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Abstract

Understanding the organizing and activating effects of gonadal steroids on adult physiology can 

guide insight into sex differences in and hormonal influences on health and disease, ranging from 

diabetes and other metabolic disorders, emotion and stress regulation, substance abuse, pain 

perception, immune function and inflammation, cognitive function and dysfunction accompanying 

neurological disorders. Because the brain is highly sensitive to many forms of estrogens, it is not 

surprising that many adult behaviors, including cognitive function, are modulated by estrogens. 

Estrogens are known for their facilitating effects on learning and memory, but it becoming 

increasingly clear that they also can impair learning and memory of some classes of tasks and may 

do so through direct actions on specific neural systems. This review takes a multiple memory 

systems approach to understanding how estrogens can at the same time enhance hippocampus-

sensitive place learning and impair striatum-sensitive response learning by exploring the role 

estrogen receptor signaling may play in the opposing cognitive effects of estrogens. Accumulating 

evidence suggests that neither receptor subtype nor the timing of treatment, i.e. rapid vs slow, 

explain the bidirectional effects of estrogens on different types of learning. New findings pointing 

to neural metabolism and the provision of energy substrates by astrocytes as a candidate 

mechanism for cognitive enhancement and impairment are discussed.
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1. Introduction

The clinical importance of elucidating the contributions of estrogens and other reproductive 

hormones to neurological and behavioral functions is far reaching and encompasses issues 

ranging from studying sex as a biological variable in health and disease to deciphering the 

impact of environmental endocrine disruptors on neural health. Understanding the 

developmental and adult consequences of estrogen exposures can advance understanding of 
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independent and interacting contributions of genes, hormones, and environment to individual 

differences in brain function and dysfunction that may relate to sex differences or 

similarities. Moreover, understanding the extent of estrogen effects on basic neurobiological 

functions, such as neural transmission, has the potential to inform mechanisms of 

neurological disorders, particularly those that have endocrine underpinnings and promote 

health practices for all sexes [1]. For example, knowledge about estrogen regulation of 

neural transmission, tissue excitability, and seizure development has translational value for 

understanding and treating catamenial epilepsy and other seizure disorders in males and 

females. Understanding hormonal regulation of affective behaviors, including effects on 

mood states and neurochemistry will undoubtedly promote diagnosis and treatment of post-

partum depression. Endocrine consequences of non-neural health problems, such as 

reproductive senescence and polycystic ovarian syndrome, and their treatments that typically 

mimic or disrupt estrogen signaling, may inadvertently modulate brain function. Finally, we 

currently are experiencing excessively high exposures to environmental estrogens and other 

endocrine disrupting chemicals [2] that may mimic or block endogenous hormone function 

in both males and females across different stages of the lifespan, creating equally unintended 

neural and behavioral health outcomes.

Understanding the etiology and mechanisms of these outcomes will allow for development 

of effective treatments and preventions.

Estrogens are no longer solely considered to be female sex hormones given their broad 

reaching effects on a variety of non-reproductive behaviors in both males and females [3]. 

Similarly, the pervasive nature of estrogens is evident in their regulation of form and 

function across a wide array of tissues and cellular processes. The brain is one estrogenic 

target that has received considerable attention over the last several decades given how 

robustly estrogens can organize and activate behaviors in males and females [4] comprising 

not only mating and parenting [5–7] but also those related to feeding and energy balance [8], 

navigation [3, 9], emotion, aggression, and stress regulation ([5, 10–13 THIS ISSUE], and 

cognition ([9, 14–17]. Thus, estrogens are thought to act quite robustly across the brain but 

may do so in very different ways depending upon the sex of the organism [17– 20], dose and 

timing of hormone exposure [6, 7, 16, 21], and brain region of interest [16].

Perhaps one of the more compelling arguments for pursuing the effects of hormones on 

brain and cognition comes from the gender bias in Alzheimer’s disease (AD). AD is the 

most prevalent form of dementia and the only top-ten lethal condition in the United States 

without effective treatments or known etiologies. The incidence and prevalence of AD are 

higher in women who are two to three times as likely as men to be living with AD even after 

accounting for longevity, suggesting a sex difference in the risk and etiology of the disease 

[22]. When combined with the evidence that age is the biggest risk factor for sporadic AD 

[22], the sex difference in demographics highlights the possibility that menopause and the 

accompanying decline in circulating ovarian hormones contribute to higher risk in women. 

Despite the hotly debated results from the Women’s Health Initiative, [23, 24], converging 

lines of clinical and preclinical evidence strongly confirm that naturally occurring estrogens 

given around the time of natural or surgical menopause confer neural protection against 
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dementia and that women who take hormone replacement therapies are at lower risk for AD 

[25–27].

Estrogens facilitate learning and memory in tasks believed to rely on brain regions such as 

the hippocampus and entorhinal cortex that are ravaged by degeneration associated with AD 

[28 THIS ISSUE]. However, as will be discussed in detail below, estrogens not only enhance 

hippocampus-sensitive forms of learning and memory but also impair learning and memory 

in non-hippocampal tasks that depend on the integrity of other neural systems such as the 

caudate/putamen (striatum) and frontal cortex [16]. Thus, loss of ovarian hormones during 

menopause may indeed enhance cognitive function and may relate to changes in structure 

and function of the striatum. Interestingly, not all brain areas are damaged by AD and, in 

some regions such as the caudate nucleus, may actually be enlarged. A recent report using 

magnetic resonance imaging demonstrated that compared to non-demented people with mild 

cognitive impairment those with AD had increases in caudate volume accompanying the 

decline in hippocampal volume [29]. Detailed analysis of contributing variables suggested 

that the demographic factors of gender and age, but not an AD diagnosis, may have driven 

the effects, as caudate enlargement was positively associated with older age and being 

female, and most certainly being post-menopausal. Thus, elucidating the dynamic interplay 

between hormone status and function of different neural systems will undoubtedly advance 

our understanding of healthy aging along with AD and other neural disorders.

The work described herein is based on the philosophy that there are brain states or contexts 

that can enhance or impair the ability to process information needed to solve specific tasks. 

