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Abstract
Estradiol has potent favorable effects on brain function and behavior in animals while in human
trials, the results are inconsistent. A number of potential mediating variables influencing response
to estradiol have been proposed to account for this variability, one of which includes stress. We
conducted a placebo-controlled study to examine joint and independent effects of estradiol and
elevated levels of the stress hormone cortisol on cognition and biomarkers of aging and
neurodegenerative disease. Thirty-nine healthy postmenopausal women (56-84 yrs) received 0.10
mg/d of transdermal 17β-estradiol (E2) or placebo for eight weeks. During the last four days of the
trial, subjects also received 90 mg/d (30 mg TID) of oral hydrocortisone (CORT) to induce stress-
level elevations in cortisol, or a matched placebo. The four groups thus included Placebo (placebo
patch/placebo pill), CORT-alone (placebo patch/hydrocortisone), E2-alone (estradiol patch/
placebo pill), and E2+CORT (estradiol patch/hydrocortisone). Eight weeks of E2 increased plasma
estradiol by 167%, and four days of CORT increased plasma cortisol by 119%. Overall, E2 had
favorable effects on verbal memory (p=0.03), working memory (p=0.02), and selective attention
(p=0.04), and the magnitude of these effects was attenuated for E2+CORT. E2-alone and
E2+CORT had opposing effects on plasma levels of the amyloid-β (Aβ) biomarker (Aβ40/42
ratio, p<0.05), with the more favorable response observed for E2-alone. CORT-induced increases

Corresponding author: Laura D. Baker, PhD, VAPSHCS, GRECC-182-S, 1660 S. Columbian Way, Seattle, WA, USA, 98108, Tel:
253-583-2900, Fax: 253-589-4073, Ldbaker@uw.edu.

Disclosure statement
There are no conflicts of interest for any of the authors. The principal investigator, Dr. Baker, had full access to all of the data and
takes responsibility for the integrity and accuracy of all analyses that were conducted without input from the funding agencies.

NIH Public Access
Author Manuscript
Neurobiol Aging. Author manuscript; available in PMC 2013 July 29.

Published in final edited form as:
Neurobiol Aging. 2012 April ; 33(4): 829.e9–829.20. doi:10.1016/j.neurobiolaging.2011.07.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in insulin-like growth factor-1 were blunted by E2 co-administration. Our findings indicate that
cognitive and physiological responses to estradiol are adversely affected by elevated stress
hormone levels of cortisol in healthy postmenopausal women.
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1. Introduction
Estrogen effects on brain structure and function have been studied extensively, and the
results of in vitro and animal studies provide unequivocal support for its potent and
favorable influence on neuroprotection, neurotransmission, synaptic remodeling, and
neurotrophic activity including insulin-like growth factor-1 (Garcia-Segura, et al., 2010;
McEwen, 2001). In light of these effects, it is no surprise that a number of animal and
clinical studies report estrogen-related benefits for cognition as well (Asthana, et al., 2001;
Asthana, et al., 1999; Daniel, et al., 2006; Joffe, et al., 2006; Keenan, et al., 2001; Leuner, et
al., 2004; Maki, et al., 2001; Sherwin, 2006; Voytko, et al., 2009), though not without
controversy (Alhola, et al., 2006; Barrett-Connor and Kritz-Silverstein, 1993; Binder, et al.,
2001; Polo-Kantola, et al., 1998). One hallmark trial showing no cognitive benefit of
conjugated equine estrogens administered alone or in combination with
medroxyprogesterone acetate, the Women’s Health Initiative Memory Study (WHIMS)
(Espeland, et al., 2004), has since had widespread consequences for standard of care
regarding postmenopausal estrogen use in the United States. The WHIMS has prompted
other discussions and subsequent investigations to examine a number of potential moderator
variables that might account for their findings and better predict cognitive response
including type of estrogen administered, form of delivery, duration and timing of exposure
relative to menopause, co-administration of progesterone, extant cardiovascular or
neurodegenerative disease, and lifestyle (Asthana, et al., 2009; Loucks and Berga, 2009;
Sherwin, 2009).

Stress may serve as another potent moderator of response to estradiol. In an eloquent series
of experiments, Shors and colleagues (Hodes and Shors, 2005; Shors, et al., 2001; Shors, et
al., 1999; Shors, et al., 2004; Shors, et al., 1998; Wood and Shors, 1998; Wood, et al., 2001)
demonstrated a sexually dimorphic stress response linked to estrogen. In rats, an acute stress
challenge enhanced performance on an associative memory task for males but impaired
performance for females. When females were estrogen-depleted (ovariectomy) or treated
with an estrogen antagonist, stress-related impairments in learning were no longer evident.
In the brain, although dendritic spine density of hippocampal neurons is greatest when
estradiol levels are highest for naturally cycling females (Shors, et al., 2001), spine density
decreases when these animals are exposed to an acute stressor (intermittent tail shocks). In
contrast, but consistent with the behavioral data, spine density increased for the males in
response to the same stress challenge. These findings indicate that in male rats, acute stress
has favorable effects on behavior and brain morphology whereas for estradiol-exposed
females, the same stressor has deleterious consequences. This innovative body of work
supplements the extant literature (Dayas, et al., 2000; Gupta, et al., 2001; Viau and Meaney,
2004; Weiser and Handa, 2009) and provides compelling evidence to suggest that behavioral
and biological responsivity to estrogen may be modulated by stress.

