1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Psychoneuroendocrinology. Author manuscript; available in PMC 2016 September O1.

-, HHS Public Access
«

Published in final edited form as:
Psychoneuroendocrinology. 2015 September ; 59: 14-24. doi:10.1016/j.psyneuen.2015.04.022.

Estradiol Levels Modulate Brain Activity and Negative
Responses to Psychosocial Stress across the Menstrual Cycle

Kimberly Alberta¢, Jens Pruessnerd, and Paul Newhouse®P:
aCenter for Cognitive Medicine, Vanderbilt Univ., Nashville, TN

bGeriatric Research, Education, and Clinical Center, Tennessee Valley VA Health System
¢Univ. of Vermont, Burlington, VT

dMcGill Univ., Montreal, QC, Canada

Abstract

Although ovarian hormones are thought to have a potential role in the well-known sex difference
in mood and anxiety disorders, the mechanisms through which ovarian hormone changes
contribute to stress regulation are not well understood. One mechanism by which ovarian
hormones might impact mood regulation is by mediating the effect of psychosocial stress, which
often precedes depressive episodes and may have mood consequences that are particularly relevant
in women. In the current study, brain activity and mood response to psychosocial stress was
examined in healthy, normally cycling women at either the high or low estradiol phase of the
menstrual cycle. Twenty eight women were exposed to the Montreal Imaging Stress Task (MIST),
with brain activity determined through functional magnetic resonance imaging, and behavioral
response assessed with subjective mood and stress measures. Brain activity responses to
psychosocial stress differed between women in the low versus high estrogen phase of the
menstrual cycle: women with high estradiol levels showed significantly less deactivation in limbic
regions during psychosocial stress compared to women with low estradiol levels. Additionally,
women with higher estradiol levels also had less subjective distress in response to the MIST than
women with lower estradiol levels. The results of this study suggest that, in normally cycling
premenopausal women, high estradiol levels attenuate the brain activation changes and negative
mood response to psychosocial stress. Normal ovarian hormone fluctuations may alter the impact
of psychosacially stressful events by presenting periods of increased vulnerability to psychosocial
stress during low estradiol phases of the menstrual cycle. This menstrual cycle — related
fluctuation in stress vulnerability may be relevant to the greater risk for affective disorder or post-
traumatic stress disorder in women.
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1. Introduction

The sex difference in affective and stress-related disease rates (2 to 3 times greater incidence
and prevalence of major depression in women compared to men (Bromet et al., 2011;
Kessler et al., 2005)) emerges at puberty and remains until menopause (Kessler et al., 1994).
The stress exposure model of depression suggests that MDD is the result of a vulnerability
to depression, combined with the trigger of stressful life events (Hankin et al., 2007; Liu and
Alloy, 2010). Accordingly, psychosocial stressors are among the top reported antecedents to
depression episodes (Frank et al., 1994; Kendler et al., 1999; Kendler et al., 2000), and
dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis response is a consistent
finding in major depression (Burke et al., 2005; Lupien et al., 2009). Psychosocial stress
may be especially important in the etiology of mood disorders in women as the
depressogenic effects of life stressors are reportedly greater in women than men (Mezulis et
al., 2010), even when there is no difference in the number of stressful life events or in the
subjective perception of these events (Korszun., 2009). Although this finding is consistent
and has been replicated by studies across the globe (Bromet et al., 2011), the reasons for the
sex difference in incidence and prevalence of mood and anxiety disorders are not well
understood.

The cortisol response to stress shows consistent sex differences (Vamvakopoulos, 1995),
and changes across the menstrual cycle, decreasing during the late follicular phase when
circulating estrogen is high (Kirschbaum C, 1999). Women are more likely than men to
show variations in HPA function in response to stressors (Weiss et al., 1999) and during
depressive episodes (Korszun., 2009). These differences in stress system response likely
contribute to mood disorder risk in women (Weiss et al., 1999), and may be modulated by
ovarian hormone fluctuations across the menstrual cycle (Kajantie E, 2006; Roca et al.,
2005). The role of corticosteroids in stress response and regulation is well known, however
the effects of gonadal steroids (e.g. estradiol) —~which may be specifically important in
women- are less well characterized.

