnestic effects of scopolamine administered systemically or intrahippocampally. Neurobiol Learn Mem. 1998;69:225–240. [PubMed] 

●     Fader, AJ; Johnson, PE; Dohanich, GP. Estrogen improves working but not reference memory and prevents amnestic effects of 

scopolamine of a radial-arm maze. Pharmacol Biochem Behav. 1999;62:711–717. [PubMed] 

●     Falardeau, P; Di Paolo, T. Regional effect of estradiol on rat caudate-putamen dopamine receptors: lateral-medial differences. Neurosci 

Lett. 1987;74:43–48. [PubMed] 

●     Foy, MR; Xu, J; Xie, X; Brinton, RD; Thompson, RF; Berger, TW. 17beta-estradiol enhances NMDA receptor-mediated EPSPs and 

long-term potentiation. J Neurophysiol. 1999;81:925–929. [PubMed] 

●     Galea, LA; Wide, JK; Paine, TA; Holmes, MM; Ormerod, BK; Floresco, SB. High levels of estradiol disrupt conditioned place 

preference learning, stimulus response learning and reference memory but have limited effects on working memory. Behav Brain Res. 

2001;126:115–126. [PubMed] 

●     Gibbs, RB. Fluctuations in relative levels of choline acetyltransferase mRNA in different regions of the rat basal forebrain across the 

estrous cycle: effects of estrogen and progesterone. J Neurosci. 1996;16:1049–1055. [PubMed] 

●     Gibbs, RB. Estrogen replacement enhances acquisition of a spatial memory task and reduces deficits associated with hippocampal 

muscarinic receptor inhibition. Horm Behav. 1999;36:222–233. [PubMed] 

●     Gibbs, RB. Long-term treatment with estrogen and progesterone enhances acquisition of a spatial memory task by ovariectomized 

aged rats. Neurobiol Aging. 2000;21:107–116. [PubMed] 

●     Gibbs, RB; Gabor, R; Cox, T; Johnson, DA. Effects of raloxifene and estradiol on hippocampal acetylcholine release and spatial 

learning in the rat. Psychoneuroendocrinology. 2004;29:741–748. [PubMed] 

●     Gibbs, RB; Hashash, A; Johnson, DA. Effects of estrogen on potassium-stimulated acetylcholine release in the hippocampus and 

overlying cortex of adult rats. Brain Res. 1997;749:143–146. [PubMed] 

●     Gould, E; Woolley, CS; Frankfurt, M; McEwen, BS. Gonadal steroids regulate dendritic spine density in hippocampal pyramidal cells 

in adulthood. J Neurosci. 1990;10:1286–1291. [PubMed] 

●     Harrington, WR; Sheng, S; Barnett, DH; Petz, LN; Katzenellenbogen, JA. Activities of estrogen receptor α- and β-selective ligands at 

diverse estrogen responsive gene sites mediating transactivation or transrepression. Mol Cell Endocrinol. 2003;206:13–22. [PubMed] 

●     Johnson, DA; Wu, T; Li, P; Maher, TJ. The effect of steroid sulfatase inhibition on learning and spatial memory. Brain Res. 

2000;865:286–290. [PubMed] 

●     Kesner, RP; Bolland, BL; Dakis, M. Memory for spatial locations, motor responses, and objects: triple dissociation among the 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (22 of 26)12/3/2008 11:17:30 AM

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0LijIfjAs0Gdils9ORbuigKOrtq2kAFgW6BdBmQSj&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9707487
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0nGdwitnD1QTAu740x5ACy-9YXcASXalTZLvQxQZ_&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10208377
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=08Oc_h-j50cK6jOyQ3jM1wc9XD1u0NJMXRijA45no&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/2951620
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0x7yrq1r0iU3IId-Gfs2kqt7T-AZaQVNLlzrWnQs5&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10036289
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0R1VfE17hApA-MQyCWeFfjSSVeuLQrNZihTco-Ai6&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11704257
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0-cM2LPMdAoWLi6_QZyRWDJjsGSOn-tAHgevQmksI&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8558233
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0XKPBOvcjd5GpT6vkei5JGrlW-JCBJyYTpGfJMkAv&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10603286
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0RIl-dtVmewxqRiMmFVhTpUnudeH0CcXUevxzt58w&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10794855
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0fKhj6kl_T1t7cSazBcORhVUIlUZUi72qX_P9RQbV&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15110923
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0poPUXtFwmGYZ5r9vEqnZndIMO2M0fgR5INum0AOi&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9070640
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0zqISF8q8zcC1WbmHiwfjj8Zcmpj6wWFX9fDM25Sd&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/2329377
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0d3uAnPvKSTmhR-qf1N8_-zCMCZlim4AkmVTCAQNv&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12943986
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0di32TOtuOcWFB2LlXWL4ovtnHFK1rkUYzH4URAw8&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10821934


ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

hippocampus, caudate nucleus, and extrastriate visual cortex. Exp Brain Res. 1993;93:462–470. [PubMed] 

●     Kobayashi, T; Iwasaki, T. Functional dissociation of striatal and hippocampal cholinergic systems in egocentric and allocentric 

localization: effect of overtraining. Nihon Shinkei Seishin Yakurigaku Zasshi. 2000;20:113–121. [PubMed] 

●     Kolb, B; Pittman, K; Sutherland, RJ; Whishaw, IQ. Dissociation of the contributions of the prefrontal cortex and dorsomedial thalamic 

nucleus to spatially guided behavior in the rat. Behav Brain Res. 1982;6:365–378. [PubMed] 

●     Korol, DL. Role of estrogen in balancing contributions from multiple memory systems. Neurobio Learn Mem. 2004;82:309–323. 

●     Korol, DL; Kolo, LL. Estrogen-induced changes in place and response learning in young adult female rats. Behav Neurosci. 

2002;116:411–420. [PubMed] 

●     Korol, DL; Malin, EL; Borden, KA; Busby, RA; Couper-Leo, JM. Shifts in preferred learning strategy across the estrous cycle in 

female rats. Horm Behav. 2004;45:330–338. [PubMed] 

●     Long, JA; Evans, HM. The oestrous cycle in the rat and its associated phenomena. Mem Univ Calif. 1922;6:1–148. 

●     Luine, VN. Estradiol increases choline acetyltransferase activity in specific basal forebrain nuclei and projection areas of female rats. 

Exp Neurol. 1985;89:484–490. [PubMed] 

●     Luine, VN; Richards, ST; Wu, VY; Beck, KD. Estradiol enhances learning and memory in a spatial memory task and effects levels of 

monoaminergic neurotransmitters. Horm Behav. 1998;34:149–162. [PubMed] 

●     Marriott, LK; Korol, DL. Short-term estrogen treatment in ovariectomized rats augments hippocampal acetylcholine release during 

place learning. Neurobiol Learn Mem. 2003;80:315–322. [PubMed] 

●     Matthews, DB; Best, PJ. Fimbria/fornix lesions facilitate the learning of a non-spatial response task. Psychon Bull Rev. 1995;2:113–

116. 

●     McDonald, RJ; White, NM. A triple dissociation of memory systems: hippocampus, amygdala, and dorsal striatum. Behav Neurosci. 

1993;107:3–22. [PubMed] 

●     McDonald, RJ; White, NM. Parallel information processing in the water maze: evidence for independent memory systems involving 

dorsal striatum and hippocampus. Behav Neural Biol. 1994;61:260–270. [PubMed] 

●     McIntyre, CK; Marriott, LK; Gold, PE. Cooperation between memory systems: acetylcholine release in the amygdala correlates 

positively with performance on a hippocampus-dependent task. Behav Neurosci. 2003;117:320–326. [PubMed] 

●     Miyoshi, E; Wietzikoski, S; Camplessei, M; Silveira, R; Takahashi, RN; Da Cunha, C. Impaired learning in a spatial working memory 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (23 of 26)12/3/2008 11:17:30 AM

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0beqvDFPpB09uX-xRyZFKBH7nD-hQC1d_x2f52QC7&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8519335
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0H9Ftd_IfH1ARK_C_J7mI6mx7v7M6J7mrOd1G55IP&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11215152
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=009x0YnzWuj4pXR2e7-p-YNOYfQif3NL-JqCfBQ-B&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/7171389
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0xKJ47ZT2w2gdPU28lbO8CeEY4lKuP7NwfhjZ4QWy&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12049322
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0tA68Wy3wK1FxFN0syg1lUHTa-t52d_X6SItJYQkk&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15109907
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0dg_dWh36TXc1Bg4cOhEpvfzATTcwHuSfLr5wsQ_t&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/2990988
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=02OgBKgXIJtagX2BuKiE2tFcfY0q_iPboRIe8g58Q&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9799625
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0XGJoD_-7nQZv5Z8ow4wu2NrDpI0wbL2XNX8bsQ-L&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/14521873
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=063kzWxJPS-MzS8xE5wEYa7oe9NqqMQKn3rY-nk6-&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8447956
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=029NEKZ09puyDe8MlED9bZFOJbGpxlABT6VK0S5J_&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8067981
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0RGk8BKO8dNfFr3V4HKyeCEVGjZXfW8fMDCRyOkC9&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12708528


ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

version and in a cued version of the water maze in rats with MPTP-induced mesencephalic dopaminergic lesions. Brain Res Bull. 

