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Abstract

Estradiol rapidly activates, within minutes, various physiological functions and behaviors 

including cognition in rodents. This review describes rapid effects of estradiol on hippocampal 

dependent learning and memory tasks in rodents. Mechanisms underlying the memory 

enhancements including the activation of signaling molecules and the enhancement of dendritic 

spinogenesis are briefly reviewed. In addition, the role of estradiol in the cognitive resilience to 

chronic stress exhibited only in females is discussed including contributions of ovarian as well as 

intra-hippocampally derived estrogens to this sex difference. Finally, speculations on possible 

physiologic functions for rapid mnemonic changes mediated by estrogens are made. Overall, the 

emergence of a novel and powerful mechanism for regulation of cognition by estradiol is 

described.
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1. Introduction

Estradiol was first demonstrated to regulate learning and memory through alterations in 

neural morphology, physiology and chemistry approximately twenty years ago [see Luine, 1 

for review]. Estrogen dependent increases in spine density and synapse number in the 

hippocampus, as well as increased activity of monoaminergic and cholinergic terminals, 

were similar to earlier descriptions of estrogen dependent modulations in preoptic-

hypothalamic area neurons that regulate sexual behavior, ovulation and also food ingestion 

[2]. The mechanism for effects in both the hypothalamus and hippocampus depend on 

binding of estrogen to classical receptors (ERs) which subsequently act as ligand dependent 

transcription factors. Interactions of the receptor-ligand complexes at estrogen response 

elements (ERE) on DNA stimulate transcription of specific genes whose proteins then 

determine the unique physiological responses of estrogen target tissues such as the uterus, 
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breasts, osteoclasts as well as the CNS. These genomic alterations by estradiol are delayed 

in onset (several hours to days) but result in long lasting and sustained effects on neural 

function and most likely underlie physiological, behavioral and cognitive changes that occur 

in females during the menstrual and estrous cycles, pregnancy, menopause and aging. For a 

description of the major neuronal systems altered and specific proteins changed by genomic 

actions of estrogens, see [2].

More recently, estradiol has been demonstrated to rapidly, within minutes, activate various 

physiological functions and behaviors in rodents, birds and possibly humans. These 

behaviors include female rodent sexual behavior [3], avian male sexual displays [4], nutrient 

ingestion [5], social learning [6] and cognition [7, 8]. The expression of these behaviors is 

dependent upon activation of different, but often, inter-related areas in the brain through 

estrogen’s interaction with membrane ERs. Rapid effects of estrogens were reported in the 

70’s and 80’s (1–5), but it is only recently that they have been widely explored in behavioral 

paradigms; nonetheless, some consistent patterns of action are emerging.

This review will describe rapid effects of estradiol on hippocampal dependent learning and 

memory tasks in rodents, and the contribution of signaling molecules and dendritic spines in 

rapidly mediating memory enhancements will be briefly reviewed. The ecological 

advantages and usefulness for rapid mnemonic changes are currently unknown, but 

speculations are made. Finally, the contribution of this mechanism, combined with intra-

hippocampal synthesis of estradiol, for mediating cognitive resilience to chronic stress 

demonstrated by females, but not males, is considered. Overall, the emergence of a novel 

and powerful mechanism for regulation of cognition by estradiol is described.

2. Estradiol rapidly enhances recognition memory

My laboratory and others have utilized a number of hippocampal dependent spatial memory 

tasks to show that chronic treatments with estradiol, several days to several weeks, enhance 

learning and memory. Ovariectomized (OVX) rats injected daily with estradiol benzoate 

(long acting form of estradiol) or implanted with Silastic capsules containing estradiol 