The concurrence of increased major depression disorder (MDD) and post-traumatic stress
disorder (PTSD) risk in women during the reproductive period of life suggests that the
cyclic fluctuation of ovarian hormones during this period may contribute to the risk for
psychopathology. Understanding the role of ovarian hormones in emotional processing and
mood regulation in women may provide important insight into the mechanisms underlying
the stress response and potentially the increased incidence of MDD and PTSD in women.

Ovarian hormones may modulate the effects of stress on mood. Brain areas that are central
to mood regulation (including the amygdala and hippocampus) show some of the largest
densities of estrogen receptors in the human brain (Merchenthaler et al., 2004; Ostlund et al.,
2003); interestingly, those areas are also very rich in cortisol receptors. Estrogen may
modulate the activity of these areas; large community and clinic based studies indicate that
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negative mood complaints (Davydov et al., 2005; Gonda et al., 2008) (even in healthy
women) and suicidal behavior (Baca-Garcia et al., 2004; Saunders and Hawton, 2006)
increase in women during low estrogen phases of the menstrual cycle. Brain activity related
to processing negative emotional information is also modulated by changing estradiol levels
across the menstrual cycle (Goldstein, 2005; Merz et al., 2012), suggesting that estrogen
may alter the mood response to negative information, making this information more or less
salient to cognitive processes and subsequently mood states.

Although there is strong evidence that estrogen modulates the response to negatively
valenced stimuli, such as negative images (Andreano and Cahill, 2010; Goldstein, 2005), the
effect of estrogen on the response to psychosocial stress is less well understood. Animal
models suggest that female rodents do not gain the same beneficial effect of acute stress on
hippocampally-mediated or prefrontal tasks as male animals, and that high estrogen levels
enhance the negative effects of stress in these areas(Shansky et al., 2004; Shors and Leuner,
2003). In contrast studies in ovariectomized female rats indicate that estrogen replacement
increases resilience to stress in earned helplessness models and support hippocampal
plasticity(Bredemann and McMahon, 2014; Smith et al., 2010). The modulation of stress
effects on brain activity and function remain unclear and likely depend on the type of stress
and measure of function(Shansky, 2009). The effects of estradiol on the cognitive
consequences or brain activity in women have not been widely investigated. Previous
studies have generally compared stress response in women during the early follicular phase
and mid luteal phase. However, this approach precludes examining the effects of estradiol
separately from progesterone (Kirschbaum et al., 1992; Kirschbaum C, 1999). Additionally,
few of these studies have included subjective mood measures, and the measurement of stress
response solely through free circulating (salivary) cortisol is complicated by menstrual
effects on cortisol binding globulin and adrenocorticotropic hormone sensitivity.
Psychosocial stress differs from processing emotional information in a number of ways -
stress includes elements of self-esteem, uncontrollability, and personal threat. Further,
studies using performance—based stressors provide evidence that there is a sex difference in
the endocrine (cortisol) response to this type of stress, and that cycling ovarian hormones
may modulate this response in women (Kirschbaum et al., 1992; Kirschbaum C, 1999).
Social-evaluative threat is one element of psychosocial stress that may be especially salient
for women, and has face validity for the real life stressors women experience and that
contribute to mood disorder risk (Kendler et al., 1999; Kendler et al., 2001; Stroud et al.,
2002). Understanding the effect of ovarian hormones on the response to these types of
stressors is thus important in understanding the role of ovarian hormones in the brain
mechanisms of emotional processing and mood in women. Investigating the stress response,
under controlled laboratory conditions, provides an opportunity to examine the effects of
ovarian hormones on emotional processing, stress response, and subsequent mood.