Hormones can create these brain states responsible for improvements or impairments in 

cognition depending upon the specific attributes of the task at hand [30]. This review will 

highlight findings showing that estrogens bidirectionally modulate learning and memory in 

young adult female rats depending on the type of problem to be solved and the memory 

system engaged during learning; the focus here will be on the hippocampus and striatum. 

Recognizing early in the evolution of this work that female subjects were explicitly omitted 

from behavioral neuroscience studies, and perhaps even more so from those focused on 

neural mechanisms of learning and memory, our research program was borne out of a need 

to study hormonal modulation of learning in the female in its own right, as its own 

paradigm. This task of focusing on estrogen modulation of cognition is not so much a 

protest against the unwarranted male bias in neuroscience [31] as it is an attempt to equalize 

the foundation of knowledge based on females before moving towards the important goal of 

assessing the impact of sex on brain and cognitive health, an imperative now recognized by 

researchers, funders, and editors [32–34]. Nearly all of the work discussed here was 

conducted with females alone; however, in some cases we have data from male rats that can 

be used as points of comparisons even though the experiments themselves were not 

explicitly designed as direct tests of sex influences and did not examine estrogen effects in 

males. Notwithstanding these limitations, these exploratory approaches might provide a 

foundation upon which we can build studies to assess sex as a biological variable for the 

selectivity of estrogen modulation of learning [34, 35].
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2. A focus on estrogens and learning strategy using a memory systems 

lens

Just as males and females express qualitatively different reproductive behaviors as a result of 

both organizational and activational effects of hormones, there are sex and gender 

differences in cognitive functions such as declarative memory detected by recall of 

information from narratives [36], in sensory-motor dexterity [37, 38], and in spatial 

information processing [9, 37–40]. To solve a navigation problem based on using visual 

cues, males tend to rely on room geometry while females have a propensity to use landmark 

cues, suggesting that sex differences reflect the quality of information used and not 

necessarily the amount of information that is stored [9]. In humans, abilities that are 

sensitive to biological sex tend to fluctuate across the menstrual cycle [37, 39], such that 

male-preferred abilities are high during low-hormone stages and low during high hormone 

stages while female-preferred strategies are high during high-hormone stages and low during 

low hormone stages [41]. It follows that ovarian hormone status, which fluctuates across the 

reproductive cycle, may maximize or minimize sex differences, in some cases creating and 

in other cases eliminating differences depending on the type of task being assessed. For 

example, with high hormone status, young adult female rats do well on spatial navigation 

tasks but poorly on place preference learning or delayed alternation conditioning tasks [42–

44], suggesting that testing during high hormone phases might produce apparent sex 

differences in conditioning but not in spatial navigation. Thus, better resolution of sex 

differences in cognition might be obtained if regular fluctuations in hormones across the 

estrous cycle are considered.

Because of the numerous findings that estrogens increase hippocampal plasticity [45], 

considered by many to underlie memory, a positive relationship between estrogens and 

cognition has been readily presumed and supported by many results that estrogens enhance 

memory. However, a finer analysis of decades of work is that estrogens produce robust yet 

mixed effects on learning and memory – at times enhancing, at times impairing and at other 

times having no measurable effects on cognition. The direction of effect seems to vary with 

task, treatment, and subject factors including subject sex, age, and reproductive status [17, 

28 THIS ISSUE, 46, 47], the type of estrogen, its dose, and regimen [16, 48], and task 

attributes such as type of memory probed, stressful elements, or phase of learning [14, 16, 

30, 42, 49, 50]. Given these varied effects, it is possible that estrogens up- or down-regulate 

cognition by modulating function of select neural systems that mediate learning and memory 

during the training experience.

The diverse effects of estrogens on learning and memory fit well with a multiple memory 

system framework developed by many [51–59] positing that individuals can and do use 

different brain regions to solve tasks with different cognitive attributes. Theoretically, any 

brain region can be considered a memory system if it plays a key role in cognition; however, 

not all brain regions show selective engagement under different task conditions and thus 

cannot be dissociated based on task attributes. The hippocampus and striatum are two brain 

regions in particular that have features making them particularly good prototypes for tests of 

hormonal modulation of multiple memory systems. First, both are large structures that are 
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histologically separate and therefore relatively easy to manipulate and to assay. Secondly, 

the involvement of hippocampus and striatum in different types of learning and memory is 

readily dissociable through cognitive tasks that tap one system over the other. Shown largely 

in rats, with parallel findings using virtual tasks and imaging in humans [60], hippocampus-

sensitive tasks include spatial working memory or “cognitive” tasks, win-shift strategies, 

context conditioning, object placement memory tests (also called novel object location 

tasks), and place or allocentric learning in mazes. In contrast, striatum-sensitive tasks 

include reference memory or “habit” tasks, win-stay strategies, cue conditioning, and 

response, cued, or egocentric learning in mazes.

The dissociable features of different memory systems have been elegantly tested and 

characterized by several investigators, with many examples showing independence of these 

memory systems such that disruption of functioning of hippocampus tends to impair 

selectively place but not response learning while lesions to striatum selectively impair 

response but not place learning [51, 54, 57, 62]. Further support for the hippocampus and 

striatum being distinct and dissociable memory systems comes from partitioning task-

dependent changes in metabolic substrates [63], cell signaling, and gene transcription [64, 

65] across the two structures. In practice, however, the effects are more complex than a 

simple double dissociation [57, 66–69] in that manipulations that disable one structure can 

actually improve cognitive functions shown to depend on intact functioning of the other 

system [55, 56, 68], suggesting ongoing competition between or across these two memory 

systems. Whether anatomical or operational, competitive interactions between memory 

systems may not necessarily be under direct, monosynaptic control but instead may reflect 

interactions across outputs of structures, information transfer between systems, or modulated 

input to each memory system from shared cortical afferents, all of which are explored in 

depth and articulated eloquently in a recent review [68].

One scenario suggests the prefrontal cortex, a region that receives afferents from 

hippocampus and striatum, may integrate relevant task information from the two memory 

systems and ultimately decide which system gains control during task acquisition, retention, 

or retrieval. Similarly, the hippocampus and striatum both receive inputs from the same 

cortical regions, with reciprocal afferents to those regions. Thus, representations from each 

memory system may modulate cortical input to the other system, creating a context in which 

information processing in one structure is able to modulate functional output of the other. 

