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Abstract: Midlife decline in cognition, specifically in areas of executive functioning, is a frequent con-
cern for which menopausal women seek clinical intervention. The dependence of executive processes
on prefrontal cortex function suggests estrogen effects on this brain region may be key in identifying
the sources of this decline. Recent evidence from rodent, nonhuman primate, and human subject stud-
ies indicates the importance of considering interactions of estrogen with neurotransmitter systems,
stress, genotype, and individual life events when determining the cognitive effects of menopause and

estrogen therapy. Hum Brain Mapp 35:847-865, 2014.
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INTRODUCTION

The menopause transition is marked initially by
fluctuating levels of ovarian hormones and ends with an
overall dearth of estrogen in the postmenopausal period
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[Burger et al., 2007; Henderson and Popat, 2011]. During this
transition, many women report experiencing a decline in
cognitive function [Greendale et al., 2009; Mitchell and
Woods, 2011], specifically in areas of memory and attention
[Halbreich et al., 1995; Mitchell and Woods, 2011; Schaafsma
et al., 2010; Weber and Mapstone, 2009]. Evidence as to
whether this reduction in cognitive ability is due to the
decline in estrogen experienced during menopause is sug-
gestive but not conclusive [Henderson and Popat, 2011]. To
make matters more confusing, some studies have found that
the objective decline in cognitive function some women ex-
perience during menopause may be domain specific [Fuh
et al., 2006], while others have suggested that if women do
experience such a decline, the decline is either temporary
[Greendale et al., 2009] or does not reach clinical significance
when performance on neuropsychological tests is considered
[Henderson et al., 2003]. Others have suggested that subjec-
tive symptoms can be attributed to non-hormonal factors
such as stress, aging, and poor health [Mitchell and Woods,
2011]. Proposed explanations for these discrepancies include
lack of consistency in the stages of menopause examined
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and covariates considered as well as the use of cognitive
measures with varying degrees of ecological validity [Luet-
ters et al., 2007].

Estrogen therapy (ET) has been used as a treatment for
menopausal symptoms such as hot flashes and vaginal
dryness, but its efficacy in alleviating cognitive symptoms
has not been consistent [Hogervorst and Bandelow, 2010].
ET has been found to have a negative effect [Maki et al.,
2007; Shumaker et al., 2003], positive effect [Voytko et al.,
2009; Keenan et al., 2001; Krug et al., 2006; Wegesin and
Stern, 2007], or no effect at all [Kocoska-Maras et al., 2011]
on cognition in clinical studies. Again, such inconsistencies
in behavioral performance data may be due to length of
time between last menstrual period and initiation of ET,
the effects of brain aging in women over 65 years [Sherwin
and Henry, 2008], and variations in ET compounds, for-
mulations, doses, regimens, and routes of administration
[Stevens et al., 2005].

Though the hippocampus is clearly an important site of
estrogen’s effects on cognition [Dumas et al., 2008; Maki
et al., 2001,2011; Resnick et al., 2009], the effects of estrogen
on the structure and function of the prefrontal cortex (PFC)
are of growing interest and are particularly relevant to the
kinds of cognitive symptoms reported by women under-
going natural, medical, or surgical menopause. The PFC is
necessary for tasks requiring executive functions such as
sustained attention, working memory, organization, and
planning. Functional magnetic resonance imaging (fMRI)
studies in humans [Joffe et al., 2006; Keenan et al., 2001; Ste-
vens et al., 2005] as well as rodent and nonhuman primate
studies [Bohacek and Daniel, 2010; Daniel et al., 2006; Rapp
et al., 2003] together implicate the PFC as the site of estro-
gen’s modulation of executive function. ET and menstrual
cycle fluctuation in estrogen have been shown to increase
blood oxygen level dependent (BOLD) signal, a proxy for
neuronal activity, in the PFC of postmenopausal and pre-
menopausal women, respectively [Amin et al., 2006a; Joffe
et al., 2006; Keenan et al., 2001]. Studies in preclinical models
have demonstrated the effects of estrogen on neurotransmit-
ter levels and on structural morphology in the PFC. More
recently, preclinical and clinical studies have examined
estrogen’s effects in the dorsolateral prefrontal cortex
(DLPFC), an area of the PFC critical in focused attention and
working memory [Bailey et al., 2011; Duff and Hampson,
2000; Hao et al., 2007; Kritzer and Kohama, 1999; Sawaguchi
and Goldman-Rakic, 1994; Shaywitz et al., 1999; Wang et al.,
2010]. Loss of estrogen modulation of prefrontal systems
may be one explanation for the difficulties menopausal
women experience in these cognitive domains.

Though there have been several reviews addressing the
evidence for or against a decline in cognition specific to
menopause and the efficacy of estrogen in alleviating cog-
nitive dysfunction [Bayer and Hausmann, 2011; Henderson
and Popat, 2011; Hogervorst and Bandelow, 2009,2010;
Maki, 2005; Rocca et al., 2011; Sherwin, 2012], most have
highlighted the contradictory and inconclusive nature of
the findings. Each has referenced the above-mentioned dif-

ferences in study design as possible reasons for the lack of
clarity in the data. Few publications have included a com-
prehensive review of both the preclinical and clinical evi-
dence, though none have done so with an added focus on
a specific brain region and the cognitive processes relevant
to that region of interest.

We assert that estrogen’s effects on the PFC are critical to
the manifestation of the cognitive difficulties experienced by
some menopausal women. The proverbial “Now, what did I
come in here for?” can be seen as a common example of fail-
ure of working memory, reflective of PFC dysfunction.
Clearly, men also experience a decline in cognition with
aging, and one could argue for a role of declining estrogen
as aromatization of androgens to estrogen decreases [Cher-
rier et al,, 2005; Sherwin, 2003]. An important topic in its
own right given androgens’ direct and indirect effects on
brain chemistry and function, the impact of androgens on
cognition warrants a separate review. In addition, individual
differences that may affect response to ET such as genotype,
stress exposure, and early life experiences are usually not
considered. By examining the literature surrounding estro-
gen’s effects on executive function and the PFC in the con-
text of such individual considerations, this review seeks to
elucidate the possible mechanisms by which the cognitive
decline concurrent with menopause occurs and propose a
mechanistic explanation for the seemingly inconclusive na-
ture of the behavioral data. After a review of the preclinical
literature discussing estrogen’s effects in the PFC, a discus-
sion of their significance in clinical populations and direc-
tions for future research will be provided.