(release constant amounts of hormone for weeks) for 2–10 days show improved performance 

on the radial arm maze (RAM) [9], water maze [10] and novel object recognition and novel 

object placement [11,12,13]. For RAM and water maze studies, many trials over several 

days are required to learn the tasks, and these tasks are therefore ideal for assessing effects 

of chronic estradiol. However, for evaluating potential rapid effects of hormones or drugs, 

tasks with a shorter time course are necessary, and one-trial learning and memory tasks have 

recently been adopted [12,13]. Figure 1 depicts such tasks showing assessment of 

recognition memory using either a spatial configuration, novel object placement (NOP) or a 

non-spatial configuration, novel object recognition (NOR). As indicated, estradiol or other 

hormones/drugs can be given for days before the learning or sampling trial (T1) to assess 

chronic treatments, or minutes before T1 or immediately following T1 (known as post-

training injections) in order to assess rapid hormonal effects. The retention trial (T2) is 

typically given from 1 to 48 h after T1. If a subject, rat or mouse, remembers the old object 

or the old location, then the new object or the object in the new location is explored more 

than the old object or object in old location because rats are exploratory and novelty seekers. 
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Data is usually expressed as the exploration ratio (time exploring new object or location/total 

exploration time) where values over 0.5 indicate better than chance memory or the actual 

exploration times for old vs new can be compared.

As shown in Figure 2A, chronic treatment with estradiol benzoate for two days results in 

significant enhancements in both NOR and NOP in the retention trial [11], a result similar to 

chronic treatment effects on the radial arm or water maze. These effects are mediated 

through classical ERs and genomic mechanisms and appear to involve enhancements of both 

learning and long term memory (12). Figure 2B shows effects of estradiol treatment on NOR 

and NOP when one estradiol injection is given immediately after the training trial. 

Significant enhancements are seen 4 h later in the retention trial, and further investigations 

of this effect by varying time of treatments after T1 indicate that estradiol is enhancing 

memory retention by increasing memory consolidation (See reference 13 for details). 

Further studies show that these effects are consistent with estradiol acting at membrane 

receptors [14]. Overall, Figure 2 illustrates that chronic (multiple treatments given over 

days) or acute (one treatment given for a few hours) estrogen treatments enhance recognition 

memory in rats, an effect reported in many studies [12].

3. Mechanisms for rapid enhancements of memory

3.1. Activation of cell signaling

Estrogens exert rapid effects on neural function by activating numerous cell-signaling 

cascades and epigenetic processes within 5–30 min of treatment in the hippocampus [8, 16] 

and also in the prefrontal cortex, although less evidence is extant for cortical areas [17]. 

These actions form the bases for estrogen’s ability to enhance the consolidation of 

hippocampal memories. The initial event responsible for memory consolidation appears to 

be the activation of glutamate receptors (mGluR), primarily MGluR1. These events trigger 

long term potentiation (LTP) induction, spine formation and memory formation [See Sweat, 

18, for review]. Estradiol rapidly activates mGLuR signaling in vivo in both the PFC and the 

hippocampus, and ERs are found on membranes of dendrites and spines, in presynaptic 

terminals and near post-synaptic receptors where estrogen binding to the ERs initiates rapid 

activation of intracellular signaling cascades and immediately early genes which are critical 

for memory consolidation [8, 16].

3.2. Enhancement of spinogenesis

Increased dendritic spine density in hypothalamic and hippocampal as well as cortical areas 

is a well-described action of estradiol after either chronic or acute treatments [7, 19]. More 

spines and increased spine/synapse size involve estrogen dependent increases in 

phosphorylation of a number of signaling pathways which converge in the rapid formation 

of new spines and development of existing immature spines. Important pathways which are 

activated include the Ras/Raf/Mitogen activated protein kinase (MAP)/extracellular signal 

regulated kinase cascade(ERK) and the phosphatidylinositol-3-inase/Akt (P13K) pathway 

which in turn increase phosphorylation of the transcription factor cAMP response element-

binding protein (CREB) [20]. CREB decreases transcription of cofillin, which allows for 

increased polymerization of actin polymers for assembly of spines and for increased 
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transcription of actin and RhoA which underlie filopodial extension and spine formation 