The neural mechanisms underlying these regulatory processes are poorly understood but 

may include plasticity in neurochemical release, neuronal firing patterns, cell signaling 

pathways, and gene transcription [67–70]. In addition to competitive interactions, examples 

of collaboration across hippocampus and striatum, where both structures appear to 

contribute to optimal task performance have also been described, for example using 

electrophysiological correlates [69] and manipulations to up- and down-regulate functional 

CREB [70].

When viewed from this memory system vantage point, it is likely that estrogens enhance and 

impair learning and memory through opposing actions on different brain regions, possibly 

through competitive interactions; that is, both the enhancement and impairment in learning 

is produced through direct actions on only one structure, the hippocampus or the striatum. 

Korol and Wang Page 5

Physiol Behav. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To test the question of whether and how estrogens modulate learning strategy we conducted 

a series of experiments assessing hippocampus-sensitive place learning, which requires rats 

to find food in a plus- or T-shaped maze by always navigating to the arm in the same room 

position and striatum-sensitive egocentric response learning [71–73], which requires the use 

of the same body turn (e.g. right or left) to find food in the maze (Figure 1). Training 

procedures for each learning task are identical except for the strategy required to solve the 

task. We have developed two general paradigms that use the same plus-shaped land maze, 

one paradigm that is a dual-solution task (Figure 1A) allowing for the selection of either 

place or response strategies, and the other a pair of single-solution tasks (Figure 1B), one 

that requires a place strategy and the other that requires a response strategy for optimal 

performance. Training in both paradigms is confined to a single session ~1–4 hrs, within one 

day, thereby allowing comparisons across individual estrous cycle stages, which typically 

last from ~ 6 – 24 hours in the rat, or across narrow windows of exogenous estrogen 

treatments.

We tested whether the fluctuation of hormones across the estrous cycle in young adult rats 

produced corresponding fluctuations in the use of learning strategies during task acquisition. 

In the dual-solution task, where strategy is chosen by the individual, rats showed dramatic 

shifts in strategy use across the cycle and biases in strategies within cycle stage (Figure 2A; 

[74]). As predicted from prior work showing that elevated levels of estrogens support 

hippocampal functions [45], at proestrus, significantly more rats used place versus response 

strategies. No bias was seen in rats at met/diestrous stages, when hormone levels are 

intermediate between proestrous and estrous states. However, at estrus when hormone levels 

were relatively low, rats expressed a significant bias towards response strategies, suggesting 

a shift in the choice of strategies from place to response with the changing hormonal milieu. 

Importantly, the same number of trials was needed to meet criterion performance (~25) 

across all groups, highlighting the novel finding that cognitive strategy and not necessarily 

learning ability per se fluctuates across the estrous cycle.

When the data in females are collapsed across all three stages of the estrous cycle and 

compared to males trained in the same maze with the same training conditions [75], there 

are no significant sex differences in strategy, with half of the rats of each sex displaying a 

propensity to use place learning and the other half response learning. Males showed a subtle 

but significant increase in learning speed, seen by the reduction in trials to reach criterion, a 

surprising finding given that learning speeds are typically the same across treatment groups 

even when strategies shift [74, 75] (Figure 2A). As such, little is known regarding the cell 

biology controlling acquisition speed in the dual solution task, and thus it is difficult to 

speculate what may contribute to this sex difference. Perhaps sex differences in provisions of 

astrocytic lactate, a metabolite known for its critical role in learning and memory (see 

section 3.3 below), allow for faster learning in males, a possibility in need of further 

investigation. Indeed, the established sex differences in the many neurobiological processes 

elucidated throughout this Special Issue point to a myriad of viable cell and molecular 

candidates, such as estrogen receptor distribution, aromatase activity, and immune function, 

for future studies on sex differences in learning and memory.
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When tested in humans, a similar small but consistent male advantage for acquisition rate 

was detected in an analogous virtual dual solution maze task [76] that primed the 

participants with aerial views of the training environment and probed for spatial vs response 

strategies twice during training. Moreover, in contrast to prior findings by the same 

investigator who reported response biases in both genders after extensive training [c.f. 76], 

there was a higher bias towards using spatial strategies in men than in women. Particularly 

because men also demonstrated superior mental rotation skills, it is possible that the aerial 

priming promoted the selection of spatial strategies in men more readily than in women [76]. 

Because results in rats suggest that hormone-induced modulation of strategy choice is 

notably stronger than any apparent sex difference in strategy choice, it is unfortunate that 

menstrual cycle status was not used as a variable to discern hormone contribution to virtual 

maze learning strategies in women, which in turn may clarify discrepancies across reports.

The role estrogens play in mediating the shift in learning styles was demonstrated by 

assaying strategy selection in ovariectomized rats treated acutely with systemic estradiol 

benzoate for two days to mimic the rise in circulating estrogens experienced across the 

estrous cycle. Compared to oil-treated controls, young adult female rats with relatively high 

circulating estradiol show preferences for place strategies over response strategies [16, 77], 

with a pattern of biases similar to those detected across the estrous cycle [74, 78, 79]. Given 

these preferences, estrogens may regulate the ability to use one style over another, e.g. 

improve performance on hippocampus-sensitive place learning but impair striatum-sensitive 

response learning.

Direct tests of this possibility were made using single solution place and response tasks that 

require rats to use one strategy over the other. Female rats that were ovariectomized and 

received hormone replacement with relatively short exposures of estradiol benzoate, 48 and 

24 hours prior to training, solve place tasks more quickly than response tasks and more 

quickly than did rats with control oil treatments (Figure 3A; [80]). Consistent with the 

response strategy selection at estrus (Figure 2A; [74, 78]) or in rats given injections of oil-

vehicle after ovariectomy [77], oil-treated rats significantly outperformed estradiol-treated 

rats on response learning, again pointing to an estradiol-induced shift in learning abilities 

towards the use of place learning and away from the use of response learning, a finding 

corroborated by others using chronic treatments, training across days, or different striatum-

sensitive navigational tasks [16, 81, 82]. When evaluated without regard to estradiol status, 

place and response learning scores in young adult females are equivalent to each other and to 

respective place and response scores in age-matched males (Figure 3B; [63]). Thus, like 

strategy selection, the ability to solve place and response tasks also seems to rely more 

heavily on hormone status at the time of training than on sex status.