Numerous studies suggest that the targeted brain regions for estrogen- and stress-mediated
effects on cognition overlap. Estrogen has selective benefits for cognitive abilities supported
by the frontal lobes and hippocampus such as executive function and episodic memory
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(Craig, et al., 2010; Dumas, et al., 2010; Joffe, et al., 2006; Maki and Sundermann, 2009;
Wegesin and Stern, 2007) while excess stress can have modulatory effects for the same
abilities and brain regions (Bowman, et al., 2002; Gianaros, et al., 2007; Liston, et al., 2009;
Pham, et al., 2003; Sapolsky, 2000). Stress effects are mediated by mineralocorticoid and
glucocorticoid receptors abundantly distributed in the hippocampus and prefrontal cortex
(Diorio, et al., 1993; McEwen, 2007) and stress-related consequences for brain structure and
function depend on variables such as dose, duration of exposure, task demand, age, and
gender (McEwen, 1998). Although chronic stress typically impairs episodic memory
(Lupien, et al., 2005; Schwabe and Wolf, 2010), acute stress can be harmful or beneficial for
executive control abilities depending on the specific demands of the task. Increasing stress
can enhance performance on tasks of working memory that benefit from increased arousal,
yet have a detrimental effect when there are additional attentional demands such as efficient
filtering of irrelevant information or set shifting (Lewis, et al., 2008; Liston, et al., 2009).

In humans, several studies point to sexually dimorphic physiological and behavioral
response to stress, including differences at the level of the hypothalamus and adrenal
responsiveness to adrenocorticotropin hormone (ACTH) (Heuser, et al., 1994; Laughlin and
Barrett-Connor, 2000). Despite conflicting reports in the literature about sex differences in
stress response (for review, see Kajantie and Phillips, 2006), a frequent finding is that older
women have increased hypothalamic-pituitary-adrenal (HPA) axis reactivity to stress that
includes higher levels of circulating cortisol, the primary hormone released from the adrenal
cortex in response to stress (Otte, et al., 2005). Depression, a condition that can be
associated with hypersecretion of stress hormones (Banki, et al., 1987) or increased HPA
reactivity to stress (Burke, et al., 2005), is sexually dimorphic with significantly higher
prevalence rates in women (Kessler, et al., 1993) and a more pronounced stress-induced
physiological response in depressed women vs. depressed men (Chopra, et al., 2009; Young
and Ribeiro, 2006). Estrogen therapy can have antidepressant effects in depressed
postmenopausal women (Birkhauser, 2002; Klaiber, et al., 1996) and can reduce plasma
cortisol levels and blunt HPA reactivity to a stress challenge in healthy nondepressed
postmenopausal women (Kudielka, et al., 1999; Pluchino, et al., 2005; Puder, et al., 2001).
The MacArthur studies of successful aging report that elevated cortisol levels may also have
a sexually dimorphic association with cognition in older adults. In this community-based
longitudinal study, greater urinary cortisol excretion was associated with poorer baseline
memory performance in women but not men, and change in cortisol excretion over a 2.5
year follow-up period was negatively correlated with memory performance, but again, only
for the women (Seeman, et al., 1997).

Women are more likely than men to be diagnosed with Alzheimer’s disease (AD)
implicating a role of sex hormones in this disparity (Birge, 1997). Increased Amyloid-β
(Aβ) in brain is one well-established neuropathological trademark of the disease, which is
presumed to reflect overproduction or impaired degradation and clearance. In cultured
neurons, estradiol has numerous salutary effects on Aβ regulation and toxicity (Atwood, et
al., 2005; Li, et al., 2000; Marin, et al., 2003) and in animal models, estradiol reverses the
negative effects of estrogen depletion on brain Aβ burden (Petanceska, et al., 2000). These
favorable Aβ-reducing effects of estradiol contrast with the increase in Aβ burden that
occurs following exposure to acute stress (Green, et al., 2006; Kang, et al., 2007) with
subsequent deleterious consequences for cognition (Catania, et al., 2009). These opposing
effects of estradiol and stress on Aβ burden in animals likely have important consequences
for AD-related neuroprotection when both hormones are elevated together. The role of
peripheral Aβ in normal and pathological aging is unclear, and not without controversy
(Okereke, et al., 2009), but higher plasma Aβ42, lower Aβ40, and thus lower Aβ40/42 ratios
have been associated with increased risk of cognitive decline and neurodegenerative disease
(Buerger, et al., 2009; Mayeux, et al., 2003).
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The results of animal and human studies described above implicate an interactive effect of
stress- and estrogen-related neuroendocrine activities, and set the stage for the idea that
cognitive and biomarker response to estrogen therapy for postmenopausal women may be
modulated by elevated levels of cortisol. To test this hypothesis, we independently
manipulated plasma levels of estradiol and cortisol in healthy postmenopausal women, and
assessed the separate and joint effects of these hormones on cognition, mood, and the ratio
of Aβ40 to Aβ42 (Aβ40/42) concentration in plasma. Treatment-related change in IGF-1
(total, unbound, IGF-binding protein-3) was also examined in light of reports to suggest that
estradiol and IGF-I interact to promote neuroprotection (Azcoitia, et al., 1999; Garcia-
Segura, et al., 2010) and antagonize damaging effects of adrenal steroids (Darnaudery, et al.,
2006). In previous studies, we reported estradiol-related declines in circulating IGF-1 that
predicted improved verbal recall in postmenopausal women with AD (Asthana, et al., 2001;
Asthana, et al., 1999).