[21]. Phosphorylation of P13K also leads to increases in Protein Kinase B (Akt) and 4E-BP1 

which enhance the level of post synaptic density-95 (PSD-95) protein, an integral framework 

for synapse formation [22]. Enhanced ERK/mitogen activated protein kinase (MAPK) 

signaling by estradiol may also enhance memory consolidation by activation of epigenetic 

processes such as histone acetylation and DNA methylation that enhance the expression of 

genes and synthesis of proteins [23]. Interactions with brain derived neurotrophic factor 

(BDNF) may also contribute to estradiol’s ability to increase spines since BDNF also 

increases spines, and estradiol increases BDNF levels [19].

We have shown that 30 min following S.C. estradiol administration to OVX females, spine 

density is increased by 15–30% in apical and basal medial prefrontal cortex (PFC) dendrites 

and in basal, but not, apical CA1 hippocampal dendrites (Figure 3). No changes were found 

in dendritic spines on granule cells of the hippocampal dentate gyrus or in ventromedial 

nucleus cells of the hypothalamus (VMN), two ER containing areas. Dendritic spine density 

remained elevated 4 h following estradiol administration in the PFC and CA1, and the VMN 

showed a 20% increase in spine density at this time post estradiol. However, spine changes 

were not evident in the DG at either 30 min or 4 h post estradiol. Christensen et al [3] 

reported increased spine density in the arcuate nucleus 4 h post estradiol, but earlier time 

points were not examined, and Phan et al [24] found increased CA1 spines 40 min post 

estradiol. Thus, increased spine density following estradiol may appear more rapidly in 

estrogen responsive areas important for memory, the PFC and hippocampus, than areas 

involved in reproduction, such as the VMN and arcuate nucleus, but further temporal 

evaluations of hypothalamic sites is necessary. This dose of estradiol, 20 ug/kg, enhances 

memory when given immediately following and up to 45 min, but not 60 min, after a 

learning trial (T1) for recognition memory [25]. Thus, the increased spine densities present 

in the PFC and hippocampus 30 min. following estradiol treatment may contribute to 

enhanced memory consolidation. Memory retention is also enhanced at 4 h following 20 

ug/kg of estradiol [14, 25; Figure 2B]. Therefore, the increased spine densities present 4h 

following estradiol treatment may contribute to enhanced memory retention. However, the 

exact relationship of spines to memory consolidation and retention requires further 

investigation and evaluation.

3.3. Intra-hippocampal synthesis of estrogens

Estradiol is synthesized in discrete regions of the brain by the enzyme aromatase from 

androgen precursors such as testosterone and/or by direct de novo synthesis from 

cholesterol. Levels of estradiol in the hippocampus, hypothalamus and PFC are higher than 

in the circulation. For example, Kato et al [26] reported that hippocampal 17β-estradiol 

levels are 4 nM in female rats during proestrus while circulating concentrations are only 0.1 

nM and that hippocampal levels change over the estrus cycle. Furthermore, estradiol 

remained measureable in the hippocampus following ovariectomy. The in situ production of 

estradiol indicates that it may act as a neurosteroid as well as a gonadal steroid, and some 

evidence shows that it may also be a neuromodulator [27, 28]. Brain-synthesized estradiol 

was first measured in birds and is now recognized to mediate neural functions in regions of a 

number of avian species [28, 29]. In addition, in vitro studies report that hippocampal 
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estradiol synthesis is important for the maintenance of hippocampal spines, synapses and 

synaptic proteins in cultures from rats [30]. These demonstrations suggest a completely new 

role for hippocampally derived estrogens in neural function.