THE PREFRONTAL CORTEX: LOCATION AND
FUNCTION

Before launching into the effects of estrogen on the PFC at
the molecular, chemical, and functional level, it is important
to review the anatomical and working nature of the PFC.
The PFC is located at the anterior of the frontal lobes of the
brain and includes Brodmann’s areas 8, 9, 10, 11, 44, 45, 46,
and 47 (Fig. 1). The PFC is important for executive processes
such as inhibiting distracting information and stimuli, plan-
ning, evaluating consequences when making decisions, and
working memory. Working memory is often defined as the
ability to keep desired or target information “online” and ac-
cessible as well as the ability to manipulate this information
while being presented with new information that could
serve as a distraction. Several clinical neuroimaging studies
and preclinical studies in rodents and nonhuman primates
have established the importance of the PFC in such behav-
iors. Rodents and monkeys with PFC lesions exhibit
impaired performance on tasks requiring working memory
[Baeg et al., 2003; Brito and Brito, 1990; Butters and Pandya,
1969; Carlson et al., 1997, Chafee and Goldman-Rakic, 1998;
Chang et al.,, 2002; Funahashi and Inoue, 2000; Lauwereyns
et al.,, 2001], temporal order memory [Barker et al., 2007;
Chiba et al, 1994,1997; de Saint Blanquat et al., 2010;
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Figure I.
The PFC is located at the anterior of the frontal lobes of the brain and includes Brodmann’s
areas 8, 9, 10, 11, 44, 45, 46, and 47. Lateral view (a) and medial view (b) as depicted in Gray’s
Anatomy of the Human Body. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Lauwereyns et al., 2001; Petrides, 1995; Sakagami et al.,
2001], reversal learning and flexibility [Chudasama and Rob-
bins, 2003; Dias and Aggleton, 2000; Floresco et al., 2008;
Kim and Ragozzino, 2005; Meunier et al., 1997; Rolls et al.,
1996; Rygula et al., 2010], and decision-making [Churchwell
et al., 2009; Endepols et al., 2010; Floresco and Ghods-Sharifi,
2007; Hauber and Sommer, 2009; Kim et al., 2008, Mobini
et al., 2002; O’Neill and Schultz, 2010]. In healthy human
subjects, performing tasks requiring these processes, particu-
larly working memory, increases BOLD signal in the PFC
[Barch et al., 1997; Braver et al., 1997; Callicott et al., 1999;
Clark et al., 2000; D’Esposito et al., 1998; Diwadkar et al.,

2000]. The results of this research suggest that certain por-
tions of the PFC are important for particular executive func-
tions. For example, the dorsal and lateral portions of the PFC
are key in the regulation of attention, whereas the ventral
and medial portions are important for emotional regulation
[Arnsten, 2009]. The region of the PFC investigated in the
studies included in this review will be given if a specific
region is noted by the authors. Optimal executive function-
ing and PFC regulation of subcortical brain structures are
dependent upon prefrontal concentrations of catechol-
amines, specifically dopamine (DA) and norepinephrine
(NE) [Arnsten, 2011]. Serotonin (5-HT) and acetylcholine
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Executive Functioning Depends on Prefrontal
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Figure 2.

Optimal executive functioning is dependent on the neurochemi-
cal environment of the PFC. When present at ideal levels, NE
maintains network connectivity through the stimulation of post-
synaptic oa-receptors and DA inhibits inappropriate stimuli
through activation of D, receptors. Insufficient stimulation of
these receptors at lower concentrations can lead to symptoms
of executive dysfunction such as fatigue, distractibility, and impul-
sivity, while the excessive D, stimulation and inappropriate NE
o and Bstimulation that occur at higher concentrations mimic
symptoms of stress such as mental inflexibility. Withdrawal of
estrogen modulation of prefrontal catecholamine systems may
be one mechanism leading to a decline in executive functions
concurrent with menopause.

(ACh) are also important in PFC neurochemical modulation
of attention [Boulougouris and Tsaltas, 2008].

As suggested by Arnsten and colleagues, DA and NE
exhibit an inverted U-shaped dose-response curve (Fig. 2)
on PFC top-down regulation of behavior in which, when
present at ideal levels, NE maintains network connectivity
through the stimulation of postsynaptic a,a-receptors and
DA inhibits inappropriate stimuli through stimulation of
D; receptors [Arnsten, 2009,2011]. Insufficient stimulation
of these receptors at lower concentrations can lead to
symptoms of executive dysfunction such as fatigue, dis-
tractibility, and impulsivity while the excessive D; stimula-
tion and inappropriate NE oy and B; stimulation that
occur at higher concentrations mimic symptoms of stress
such as mental inflexibility [Arnsten, 2009]. Evidence sup-
porting the withdrawal of estrogen modulation of prefron-
tal catecholamine systems as one mechanism leading to
decline in executive functions will be discussed further
below.

ESTROGEN EFFECTS ON THE PFC: ANIMAL
STUDIES

Behavioral data: Estrogen effects on behavior

Several rodent and non-human primate studies have
investigated the effects of estrogen on PFC dependent cog-
nitive tasks. Estrogen, alone or in combination with pro-

gesterone, has been shown to be successful in correcting
ovariectomy (OVX)-induced impairments in spatial work-
ing memory and recognition memory consolidation, pre-
clinical proxies for executive function [Inagaki et al., 2010;
Rapp et al.,, 2003]. In a delayed response test of spatial
working memory in intact aged female rhesus monkeys,
estrogen replacement reversed cognitive impairments asso-
ciated with cognitive aging, while OVX worsened the
same symptoms [Rapp et al., 2003]. Other studies suggest
that the level of estrogen may play a role in the behavioral
effects seen [Galea et al., 2001; Wide et al., 2004]. While low
levels of estradiol enhanced working memory in cycling
female rats [Wide et al., 2004], high levels of estradiol did
not [Galea et al., 2001; Wide et al., 2004]. Similarly, a study
investigating the efficacy of 17f-estradiol and 17u-estradiol
in improving recognition memory consolidation in female
OVX rats aged 55 to 60 days found that the effects of each
isomer were dose, time, and cognitive domain dependent in
which each estradiol isomer exhibited an inverted U-shaped
dose-response curve [Inagaki et al., 2010].

In addition, minimizing the time between OVX and ini-
tiation of estradiol appears to be important in middle-aged
rats. Estradiol initiated immediately after OVX improved
working memory performance in rats OVXed at 12 months
and 17 months, though no effect of estrogen was seen after
long-term hormone deprivation [Daniel et al., 2006]. Addi-
tionally, the beneficial effects of estradiol on tasks requir-
ing attention appear to attenuate over time in rats OVXed
at these ages [Bohacek and Daniel, 2010]. Hence, time of
initiation and duration of ET in menopausal women are
likely to impact the efficacy of ET. Though these preclini-
cal behavioral studies implicate the PFC as the site of
estrogen modulation of executive processes, differences in
study designs are a probable source of the apparent con-
tradictions in findings, making the interpretation of the be-
havioral data elusive, and necessitating the examination of
the neural mechanisms underlying these findings.

Monoamine and catecholamine systems

DA and NE, the catecholamines crucial for executive
functioning [Arnsten, 2011], are modulated by estrogen in
the PFC. Treatment with 20 ng/kg of 17f-estradiol both
improved memory consolidation and affected dopaminer-
gic, noradrenergic, and serotonergic neurotransmission in
the rodent PFC. Estrogen significantly raised concentra-
tions of 5-HT, MHPG (metabolite of NE), and DOPAC
(metabolite of DA) in the PFC of rats OVXed at 55 to 60
days as well as the turnover rate of NE to MHPG shortly
after treatment [Inagaki et al., 2010]. Estrogen benzoate or
ERP agonist-induced elevations in prefrontal DA, NE, and
5-HT metabolites were accompanied by improvements in
recognition memory in rats OVXed at 2 months [Jacome
et al., 2010]. However, treatment with significantly higher
or lower doses of 17B-estradiol or higher doses of 17a-es-
tradiol were found to be ineffective in improving spatial
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and non-spatial memory consolidation in OVX rats despite
the increase in neurotransmitter levels that occurred at the
higher doses, indicating that estrogen’s beneficial effects
on cognition are dose dependent [Inagaki et al., 2010].