2. Methods
2.1. Study design

Using a randomized double-blind, parallel-group design, healthy postmenopausal women
received either 0.10 mg/d of transdermal 17β-estradiol or a placebo skin patch (Climara®,
Berlex Laboratories) for eight weeks. Skin patches were changed weekly. During the last
four days of the trial, subjects were randomized to also receive 90 mg/d (30 mg TID) of oral
hydrocortisone (Hydrocortone®, Merck) or a matched placebo. The resulting four treatment
groups included Placebo (placebo patch/placebo pill), CORT-alone (placebo patch/
hydrocortisone), E2-alone (estradiol patch/placebo pill), E2+CORT (estradiol patch/
hydrocortisone). At the end of the 8-week treatment period, a 10-day progesterone challenge
(200 mg/d of oral micronized progesterone, Prometrium®, Abbott Laboratories) was
administered to women with an intact uterus who received the active skin patch. At baseline
and week 8, cognitive tests were administered, mood was assessed, and blood was collected
for assay. To control for time of day effects, all study visits took place between 9 and 11 am.

2.2. Subjects
The study was approved by the University of Washington Institutional Review Board and
the Research and Development Committee of the Veterans Affairs Puget Sound Health Care
System. Forty-four postmenopausal women with normal cognitive status (determined
through neuropsychological testing at screening) provided written informed consent. Three
women dropped out of the study prior to the baseline assessment, and thus 41 women were
randomized (Placebo, n=11; E2-alone, n=10; CORT-alone, n=10; E2+CORT, n=10).
Exclusion criteria included history of reproductive tissue cancer or thrombotic events,
conditions affecting glucocorticoid production or clearance, significant medical illness or
neurological disease that could affect cognition, and chronic or severe psychiatric illness.
Current use of antipsychotic, anti-depressant, anti-convulsant, anti-coagulant, anxiolytic or
sedative medication was exclusionary. When applicable, hormone therapy was discontinued
two months prior to enrollment.

2.3. Cognitive and mood assessment
The cognitive battery included tests of memory, selective attention, working memory, and
word fluency: tests with documented sensitivity to age, elevated stress, and estrogen
(Asthana, et al., 2001; Asthana, et al., 1999; Balota, et al., 2010; Bryan and Luszcz, 2001;
Meinzer, et al., 2009). Parallel test versions were administered in counterbalanced order at
baseline and week 8. Subjects completed a mock testing session prior to the baseline visit to
familiarize them with test procedures. Mood was assessed using the Profile of Mood States
(POMS), a well-validated self-report inventory (Miller, et al., 2002).
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2.3.1. Memory—Short-term memory was assessed with Story Recall, List Learning, and
Delayed Match-to-Sample. For Story Recall subjects heard a brief narrative containing 44
informational bits, and were asked to recall as much as possible both immediately and after
a 30-min delay. Credit was awarded for verbatim recall and accurate paraphrases. For List
Learning, subjects heard a list of 12 words and were asked to recall as many items as
possible across three learning trials, and then again after a 20-min delay. Delayed recall
scores were subjected to analysis. For Delayed Match-To-Sample, 10 abstract geometric
designs were presented in series on a touch screen monitor for 10 s and subjects were
instructed to remember each design. Following a 30-min delay, 10 design triplets were
displayed one set at a time, and subjects touched the single design per set that was
previously studied.

2.3.2. Executive function—Executive function tests of selective attention (Stroop Color-
Word Interference test), visual working memory (Self-ordered Pointing Test, SOPT), and
semantic access (letter and category Word Fluency) were administered. For the Stroop,
adapted for computer administration (Spieler, et al., 1996), color names were displayed on a
computer screen, one at a time, in concordant or discordant font colors (e.g., the word “red”
displayed in red or green font). Subjects were instructed either to read the word or to name
the color as quickly as possible, and voice onset latency (VOL) and content were recorded.
In each of four blocks of trials, 25% of the stimuli were concordant for content and color
(word “red” printed in red font), but otherwise blocks differed only by task instruction (‘read
word’ or ‘name color’). To minimize the influence of working memory on response
selection and inhibition, each trial was preceded by a task instruction reminder. This
adaptation to the task has been used previously to examine executive control processes in
older adults (Baker, et al., 2010a; Baker, et al., 2010b). Mean VOL and total errors
committed during ‘name color’ interference trials were analyzed. For the SOPT (Petrides
and Milner, 1982), a multi-design array was presented on a touchscreen computer, and
subjects were instructed to touch each design only once. Following each touch, the designs
were randomly rearranged within the array. Subjects completed three trial blocks with a
single 10-item display and number of errors was recorded. Word Fluency was measured by
the total number of words generated across four 60 s trials. For this test, subjects listed
words beginning with a specified letter of the alphabet in the first two trials, and exemplars
of specified semantic categories (e.g., animals) for the remaining two trials.