An important question for the present review is whether neurally derived estrogens 

contribute to learning and memory. Support for this idea comes from earlier studies showing 

that stimulation of hippocampal slices with NMDA significantly increases estradiol 

synthesis [31] and that forebrain estradiol levels in songbirds are rapidly regulated by 

voltage-gated calcium channels [32]. A recent experiment provides evidence that 

hippocampally derived estradiol may contribute to spatial memory. Direct infusion into the 

hippocampus of an aromatase inhibiter impaired spatial memory in a food-finding task in 

male zebra finches [33]. Thus, locally derived estradiol may contribute to learning and 

memory, but extensive experimentation will be required to determine the relative 

contribution of ovarian and hippocampally derived estrogens in memory regulation. Ovarian 

steroids may prime the hippocampus or prefrontal cortex to respond to locally synthesized 

estradiol so that learning events are potentiated. On the other hand, ovarian derived estrogens 

may simply be necessary for the general maintenance of the neurons and not contribute to 

cognitive processes.

4. Function(s) of rapid, estrogen induced changes in memory

A looming question concerning the rapid effects of estradiol on memory and spinogenesis is 

whether these changes are functional, and if so, for what purpose(s). The next sections 

provide mainly speculations which are designed to spark research interest.

4.1. Endocrine disrupters

We have found that endocrine disrupters affect cognition and spine density and may be one 

way that hormones or hormone-like agents may rapidly affect neural function. Bisphenol A 

(BPA) is a known endocrine disruptor documented to have estrogenic, anti- estrogenic, 

androgenic, and anti-androgenic effects [34, 35] on various hormone- induced physiological 

and behavioral phenomena. Given immediately following a learning trial for recognition 

memory, BPA impaired NOR and NOP in male rats [36] and impaired NOR in female rats 

during proestrus [25]. Given 30 min before the learning trial, BPA blocked enhanced NOR 

and NOP in OVX females that received estradiol immediately after the sample trial [25]. 

Impaired memory following BPA is associated with 10 and 23% decreases in spine density 

in male CA1 and PFC, respectively, 30–40 min following BPA injection [36]. In females, 

BPA blocked estrogen dependent increases in basal CA1 spine density, but did not alter PFC 

spine density, at 4 h after estradiol. Thus, BPA may cause rapid, deleterious effects on 

memory by acting through estrogen dependent mechanisms which normally activate 

memory. It is important to note that similar memory impairments could arise in humans after 

ingesting food or water from BPA containing bottles or cans.

4.2. Phytoestrogens

Phytoestrogens are naturally occurring estrogens which are present in plants such as soy and 

clover and may cause rapid, enhancing effects on memory. We have found that chronic 
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ingestion of phytoestrogens, present in rat chow, enhances recognition memory in OVX rats 

and increases CA1 and PFC spine density [37], but we have not tested acute effects of these 

estrogens. It can, however, be speculated that ingestion of these natural estrogens might have 

been beneficial to our ancestor hunter-gathers or to grazing animals today because ingestion 

of phytoestrogen containing plants could rapidly enhance remembrance of the location of 

these protein rich food sources, an idea which requires testing.

4.3. Stress resilience in female rats

There is mounting evidence that females are more resilient to stress than males, especially 

with respect to cognitive function where chronic stress impairs male, but either has no effect 

on, or enhances, female cognition. Moreover, estradiol may contribute to this sex difference. 

In male rodents, 1–3 weeks of stress elicited by daily restraint or different daily stressors 

(unpredictable chronic stress, UCS) generally results in impaired learning and memory. 

Impairments in male learning have been shown using spatial learning and memory tasks like 

the Morris water maze and eight-arm radial task (Figure 4A). On the radial arm maze, 

stressed male rats make more mistakes/trial and take longer to reach a learning criterion than 

unstressed rats [38]. In the water maze, a similar pattern of impaired learning is shown after 

chronic stressors [39].