Estrogen levels also affect catecholaminergic systems in
cycling rats. Rodent mesolimbic dopaminergic activity,
including DA release, uptake, and transport, are depend-
ent on estrous cycle phase [Thompson and Moss, 1997].
Basal prefrontal DA concentrations were found to be de-
pendent on the phase of the estrous cycle, where DA con-
centrations were highest during estrus, reduced during
diestrus, and lowest during proestrus, the phase at which
estrogen is typically at its peak [Dazzi et al., 2007]. Sensi-
tivity of prefrontal dopaminergic neurons to ethanol
administration was also dependent on estrus cycle phase,
the consequences of which may play a role in differential
drug and alcohol sensitivity between the sexes. Ethanol
treatment resulted in increased PFC DA release during
estrus, the phase at which estrogen is at its nadir, but had
no effect on basal DA concentration during diestrus or pro-
estrus. OVX, treatment with finasteride, a specific 5a-reduc-
tase inhibitor, and treatment with clomiphene, an estrogen
receptor antagonist, each blocked the increase in DA output
due to ethanol administration seen during estrus. Pretreat-
ment with ethynyl estradiol before acute ethanol adminis-
tration, however, allowed for the restoration of the ethanol-
induced DA output. Interestingly, treatment with estradiol
30 days following OVX did not have the same restorative
effects [Dazzi et al., 2007], lending further support to the im-
portance of timing of estrogen replacement.

Estrogen also affects these neurotransmitter systems
through enzymatic regulation of transmitter metabolism.
OVX elevated catechol-o-methyl transferase (COMT), an
enzyme involved in DA metabolism, protein expression
and enzyme activity in the PFC of female rats, as did treat-
ment with tamoxifen, an estrogen antagonist. In contrast,
decreases in COMT protein expression and enzyme activ-
ity were observed in male rats receiving estrogen, suggest-
ing sex differences in the effects of estrogen on DA
metabolism [Schendzielorz et al, 2011]. Though many
human subjects studies have investigated the effects of ta-
moxifen on cognition, none of these studies have exam-
ined whether COMT genotype may serve as a predictor of
women who may benefit from or have adverse effects to
tamoxifen treatment or ET.

One study found that estradiol treatment initiated 5
months after OVX increased choline acetyltransferase
(ChAT) protein levels in the PFC while the same treatment
administered immediately following OVX did not, leading
the authors to suggest that the period of hormone depriva-
tion sensitized PFC cholinergic systems to the effects of
estrogen [Bohacek et al., 2008]. This delayed sensitization
appears contradictory to the critical period hypothesis,
which posits that ET’s efficacy in alleviating cognitive dif-
ficulties due to hormone deprivation is dependent on min-
imizing the length of time between hypogonadism and
initiation of ET. Though the cognitive effects of this delay

in PFC sensitization to estradiol are not clear, increased
ChAT activity has been shown to alleviate cognitive dys-
functions associated with Alzheimer’s disease in rodent
models [Park et al., 2012] and may modulate neurotrans-
mission of gamma-aminobutyric acid (GABA), the primary
inhibitory neurotransmitter, through stimulation of nico-
tinic ACh receptors in the PFC [Aracri et al., 2010].

Glutamate, the primary excitatory neurotransmitter,
modulates cognitive process such as long term potentia-
tion (LTP) by binding to N-methyl-p-aspartic acid
(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptors. Though most studies inves-
tigating the interactions of estrogen and glutamate in LTP
have focused on the hippocampus [Kullmann et al., 1996],
estradiol has recently been shown to modulate glutamate
transmission and AMPA receptor binding in the PFC. Es-
tradiol modulation of AMPA receptors in the rodent PFC
appears to selectively involve ERa, but not ERp, receptors.
While ET can reverse the increase in [PTHJAMPA receptor
binding in the PFC caused by OVX, one study found that
administration of an ERa receptor agonist was able to
cause the same decrease while an ERP receptor agonist had
no effect [Le Saux et al., 2006]. The same selectivity of ER
agonists was seen on GluR2 mRNA levels. Estradiol and
treatment with an ERa agonist decreased GluR2 mRNA lev-
els in the rodent PFC, while treatment with an ERp agonist
had no effect, and oddly neither did OVX. This estradiol
modulation of AMPA receptor binding via the GluR2 subu-
nit, which in turn modulates Ca®" permeability, may be one
mechanism by which estradiol exerts its neuroprotective
effects. Increasing Ca?* permeability, as a result of decreas-
ing GluR2 expression, is correlated with increases in expres-
sion of transcription factors such as brain-derived
neurotrophic factor (BDNF), a neurotrophin important for
learning and memory [Le Saux et al., 2006]. Therefore, estro-
gen regulation of AMPA receptors and glutamate transmis-
sion may have effects on synaptic plasticity and LTP.

Transcription factors

Regulation of transcription factors is a possible mecha-
nism by which estrogen modulates cognition. In nonhu-
man primates, short-term E2 treatment altered DLPFC
concentrations of transcription factor mRNA and protein
important for cognitive processes. Estrogen treatment
increased expression of c-Fos mRNA, a transcription
factor involved in estrogenic neuronal activation and plas-
ticity, regulation of gene transcription, and possibly pro-
motion of insulin-like growth factor-1 (IGF-1) gene
expression in the DLPFC of cycling non-human primates
aged 5 to 7 years [Wang et al., 2004] and in the ventrome-
dial PFC of cycling rodents [Zeidan et al., 2011]. Levels of
c-Fos were decreased in a mouse model of fragile X syn-
drome exhibiting impairments in attention, inhibition, and
cognitive flexibility [Braudeau et al., 2011]. Increases in c-
Fos expression were associated with the improvements in
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memory consolidation seen in rats receiving hippocampal
injections of a GABA, agonist used to decrease GABA
neurotransmission [Braudeau et al., 2011]. Improved per-
formance on spatial learning tasks observed in rodents af-
ter treatment with an acetylcholinesterase inhibitor or
phosphodiesterase inhibitor was attributed to the observed
increases in IGF-1 [Narimatsu et al., 2009; Zhao et al.,
2010]. Thus, increased c-Fos expression, and therefore IGF-
1 expression, may be a mechanism by which estrogen sup-
ports executive function.

ET was also found to suppress gene and protein expres-
sion of E2F transcription factor-1 (E2F1), a transcription factor
involved in activating cell cycle progression, repressing gene
expression, and antiproliferative processes. The suppression
of E2F1 expression and promotion of IGF-1 expression are
other possible mechanisms for estrogen’s neuroprotective
effects. ET also decreased expression of general transcription
factor IIB mRNA and protein, but the implications of this
effect on neuronal function are not clear [Wang et al., 2004].

Brain-derived neurotrophic factor

BDNF, a neurotrophin involved in synaptic plasticity,
neuronal survival, learning, and memory, is important in
estrogen’s modulation of PFC dependent cognitive proc-
esses. BDNF mRNA levels have been found to vary across
the rodent estrous cycle. While one study suggested an
inverse relationship between estradiol levels and medial
PFC BDNF mRNA levels in cycling rodents [Cavus and
Duman, 2003], several studies indicate that the estrogen-
induced increases in BDNF levels in other brain regions
[Gibbs, 1998; Haraguchi et al, 2012; Kiss et al., 2012;
Numakawa et al., 2010] may be key in estrogen’s effects
on dendritic growth, synaptogenisis [Haraguchi et al.,
2012], and spatial reference memory [Kiss et al., 2012].
Estrogen regulation of BDNF mRNA and protein levels in
other regions of the brain such as the hippocampus have
been shown to affect glutamate and GABA transmission in
these neurons [Caldeira et al., 2007a,b]. One mechanism by
which estrogen regulates BDNF expression is via the estro-
gen response element located in the promoter region of
the BDNF gene. Therefore, regulation of BDNF mRNA
transcription may be a potential pathway by which estro-
gen modulates PFC function [Sohrabji et al., 1995].