There is a dearth of studies exploring the role of androgens in learning strategies, one of the 

few areas of behavioral neuroscience lagging far behind similar investigations in females. 

Even in the handful of published reports the findings are mixed, which, as in females, may 

result from differences in tasks. When tested in a dual-solution task, gonadally intact males 

showed place learning biases undetected in our experiments (see Figure 2B) that were 

unaffected by castration [83], supporting the possibility that androgens are unimportant for 

spatial strategy selection [84]. However, like estrogens, androgen modulation of navigation 
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is sensitive to dose, with lower doses (0.125 mg/rat) biasing towards response and cued 

strategies and higher doses (0.5 mg/rat) prompting place strategies [85]. It is important to 

note that the cue density or configuration can be manipulated to foster the selection of one or 

the other strategy (unpublished findings; [72]) and thus comparing specific results across 

studies from different laboratories with different training environments might be difficult.

3. Deciphering the biology underlying bidirectional effects of estrogens on 

learning strategy

It is now established that physiological doses of estrogens enhance hippocampus-sensitive 

learning and memory but interrupt other forms of cognition, particularly those that rely on 

the striatum [16]. While unlikely, the bidirectional cognitive effects of estrogens may result 

from nonmnemonic or extrabrain influences on motivational state such as hunger or thirst 

[86] or sensory function affecting cue acuity or use [87]; if so, central manipulations of 

estrogen signaling would essentially be ineffective. Evidence that estrogens do indeed 

enhance place learning and impair response learning through direct action at the 

hippocampus comes from direct pretraining application of estrogens or antiestrogens into 

each brain site followed by training on a single solution place or response maze. 

Hippocampus infusions of estradiol sulfate enhanced learning of the place task with no 

effect on response learning while striatal infusions impaired learning of the response task 

without modulating place learning, pointing to a clean double dissociation between site of 

estradiol infusion and task performance [88]. Furthermore, implants of the estrogen receptor 

(ER) blocker ICI 182,780 into the canonical brain region attenuated the effect of systemic 

estradiol on place and response learning: ER blockade in the hippocampus reversed the 

estradiol-induced place learning enhancement while implants into the striatum reversed 

response learning impairments [89, 90]. Thus, in females, estradiol works to enhance and 

impair place and response learning, respectively, through site-specific, independent, ER-

mediated mechanisms during task acquisition and not via competitive or collaborative 

interactions between the two structures. Interactions between memory systems seem to be 

the norm for males, thereby revealing a sex difference in memory systems characteristics. 

For example, as alluded to above, interventions that disrupt hippocampal structure or 

function in male young adult male rats facilitate response learning while those that enhance 

hippocampal function interrupt response learning [55, 56, 58, 68]; the converse is seen with 

manipulations to the striatum [66, 67, 91]. Collaboration across hippocampal and non-

hippocampal memory systems has also been described in males [59, 69, 70, 92, 93], but not 

in females [88] where data are relatively lacking, highlighting the possibility that 

mechanisms of hormonal modulation of multiple memory systems may be qualitatively 

different between males and females.

The cellular and molecular mechanisms mediating these opposing actions remain obscure 

but are likely to include site-specific differences in ER distribution along with inter- and 

intra-cellular signaling events. Sorting these mechanisms undoubtedly has important 

implications for human health because of the wide use of estrogenic agents for cancer 

treatments, for prevention of osteoporosis, and in everyday use such as consuming diets high 

in phytoestrogens and taking oral contraceptives. That is, if the bidirectional effects 
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dissociate by some identifiable aspect of estrogen signaling, it will be possible to develop 

estrogenic treatments – either anti-estrogens or agonists – targeting one or other mechanism 

that avoid the deleterious effects on cognition while maintaining the beneficial intended 

effects. For example, if we find that estrogens improve cognition via a select set of receptors 

or molecular signaling pathways yet impair via a different set of cell signaling mechanisms, 

new compounds that target one receptor or molecule in the pathway could be developed to 

avoid the deleterious effects on cognition or even promote the beneficial actions.

Receptor signaling

The brain uses many different types of estrogen responsive pathways involving classical ERs 

and novel signaling molecules identified on neurons, glia, and cells of the cerebrovasculature 

[94, 95]. The distribution of classical and novel ERs is vastly different for the hippocampus 

and striatum. The hippocampus has been described as having essentially all types of 

estrogen responsive proteins, including ERα, ERβ, the g-protein coupled receptor estrogen 

receptor, GPER/GPR30, and ERX, which unlike other ERs is activated by 17-α estradiol 

[96, 97], that localize to the nucleus (ERα, ERβ), plasma and mitochondrial membranes 

(ERα, ERβ, ERX), and endoplasmic reticulum (GPER) [98–101]. In contrast, the striatum 

only contains extranuclear receptors (ERs and GPER) largely confined to axon terminals and 

astrocytes [102–104], and thus striatal cells can only initiate estrogen signaling through non-

genomic events by activation of membrane ERs or transactivation of other membrane 

receptors such as metabotropic glutamate or trophic factor receptors. Estrogens can still 

exert durable effects in the striatum that outlast the rapid initiation of signaling and may do 

so by co-opting other downstream cellular processes e.g. MAPK, PLC, PI3-K, PKA, that 

lead to transcriptional regulation [105–107].

The distinct pattern of ER distribution across the hippocampus and striatum makes estrogen 

signaling a good candidate for mediating estrogen induced-cognitive enhancements and 

impairments. To decipher the contribution of estrogen signaling mechanisms we determined 

if the impairments and enhancements in learning dissociated either by ER subtypes or timing 

of exposure, i.e. just prior to training vs hours or days prior to training. Results from these 

two approaches would provide insight into signaling pathways that have specific 

downstream molecular targets and temporal properties.

3.1 ERalpha vs ERbeta

Early reports using in situ hybridization and immunohistochemistry [98, 100, 108] showed 

considerable ERβ in cortex and hippocampus and less so in other areas. Conversely, ERα 
labeling was weak in hippocampus but heavy throughout the hypothalamus and other 

“reproductive” areas such as medial amygdala, leading to the speculation that ERα mediates 

reproductive behavior and ERβ mediates cognitive activity [108–110]; a separation in 

function by receptor was also suggested by findings from studies of reproductive and 

nonreproductive behaviors using ERα and ERβ knock-out (ERαKO, ERβKO) models [111]. 