In tests assessing only memory, chronic stress also generally impairs male performance [see 

Conrad, 40 for review]. Stressed male rats and mice are unable to significantly discriminate 

between known and new objects in the NOR test [41, 42] or on a test of temporal order 

recognition memory (TORM) [43 and Figure 5A]. Spatial memory in males is also impaired 

by chronic stress in NOP (Figure 4B) [41, 44, 45] and the Y-maze [46, 47, 48]. Thus, 

chronic stress impairs learning and memory in male rodents in a variety of tasks.

When female rodents are given the same stress regimens and tested on the same tasks, a 

different pattern emerges. On the radial arm maze, stressed females perform better than 

unstressed females (Figure 4A). Stressed females make fewer mistakes/trial and reach 

learning criterions more rapidly than unstressed females [49]. Similarly, chronic stress 

enhances female rodent performance in the water maze [39]. In recognition memory tasks, 

stressed females show better performance than unstressed females in NOP (Figure 4B) [41, 

44] and memory is either not affected or enhanced on the Y-maze (Figure 1C) [50, 51], NOR 

[42, 44, 50, 52] and TORM [43 and Figure 5A] following chronic stress. In addition, no 

impairments were found when females were given longer periods of stress: radial arm maze 

after 28 days of stress [49] and NOR and NOP after 35 days of stress [53]. Thus, female 

rodents appear to show resilience to chronic stress, at least in terms of learning and memory. 

However, it should be noted that fewer experiments have been conducted in female rodents 

than in males and that most experiments in females utilized restraint stress. Thus, stress 

effects on female cognition need further investigation and confirmation.

Several lines of evidence support the idea that estradiol, of both ovarian and neural origin, 

may be responsible for the cognitive resilience to chronic stress exhibited by females. 

Because females have high circulating estradiol levels as compared to males and only males 

were cognitively impaired by stress, we hypothesized that ovariectomized (OVX) females 

would not show stress resilience. This hypothesis was only partially confirmed because 
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OVX + stressed rats no longer showed enhanced radial-arm maze performance following 21 

days of daily restraint stress, but their performance was not impaired by stress as in males 

[54]. In addition, McLaughlin et al [55] showed that OVX + chronically stressed rats still 

showed some improvements on the Y maze as compared to non-stressed subjects. Yet, when 

estradiol was given to OVX-stressed females, radial arm maze performance was enhanced 

[54]. At the time that these experiments were completed, it was hypothesized that resilience 

to stress in females must be due to both activating effects of estradiol at adulthood and 

enduring, organizing effects of estradiol during development in females. However, it is now 

known, as discussed above, that significant concentrations of estradiol are synthesized 

locally in the hippocampus following OVX, and thus, neuronally derived estradiol may 

contribute to stress resilience.

Further information on female rats’ cognitive resilience to stress was provided by Zhen and 

colleagues who explored sex differences to stress in the TORM task [43]. As indicated 

earlier and shown in Figure 5A, chronic stress impairs males but not females in TORM. 

Estrogen involvement in this sex difference was implicated because stress impaired TORM 

in females when estrogen receptors were inhibited or knocked out in the prefrontal cortex, 

and impairments of performance in stressed males were prevented by estradiol 

administration. To further test estrogen’s involvement, females were injected S.C. with the 

aromatase inhibitor formestane which blocks both peripheral and neural synthesis of 

estradiol [43]. Under this condition, stress impaired TORM in females. When compared to 

experiments with RAM and Y maze in females where only peripheral estrogen was removed 

by OVX (described above), these results provide some evidence that neurally derived 

estradiol provides resilience against the detrimental effects of chronic stress on memory.

Whether acute increases in ovarian or neural estradiol contribute to rapid enhancements in 

memory or sex differences in acute stress responses is currently unclear. However, acute 

stress (1 h. of restraint) immediately increases estradiol in the hypothalamus of OVX or 

proestrous rats [56]. Hypothalamic aromatase was also increased in proestrous rats, and 

plasma estradiol was increased in all females, but brain areas involved in cognition were not 

sampled. However, Lu et al [57] found that acute foot shock decreased plasma estradiol in 

PE and estrus rats while increasing it in males. When the Trier Social Stress Tests was 

administered to humans, both male and female subjects showed an immediate post-test 

increase in plasma estradiol and testosterone [58]. Thus, increases in estradiol may influence 

cognition following acute stress, another observation requiring experimental validation.