In addition, experiments utilizing a knock-in mouse
model for the BDNF Val66Met polymorphism in which
the single nucleotide polymorphism occurring in the pro-
domain of the BDNF gene at position 66 results in reduced
neuronal BDNF release suggest that BDNF genotype indi-
cates an individual’s vulnerability to affective disorders
during periods of significant hormone fluctuation such as
puberty and menopause [Bath et al.,, 2012; Epperson and
Bale, 2012]. Homozygous Met mice demonstrated an
increase in anxiety-like behaviors during estrus, the point
at which estrogen levels decline the most rapidly, while
no effect of estrous stage on these behaviors was observed

in homozygous Val mice. In addition, that a correlation
between age and anxiety-like behaviors were observed in
Met mice, but not Val mice, suggests a role for BDNF
polymorphism genotype on the impact of reproductive
stage in the manifestation of anxiety risk [Bath et al., 2012;
Epperson and Bale, 2012].

Development

Developmental effects of estradiol on PFC function are also
important to consider. During puberty, IGF-I receptor signal-
ing in the PFC becomes more sensitive to estrogen regulation
[Sanz et al., 2008]. Higher IGF-1 levels are associated with bet-
ter performance on tasks of working memory and sustained
attention in healthy human subjects [Bellar et al., 2011]. In
addition, interactive effects of estradiol and IGF-1 on neuron
development, survival, and plasticity have been observed.
One mechanism by which estrogen modulates PFC depend-
ent cognitive process may be through alteration of IGF-1 sig-
naling in the PFC via the GSK3B/Atk pathway. Acute
estradiol administration to prepubertal OVX rats did not
induce the same sustained phosphorylation of alpha serine/
threonine-protein kinase (Akt) and glycogen synthase kinase
3B (GSK3p) seen in the PFC of mature OVX rats treated with
estrogen [Sanz et al., 2008]. In one positron emission tomogra-
phy (PET) study in elderly human subjects, subjects with
high IGF-1 levels had shorter reaction times and showed
increased regional signal in the left DLPFC during a working
memory task [Arwert et al., 2005]. Thus, PFC exposure to
estrogen during this period may be critical to the develop-
ment of pathways used in executive functioning in later life.

Dendritic spine morphology

Changes in hippocampal dendritic spine density have
been associated with enhanced performance on tasks of
learning and memory as well as increases in LTP. Estrogen
treatment has been shown to reverse both the decreases in
PFC dendritic spine density and number as well as the
impairments in PFC dependent functions caused by OVX
in both rodents and nonhuman primates [Chen et al.,
2009; Hao et al., 2007; Rapp et al., 2003; Tang et al., 2004].
A significant increase in spine number was seen in layer I
of PFC area 46 pyramidal cells of OVX female rhesus mon-
keys after estrogen replacement [Tang et al., 2004] and in
layers III and V of the rodent PFC [Chen et al., 2009]. In
layer III, long-term 17p-estradiol administration following
OVX increased apical and basal dendritic spine density
and the number of smaller, more motile spines thought to
be important for synaptic plasticity [Hao et al., 2007],
while no effect was seen on measurements of dendritic
arbor such as total dendritic length and branching [Chen
et al., 2009; Hao et al., 2007]. The enhanced performance
on a delayed response task probing working memory in
OVX nonhuman primates receiving estradiol is thought to
be at least in part due to these changes in spine density

¢ 852 ¢



¢ Estrogen and the Prefrontal Cortex ¢

[Hao et al., 2007; Rapp et al., 2003]. In addition, one study
found that the decrease in spine density in the medial PFC
following OVX was accompanied by a decline in perform-
ance on object recognition and object placement memory
tasks [Wallace et al., 2006].

Similarly, dendritic spine morphology varies across the
estrous cycle in rodents, and these variations parallel the
effects seen with OVX and estrogen administration. Den-
dritic spines are more numerous and have the greatest
density during proestrus than estrus and diestrus, though
no effect of estrous cycle phase has been seen on dendritic
arbor [Chen et al., 2009]. Increased dendritic spine density
in prefrontal pyramidal neurons was also observed in
OVX rats maintained on a long-term diet containing high
levels of phytoestrogens [Luine et al., 2006]. The beneficial
effect of estrogen on prefrontal dendritic morphology does
not appear to be limited to females. Estradiol administra-
tion also appears to increase the number of spine synapses
in the medial PFC of male gonadectomized rats, though to
a lesser extent than increases observed with testosterone
treatment [Hajszan et al., 2007].

This correlation between estrogen level and PFC dendri-
tic spine density and number provides further support for
estrogen’s effect on executive functions through modula-
tion of glutamatergic activity. Increases in the number of
smaller, rather than larger, spines were primarily observed
[Hao et al., 2007]. These smaller spines have a greater num-
ber of NMDA receptors and are more motile, plastic, and
sensitive to Ca®" dependent signaling than larger spines.
Small spines have been suggested to be important in learn-
ing, while large spines, which have a greater number of
AMPA receptors and are therefore also mediated by gluta-
matergic activity, are more stable and thought to be impor-
tant in memory [Hao et al, 2007, Kasai et al., 2004].
Because executive functioning is dependent on the number
of prefrontal small spines, while memory performance
depends on the number of large spines in the hippocampus
[Hara et al., 2012], ET may alleviate symptoms of executive
dysfunction in menopausal women in part through a selec-
tive increase in smaller dendritic spines in the PFC.

Immunoreactivity

The effects of estrogen on prefrontal morphology are not
limited to those seen on dendritic spines. Estradiol differ-
entially affects prefrontal region morphology during
pubertal maturation. Decreases in region volume and neu-
ron number were observed in the ventromedial PFC, while
increases in glial number were seen in the dorsal medial
PFC [Markham et al., 2007]. In addition, OVX and subse-
quent hormone administration have been shown to differ-
entially affect the four extrathalamic afferent systems of
the PFC. OVX caused decreases in the density of tyrosine-
hydroxylase immunoreactive neurons in the DLPFC of
female rhesus monkeys that could be partially restored by
treatment with estrogen or fully restored by treatment

with estrogen plus progesterone [Kritzer and Kohama,
1998]. A similar decrease in immunoreactivity for prefron-
tal ChAT followed OVX, while increases in axon density
and innervation were seen for dopamine p-hydroxylase
(DBH) and 5-HT. Estrogen treatment successfully normal-
ized prefrontal DBH and ChAT immunoreactivity [Kritzer
and Kohama, 1999]. Though one study found that estrogen
plus progesterone had a greater effect than estrogen alone
in attenuating the effects of OVX on 5-HT immunoreactiv-
ity, both treatments remained insufficient in normalizing
axon density [Kritzer and Kohama, 1999]. Another study
found that long term ET successfully prevented the signifi-
cant decreases in cholinergic fiber length and density
caused by OVX in layer II of the PFC [Tinkler et al., 2004].