However, the ERα vs ERβ distinction for sex vs cognition was weakened by refined 

detection methods, revealing that many brain areas have both classical ERs in addition to 

other estrogen receptors including GPER, but that they distribute across different cell types, 

different compartments, and with different densities [4]. Moreover, ERα activation during 
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development may be critical for establishing appropriate neural circuitry important for 

cognition [112] and, in the adult state, for mediating estrogenic modulation of learning and 

memory [113].

A growing body of evidence mostly from studies of hippocampus-sensitive cognition 

comparing efficacy of both ERα and ERβ agonists points to the involvement of both 

receptors, the specificity of which may depend on the animal model used, type of task, and 

the timing of treatments with respect to different phases of learning and memory (see also 

3.2). For example, in wild-type ovariectomized mice activation of either receptor using the 

ERα-selective agonist propyl pyrazole triol (PPT) or ERβ-selective agonist 

diarylpropionitrile (DPN) immediately after training improved memory formation for novel 

objects or object placement when tested one to two days later [114]. However, when 

recognition was tested only 4 hours later in ovariectomized rats the results are mixed, with 

evidence of only one or the other receptor agonist effectively enhancing object recognition 

or object placement memory [115, 116].

When given over two to three days prior to training on hippocampus-sensitive object 

recognition (rats) or social transmission of food preference tasks (mice), PPT failed to 

enhance subsequent memory despite the robust enhancement by estradiol and ERβ-selective 

agonists, DPN [116, 117, 118] and WAY-200070 [117, 118]. In fact, social learning of a 

food preference in mice might actually be impaired by chronic ERα activation per se [117, 

118]. Other findings, however, indicate that selective signaling through ERα supports better 

learning, but only when agonist treatments are given just before recognition memory training 

[119]. In contrast, when ovariectomized rats were tested in a T-maze task, continuous 

replacement with either PPT or DPN for two to three weeks facilitated acquisition of a 

delayed match-to-sample working memory task [120]. Thus, at face value, it is difficult to 

derive a unitary cognitive function for either ER subtype, but it is important to keep in mind 

the wide variations in the behavioral paradigms, treatment regimens ranging from acute 

(minutes to hours), sub-acute (one-two days), chronic (days to weeks), and timing of 

treatments (before and during training or post-training thereby modulating acquisition, 

memory, or both) that can produce equally varying effects, which may indeed reflect the 

memory system activated. This position is supported by evidence of ER-specific effects on 

different types of social learning [117–119].

A special role for ERα in learning has been suggested in ER knockout (ERKO) models. 

Speed of acquisition in the spatial version of the swim task was attenuated by estradiol in 

wild-type mice but not in ERαKOs. ERα stimulation may thus mediate learning 

impairments [113, 121] while signaling through other estrogen binding proteins including 

ERβ may promote or facilitate learning, similar to mixed effects described for social 

learning [118]. Thus, while any or all receptors might be involved in cognition, it is possible 

that selectivity in ER signaling leads to the bidirectional effects of estrogens on learning per 
se.

If this receptor-mediated dissociation between enhancement and impairment holds true for 

our cognitive tasks, we would expect to find particularly robust place learning enhancements 

with ERβ-selective compounds and response learning impairments with ERα-selective 
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compounds. Tests of this possibility were made in an extensive set of experiments using 

young adult female rats given different ER agonists. Separate groups of rats received one of 

five doses of PPT (ERα-selective agonist), DPN (ERβ-selective agonist), the more highly 

selective ERβ agonist, Br-ERB-041, that more closely matches the kinetics of PPT) and 

were tested on either place or response learning mazes [122]. Instead of observing distinct 

receptor-selective enhancements and impairments, all three agonists as well as oral genistein 

[123], a soy isoflavone known to bind preferentially to ERβ, enhanced place learning and 

impaired response learning, but did so with dose-response curves that were largely non-

monotonic and specific for that compound. Interestingly, for each agonist, the optimal 

impairing and enhancing doses were similar across response and place tasks, respectively, 

suggesting that ER-specific events alone fail to account for the bidirectional effects of 

estrogens on learning.

3.2 The timing of treatments

Estrogens induce changes in neural structure and function through estrogen receptor-

mediated processes that take seconds, minutes, hours, or days to accomplish depending on 

the endpoint measure. For example, modulation of ion currents in principle neurons, 

enhancements in neuronal excitability and synaptic plasticity, actin cytoskeleton 

restructuring, and activation of MAPKinase and CREB occur within seconds to minutes of 

estradiol application [124–126]. Within 30 minutes following estradiol exposure, increased 

dendritic spines and synaptic elements can be detected on CA1 hippocampal pyramidal cells 

[127], originally shown to peak 48 hours after two days of systemic estradiol treatment 

[128]. Paralleling these cellular and molecular changes, estrogens modulate learning and 

memory within minutes to hours of exposures. Various forms of social learning are rapidly 

modulated by estrogens but the direction of effects depends on the receptor subtype and 

timing [118, 119]. Both object and place recognition are improved after only minutes of 

estrogen exposure [129] through mechanisms that enhance acquisition, retention, or both. 

Estrogens given directly into the brain immediately after training, but not hours later, 

enhance recognition memory for objects and locations [130] suggesting that estrogens can 

modulate the neural mechanisms underlying memory formation that are proximal but not 

distal to the training experience. Estrogen-mediated enhancement of memory formation has 

also been demonstrated in males using a similar post-training design in the spatial version of 

the swim task [14], pointing to similar memory retention actions in males and females. In 

all, the findings highlight the role of cell signaling events in the absence of substantial gene 

transcription for cognitive enhancements with little known about estrogen-induced cognitive 

impairments.

We asked whether the hippocampus-dependent enhancement in place learning and striatum-

dependent impairment in response learning would sort by the timing of exposures. 