2002;58:41–47. [PubMed] 

●     Mizumori, SJ; Yeshenko, O; Gill, KM; Davis, DM. Parallel processing across neural systems: implications for a multiple memory 

system hypothesis. Neurobiol Learn Mem. 2004;82:278–298. [PubMed] 

●     Moser, E; Moser, MB; Andersen, P. Spatial learning impairment parallels the magnitude of dorsal hippocampal lesions, but is hardly 

present following ventral lesions. J Neurosci. 1993;13:3916–3925. [PubMed] 

●     Okaichi, H. Effects of dorsal-striatum lesions and fimbria-fornix on the problem-solving strategies of rats in a shallow water maze. 

Cogn Affect Behav Neurosci. 2001;1:229–238. [PubMed] 

●     Packard, MG; Hirsh, R; White, NM. Differential effects of fornix and caudate nucleus lesions on two radial maze tasks: evidence for 

multiple memory systems. J Neurosci. 1989;9:1465–1472. [PubMed] 

●     Packard, MG; Kohlmaier, JR; Alexander, GM. Posttraining intrahippocampal estradiol injections enhance spatial memory in male rats: 

interaction with cholinergic systems. Behav Neurosci. 1996;110:626–632. [PubMed] 

●     Packard, MG; McGaugh, JL. Double dissociation of fornix and caudate nucleus lesions on acquisition of two water maze tasks: further 

evidence for multiple memory systems. Behav Neurosci. 1992;106:439–446. [PubMed] 

●     Packard, MG; McGaugh, JL. Inactivation of hippocampus or caudate nucleus with lidocaine differentially affects expression of place 

and response learning. Neurobiol Learn Mem. 1996;65:65–72. [PubMed] 

●     Packard, MG; Teather, LA. Posttraining estradiol injections enhance memory in ovariectomized rats: cholinergic blockade and 

synergism. Neurobiol Learn Mem. 1997a;68:172–188. [PubMed] 

●     Packard, MG; Teather, LA. Double dissociation of hippocampal and dorsal-striatal memory systems by posttraining intracerebral 

injections of 2-amino-5-phosphonopentanoic acid. Behav Neurosci. 1997b;111:543–551. [PubMed] 

●     Packard, MG; Teather, LA. Intra-hippocampal estradiol infusion enhances memory in ovariectomized rats. Neuroreport. 

1997c;8:3009–3013. [PubMed] 

●     Packard, MG; Teather, LA. Amygdala modulation of multiple memory systems: hippocampus and caudate-putamen. Neurobiol Learn 

Mem. 1998;69:163–203. [PubMed] 

●     Packard, MG; White, NM. Dissociation of hippocampus and caudate nucleus memory systems by posttraining intracerebral injection 

of dopamine agonists. Behav Neurosci. 1991;105:295–306. [PubMed] 

●     Paxinos, G; Watson, C. The rat brain in stereotaxic coordinates. North Ryde, NSW, Australia: Academic Press; 1986. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (24 of 26)12/3/2008 11:17:30 AM

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0JcCZ24YT_KukMCwl2EliMZixyyOEOX3j71FIoQBM&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12121811
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0fKBj81c5TV3sCub7cKA_zaAbqS2oqAUHj951IA3s&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15464410
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0pOh_gCSCULh2HcH0eI2VukkX4h9L2GM_6jRqB5lH&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8366351
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0noHCQWo0q-ZDGxoWGUmqKblg2EHiiOct-iHFM59y&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12467123
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0BQ_Ya1l3YAZig9Dx7vP63GbEjnaPgoNZUNvCqkIA&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/2723738
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0lYznL9D6f8yW0wbbveN2M1n-00PmFIFhvl_7d56Y&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8889009
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0nUjF5eADdz-wB4CCqCdSzxnamjOBV2Kxfns0d5NN&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/1616610
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=08k9EYyXWEY4ZMDhiW8iC7V1VWj3uwWn6m3ZjkArq&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8673408
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=02QvOMReYekK4Oezdevl92z70kKCxR-Z4lP43YQ3A&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9322259
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0NUocK7E04GtzT4yFbc3MCJH1k2My634k3DQWtAGh&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9189269
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0r7pnUYdR4df24aQI8nZH-95zFhzmUxeO8uuj3AZL&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9331907
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0FwhcX1SrN72nsQzqT3DDd8TjEcINfLhsLMyag55r&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9619995
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=00M2AN0iZJJefSIOeg-CfY1mLWkzl60i_yzD-5kkV&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/1675062


ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

●     Pych, JC; Chang, Q; Colon-Rivera, C; Haag, R; Gold, PE. Acetylcholine release in the hippocampus and striatum during place and 

response training. Learn Mem. 2005;12:564–572. [PubMed] 

●     Roy, EJ; Buyer, DR; Licari, VA. Estradiol in the striatum: effects on behavior and dopamine receptors but no evidence for membrane 

steroid receptors. Brain Res Bull. 1990;25:221–227. [PubMed] 

●     Rudick, CN; Gibbs, RB; Woolley, CS. A role for the basal forebrain cholinergic system in estrogen-induced disinhibition of 

hippocampal pyramidal cells. J Neurosci. 2003;23:4479–4490. [PubMed] 

●     Saleh, MC; Connell, BJ; Saleh, TM. Autonomic and cardiovascular reflex responses to central estrogen injection in ovariectomized 

female rats. Brain Res. 2000;879:105–114. [PubMed] 

●     Sandstrom, NJ; Williams, CL. Memory retention is modulated by acute estradiol and progesterone replacement. Behav Neurosci. 

2001;115:384–393. [PubMed] 

●     Schroeder, JP; Wingard, JC; Packard, MG. Post-training reversible inactivation of hippocampus reveals interference between memory 

systems. Hippocampus. 2002;12:280–284. [PubMed] 

●     Shughrue, PJ; Lane, MV; Merchenthaler, I. Comparative distribution of estrogen receptor-alpha and –beta mRNA in the rat central 

nervous system. J Comp Neurol. 1997;388:507–525. [PubMed] 

●     Simpkins, JW; Green, PS; Gridley, KE; Singh, M; de Fiebre, NC; Rajakumar, G. Role of estrogen replacement therapy in memory 

enhancement and the prevention of neuronal loss associated with Alzheimer’s Disease. Am J Med. 1997;103:19S–25S. [PubMed] 

●     Singh, M; Meyer, EM; Millard, WJ; Simpkins, JW. Ovarian steroid deprivation results in a reversible learning impairment and 

compromised cholinergic function in female Sprague-Dawley rats. Brain Res. 1994;644:305–312. [PubMed] 

●     Steckelbroeck, S; Nassen, A; Ugele, B; Ludwig, M; Watzka, M; Reissinger, A; Clusmann, H; Lutjohann, D; Siekmann, L; 

Klingmuller, D; Hans, VH. Steroid sulfatase (STS) expression in the human temporal lobe: enzyme activity, mRNA expression and 

immunohistochemistry study. J Neurochem. 2004;89:403–417. [PubMed] 

●     Thomas, DL; McElroy, MW; Korol, DL. Chronic estradiol replacement in ovariectomized female rats shifts learning strategy in a time-

dependent manner. Abstr-Soc Neurosci. 2002;27:534.2. 

●     Tropp, J; Markus, EJ. Sex differences in the dynamics of cue utilization and exploratory behavior. Behav Brain Res. 2001;119:143–

154. [PubMed] 

●     Vaucher, E; Reymond, I; Najaffe, R; Kar, S; Quirion, R; Miller, MM; Franklin, KB. Estrogen effects on object memory and 

cholinergic receptors in young and old female mice. Neurobiol Aging. 2002;23:87–95. [PubMed] 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (25 of 26)12/3/2008 11:17:30 AM

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0rw20qTR1lmuvaw4KUm_yiKrXtUGMoIkAgei0n54o&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/16322358
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0PqgtnU65ppBxGWV1u2X-T526NQKUzbFgQu01HQzl&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/2224537
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=02GReU-G1v9eSDBLBDANs0bM0ErXqlLJf18O99kVY&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12805288
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0T5tQocVJ2k_LzJeVwqteMccp-PWsRMxP07WpKAaI&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11011011
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0VwgDaaEUQtGRnI_Qi3pceDzWjfFMea7Dvw07oQHw&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11345963
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=02WkGOfvRSlQQ2eY9JYWQlHpx5N2fUduViTLbAAnq&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12000124
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0T34FgKnrJr4bmx5hocrTi-9lW6DU2LnfJpZD-5bI&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9388012
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=08YM0J6IeSwTryQryXK8BN62drW9TP_Nlcl3K2kFp&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/9344403
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0NMZB8wvgUmuQT-7nGVxfGXdbqkg4bT9DTZbgVkwg&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8050041
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0Ho66xN_XRjJKOr5_mpjqjqTI3FwyoYc9frXw25p_&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15056284
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0rScjc32TR5HObms3IlC-ctW5N8vNl81HjvAPjQwr&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11165330
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=021zqFUzd8afiyl0ofmk2mf6suS1UzRvMJEl3skAC&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11755023


ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS

●     Wade, C; Dorsa, D. Estrogen activation of cyclic adenosine 5′-monophosphate response element-mediated transcription requires the 

extracellular regulated kinase/mitogen-activated protein kinase pathway. Endorinology. 2003;144:832–838. 