Stress

Many studies have shown that acute and chronic stress
negatively impact PFC-dependent cognitive functions in
rodents, nonhuman primates, and human subjects [Gray-
beal et al., 2012; Zahrt et al., 1997] through mechanisms
such as modulation of noradrenergic [Birnbaum et al.,
1999], dopaminergic [Zahrt et al., 1997], glutamatergic
[Graybeal et al., 2012; Yuen et al., 2012], and serotonergic
activity [Raftogianni et al., 2012]. The interactions of estro-
gen and stress in the PFC can be seen in their effects on
morphology and neurotransmitter signaling. While the
majority of studies examining these interactions demon-
strate that estrogen accentuation of the stress response
negatively impacts cognition, few studies have shown that
estrogen may attenuate the negative cognitive effects of
stress; whether the nature of the mechanisms behind such
interactions are synergistic, additive, or antagonistic appear
to depend on the outcome variable in question. Estrogen
sensitizes the neurons in the PFC-amygdala pathway to the
morphological effects of stress. While OVX rats receiving
estrogen experienced increases in dendritic branching,
length, and spine density expected in neurons in the PFC-
amygdala pathway after stress exposure, OVX rats not
receiving estrogen did not, though estrogen did cause an
increase in spine density in neurons in this pathway in
unstressed rats [Shansky et al., 2010]. In addition, the effects
of stress on apical dendritic length in the medial PFC of
female rats are dependent on estrogen level. In OVX rats
treated with 17B-estradiol and control rats, restraint stress
treatment caused an increase in apical dendritic length in
layers II and III of the medial PFC, while this increase was
not seen in OVX rats not receiving estradiol [Garrett and
Wellman, 2009]. That stress-induced changes in dendritic
morphology were dependent on estrogen level suggests
that estrogen must amplify the stress response before these
changes in morphology can be observed. Alternatively,
these changes in morphology could be due to estrogen ex-
posure alone and independent of stress.

Estrogen not only accentuates the effects of stress, but
may also lower the threshold level of stress necessary to
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cause prefrontal dysfunction [Arnsten and Shansky, 2004].
During proestrus, the length of time in restraint stress
needed to induce PFC dysfunction, as measured by per-
formance during a spatial delayed alternation task, in
female rats was half that needed to impair PFC function
during estrus [Shansky et al., 2006]. Similarly, lower does of
FG7142, a benzodiazepine inverse agonist that triggers the
stress response, were needed during proestrus than estrus
to impair working memory function [Shansky et al., 2004].
That FG7142 was also able to block the effects of guanfacine
in protecting working memory in OVX rats receiving estro-
gen but not in vehicle treated rats, suggests the interactive
effects of estrogen and stress on working memory may be in
part modulated by NE a-2a receptor stimulation and cAMP
signaling in the PFC [Shansky et al., 2006].

In contrast, two studies showed that estrogen may pro-
tect against the effects of chronic stress. One study demon-
strated that estradiol treatment decreased anxious
behaviors in stressed, OVX rats [Bowman et al., 2002].
Another study examined the interactive effects of estrogen
and stress on prefrontal c-Fos immunoreactivity and extrac-
ellular regulated signaling kinase 1 and 2 (ERK 1/2) phos-
phorylation. Though increases in c-Fos expression have
been associated with improvements in memory consolida-
tion in rodent models deficient in its expression [Braudeau
et al., 2011], over expression of hippocampal c-Fos and ERK
1/2 have been observed in rodents with spatial learning
and memory impairments [Schneider et al., 2011]. Cyclic es-
tradiol treatment prevented the unfavorable increases in c-
Fos and pERK 1/2 immunoreactivity seen in the medial
PEC of OVX rats after exposure to chronic stress [Gerrits
et al., 2006a,b]. This estrogen-induced decrease in c-Fos
expression in the presence of stress is interesting, as estro-
gen alone increases c-Fos expression, possibly to enhance
executive functions. This differential effect of estrogen on c-
Fos expression, a transcription factor involved in executive
pathways, highlights the importance of considering stress
level in evaluating the efficacy of ET.

ESTROGEN EFFECTS ON THE PFC AND
COGNITION: HUMAN SUBJECTS STUDIES

Menopause and cognition

Subjective cognitive complaints, particularly in areas of
memory and attention, are commonly reported by women
transitioning through menopause [Epperson et al., 2011;
Halbreich et al.,, 1995, Mitchell and Woods, 2011;
Schaafsma et al., 2010; Weber and Mapstone, 2009]. Mitch-
ell and Woods [2011] found that 60% of their sample of
menopausal women reported experiencing increasing
memory problems while 79% of menopausal women in
another sample reported experiencing memory loss
[Weber and Mapstone, 2009]. Evidence as to whether this
midlife onset in cognitive decline can be attributed to the
menopause transition is not conclusive. Many studies that

use neuropsychological tests as measures of cognitive
functioning, as opposed to subjective reports, have sug-
gested that cognitive decline during naturally occurring
menopause may be domain specific [Fuh et al., 2006; Luet-
ters et al., 2007]. Greendale et al. [2009] reported that the
decline in processing speed and verbal episodic memory
is temporary and performance returns to normal in the
postmenopausal period, while working memory is unaf-
fected by the menopause transition. Similarly, while some
studies found that estrogen in the form of ET [Krug et al.,
2006] or HT [Duff and Hampson, 2000; Keenan et al.,
2001] improved performance in executive functioning
domains such as working memory [Duff and Hampson,
2000; Keenan et al., 2001; Krug et al., 2006] and sustained
attention [Krug et al., 2006], large randomized controlled
trials including the Women’s Health Initiative Study of
Cognitive Aging [Resnick et al., 2006] and Cognitive Com-
plaints in Early Menopause Trial [Maki et al., 2007] found
that HT did not significantly affect cognitive performance
in these areas [Maki et al., 2007; Resnick et al., 2006]. How-
ever, Weber and Mapstone [2009] found that, though it ini-
tially appeared that there was no correlation between
subjective memory complaints and retentive memory, once
divided into separate groups, menopausal women with
greater memory complaints performed significantly worse
on tasks of executive function than those with fewer memory
complaints. In addition, women with shorter lengths of time
between menopause and initiation of estrogen therapy
showed a greater positive change in performance on neuro-
psychological tests measuring executive function than
women who started ET at a later time [Dunkin et al., 2005].

Variations in study design such as length of time since
menopause and type or dose of ET appear to contribute to
these conflicting results. However, the inverted U-shaped
dose effect curves of DA [Arnsten, 2009] and estrogen
[Inagaki et al., 2010] on PFC function, interactions between
estrogen and 5-HT [Amin et al., 2005,2006b], as well as
estrogen’s role in modulating the effects of stress should
be considered as additional biological explanations for the
seemingly contradictory results regarding the occurrence
of a cognitive decline concurrent with menopause and the
efficacy of ET.

Neuroimaging

Though behavioral data alone regarding the efficacy of
estrogen appears inconclusive, several functional imaging
studies have found that ET reliably increases BOLD signal
in the PFC of postmenopausal women during tasks of
working memory, even in the absence of significant behav-
ioral differences [Dumas et al., 2010; Joffe et al., 2006;
Shaywitz et al., 1999; Stevens et al., 2005], as does HT
[Berent-Spillson et al., 2010; Smith et al., 2006]. According
to a recent fMRI study, estrogen-induced increases in
BOLD signal are dependent on cognitive load, as differen-
ces in brain activation were only observed during more
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difficult trials [Dumas et al., 2010]. The number of years of
endogenous estrogen exposure was correlated with
increased cerebral metabolism in the superior frontal gyrus
and inferior frontal gyrus of postmenopausal women
receiving ET in a PET imaging study [Silverman et al.,
2011]. In addition, the extent of PFC activation in pre-
menopausal women is correlated with menstrual cycle
phase [Amin et al., 2006a; Dreher et al., 2007; Jacobs and
D’Esposito, 2011; Konrad et al., 2008] and estradiol levels
[Craig et al., 2008; Jacobs and D’Esposito, 2011; Zeidan
et al., 2011]. Though these studies examine the effect of
estrogen on neural activity and metabolism, few consider
estrogen by neurotransmitter interactions.