Ovariectomized young adult rats prepared with bilateral guide cannulae aimed at either the 

hippocampus or striatum were given direct infusions of estradiol-sulfate (used for aqueous 

solubility) across two days (48, 24, 2 hrs), 2 hours, or 15 min before training on either place 

or response learning. The doses and timing were chosen to mimic brain levels presumed to 

occur in previous studies using systemic injections. For both place and response learning, a 

single 2-hr exposure to estradiol in hippocampus or striatum was sufficient to enhance place 
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learning [131] and impair response learning [132], respectively, suggesting that long-term 

exposures of two days are not necessary to observe the opposing estradiol effects on 

learning.

Findings from maze training 15 minutes following infusions were quite surprising. No 

enhancement in place learning was seen when estradiol was administered into the 

hippocampus. In fact, place learning was actually impaired by this short pre-training 

exposure [131], contrasting the considerable evidence showing increased hippocampal 

plasticity within minutes of estrogen treatment [125, 130]. Moreover, infusions of estradiol-

sulfate into the striatum just 15 minutes prior to response training produced no measureable 

impairments on response learning. These results were unexpected because estradiol 

produces very rapid, i.e. within minutes of exposure, decreases in cellular signaling 

including calcium influx and CREB activation [124, 125]. Moreover, and perhaps more 

surprising, we recently found that systemic injections of estradiol-benzoate (4.5 ug/kg) 15 

minutes prior to training did impair response learning, demonstrating that the striatum can 

indeed respond to the impairing effects of estrogens within seconds or minutes. Perhaps the 

null effects from direct striatum injections of estradiol-sulfate resulted from insufficient 

amounts of activated, unsulfated estradiol; that is, it may take steroid sulfatase longer than 

15 minutes to produce impairing concentrations of active estradiol. This explanation, 

however, fails to account for our non-canonical impairing effects of hippocampal estradiol, 

the underlying mechanisms of which are currently under study.

In sum, we found that relatively short exposures to estradiol produce both place learning 

enhancement and response learning impairments. Thus, it appears that the bidirectional 

effects of estrogens on place and response learning are not explained by receptor type or 

timing of exposure alone, but instead may result from an interaction between the two where 

rapid enhancements and impairments might dissociated by ER subtype or ER subtype 

efficacy might dissociate by short vs long exposures, e.g. similar to impairments of social 

learning following PPT, an ERα-selective agonist, when given just prior to training but not 

earlier [117–119].

3.3 Estrogenic regulation of cerebral metabolism

Estrogens are thought to control peripheral metabolism and protect against metabolic 

dysfunction through behavioral means, i.e. regulation of food intact and animal activity 

levels, as well as through cellular processes such as regulation of glucose metabolism, 

pancreatic β-cell function, and insulin sensitivity in the periphery [8, 133]. Low estrogen 

levels can lead to host of health problems associated with altered energy balance and cellular 

metabolism, including obesity, metabolic syndrome, immune dysfunction, inflammatory 

diseases, and liver disease. The health consequences of metabolic dysregulation are 

exacerbated by increasing age [133–135], creating a double indemnity for women as they 

grow older and transition to a postmenopausal state, by combining the cost of hormone loss 

with advanced age. The importance of estrogens and androgens in maintaining healthy 

metabolic state is seen in sex and gender differences in incidence and risk of obesity, 

diabetes, and other metabolism-related disorders [8, 133, 134].
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Ovarian steroids are also believed to protect neural health through balance of energy 

metabolism and provision of energy substrates [134, 135]. Estrogen replacement in women 

attenuates menopause-related declines in regional cerebral blood flow and glucose 

metabolism and protects against neural dysregulation and hypometabolism associated with 

Alzheimer’s disease [136–140]. Moreover, women taking tamoxifen, a breast cancer 

treatment that functions as an estrogen receptor antagonist, have relatively lower regional 

glucose metabolism, supporting the notion that estrogens up-regulate cerebral metabolism 

[141]. However, there exists the chicken or the egg problem: it is unclear whether estrogens 

regulate metabolism, which then modulates cognition, or whether estrogens modulate 

cognition that, in turn, regulates the magnitude of cerebral blood flow and glucose 

metabolism. Sorting out the level of action of estrogens on brain metabolism may lead to 

lifestyle interventions for cognitive aging, particularly in women, that focus on maintaining 

healthy brain metabolism independent of hormone therapies.

The brain is a greedy organ, consuming considerably more energy on average (~20%) than 

its proportionate mass (2% of body) would indicate. During times of high neural activity, for 

example solving complex cognitive tasks, glucose provision might fall short of high energy 

demands because of the relatively low concentration of glucose in the extracellular fluid of 

brain relative to blood and facilitated transport required to move glucose into the brain. This 

lag was detected with in vivo microdialysis while male rats were tested on a hippocampus-

sensitive working memory task. The magnitude of depletion in extracellular glucose 

concentrations in hippocampus corresponded to task difficulty [142, 143]. Systemic 

injections of glucose reversed the depletion and restored memory scores on the harder tasks, 

indicating that glucose provision across the blood brain barrier can facilitate cognition.

A role for energy substrates other than glucose in regulating learning and memory is also 

becoming well established. Recent studies using males demonstrate that sufficient levels of 

brain lactate may also critical for optimal learning and memory [63, 144–146], illuminating 

a new role for astrocytes as providers of metabolic substrates during cognition [147–149] 

(Figure 4; however, see [150] for alternative viewpoint stressing glucose utilization). For 

fuel, neurons can use glucose provided by the cerebral vasculature or lactate provided by 

astrocytes [63, 144, 145], particularly during times of high neural activity [151, 152]. Ketone 

bodies such as 3-β-hydroxybutyrate, provided by blood or astrocytes, are also effective 

substrates for brain metabolism, creating multiple reservoirs for brain energy needs that may, 

under some conditions such as insulin insensitivity, be more efficient for ATP production 

than is glucose [153].