2.4. Blood assays
Estradiol levels were measured using a direct estrogen double-antibody radioimmunoassay
(RIA), with a detection limit of 10 pg/mL (DSL-4400, Beckman Coulter, Webster TX). At a
mean measured value of 67 pg/mL, the intra-assay coefficient of variation (c.v.) was 5% and
the inter-assay c.v. was 8%. This direct method of measurement was used to confirm correct
treatment group assignment and typically results in higher levels compared to other methods
that include an extraction step. Cross-reactivity was 100% for 17β-estradiol, 3.4% for
estrone, 0.75% for estriol, and less than 0.5% for all other naturally occurring steroids tested.
Reference values for this assay are 53–258 pg/ml (median = 115 pg/ml) for women in the
follicular phase of the natural menstrual cycle, and 15–66 pg/ml (median = 39 pg/ml) for
men. Reference values for postmenopausal women, provided for a similar assay kit
(DSL-4800, Beckman Coulter, Webster TX), range from 6–103 pg/ml.

Cortisol was measured using RIA of unextracted plasma (MP Biomedicals, Orangeburg
NY). Samples were diluted 1:100 with phosphate buffer and heated for 20 min at 80 C to
denature binding globulins, and detection limit was 10 ng/mL (0.01 ng/mL per assay tube)
and intra-assay c.v. was 5.6%. Cortisol-binding globulin (CBG) was measured by RIA in a
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1:25 dilution of plasma (BioSource Europe S.A., Nivelles, Belgium), and detection limit was
6.25 μg/mL (0.25 μg/mL per assay tube) and intra-assay c.v. was 2.0%.

Aβ40 levels were measured by sandwich ELISA using a kit with 6E10-coated plates and a
biotinylated anti-Aβ40 detection antibody (Signet Laboratories, Dedham MA). Aβ42 levels
were measured using 6E10 as a capture antibody (1.5 μg/well; Signet Laboratories, Dedham
MA) and biotinylated anti-Aβ42 for detection as previously described (Mehta, et al., 2000).
Detergents were added to the plasma at final concentrations of 0.05% Tween-20 (both
assays) and 1% sodium dodecyl sulfate (Aβ40 assay only) to improve detection of Aβ from
plasma. Horseradish peroxidase–avidin was used for Aβ detection, and ELISAs were
developed with tetramethylbenzidene as a peroxidase substrate. Initial reaction rate was
determined by absorbance measured every 15 seconds at 650 nm, and the limit of detection
for both assays was 10 pg/mL.

Acid-ethanol extraction of IGF-I was performed before quantification using RIA. The intra-
assay c.v. was 4.7% for total IGF-I, 9.4% for free IGF-I and 10.2% for IGF binding
protein-3 (IGFBP-3), and the inter-assay c.v. was 11.6% for total IGF-I, 15.8% for unbound
IGF-I and 15.2% for IGFBP-3. To permit the assessment of elevated circulating cortisol
controlling for cortisol-induced increases in insulin, plasma insulin levels were quantified
using RIA as previously described (Craft, et al., 1999). All samples were run in duplicate in
a single assay.

2.5. Statistical analysis
The general analytic strategy was first to residualize week 8 data from baseline using
multiple regression and correlation (MRC) procedures to create scores that reflect change
due to treatment, controlling for baseline differences. For compliance measures (plasma
estradiol, cortisol), separate two-way (E2-treatment, CORT-treatment) univariate analyses of
variance (ANOVA) were performed. The cognitive data were subjected to similarly
structured multivariate analyses of variance (MANOVAs) by cognitive domain on the
specified outcome measures of delayed recall and executive function. Mood was assessed
using a two-way ANOVA. The analytic model used to examine the primary biomarker
outcomes of Aβ40/42 ratio and total IGF-1 was the same as that used for the cognitive
outcomes (2 by 2 MANOVA). Potential treatment effects on plasma levels of free
(unbound) IGF-1, IGFBP-3, and insulin were examined in exploratory analyses using
ANOVA. For all analyses, age, education, and body mass index (BMI) were statistically
considered as covariates. When a MANOVA proved significant at the 0.05 level, group
differences for each outcome measure were further examined using ANOVA and t-tests. To
assess associations between treatment-related changes in biomarkers and cognitive
outcomes, MRC analyses were conducted on residualized week 8 values. Missing values
(Aβ data unavailable for n=1) were handled using case-wise deletion.