ET and HT were shown to protect against age related
grey matter degradation in the PFC. Postmenopausal
women who had used HT had significantly greater prefron-
tal grey matter volumes than postmenopausal women who
had never used HT [Erickson et al., 2005,2007]. This protec-
tive effect on neuronal integrity, as well as the beneficial
effect of estrogen in preserving executive functions, was
found be time limited. Women receiving HT lasting longer
than 10 years showed increases in the extent of deterioration
of both prefrontal grey matter and executive functioning
processes [Erickson et al., 2007]. In addition, the Women'’s
Health Initiative Memory Study-Magnetic Resonance Imag-
ing (WHIMS-MRI) study found that HT resulted in
decreased frontal lobe volumes in women ages 71 to 89
years who had been postmenopausal for an average of 28.7
years [Resnick et al.,, 2009]. Thus, the timing of initiation
and duration of ET appears to be important in both animal
and human studies. Estrogen’s effects on brain structure are
not limited to menopause. During development, higher es-
tradiol levels were associated with decreased PFC grey mat-
ter volume in pubertal girls [Peper et al., 2009], indicating
that the effect of estrogen on cortical grey matter volumes is
dependent on developmental and reproductive stage.

NEUROTRANSMITTERS AND GENOTYPE
Dopamine and COMT

Jacobs and D’Esposito [2011] recently showed that the
correlation between BOLD signal in the medial frontal
gyrus (MFG) during performance of a working memory
task (N-back task) and estradiol levels are dependent on
dopaminergic tone, as determined by COMT Val'**Met ge-
notype and enzyme activity. Premenopausal women with
the genotype Val/Val had greater COMT enzyme activity,
and therefore lower baseline DA levels, compared to
women who were homozygous for the Met allele. Per-
formance on the N-back task as well as MFG activation
exhibited an inverted U-shaped curve dependent on both
genotype and estradiol level. Women who were homozy-
gous for the Val allele showed better working memory
performance and increased MFG activation when estradiol
levels were high compared with when estradiol levels
were low, because the increase in estradiol increased DA

to optimum levels. The opposite was true of women with
the genotype Met/Met. In their case, the increase in estra-
diol resulted in overly heightened DA levels, pushing
them to the right side of the inverted U-shaped curve and
impairing executive functioning [Jacobs and D’Esposito,
2011]. Perhaps the COMT Val'**Met genotype, among
others affecting catecholamine transmission in the PFC,
may serve as an indicator of women who will experience
a cognitive decline during menopause or benefit from ET.

Serotonin and 5-HTTLPR

Using the tryptophan depletion (TD) paradigm, Epper-
son et al. [2012] provided novel evidence for estrogen by
5-HT interactions in the DLPFC during a working memory
task. In this study, the TD paradigm was used to lower
central 5-HT levels in healthy menopausal women before
and after treatment with transdermal estradiol. During the
2-back task, TD caused a decrease in BOLD signal in the
right and left DLPFC and middle frontal/cingulate gyrus
prior to ET. This attenuation, however, was prevented by
estradiol treatment, suggesting that estrogen’s effects on
brain activation during working memory are in part directly
mediated by 5-HT [Epperson et al., 2012]. When considering
estrogen by 5-HT interactions on PFC function or activation,
it is important to consider individual differences in 5-HT
function, as several studies suggest that behavioral and neu-
ral responses to TD are dependent on baseline serotonergic
function. Genotype for monoamine oxidase-A (MAO-A), an
enzyme involved in 5-HT and NE metabolism, predicts the
extent of BOLD response in the right ventrolateral PFC dur-
ing tasks of working memory [Cerasa et al., 2008] and
response inhibition [Passamonti et al., 2006]. Genotype for
the serotonin transporter polymorphism (5-HTTLPR) also
predicts BOLD activation in the right and left ventrolateral
PFC and inferior frontal gyrus during the N-back task. Indi-
viduals homozygous for the short allele showed inferior
task performance and increased activation in these areas
[Jonassen et al., 2012]. In contrast, another study found that
individuals homozygous for the short allele of the serotonin
transporter show improved memory and attention in com-
parison to individuals homozygous for the long allele dur-
ing TD [Roiser et al., 2007]. Thus, serotonergic modulation
of estrogen’s effects on PFC function may depend on an
individual’s genotype for genes involved in 5-HT metabo-
lism and transport.

Stress sensitivity

In addition to the COMT and 5-HTTLPR polymor-
phisms, neurotransmitter by estrogen interactions in the
PEC are influenced by an individual’s sensitivity to stress
and the effects of stress on the interactions between neuro-
trophins and neurotransmitter systems. Human subjects
studies are in accordance with the animal literature in
showing that estrogen, while improving executive
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functioning in many healthy individuals, enhances the
negative effects of stress on PFC dependent cognitive func-
tioning. Postmenopausal women receiving ET performed
worse on tests of executive function after undergoing the
Trier Social Stress Test (TSST), a task used to induce mod-
erate psychological stress, compared with women receiv-
ing placebo treatment. On a task measuring attention,
tryptophan depletion and tyrosine/phenylalanine deple-
tion further impaired performance after the TSST in
women receiving ET, with tyrosine/phenylalanine show-
ing a greater negative effect [Newhouse et al., 2010]. The
mechanisms underlying interactions between stress, estro-
gen, and neurotransmitters in the PFC are not yet com-
pletely understood.

History of severe trauma has been linked with reduced
5-HT;p expression in the anterior cingulate cortex of indi-
viduals with and without post-traumatic stress disorder
(PTSD), with the greatest effect observed in those with
severe PTSD or early childhood trauma [Murrough et al.,
2011]. Hence, early adverse experiences may exert endur-
ing affects on 5-HT neurotransmission and stress sensitiv-
ity. In nonhuman primates early and life-long stress in the
form of social subordination results in decreased D, recep-
tor function accompanying stressed behaviors in female
monkeys [Shively, 1998]. Stress response, as determined
by stress-related changes in salivary cortisol, in humans
has been shown to be influenced by numerous factors
such as age, hormonal and reproductive status, smoking,
coffee and alcohol consumption, caloric intake, genetics,
exposure to prenatal stress, birth weight, gestational age,
level of early family adversity, and position in social hier-
archy indicating individual lifestyle choices and adverse
childhood experiences may impact stress sensitivity and
therefore response to ET [reviewed by Kudielka et al.,
2009]. In addition, exposure to chronic stress, acute psy-
chosocial stress, and various medications, even for short-
term use, such as glucocorticoids or psychoactive drugs
may permanently alter stress response and HPA axis sen-
sitivity [Kudielka et al.,, 2009]. Given the evidence for
stress by estrogen interactions in the PFC, any of the above
environmental or genetic factors or combination of factors
may differentially influence an individual’s response to ET
in the peri- and postmenopausal period.

For instance, the interactive effect of 5-HT and BDNF
genotype on stress sensitivity may contribute to individual
differences in response to ET. The BDNF Val66Met poly-
morphism affects the secretion of mature BDNF protein
[Rybakowski, 2008]. One study in a preschool population
suggested an epistatic relationship between 5-HT and
BDNF genotype on stress reactivity. Individuals with the
long 5-HTTLPR allele were unreactive to stressors, as
measured by changes in salivary cortisol levels, regardless
of BDNF genotype. In contrast, cortisol response of indi-
viduals homozygous for the short 5-HTTLPR allele varied
according to BDNF genotype. Met carriers had lower ini-
tial cortisol levels than Val/Val homozygotes but showed
a larger increase in cortisol levels with a laboratory stress

[Dougherty et al., 2010]. Animal and human studies have
suggested that, in addition to BDNF genotype, stress level
of a given situation also plays a role in cortisol response in
these short 5-HTTLPR homozygous individuals; cortisol
response of Met carriers is lower than that of Val/Val
individuals during low stress situations and higher during
high stress situations [Belsky et al., 2009; Boyce and Ellis,
2005; Dougherty et al., 2010]. In contrast, Yu et al. [2012]
did not observe epistatic interactions between BDNF and
5-HTTLPR genotype on the magnitude of BOLD response
in the DLPFC and dorsal medial PFC of healthy males
during an emotional oddball task, though BDNF genotype
alone predicted BOLD signal changes in these regions.