●     White, NM. The role of stimulus ambiguity and movement in spatial navigation: a multiple memory system analysis of location 

discrimination. Neurobiol Learn Mem. 2004;82:216–229. [PubMed] 

●     White, NM; McDonald, RJ. Multiple parallel memory systems in the brain of the rat. Neurobiol Learn Mem. 2002;77:125–

164. [PubMed] 

●     Wilson, IA; Puolivali, J; Heikkinen, T; Riekkinen, P., Jr Estrogen and NMDA receptor antagonism: effects upon reference and 

working memory. Eur J Pharmacol. 1999;381:93–99. [PubMed] 

●     Womble, MD; Andrew, JA; Crook, JJ. 17β Estradiol reduces excitatory postsynaptic potential (EPSP) amplitude in rat basolateral 

amygdala neurons. Neurosci Lett. 2002;331:83–86. [PubMed] 

●     Wood, GE; Shors, TJ. Stress facilitates classical conditioning in males, but impairs classical conditioning in females through 

activational effects of ovarian hormones. Proc Natl Acad Sci USA. 1998;95:40666–40671. 

●     Woolley, CS; McEwen, BS. Roles of estradiol and progesterone in regulation of hippocampal dendritic spine density during the 

estrous cycle in the rat. J Comp Neurol. 1993;336:293–306. [PubMed] 

●     Zhou, FM; Wilson, CJ; Dani, JA. Cholinergic interneuron characteristics and nicotinic properties in the striatum. J Neurobiol. 

2002;53:590–605. [PubMed]

Write to PMC | PMC Home | PubMed

NCBI | U.S. National Library of Medicine

NIH | Department of Health and Human Services

Privacy Policy | Disclaimer | Freedom of Information Act

http://www.pubmedcentral.nih.gov/articlerender.fcgi?tool=pmcentrez&artid=1931581 (26 of 26)12/3/2008 11:17:30 AM

http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0HQ1ktXbzcwE7C0pAxFoosTAcj8jaUbPxZZT6n5Ot&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/15464405
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0vSy6y8LYTKaRVGAWra2-G1XPbJ-VdT_t5yAYdApe&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/11848717
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=00UvUugGoxnC_dbuw4MToAiAvgl0VNz7JLM8dg5yc&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/10554875
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0R5St3gVIL6OsCSRh9C8YPr5M2m1pbJf7U23iHAx8&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12361846
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=06Gcj_8uvphYmAlNaeOkQKjI6MRajs3JtZC7DEkaK&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/8245220
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0DeiD7Dcnx__BFcx9Z00ebb8zelTjXKkj9fMZdktw&reftype=pubmed&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article%7CCitationRef&TO=Entrez%7CPubMed%7CRecord&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/pubmed/12436423
mailto:pubmedcentral@nih.gov
http://www.pubmedcentral.nih.gov/
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/
http://www.nlm.nih.gov/
http://www.nih.gov/
http://www.hhs.gov/
http://www.pubmedcentral.nih.gov/about/privacypolicy.html
http://www.ncbi.nlm.nih.gov/About/disclaimer.html
http://www.nih.gov/icd/od/foia/index.htm

	nih.gov
	ESTROGEN MODULATES LEARNING IN FEMALE RATS BY ACTING DIRECTLY AT DISTINCT MEMORY SYSTEMS


	JMMGPABMDFBJBOEJEMCFICJJGJBBPEMO: 
	form1: 
	x: 
	f1: [redirect3.cgi?&&auth=0zO_PI5BqHLCwPzZEJC4pkky-_bJiwqzypKh275b5&reftype=relart&refto=entrez&reffrom=sidebar&artid=1931581&article-id=1931581&iid=146392&issue-id=146392&jid=319&journal-id=319&FROM=Article|Navigation&TO=Entrez|PubMed|Related%20Records&rendering-type=normal&&http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Link&dbFrom=PubMed&from_uid=17052857]

	f2: 