3. Results
3.1. Subjects and compliance

Thirty-nine subjects completed the study as two women failed to complete the 8-week
assessment (n=1 Placebo with CVA, n=1 E2-alone with breakthrough bleeding). The four
groups were comparable with respect to age, education, body mass index (BMI), history of
hormone therapy, and hysterectomy status at study outset (p>0.47, Table 1). Plasma
hormone concentrations at baseline and week 8 are provided in Table 2. Estradiol levels
were elevated for women who received the active patch (main effect of E2-tx, F1,35=72.7,
p=0.00001), achieving concentrations similar to those observed during the follicular phase
of the menstrual cycle in younger women. Levels rose by 144% for E2-alone and by 191%
for E2+CORT: a group-wise difference that did not reach statistical significance (p=0.23).
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Endogenous estradiol levels decreased from baseline by 20% for the CORT-alone group.
Four days of hydrocortisone administration elevated plasma cortisol levels for both CORT-
treated groups (main effect of CORT-tx, F1,35=20.5, p=0.0001), rising by 127% for CORT-
alone and 110% for E2+CORT: a group-wise difference that was not statistically significant
(p=0.37). The cortisol levels achieved in our study fell within the physiologic range for older
adults (Schoorlemmer, et al., 2009). CBG concentration dropped for CORT-treated subjects
(main effect of CORT-tx, F1,35=4.7, p=0.04) and for E2-treated subjects (main effect of E2-
tx, F1,35=8.4, p=0.007), but not disproportionately so for women who received the combined
regimen of E2+CORT (no E2-tx by CORT-tx interaction, p=0.85).

3.2. Cognition and mood
Eight weeks of E2 improved delayed recall (MANOVA, main effect of E2-tx, F3,30=3.0,
p=0.04). Subsequent univariate analyses indicated that Story Recall was the primary
contributor to this finding: retention or “savings” of encoded information improved for E2-
treated women (main effect of E2-tx, F1,35=5.2, p=0.03, Fig. 1A). Post-hoc ANOVAs were
conducted to examine the relative contribution of each E2-treated group; when E2+CORT
was omitted from the analysis the results were robust (F1,28=5.0, p=0.03, Cohen’s f=0.42),
whereas when E2-alone was omitted the effect was attenuated (F1,27=2.1, p=0.16, Cohen’s
f=0.28). In addition, the results of pairwise comparisons using t-tests indicated that memory
performance improved over baseline for E2-alone (p=0.05), but not for E2+CORT (p=0.48).
Ceiling effects on List learning and floor effects on Delayed Match-to-Sample likely
reduced their contribution to the omnibus analysis.

For executive function, the MANOVA indicated that E2+CORT had a different effect than
either E2- or CORT-alone (E2-tx by CORT-tx interaction, F5,29=5.5, p=0.004). Selective
attention as measured by Stroop performance (errors on interference trials) improved with
E2 (main effect of E2-tx, F1,35=4.6, p=0.04, Fig. 1B). The results of post-hoc ANOVAs to
examine the relative contribution of the two E2-treated groups indicated that the effect was
larger for E2-alone (F1,28=3.4, p=0.07, Cohen’s f=0.35) than for E2+CORT (F1,27=1.7,
p=0.20, Cohen’s f=0.25). In addition, the number of Stroop errors reliably decreased from
baseline to week 8 for E2-alone (p=0.03) but not E2+CORT (p=0.26). Visual working
memory (SOPT errors) differed across treatment groups (E2-tx by CORT-tx interaction,
F1,31=13.3, p=0.001, Fig. 1C), and the results of pairwise comparisons vs. Placebo indicated
improved performance for E2-alone (t16=2.6, p=0.02) and for CORT-alone (t16=2.4,
p=0.03), but not for E2+CORT (t15=-0.06, p=0.95). Word Fluency (letter and category
combined) was not affected by E2 or CORT administration. Although the overall analysis of
mood as measured by total score on the POMS failed to indicate a treatment effect, when
one outlier was removed (wk 8 score > 3 SD of the group mean), the results indicated
similar improvements in mood for both E2-treated groups (main effect of E2-tx, F1,34=6.9,
p=0.01; when E2-alone omitted: p=0.06; when E2+CORT omitted: p=0.06). The results for
Story Recall, Stroop, and SOPT remained unchanged when adjusted for treatment-related
changes in mood. For analyses of cognitive outcomes, age, education, and BMI were non-
contributory.

3.3. Biomarkers in plasma
E2+CORT had different effects on plasma concentrations of Aβ40/42, and total IGF-1 than
either E2- or CORT-alone (MANOVA, E2-tx by CORT-tx interaction, F2,32=5.8, p=0.007).
The subsequent univariate analysis of Aβ40/42 indicated that this ratio differed for the two
E2-treated groups (E2-tx by CORT-tx interaction, F1,33=4.28, p=0.05, Fig. 2), tending to
move in a more favorable upward direction at week 8 relative to baseline for E2-alone
(p=0.09) while dropping for E2+CORT (p=0.03). Separate analyses by Aβ species indicated
that while Aβ42 levels tended to increase over baseline with CORT administration (p=0.08),
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Aβ40 levels increased for E2-alone (p=0.0001) and decreased for E2+CORT (p=0.02). As a
consequence, treatment effects on Aβ40/42 were most pronounced for E2+CORT (lower
Aβ40/higher Aβ42).