Thus, it could be speculated that stress dependent increases in estrogens might be 

advantageous in the classic scenario of an antelope escaping across the savannah from a 

lioness. Stress dependent, increased estradiol might promote the memory of the location of 

the attack or some details of its overall circumstance. For humans, similar stress effects 

might enhance memories for the location of traffic jams or dangerous situations in cities. 

Enhanced release of corticosterone during acute stress is associated with memory 

enhancements [59], but a possible role for peripheral and/or central estrogen has not been 

investigated and should provide fertile ground for investigations.
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The possibility of estrogens enhancing memory during stressful situation raises the question 

of whether these effects occur exclusively in females. Estradiol is not associated with 

cognitive resilience following chronic stress in males, but it is synthesized in vitro by 

hippocampal cultures from male rats which suggests that estradiol might influence cognition 

[31]. Effects of estradiol in males have not been extensively investigated. In the NOP task, 

we found that two day treatments with testosterone, but not estradiol, enhanced performance 

[13], and Gibbs [60] found that both estradiol and testosterone influenced cognitive 

performance on the T-maze with each hormone influencing distinct cognitive domains. 

Leranth and colleagues [reviewed in 61] reported that androgens, but not estrogens, increase 

spine and spine synapse density in male hippocampi. In addition, inhibition of aromatase in 

hippocampal cultures results in synapse loss in female but not male cultures [30]. However, 

these experiments were conducted after chronic treatments, and possible rapid effects of 

hormones have received little investigation in males. We recently began investigating 

possible rapid effects of gonadal hormones in castrate male rats and found that both estradiol 

and testosterone increased memory in the NOP task when given immediately after a training 

trial [62]. Thirty min after treatment, spine densities on pyramidal cells in CA1 were 

increased 40% by testosterone and 28% by estradiol, and these remained elevated at 2h. 

Moreover, Graham and Milad [63] recently showed that inhibition of estradiol synthesis 

with S.C. fadrazole prior to or immediately after extinction training significantly impaired 

fear recall during testing in male rats. Thus, some limited data suggests that gonadal 

hormones may act acutely in male rats to enhance memory, but further studies are necessary 

to verify these effects and understand their possible relationship to cognition in males.

4.5. Role of neural cross-talk

A final, general role for estrogen’s rapid effects on cognition may be to activate signaling 

mechanisms which in turn facilitate genomic responses. Thus, this nuclear crosstalk could 

serve as a “priming mechanism” or a form of coincidence detection for long term changes 

associated with classic receptor mechanisms. Some support for this concept is the 

observation that following long term OVX, larger doses or longer treatment times are often 

necessary to activate estrogen dependent responses [2], but this idea requires extensive 

validation.

5. Conclusions

New data concerning membrane mediated effects of estradiol have altered our understanding 

of the mechanisms and scope by which estradiol influences neural functions. It is now 

recognized that estrogens can rapidly enhance cognition through mechanisms that do not 

involve classical ERs and genomic mechanisms. This review has examined the possible role 

of rapid changes in signaling pathways and increases in hippocampal dendritic spines in 

rapidly altering memory. While rodent models robustly show these effects, it is unknown 

whether they are relevant physiologically in either rats or humans. It is hypothesized that 

membrane mediated effects of estradiol might underlie effects of endocrine disruptors and 

naturally occurring phytoestrogens. In addition, estrogens may contribute to sex differences 

in cognitive responses to stress. Thus, a multitude of new avenues of research have recently 

been opened for understanding estradiol’s powerful effects on neural function.
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Figure 1. Schematic of recognition memory task protocols
On the left side of the figure, a rat is depicted during the Training or Sampling Trial (T1) 