Evidence from animal studies regarding the interactions
between estrogen and BDNF at the molecular level sug-
gests that genotype for BDNF secretion is important in
predicting an individual’s response to ET and stress [Bath
et al., 2012; Epperson and Bale, 2012]. Although the major-
ity of studies have shown that elevated estrogen levels are
associated with increased BDNF expression [Gibbs, 1998;
Haraguchi et al.,, 2012; Kiss et al., 2012] these data are not
completely consistent [Cavus and Duman, 2003] and
BDNF genotype is not always considered. As mentioned,
rodents homozygous for the Met allele have normal con-
centrations of central BDNF but reduced stimulated neuro-
nal BDNF release and are phenotypically “anxious” when
placed in mildly stressful behavioral paradigms [Yu et al,,
2012]. In humans, gender and hormonal status effects on
the behavioral and/or physiologic responses to stress vary
according to BNDF Val66Met genotype [Colzato et al.,
2011; Shaley et al., 2009] with the preponderance of the
evidence suggesting sub-optimal response to ET and stress
in Met allele carriers. Familial history of affective disorders
appears to be an additional risk factor for Met allele car-
riers with respect to HPA axis regulation [Vinberg et al
2009]. Although BDNF response to ET diminishes with
longer versus shorter periods of hypogonadism [Kiss
et al., 2012] whether BDNF Val66Met genotype contributes
to this effect is not yet known.

ApoE and cognitive aging

Apolipoprotein E (ApoE) genotype is associated with
cognitive aging and determines which of the three major
ApoE isoforms, ApoE2, ApoE3, or ApoE4, an individual
produces. Single amino acid substitutions that occur at
two sites vary the ability of the protein to bind to its
receptors and modulate neuroprotective processes
[Davignon et al., 1988; Hallman et al., 1991; Menzel et al.,
1984; Weisgraber, 1994] and cholinergic neurotransmission
[Siegel et al., 2011]. Numerous studies have shown that
the ApoE4 allele is associated with an increased risk of
developing dementia. Though estrogen has been shown to
increase levels of ApoE [McAsey et al., 2006; Srivastava
et al., 1996; Struble et al., 2003], the ApoE4 allele appears
to inhibit [Yaffe et al., 2000] or prevent [Burkhardt et al.,
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2004] the beneficial effects of estrogen replacement on cog-
nitive functioning.

In addition to their individual effects, COMT, 5-
HTTLPR, BDNF, and ApoE genes may exert interactive
effects on cognition. Older individuals who were homozy-
gous for the COMT Val allele and also heterogyzous for the
BDNF Met allele demonstrated slower reaction times on
tests of executive function and spatial working memory
than individuals with any other combination of age and ge-
notype [Nagel et al., 2008]. In contrast, COMT genotype has
been shown to predict executive functioning performance
on the Trail-Making Test, even after covarying for the effects
of ApoE and BDNF genotypes [Wishart et al., 2011]. Hence,
COMT genotype may serve as a stronger predictor of
response to ET than either BDNF or ApoE genotype.

Interactions of estrogen and progesterone

The interactive effects of estrogen and progesterone and
the role of progesterone itself on the PFC must also be
considered. Just as in animal studies, estrogen in combina-
tion with progesterone has been shown to affect executive
functions. Performance on tasks requiring attention and
planning was shown to depend on estrogen and progester-
one levels in premenopausal women [Solis-Ortiz et al.,
2004]. In contrast, another study assessing the effects of
hormone suppression in premenopausal women found
that an induced decline in estrogen, but not progesterone,
was sufficient to induce working memory impairments
[Grigorova et al., 2006]. PET imaging studies demonstrate
significant increases in 5-HT,4 receptor binding in multiple
brain regions in postmenopausal women receiving ET
[Kugaya et al., 2003], although there is some evidence that
progesterone in addition to estrogen is needed to signifi-
cantly increase 5-HT»4 binding in the DLPFC [Moses et al.,
2000]. In contrast, postmenopausal women receiving estro-
gen plus progesterone exhibited lower cerebral metabolism
in the right inferior frontal gyrus than women receiving
estrogen alone [Silverman et al., 2011]. Findings in rodents
concur with human subject studies indicating that the CNS
effects of estrogen alone can be different from those when
estrogen is combined with progesterone [Flores et al., 1999].
The results of progesterone’s independent contribution to
prefrontal modulation of executive functions have not been
as extensively studied as that of estrogen’s, but its impact
on cognition must be considered in the context of these indi-
vidual factors to determine its effects.

CONCLUSIONS

Though behavioral data regarding the occurrence of a
cognitive decline concurrent with menopause and the effi-
cacy of ET in enhancing cognition appear inconclusive, ex-
amination of the preclinical and clinical literature indicates
plausible biological mechanisms that, if considered, may
yield more definitive answers. The accordance of results

between rodent, non-human primate, and human subject
studies investigating the effects of task performance, tim-
ing and duration of treatment, estradiol level, and early
life experiences on estrogen’s modulation of cognition as
well as those examining the interactive effects of estrogen,
neurotransmitters, and genotype on executive functions
highlights the importance of considering individual differ-
ences in these areas when considering role of estrogen in
human cognition.

Behavioral animal and human subject studies show that
the effects of estrogen on cognition are task, time, and
dose dependent. That estrogen has been shown to signifi-
cantly improve performance on PFC dependent cognitive
tasks such as the N-back task [Keenan et al., 2001], Stroop
task [Krug et al., 2006], and digit-span forward task [Gor-
enstein et al, 2011] in human subjects and the delayed
response task in rodents [Inagaki et al., 2010] and non-
human primates [Rapp et al., 2003], suggests estrogen may
play a significant role in mediating executive domains
such as working memory and sustained attention. The
cognitive load required by a particular task also appears
to play a role in both the extent to which ET enhances cog-
nitive function and brain activation with more obvious
effects of estrogen at higher cognitive loads [Dumas et al.,
2010]. The timing of initiation and duration of ET also
influence estrogen’s effects on cognition and brain mor-
phology. Minimizing the length of time between meno-
pause or OVX and initiation of ET is associated with
positive effects of ET on both executive functions and PFC
morphology. However, these positive effects of ET on cogni-
tion have been shown to be time limited in both rodents and
human subjects [Bohacek and Daniel, 2010; Erickson et al,,
2007]. The optimal duration of ET in peri and postmeno-
pausal women requires further investigation. Similarly, the
dose and/or isomer of estradiol administered and blood
level obtained by the individual may play a role in whether
cognitive effects are observed. Insufficient or excessive lev-
els of estradiol do not have the same beneficial effects on
cognition and can even impair executive functions [Inagaki
et al., 2010; Jacobs and D’Esposito, 2011]. Rodent and
human subjects studies have proposed an inverted U-
shaped model to explain this response of executive func-
tioning to estrogen [Inagaki et al., 2010; Jacobs and D’Espo-
sito, 2011]. In this type of model, natural or induced
alterations in estrogen level correspond to varying degrees
of changes in executive functioning abilities.