In this study, we examined the effect of estradiol levels across the menstrual cycle on both
the brain activity and behavioral response to a laboratory-based model of psychosocial
stress. We hypothesized that high circulating estrogen would reduce the effect of acute stress
on brain activity and be associated with less subjective distress following the stress-inducing
task.
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2. Methods

2.1 Overview

This cross sectional study included 28 normally cycling women (ages18-45) who were
examined during early follicular phase (day 1-2 of menstrual cycle), or at ovulation (day
12-14), and who participated in a psychological stress fMRI task. Due to the psychosocial
stress task used in this study, and the requirement to debrief participants about the focus of
the study once the stress task was completed, we were unable to repeat the stress task for a
within subjects comparison, and were limited to between subjects/group comparisons.
Approximately half of the participants were studied at the University of Vermont and half
were completed at Vanderbilt University. The study coordinator was the same throughout
the study and the MRI scanners were the identical make and model, with the same software
version in operation at the time of the study. The study procedures were identical at both
Universities, and imaging and behavior data were analyzed for study location effects. The
study was reviewed and approved by both the University of Vermont and Vanderbilt
University Institutional Review Boards, and all participants provided written informed
consent.

2.2 Participants

Participants were recruited and told that they would be participating in a study to examine
the effects of menstrual cycle hormone changes on mathematical ability in women. All
participants were healthy, with regular menstrual cycles (21-35 days), no hormonal
contraceptive or centrally active medication use, and no history of severe pain or mood
changes related to their menstrual cycles. We excluded participants with current or past Axis
I psychiatric disorders using the Structured Clinical Interview for DSM Disorders(First et
al., 2001). Beck Depression Index score was required to be less than 7, and Beck Anxiety
Index score less than 15 (Beck et al., 1961). Current illicit drug use and pregnancy were
exclusions.

2.3 Screening and Characterization

To assure all participants were of at least average intelligence, we administered the
Wechsler Abbreviated Scale of Intelligence(Wechsler, 1999). The Composite International
Diagnostic Interview for premenstrual dysphoric disorder (Kessler and Ustun, 2004) was
used to collect menstrual cycle history and to rule out premenstrual dysphoric disorder, and
physical and psychological symptoms associated with the menstrual cycle were assessed
using the Moos Menstrual Distress Questionnaire(Moos, 1968). Personality factors were
assessed at screening using the NEO Five Factor Inventory (Costa and McCrae, 2000).
Following screening, participants tracked their menstrual cycles for three months to
determine an average cycle length and to calculate the study day date. At the University of
Vermont, participants tracked using a paper calendar; at Vanderbilt University, women filled
in daily surveys using the on-line REDCap system.

Women were randomly assigned to return for the study day during the early follicular phase
(days 1-2 of the menstrual cycle) or at ovulation (day 12-14); before the study began,
participant research 1D numbers were assigned a randomly generated number, ranked
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according to this random number and then alternatingly assigned to the two groups. The
study day took approximately 3 hours to complete. Upon arrival at the Clinical Research
Center, participants completed the State and Trait Anxiety Inventories(Spielberger, 2010)
and the Beck Depression and Anxiety Inventories (Beck et al., 1961).

2.4 Stress Task

We employed the Montreal Imaging Stress Task (MIST) for psychosocial stress induction
(Pruessner, 2008). The MIST produces moderate psychosocial stress through a combination
of motivated performance and social-evaluative threat. We presented the MIST as an
arithmetic task in the MRI scanner, and instructed participants that they should achieve an
80-90% correct performance for their data to be usable in the context of this experiment.
Unbeknownst to the subjects, the MIST contains an algorithm producing script that
automatically adjusts the difficulty of the math tasks to the aptitude of the participant, this
way maintaining a low performance rate (between 40-50%) by changing either the problem
difficulty or the allotted time. A “control” condition, in which the participants solve
arithmetic problems with no time limit and no performance limit, serves as a contrast to
control for brain activity changes induced by arithmetic task demands (visual stimuli, motor
response, and mental arithmetic). Social evaluative threat comes from scripted experimenter
interaction; the experimenters enter the MRI room between runs and inform the participants
that they are not doing well enough and that they need to improve their performance for the
experiment to be successful.