Considering the astrocyte lactate shuttle model, it is not surprising that peripheral and 

central injections of glucose and lactate enhance memory in young adult male rats and mice 

[144, 146]. Moreover, brain lactate responses to training, measured with indwelling bioprobe 

technology that allows for second-by-second readouts of extracellular lactate during 

behavioral testing, reveal a task by brain structure double dissociation. Compared to control 

male rats given reward only, hippocampal lactate rises substantially during place but not 

response training, whereas striatal lactate rises selectively during response training [63]. The 

selective rise in extracellular lactate is likely a result of transport from the blood or from the 

astrocytes via training-induced hydrolysis of glycogen that can subsequently be converted to 
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lactate or conversion of astrocytic glucose to lactate that is then shuttled into the 

extracellular space and used either for energy metabolism by neurons or for cell signaling 

[146–149]. Recently discovered g-protein coupled lactate receptors, GPR81, on vascular 

cells or neurons [154] are thought to regulate blood flow, angiogenesis, or other profiles of 

metabolic status of large ensembles of neurons [155], providing an indirect means for lactate 

to regulate brain metabolism and energy state. Whether providing energy substrates or 

signaling molecules, the astrocytes play key roles in regulation of cognition by controlling 

extracellular levels of metabolic substrates and may reflect the degree to which a brain 

region responds to or participates in cognitive training.

Keeping in mind the pervasive opportunity for metabolism to regulate cognition, it is 

possible that bidirectional regulation of metabolic substrates in the hippocampus and 

striatum by estrogens contribute to the opposing effects on cognitive strategy. Estrogens 

increase glucose transport across the blood brain barrier in cortex and hippocampus within 

four hours of exposure [156–158] perhaps through enhanced expression or membrane 

insertion of glucose transporters (GluT) [157–160]. Astrocyte processes in close contact 

with endothelial cells of the blood brain barrier control endothelial permeability [161]. In 

addition, astrocytes express membrane and cytosolic ERs that respond rapidly to estrogens, 

making them well positioned to mediate the effects of estrogens on brain metabolism [95, 

162]. In female mouse models of Alzheimer’s disease, molecular profiles in hippocampus of 

ovariectomized and gonadally intact mice suggest that available brain energy substrates shift 

from lactate and ketone bodies in the absence of estradiol towards glucose in its presence 

[159]. Similar trends were observed across aging in wild-type mice, which were preceded by 

reductions in GluTs [160], and suggesting that proper glucose transport into the brain may 

be a precursor for neural health.

To determine whether regulation of energy availability is a viable candidate for our opposing 

effects or estrogens on learning, we measured glucose and lactate concentrations in 

hippocampal and striatal extracellular fluid of ovariectomized (21 days) young adult female 

rats treated with two days of systemic estradiol (4.5 μg/kg) or oil vehicle using microdialysis 

techniques and zero-net flux analysis (for descriptions of zero-net flux, see [163]). We also 

measured ketone and glycogen concentrations in tissue samples from hippocampus and 

striatum of uncannulated but similarly treated rats. Estradiol treatments regulated substrate 

availability in hippocampus and striatum but with a pattern specific to the substrate of 

interest, summarized graphically in Figure 4A. For instance, estradiol significantly increased 

ECF glucose in the hippocampus but not in striatum, increasing basal hippocampal 

concentrations above those of males (Figures 4B, 5). Basal levels of extracellular lactate, on 

the other hand, responded to estradiol treatment with a decrease in striatum and an increase 

in the hippocampus. One of the most robust effects was on striatal ketone availability where 

estradiol substantially decreased tissue content in striatum but not hippocampus; 

concentrations of 3βHB were significantly higher in the striatum of oil-treated controls than 

in any other tissue, suggesting differential regulation of metabolites across these two brain 

regions by hormone depletion and repletion that might explain the task- and site-specific 

improvements and impairments in learning.
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Sex differences in extracellular hippocampal glucose and lactate concentrations have also 

been noted between gonadally intact males and ovariectomized females treated with or 

without estradiol (Figures. 4B, 5). Compared to both groups of female rats, i.e. those 

ovariectomized and replaced with estradiol or replaced with oil vehicle for two days, males 

have significantly lower ECF glucose concentrations. However, these lower levels of glucose 

in males are balanced by significantly higher levels of lactate (Figures 4B, 5). The sum of 

relative concentrations of lactate and glucose in males seems to match that in hormone-

deprived females (Figure 4B), but is substantially lower than the sum from estradiol-treated 

females, suggesting that estradiol may elevate available energy resources in the 

hippocampus. Parallel comparisons from the striatum of males and females or from the 

hippocampus of estrogen-treated males have not yet been made.

Our observed estradiol-induced shift in the brain’s metabolic profile is somewhat different 

from that proposed by Diaz-Brinton and colleagues [135, 159, 160]. For example, treatments 

of five weeks of daily high doses of estradiol given to ovariectomized 3xTgAD female mice 

were hypothesized to upregulate glucose but downregulate lactate availability in 

hippocampus, partially restoring levels to those of sham-operated gonadally intact mice. 

Differences in species, treatment and methods of measures may have contributed to 

discrepancies in findings. First, we gave two days of moderate doses of estradiol compared 

to the five weeks of high doses. Moreover, we collected ECF and tissue samples of 

substrates, whereas substrate availability in mice was largely inferred from expression 

patterns of glucose and monocarboxylate transporters and metabolic enzymes using 

semiquantitative western blot techniques [159, 160].

Because extracellular measures reflect the dynamic between provision and consumption, it is 

possible that altered tissue/ECF concentrations of substrates result from contributions from 

changes in cellular activity, energy consumption, and energy provision, the calculus of 

which is unknown and hard to untangle. In any event, it is important to note that estradiol 

had no effect on circulating levels of glucose, lactate, or ketones and thus most likely 

regulates substrate availability or energy consumption through direct actions in the 

hippocampus and striatum. In the hippocampus, one possibility is that estradiol alters 

glucose transport across the blood brain barrier by increasing number of the 55 kD glucose 

transporters, GluT155, on the vascular endothelial cells [159, 160]. It is also possible, and 

not mutually exclusive, that glucose transport into astrocytes through the lower molecular 

weight GluT145, for storage as glycogen or use by astrocytes for their own energy needs, is 

decreased by estradiol signaling through astrocytic ERs, leading to higher extracellular 

glucose concentrations overall. Estradiol might also facilitate production of hippocampal 

lactate by astrocytes through augmentation of glycogen breakdown or lactate dehydrogenase 