There is growing evidence from both preclinical and
clinical research that where an individual initially falls on
this curve and her response to ET is unique to both the
neurochemical environment of her PFC and her early life
experiences. As DA, NE, 5-HT, and ACh concentrations
are important for executive functioning [Arnsten, 2011;
Boulougouris and Tsaltas, 2008], examining estrogen’s
interactions with these neurotransmitters in the PFC may
indicate which women would benefit from ET during
menopause. Perhaps estrogen and DA interact in the PFC
to produce an inverted U-shaped curve of executive
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functioning abilities, as was shown in a neuroimaging
study in a premenopausal population [Jacobs and D’Espo-
sito, 2011]. This study suggested that women fall into three
rather distinct groups: those who exhibit optimum execu-
tive functioning during periods of elevated estrogen, those
who exhibit optimum executive functioning during peri-
ods of depressed estrogen, and those whose executive
functioning capabilities are unaffected by estrogen level.
That COMT genotype determines to which group women
belong [Jacobs and D’Esposito, 2011], highlights the impor-
tance of hormone by gene interactions in PFC neurochemi-
cal milieu and function. If these data are replicated,
COMT genotype may serve as a predictor of which
women will experience a decline in executive functions
during menopause and who will benefit from ET. In addi-
tion to COMT, studies examining other genotypes known
to be involved in DA transmission in the context of estro-
gen’s effects on cognition would be useful in determining
the factors affecting the efficacy of ET in individuals,
though no such studies have been performed.

Tryptophan depletion studies have illustrated the im-
portance of considering estrogen by 5-HT interactions in
the PFC in the context of executive functioning and brain
activation [Epperson et al., 2012; Newhouse et al., 2010].
Therefore, genotypes involved in 5-HT transport and metab-
olism such as 5-HTTLPR [Jonassen et al., 2012] and MAO-A
[Cerasa et al., 2008] may also serve as predictors of response
to ET. Genotype for BDNF secretion and ApoE isoform may
also affect response to ET given their roles in cognitive aging
and impact on serotonergic and cholinergic neurotransmis-
sion, respectively. Though a few clinical and preclinical stud-
ies have begun to explore estrogen by DA and estrogen by 5-
HT interactions in the PFC, the paucity of studies investigat-
ing these areas leaves many questions for future research to
answer regarding estrogen by neurotransmitter and geno-
type interactions. Whether similar interactions between estro-
gen and other neurotransmitters subserving cognition and
mood, such as NE and ACh, would predict response to hypo-
gonadism and ET should be explored.

While genotype for neurotransmitter transport and me-
tabolism could serve as potential predictors of response to
ET, individual life events, especially those affecting estrogen
or stress levels such as years of endogenous estrogen expo-
sure, adverse childhood experiences, and risk for affective
disorders, are equally important to consider. That altera-
tions in sensitivity of IFG-1 signaling, a pathway involved
in mediating executive functions, to estrogen regulation are
dependent on pubertal estradiol levels indicates the impor-
tance of considering the developmental effects of estrogen
on midlife PFC functioning as well. In addition, the effect of
ET on prefrontal cerebral metabolism during the postmeno-
pause is affected by the years of endogenous estrogen expo-
sure [Silverman et al.,, 2011]. Thus, reproductive life events
may affect PFC estrogen sensitivity.

Because estrogen appears to enhance the negative effects
of stress on cognition, individual life events involving acute
or chronic stress are likely to affect PFC response to estro-

gen. Age, prenatal stress, and individual life style choices
such as nicotine, coffee, and alcohol consumption affect the
stress response and perhaps response to ET. In addition,
early life trauma and social subordination stress may influ-
ence response to ET via serotonergic and dopaminergic
pathways, respectively. Further, an individual’s stress
response and HPA axis sensitivity may be permanently
altered by exposure to chronic stress or certain pharmaco-
logic treatments. Because of the extensive interactions of
estrogen and stress, each of these factors affecting the stress
response may affect efficacy of ET in a particular individual.
In addition, estrogen by stress interactions appear to differ
in the extent to which they affect neurotransmitter systems,
in part due to the nature of the tasks performed. Addition-
ally, hypersensitivity or hyposensitivity of the HPA axis to
the effects of stress resulting from any of these factors may
shift an individual to the right or left, respectively, on the
inverted U-shaped curve for executive functions. A pro-
posed model for factors determining estrogen’s effects on
executive functions is depicted in Figure 3.

Incorporating genetics testing into the design of neuroi-
maging studies and considering the effects of estrogen as a
function of genes involved in neurotransmission would

Determinants of PFC Dependent Cognitive Functions
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Figure 3.

Cognitive response to menopause and ET must be considered
in the context of the individual. Factors affecting direction and
magnitude of ET’s effects include circulating estrogen level, neu-
rotransmitter concentrations, stress level, HPA axis sensitivity,
and early life experience. Taken together, preclinical and clinical
studies suggest that interactions between estrogen and these
factors in the PFC determine where on the inverted U-shaped
curve of executive functioning abilities an individual may fall. The
grey cross-hatching indicates the approximate range of optimum
executive functioning. The relative magnitude to which each fac-
tor affects executive function is not yet known and may vary
between individuals. Increases in DA or NE concentrations,
estrogen level, and stress can shift PFC function to the right.
Whether significant behavioral effects result from such increases
and the direction of these effects may be determined by geno-
type. HPA axis sensitivity, early life experiences affecting stress
or estrogen sensitivity, and individual life style choices may also
affect an individual’s cognitive response to ET. In addition, inter-
actions between each of these factors must also be considered.
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shed light on the relationship between estrogen and these
neurotransmitters. This information may also explain why
ET has been shown to have a negative, positive, or no effect
on cognitive function in menopausal women. In addition,
multimodal imaging studies combing fMRI with proton
magnetic resonance spectroscopy (*H-MRS) would provide
information regarding estrogen’s effects at the neurotrans-
mitter level in regions of the brain activated by particular
tasks. Quantification of estrogen’s effects on GABA and glu-
tamate levels in the PFC would be important in revealing
the extent to which estrogen-induced changes in cognition
can be attributed to estrogen’s effects on neurotransmission.

Further investigation of the interactions between estrogen
and various neurotransmitter systems could potentially
lead to the development of alternatives to ET. Many perime-
nopausal and postmenopausal women are not candidates
for ET due to medical contraindications or family history
[Shifren and Schiff, 2010]. Recently, Epperson et al. [2011]
conducted a double-blinded, placebo-controlled, crossover
study testing whether menopausal women with cognitive
symptoms demonstrated alleviation of their subjective
attentional and working memory impairments when treated
with atomoxetine (ATX), a selective NE reuptake inhibitor
used in the treatment of ADHD. Women reported lower
scores on a measure of executive dysfunction during ATX
treatment than during placebo treatment, and significant
changes were found in two of the five cluster scores: those
corresponding to sustained attention and working memory
[Epperson et al., 2011]. Perhaps other medications targeting
catecholamine systems in the PFC would be useful in allevi-
ating the midlife cognitive decline reported by a large por-
tion of this population.

By reviewing the preclinical and clinical literature sur-
rounding estrogen’s effects on the PFC, it is clear that estro-
gen by neurotransmitter interactions play a critical but under
explored role in mediating estrogenic effects on PFC func-
tion. Examining estrogen response by genotype for genes
involved in neurotransmission regulation has the potential to
reveal genetic predictors of women who may experience a
cognitive decline in executive functions concurrent with
menopause and women who will benefit from ET. The incon-
sistencies in the literature regarding the effect of ET on execu-
tive functions may be due to individual variations in
genotype for 5-HT, DA, NE, or ACh transmission or life his-
tory events and/or life style choices that affect stress
response. Controlling for these factors in future studies inves-
tigating the efficacy of ET in alleviating executive dysfunction
will likely yield more informative results regarding estro-
gen’s role in PFC dependent cognitive processes.
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