where two identical objects are explored, typically for 3-5 min or until a set amount of 

exploration is obtained. An inter-trial delay is given, and then, shown on the right side, the 

retention or testing trial is given (usually for 3–5 min). If one identical object is replaced 

with a new object, this is the novel object recognition (NOR) protocol. If one of the objects 

is moved to a new location, this is the novel object placement (NOP) protocol, a spatial 

memory task. Hormones or drugs can be given pre-training (hours or days) to assess 

genomic changes or immediately post-training or up to two hours later in order to asses 

rapid changes. Post-training injections test effects of agents on memory consolidation.
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Figure 2. Effects of chronic and acute estrogen treatment on NOR and NOP
A. Chronic estradiol treatment – Ovx rats received two days of S.C. injections with vehicle 

or 50 ug/kg of estradiol benzoate (EB), and NOR and NOP was tested separately 48 h after 

the last dose. Entries are ratios (new/old + new) of time spent exploring each object (NOR) 

or objects in each location (NOP) for vehicle- and EB-treated subjects. Dotted line at 0.5 

indicates spending the same amount of time exploring new and old objects or locations. ** P 

< 0.01 *** P < 0.001 by Mann-Whitney U-tests. Redrawn from Jacome et al [11].

B. Acute Estradiol treatment – Ovx rats received vehicle or 5 ug/kg (NOR) or 20 ug/kg 

(NOP) of estradiol immediately after a Training Trial. 4 h later NOR and NOP were 

separately tested. Data presented as in A. ** P < 0.01. Redrawn from Inagaki et al [14].
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Figure 3. Rapid effects of estradiol on spine density
Ovx rats received a T1 recognition trial and were immediately injected with vehicle or 20 

ug/kg of estradiol and sacrificed 30 min or 4 h later. Secondary basal dendrites and tertiary 

apical dendrites were analyzed from pyramidal cells in the CA1 region of the dorsal 

hippocampus and layer II/III of the PFC. Primary dendrites from VMN and dentate granule 

cells were also counted. Spines were counted under oil at 100× and represent all visible 

spines. Entries show effects of estradiol treatments as % change + S.E.M. in spine density 

from vehicle treated ovx rats. CA1 and PFC results from [25]; DG 30 min results from 

Luine [13]; DG 4 h and VMN results from Frankfurt and Luine [64]. * p < 0.05; ** p < 

0.01; *** p < 0.001 by Student’s t-test.
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Figure 4. Sex differences in chronic stress effects on spatial memory tasks
A. Adult male and female rats received 21 days of daily (6h) restraint stress and were tested 

on the radial arm maze. Stress significantly increased errors in males, but significantly 

decreased errors in females. Data pooled from Luine et al. [38] for males and from Bowman 

et al. [49] for females. * P < 0.05; ** P < 0.01.

B. Adult male and female rats received 21 days of daily (6h) restraint stress and were tested 

on the NOP task. % time at new location is plotted. Stressed males could not significant 

discriminate locations but stressed females could. * P < 0.05. Data from Beck and Luine 

[42].
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Figure 5. Stress effects on Temporal Order Recognition Memory (TORM) task
A. Sex Differences in response - Male and female rats received 1 week of daily (6h) restraint 

stress and were tested on the TORM task one day following the last stress. Entries are the 

Discrimination Ratio. Males were impaired by stress, but females were unaffected. ** P < 

0.01

B. Effects of aromatase inhibition on TORM task in females - Control and stressed female 

rats received S.C. oil or the aromatase inhibitor formestane, 2 mg/kg, 1 h before daily stress 

and were tested on the TORM task one day following the last stress. Oil treated control, 

formastane treated control and stressed subjects all significantly discriminated while 

formestane + stressed subjects did not. These results suggest that estradiol provides 

resilience to stress in females. ** P< 0.005. Data redrawn from Wei et al [43].
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