5 expression or activity despite reports suggesting the converse [159, 160]. In a similar vein, 

estrogens may impair striatum-sensitive learning by decreasing availability or increased 

consumption of so-called alternative substrates such as ketones and lactate via astrocytic and 

neuronal metabolism. Whether and how estrogen-induced changes in hippocampal and 

striatal energy substrates translate to cognition is unknown, but initial tests of training-

related alterations in glycogen, glucose, and lactate during training are underway.
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As discussed above, astrocytes are poised to mediate the opposing effects of estrogens on 

learning through regulation of metabolic resources, adding a new dimension to 

investigations of hormonal, sex, and age-related control over neural mechanisms of learning 

and memory. Indeed, cognition is undoubtedly an emergent property of the concerted efforts 

of many general and specific processes that include not only neurons and astrocytes but also 

microglia and endothelial cells and a portfolio of mechanisms requiring metabolism, 

intracellular signaling and intercellular signaling. Exciting new findings suggest that 

astrocytes increase estradiol synthesis through cytokine-dependent upregulation of 

aromatase and release cytokines, as do microglia, all of which can alter metabolism and 

neural plasticity essential for learning and memory [164, 165 THIS ISSUE]. As such, glia 

and other non-neuronal tissues now have starring roles in the growing story of endocrine 

control of brain function and dysfunction and will likely take center stage for future studies 

on sex as a biological variable in brain and cognitive health and disease.

4. Closing remarks

Studies of sex as a biological variable, together with studies of estrogen effects on non-

reproductive functions on brain and behavior, have undergone an exciting transition in the 

past decade or so. The field has moved well beyond occasional examinations of male vs. 

female behaviors and demonstrations of hormone effects on behavior to development of rich 

coherent frameworks that are becoming more and more mechanistic [166]. Key variables 

that interact with sex, gender, and estrogen effects on cognition include cognitive attribute 

and associated brain region, treatment dose and timing, age, and receptor signaling pathway 

to produce varying effects on learning and memory [167] that can be unified through a 

multiple memory systems framework. The findings reported here highlighted contributions 

of the hippocampus and striatum as tests for a memory systems framework that can be used 

for future explorations to expand to other task attributes that engage different brain areas. 

This will allow us to gain a broader view of hormone regulation on nervous system function. 

The field has made great strides to probe mechanisms for the enhancing effects of estrogens, 

but our understanding of the cell and molecular biology related to learning impairments with 

respect to timing, receptor systems and downstream signaling is lacking. Regulation of brain 

site-specific metabolism as a mechanism of estrogenic modulation of learning and memory 

is a likely prospect and reflects an emerging field of brain bioenergetics and cognition.

Findings of differences by task and brain area open opportunities to inform our 

understanding of sex as a biological variable for the control over cognition and of neural 

mechanisms of learning and memory regardless of sex. Moreover, this multiple memory 

systems approach to understanding estrogenic regulation of cognition has applications to 

human health and gender-specific medicine beyond elucidating the consequences of 

menopause by guiding development of medications that not only target a specific organ, e.g. 

breast or bone vs brain, but also target a specific brain region.
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Highlights

• Different memory systems are used to solve different types of cognitive tasks

• In females, estrogens enhance and impair learning depending on the memory 

system

• Hormone effects on learning strategy are greater than sex differences in 

strategy

• Opposing effects of estrogens fail to dissociate by estrogen receptor type or 

timing

• A role for cellular metabolism and astrocytes in these opposing effects is 

discussed
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FIGURE 1. 
Schematic of behavioral paradigms used to test allocentric place and egocentric response 

strategies. Rats are trained to find food on land-based mazes. A) Dual solution T-maze task 

in which both place and response strategies are equally effective. During training, the goal 

and start arms are held constant relative to each other and to room cues. The rat can learn by 

relying on a specific body turn or by relying on the arrangement of room cues. The strategy 

used during training is determined with a probe test where the start arm is rotated 180° from 

the start arm used during training. A response strategy (R) is assigned if the rat turns in the 

direction rewarded during training, while a place strategy (P) is assigned if the rat chooses 

the arm in the spatial position rewarded during training. B) Single solution maze tasks that 

tap either place (upper panel) or response (lower panel) learning.
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FIGURE 2. 
Learning strategy selection in the dual solution task. A) Effects of estrous cycle on strategy 

selection. Left graph depicts percent of rats using place and response strategies; right graph 

shows learning speed using the number of trials to reach criterion. Note a substantial bias 

within stage and shift between stages in the proportion of rats using place and response 

strategies without any evidence of cycle effects on learning speed. B) Comparisons across 

age-matched males and females without regard to estrous status. When data from females 

are collapsed across cycle stage there are no strategy biases or sex differences in strategy use 

(left panel) or learning speed (right panel). Adapted from [74, 75]. * = p < 0.05.
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FIGURE 3. 
Effects of A) estradiol and B) sex on place and response learning in single solution tasks. A) 

In young adult ovariectomized female rats, estradiol benzoate (10 ug/rat) give 48 and 24 

hours prior to training enhanced place learning but impaired response learning as measured 

by number of trials to reach criterion. B) When data from females are collapsed across 

treatment groups, there are no differences in learning across tasks or between age-matched 

males and females. Adapted from [80, 63]. * = p < 0.05.
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FIGURE 4. 
A) Graphic showing reservoirs of metabolic substrates in brain and provision routes based 

on the lactate-shuttle hypothesis. GlUT = glucose transporter; MCT = monocarboxylate 

transporter; 3βHB = 3-β hydroxybutyrate; TCA = tricarboxylic acid cycle; G-6-P = 

glucose-6-phosphate. Adapted from [144]. B) Schematic of data collected in ovariectomized 

females with and without 4.5 ug/kg estradiol benzoate and age-matched males. Bars depict 

relative brain concentrations of glucose and lactate measured from extracellular fluid 

dialysate and the ketone 3βHB from whole tissue homogenates.
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FIGURE 5. 
A) Glucose and B) lactate concentrations in extracellular fluid of hippocampus and striatum 

collected from ovariectomized female rats treated systemically with two days of either oil 

vehicle (grey bars) or estradiol benzoate (EB; purple bars). Data correspond to schematized 

results shown in Figure 4. Estradiol increased glucose in hippocampus but not striatum and 

increased lactate in hippocampus but decreased lactate in striatum. Hippocampal 

concentrations of glucose A) are substantially lower in males compared to females while 

hippocampal concentrations of lactate B) are significantly lower in females compared to 

males. # = p = 0.07; * = p < 0.05; @ = p < 0.05 males vs oil or EB.
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