The cortisol-induced rise in plasma concentration of total IGF-I was blocked when estradiol
levels were elevated (E2-tx by CORT-tx interaction, F1,35=6.2, p=0.02, Table 2). IGF-I
levels differed for the two CORT-treated groups (p=0.0004), increasing for CORT-alone
(vs. Placebo, p=0.0001) but not E2+CORT (vs. Placebo, p=0.31). In addition, total IGF-1
levels tended to be lower for E2-alone relative to E2+CORT (p=0.09). Consistent with our
findings from a previous study (Asthana, et al., 2001; Asthana, et al., 1999), treatment-
related changes in estradiol and IGF-I levels for the group as a whole were negatively
correlated (r=-0.40, p=0.01), and lower IGF-I levels tended to predict better verbal memory
performance (r=-0.28, p=0.08). For CORT-treated subjects, free (unbound) IGF-I levels
increased (main effect of CORT-tx, F1,35=23.9, p=0.00001) and IGFBP-3 levels decreased
(main effect of CORT-tx, F1,35=6.5, p=0.02) (Table 2).

Exploratory analyses of treatment effects on fasting plasma insulin indicated that the
cortisol-induced rise was blocked by E2 (E2-tx by CORT-tx interaction, F1,33=4.1, p=0.05).
BMI was included as a covariate in this analysis given that it tended to vary with insulin
levels at baseline (r=0.30, p=0.07). As expected, change in plasma concentrations of cortisol
and insulin were positively correlated for all subjects (r=0.64, p=0.00001). Although the
pattern of results (mean values) observed for insulin and IGF-I were similar (Table 2), these
measures were correlated only for subjects who did not receive E2 (r=0.52, p=0.02). When
change in insulin was included as a covariate in the analyses of cognitive outcomes, none of
the E2-related effects were altered. That is, cortisol-induced increases in insulin did not
account for the effects observed in the E2+CORT group. When the analysis of SOPT was
adjusted for change in insulin, favorable treatment effects for the CORT-alone group were
no longer apparent (p=0.32) suggesting that benefits for this group on task performance
were likely attributable to increased insulin rather than increased cortisol per se.

4. Discussion
We examined the independent and combined effects of E2 and CORT administration on
cognition, Aβ, and IGF-1 in healthy postmenopausal women. Eight weeks of unopposed
transdermal E2 increased verbal retention on Story Recall and improved performance on the
Stroop, and these effects were more pronounced for women who received E2-alone. E2-
alone also improved working memory performance on the SOPT; this benefit was blocked
for women who received E2+CORT. E2 administered with and without CORT had opposing
effects on the Aβ biomarker in plasma (Aβ40/42) with the more favorable response
observed with E2-alone. Although four days of CORT increased fasting levels of IGF-1,
these effects were attenuated by E2. Together, these findings implicate an interactive effect
of estradiol and cortisol on cognitive and biological processes, and suggest that the favorable
cognitive effects of estradiol therapy may be modulated by elevated levels of plasma
cortisol.

In our study, we observed E2-related improvements in verbal episodic memory, visual
working memory, and selective attention for older postmenopausal women, consistent with
reports of others (Dumas, et al., 2010; Keenan, et al., 2001; Maki and Resnick, 2000; Smith,
et al., 2006). We are the first to show however that when plasma concentration of cortisol is
exogenously elevated modeling high levels of physiological stress in these women, the
estrogen-related benefit is altered. This detrimental effect of E2+CORT relative to E2-alone
was predicted in light of the animal work by Shors and colleagues described above showing
that favorable effects of estradiol on trace conditioning, a prefrontal cortex-dependent task
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(Gilmartin and Helmstetter, 2010), could be reduced or abolished by an acute stress
challenge.

Our results are consistent with a recent study in which cognition was impaired when a stress
challenge was paired with estradiol (Newhouse, et al., 2010). In this randomized trial,
nondemented postmenopausal women pretreated with three months of oral estradiol
(comparable in dose to that administered in our study) or placebo received a monoamine
depletion challenge, the Trier Social Stress Test (TSST), and cognitive testing on three
separate days. Following the TSST, estradiol-treated women performed worse on tests of
simple attention, psychomotor speed, and select tasks of episodic verbal memory. Cognitive
outcomes were largely unaffected by monoamine depletion. Mood disturbance, measured
using the POMS at three time points within a 7-hour period, increased for estradiol-treated
subjects after the monoamine depletion and TSST. In our study, mood improved with E2-
treatment, with or without elevated cortisol. However, our participants completed the POMS
at baseline and at the end of the 8-week trial, four days after cortisol levels were abruptly
elevated.