In this study, participants completed three runs of the MIST; the MRI sessions were
scheduled during the afternoon when baseline cortisol levels are low. After the first run,
experimenter 1 entered the scanner room and provided the scripted feedback and asked the
participant to complete a second run of the task. After the second run the experimenter 1
entered the scanner room and told the participant that the experimenter 2 (“doctor”) would
like to speak with them about their performance, at which point the experimenter 2 entered
the scanner room and provided the scripted feedback and asked the participant to complete a
third run of the task. This protocol was designed to maintain both performance and social
evaluative threat throughout the MIST and to prevent participants from habituating to the
performance challenge or giving up on completing the task. Specifically the interaction of
the participants and the experimenters was structured to generate psychosocial stress. To
habituate the participants to the scanning environment and decrease scanner-related stress at
the study day, participants entered an MRI simulator during the screening visit; in the MRI
simulator, participants watched a nature video while being exposed to the MRI environment
(simulated MRI sounds, head coil, and being placed in the MRI bore) and the stimulus
presentation system.

The MIST was presented in a block design; each condition was presented twice per 3 runs
(“stress™: 100 seconds, “control”: 50 seconds, ‘rest”: 30 seconds). Participants practiced the
MIST task (control trials only) in the MRI simulator, before the MRI session.
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2.5 Subjective Measures

Participants completed subjective measures: the Stress and Arousal Checklist(King et al.,
1983)(before and after the MIST), the Profile of Mood States(McNair DM, 1971), and a
Visual Analogue Scale for mood and task experience (both after the MIST).

2.6 Endocrine Measurements

Saliva samples were collected, using Salimetrics salivettes placed under the tongue, at seven
times during the study day to assess the cortisol response to the stress task (Supp. Fig. 1).
Salivettes remained under the tongue for two minutes, and then were stored at —80°C freezer
until analysis. Cortisol levels were assessed using the Salimetrics High Sensitivity Salivary
Cortisol Enzyme Immunoassay Kit for quantitative determination of salivary cortisol with a
sensitivity of 0.007 ug/dL for 25ul sample volume (Salimetrics LLC, Philadelphia, PA). All
cortisol measurements were assayed in duplicate, with mean intra-assay coefficient of
variation of 7.5% and inter-assay coefficient of variation of 14.3%. Cortisol area under the
curve measurements for each participant (over the study day) were calculated using
Graphpad Prism.

Blood samples were collected from each participant at the end of the study day to determine
the estradiol level and to verify menstrual phase. Estradiol was assessed from sera using the
Immulite 1000 endocrine panel immunoassay system with mean intra-assay coefficient of
variation of 5.9%. For analyses by menstrual phase, we required that both the participant’s
menstrual cycle tracking and estradiol level indicated that they were in the assigned
menstrual phase. Participants’ whose estradiol levels did not concord with their randomly
assigned menstrual phase at the study day; women whose estradiol levels were higher or
lower than the reference values for their assigned phase, were not included in the low or
high estradiol groups, as they could not be accurately assigned to either group. These data
were included in all other analyses.

Progesterone levels were assessed using the Salimetrics Salivary Progesterone (P4) Enzyme
Immunoassay Kit with a sensitivity of 5pg/mL for 25ul sample volume (Salimetrics LLC,
Philadelphia, PA). The first saliva sample of the day was used for progesterone
measurements. All progesterone measurements were assayed in duplicate, with mean intra-
assay coefficient of variation of < 1%.