One interpretation of the Newhouse et al. data is that estradiol blunted stress-induced
enhancements on tasks that benefit from increased arousal, including those of simple
attention and psychomotor speed. Although Newhouse et al. did not measure cortisol until at
least 90 minutes post-TSST when levels typically return to baseline under comparable
conditions (Kudielka, et al., 1999), other studies that examined the time course of stress-
related changes in blood chemistry demonstrated clear estradiol-blunting effects on stress
hormones and catecholamines (Ceresini, et al., 2000; Komesaroff, et al., 1999; Kudielka, et
al., 1999). Any further comparisons between our and the Newhouse et al. study are limited
by important methodological differences relating to a longer-lasting and exogenous
manipulation of cortisol, and the inclusion of an E2-alone group in our study that allowed us
to examine E2 effects with and without a stress challenge. Nonetheless, together these
results provide additional support for an interactive effect of estradiol and physiological
stress on cognitive function in postmenopausal women.

Cortisol attenuated the favorable estrogenic effects on verbal episodic memory (retention)
and selective attention, and neutralized estradiol-related improvements in visual working
memory. These results suggest that cortisol may also blunt or block the actions of estradiol
in the brain. The pattern of results for visual working memory differed slightly from that
observed for the other cognitive tasks such that estradiol-related improvement was reversed
altogether when cortisol levels were elevated for the E2+CORT group. For the CORT-alone
group, improvement on this task was attributable to increased insulin rather than to direct
effects of elevated circulating cortisol. Nonetheless, our findings are consistent with the
animal work of Wood and Shors (Wood and Shors, 1998) who demonstrated that associative
learning, supported by brain regions that also contribute to working memory (Kronforst-
Collins and Disterhoft, 1998), benefits from stress in the absence of estradiol or from
estradiol in the absence of stress but under conditions of estradiol plus stress, performance
deteriorates. Elevated stress hormone-related enhancements in working memory, a task that
benefits from increased arousal (Lewis, et al., 2008), have also been reported by others
(Cornelisse, et al., 2010; Weerda, et al., 2010; Yuen, et al., 2010). Estradiol increases HPA
axis responsiveness to stress (Gupta, et al., 2001; Viau and Meaney, 2004; Weiser and
Handa, 2009) and alters monoaminergic activity in prefrontal brain circuits affecting arousal
and cognitive function (Jacome, et al., 2010; Luine, et al., 1998). Thus, we speculate that the
combined action of estradiol plus cortisol may have additive or synergistic effects on the
chemical neuromodulatory inputs to prefrontal circuits affecting arousal with deleterious
consequences for working memory as predicted by the inverted U-shaped dose-response
function.
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The role of peripheral Aβ in normal and pathological aging is controversial, (Okereke, et al.,
2009), but higher plasma Aβ42, lower Aβ40, and thus lower Aβ40/42 ratios have been
associated with increased risk of cognitive decline and neurodegenerative disease (Buerger,
et al., 2009; Mayeux, et al., 2003). E2-alone increased the Aβ40/42 ratio in plasma but this
effect was attenuated or reversed for E2+CORT. Although any interpretations must be
considered speculative, the E2-related rise in Aβ40/42 ratio is presumably favorable in this
trial given salutary effects of E2-alone on cognition and the results of our earlier work
showing a similar effect of a cognition-enhancing intervention on this ratio. In this
randomized controlled trial targeting age- and disease-related disturbances in brain energy
metabolism in healthy older adults and individuals with mild cognitive impairment, 21 days
of intranasal insulin raised the Aβ40/42 ratio in plasma, improved cognition, and suppressed
cortisol levels (Reger, et al., 2008). If the predictive value of the Aβ40/42 ratio as a marker
of cognitive decline in nondemented older adult populations continues to gain support over
time, then this interactive effect of estradiol and cortisol on the Aβ biomarker, if replicated
in larger trials, may have important cognitive implications for E2-treated women with
abnormally high levels of circulating stress hormones.

Circulating levels of IGF-I were elevated for CORT-alone but not for E2+CORT. Consistent
with the results from our earlier studies (Asthana, et al., 2001; Asthana, et al., 1999), E2-
alone tended to have a suppressive effect on IGF-I. Although the cortisol-related rise in IGF-
I that we observed has also been reported by others in response to exogenous glucocorticoid
administration (Borges, et al., 1999) and in conditions of chronic hypercortisolemia such as
Cushing’s syndrome (Bang, et al., 1993) or depression (Weber-Hamann, et al., 2009), the
modulating effect of estradiol on the IGF-1 response to cortisol has not been previously
described. This interactive effect of estradiol and cortisol may account, at least in part, for
discrepant reports in the literature regarding estradiol effects on IGF-I although the impact
of other variables such as dose and route of delivery also need to be weighed (Davis, et al.,
2008).