2.7 MRI Scan parameters

Participants were scanned on a Philips 3.0 Tesla Achieva scanner, with an 8 channel head
coil. All participants received the following MR sequences: 1) A sagittal T1-weighted 3D
Turbo Field Echo Sensitivity Encoding (TFE SENSE) sequence perpendicular to the anterior
commissure (AC) -posterior commissure (PC) line, repetition time (TR) of 9.9 ms, echo
time (TE) of 4.6 ms, a flip angle of 8°, number signal averages (NSA) 1.0, a field of view
(FOV) of 256 mm, a 256 x 256 matrix, and 1.0 mm slice thickness with no gap for 140
contiguous slices. 2) A T2- weighted Gradient and Spin Echo (GRASE) sequence was run
parallel to the AC-PC line, TR 2470 ms, TE 80 ms, NSA 3.0, FOV of 230 mm, 0.7 mm slice
thickness with 5.0 mm gap for 28 slices. 3) Three Echoplanar Blood Oxygenation Level
Dependent (EpiBOLD) functional sequences, transverse orientation, TR 2500 ms, TE 35 ms,
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flip angle 90°, 1 NSA for FOV 240, 240X128 matrix, and 4.0 mm slice thickness with no
gap, with ascending interleaved acquisition, for 35 contiguous slices.

2.8 fMRI Analysis

3. Results

fMRI data was processed using Statistical Parametric Mapping (SPM8) (Wellcome
Department of Cognitive Neurology, 2008). Preprocessing included: realignment of the
three functional runs and correction for bulk-head motion, coregistration of functional and
anatomical images for each participant, segmentation of the anatomical image, and
normalization of the anatomical and functional images to the standard MNI template, and
spatial smoothing with a Gaussian filter (8 mm at full width, half maximum).

Avrtifact detection was performed on functional images using the ART toolbox in SPM, and
outliers for signal intensity (z>3) and motion (movement >3 mm in either translation or
rotation) were entered as nuisance regressors at the first level, single-participant analysis. At
first level analysis, T-maps were created from linear contrasts for task conditions and
between condition comparisons; these T-maps were used in the second level whole-brain
random effects analysis of participant group effects with two-sample t-tests. The
preprocessed functional images had a voxel size of 2X2X2 mm and cluster threshold
correction was used to control for multiple comparisons (from voxel wise p = 0.005) to
corrected p < 0.001 with k = 58 (corrected voxel-wise p = 0.000001)(from alpha simulation
in REST(Song et al., 2011) toolbox for SPM, using a grey matter mask).

Two sets of second level analyses were conducted, one analysis with groups defined by
menstrual phase and estradiol level at the study day, and a second analysis with groups
defined by subjective distress to the MIST (change in Stress Arousal Checklist score).
Separate regression analyses were run for estradiol level and subjective distress by
hippocampal activity (using a bilateral hippocampus region of interest mask created from
the Automated Anatomical Labeling (AAL) in WFU Pickatlas (Maldjian et al., 2003)).
Percent signal change in right and left hippocampus was calculated with the REX toolbox
for SPM; using masks created from the average peak cluster in the hippocampus ROI (using
the contrast “control” condition > “stress” condition in the full subject set) with cluster
threshold correction (from voxel wise p = 0.05) to corrected p < 0.001 with k = 101
(corrected voxel-wise p = 0.001).

3.1 Participants

Average participant age was 30.4 years (SD = 8.2 years). There was no difference in age
between subject groups either by estradiol level (t (8) = —1.01, p = 0.33), or distress (t (26) =
-0.83, p = 0.41). No participants had Menstrual Distress Questionnaire scores that indicated
severe premenstrual somatic or affective changes. There were no differences between any of
the participant groups at screening, including Beck Depression Inventory scores, Beck
Anxiety Inventory scores, NEO Five Factor Inventory personality measures, or any of the
Menstrual Distress Questionnaire measures, and none of the participants had elevated scores
on these scales (Supp. Table 1). For the analysis of the effect of menstrual phase on stress
related brain activity, we included only participants whose estradiol level at the study day
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confirmed their assigned menstrual phase. The reference value for median early follicular
phase estradiol levels using the Immulite 1000 endocrine panel immunoassay system is 31
pag/mL. Women were included in the low estradiol phase group if they were assigned to the
early follicular group and had an estradiol level on the study day less than 40 pg/mL (mean
24.91 pg/mL). Women were included in the high estradiol phase group if they were assigned
to the ovulatory group and had an estradiol level on the study day greater than 50 pg/mL
(mean 103.52pg/mL). This resulted in 8 participants (4 from the low estradiol, and 4 from
the high estradiol group) not being included in stress-brain imaging analyses for low vs. high
estradiol phase groups; these participants’ data were included in all other analyses