The significance of elevated or suppressed peripheral levels of IGF-I in blood for cognition
remains unclear. In our study, women who improved the most in verbal memory tended to
have the greatest treatment-related drop in IGF-I, providing replicable confirmation of our
previous report (Asthana, et al., 1999). The results of cross-sectional studies suggest that
age-related declines in IGF-I and cognition are linked (Aleman and Torres-Aleman, 2009),
however chronic elevations in IGF-I that characterize clinically depressed populations or
adults with excessive growth hormone production can also be associated with deleterious
consequences for brain function (Deuschle, et al., 1997; Leon-Carrion, et al., 2010).
Although the data from our study are limited in their ability to resolve this controversy, they
do attest to an interactive effect of estradiol and cortisol on circulating levels of IGF-I such
that high levels of estradiol and cortisol, when paired, have different effects than high levels
of either hormone alone.

Our study had several limitations, including a small sample size per treatment arm and
relatively short duration of exposure to elevated estradiol and cortisol. In addition, although
administering hydrocortisone for four days successfully increased circulating cortisol to high
physiological levels (Schoorlemmer, et al., 2009) and produced similar cognitive
impairments to those reported with in other studies of exogenous or endogenous
manipulation of cortisol levels (Wolkowitz, et al., 1990), endogenous alterations of cortisol
accompanying increased stress are associated with other hormonal changes (e.g., ACTH)
that may have independent effects on the central nervous system (McEwen, 2008). One goal
of this study was to model the Shors et al. animal work that examined the interactive effects
of estradiol and acute stress. As a consequence, exposure duration to these hormones was
relatively brief and may not adequately characterize interactive effects under conditions of
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chronic stress (Bowman, et al., 2002). Finally, given that synthetic glucocorticoids differ
with respect to their pharmacokinetic profiles and that time-of-day impacts not only
direction but also magnitude of cortisol-related effects on cognition (deKloet, et al., 1999;
Lupien, et al., 2002), the generalizability of our results may be limited if a different
glucocorticoid is administered or when assessments occur later in the day as endogenous
levels begin to fall.

In summary, our findings indicate that the effects of estradiol administration on cognition,
Aβ, and IGF-1 are modified when circulating levels of cortisol are elevated, and that stress
effects on IGF-1 are blocked with estradiol administration. That is, elevated cortisol may
have deleterious effects for E2-treated postmenopausal women, but E2 administration may
offset the effects of high stress. One mechanistic account of estrogenic activity in the brain,
the ‘healthy cell bias of estrogen action’ hypothesis, predicts a favorable response when the
target of estrogen’s action is healthy, but deleterious consequences when viability of this
target is compromised (Brinton, 2008). Consistent with this idea, stress-induced injury may
create a window of vulnerability for negative estrogenic effects on affected targets with a net
result of reducing, blocking, or even reversing favorable estrogenic actions. In the wake of
compelling evidence from animal studies demonstrating striking benefits of estradiol on
brain structure and function, it may be prudent to further examine the interactions of
cortisol, stress, and other moderator variables before conceding defeat with respect to the
cognition-enhancing efficacy of estradiol for postmenopausal women.
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Figure 1.
Mean (SE) change at week 8 vs. baseline, expressed as residual values, in cognitive
performance across the four treatment arms for (A) Verbal memory (Story Recall, N=39),
(B) Selective attention and response inhibition (Stroop, N=39) and (C) Visual working
memory (Self-Ordered Pointing Test, SOPT, N=35; data loss for 1 sub/group). Brackets
indicate group differences in treatment response (solid, p<0.05; dashed, p<0.10, 2-tailed)
and symbols indicate change from baseline (*p<0.05; +p<0.10, 2-tailed).
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Figure 2.
Mean (SE) change at week 8 relative to baseline, expressed as residual values, in fasting
plasma concentrations of Aβ40 (pg/mL) to Aβ42 (pg/mL) ratio (N=37; missing data for 1
sub/CORT-tx group) across the four treatment arms. Brackets indicate group differences in
treatment response (solid, p<0.05; dashed, p<0.10, 2-tailed) and symbols indicate change
from baseline (*p<0.05; +p<0.10, 2-tailed).
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Table 1

Subject characteristics by treatment group at study entry

Placebo CORT - alone E2 - alone E2 + CORT

Subjects, no. 10 10 10 9

Requiring washout, no. 4 6 3 2

Hysterectomy, no. 7 5 4 4

Age, yrs 70.2 (8.2) 71.7 (8.0) 74.1 (8.9) 71.2 (4.5)

Education, yrs 13.8 (2.7) 14.5 (2.7) 15.5 (1.9) 14.2 (2.6)

Body mass index, m2/kg 27.7 (3.5) 28.6 (7.5) 27.0 (3.4) 28.7 (6.0)

Means (SD) are provided unless otherwise indicated. Abbreviations: Subjects = no. of completers per treatment group; Requiring washout = no. of
subjects per treatment group requiring a 2-month washout prior to study entry; Hysterectomy = no. of hysterectomized subjects per treatment group
at the time of study entry; Age = age in years at time of study entry; Education = number of years of formal education completed; Body mass index

= body mass calculation based on height (m2) and weight (kg). There were no baseline differences between treatment groups for any of the
variables listed (p>0.47).
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