3.2 Brain Activity

3.2.1 Psychosocial Stress Response—Second level comparison using a one sample
t-test of average images of all subjects (n = 28) (using the 15t level contrast of control
condition > stress condition) revealed significantly (uncorr.p = 0.005, cluster size = 58,
corr.p < .001) greater activation in cingulate, temporal (including hippocampus), and frontal
regions and activation in parietal and precentral gyrus regions during the control condition
compared to the stress condition (Fig. 1 and Supp. Table 2). This activity pattern is
consistent with the activity pattern previously shown by studies using the MIST (Pruessner,
2008); reduced activation of hippocampus and para-limbic regions during the stress
condition. These results confirm that the overall brain activity response to psychosocial
stress in a sample including only women is similar to the brain activity seen in studies that
include both men and women.

Menstrual Cycle Phase/Estradiol Effects: Estradiol level was significantly higher in the
high estradiol phase group (mean = 103.52 pg/mL, SD = 34.09) than the low estradiol phase
group (mean = 24.91 pg/mL, SD =9.17) (t (18) = 7.04, p < 0.001). All women had salivary
progesterone levels under 105 pg/mL (mean = 49.72 pg/mL, SD = 35.54), consistent with
the follicular phase (Chatterton et al., 2005). Progesterone levels did not differ between the
low estradiol phase group (mean = 48.90 pg/mL, SD = 36.10) and high estradiol phase
group (mean = 50.54 pg/mL, SD = 36.91) (t (18) = 0.099, p = 0.92) (Supp. Fig. 2).

The fMRI estradiol phase group analysis for the effect of psychosocial stress, including
participants who showed concordance of assigned menstrual phase and estradiol level, (high
estradiol n = 10, low estradiol n = 10), showed a significant (uncorr.p = 0.05, cluster size =
529, corr. p <0.005) effect of estradiol level on brain activity during psychosocial stress and
perceived distress following the MIST, however these findings did not survive more
conservative correction for multiple comparisons. Women with low estradiol levels had
significantly less activity in the left hippocampus than women with high estradiol levels
during the stress condition (Fig. 2 and Supp. Table 3). This finding indicates that women in
the high estradiol phase of the menstrual cycle have a greater left hippocampal activity
during psychosocial stress than women in the low estradiol phase

Bilateral hippocampal activity during psychosocial stress was directly associated with
estradiol levels in an analysis of the 20 participants included in the estradiol phase group
analysis (uncorr.p = 0.005, cluster size = 58, corr.p < .001) with greater activity in the
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bilateral hippocampal ROI being associated with higher estradiol levels. Examining the
individual right or left hippocampal ROIs showed that the correlation between estradiol
level and percent signal change in either right or left hippocampus did not meet statistical
significance (right hippocampus: r = =0.14, n = 28, p = 0.45; left hippocampus: r =-0.21, n
=28, p = 0.37), indicating that the effect of estradiol was not lateralized.

In an analysis that included all participants grouped according to their assigned menstrual
phase (without confirmation by estradiol level), there were no brain areas that showed
greater activity in the periovulatory group compared to the early follicular phase group at
either corrected p <0.01 or corrected p <0.05.

3.2.2 Subjective Distress Effects—To compute a group contrast for the effects of
subjective distress on brain activation changes, we performed a median split of subjective
distress scores; difference in pre vs. post MIST stress score on the Stress and Arousal
Checklist (high distress n = 14, low distress n = 14). The subsequent fMRI analysis with the
high and low distress groups showed an associated of distress and brain activity during the
psychosocial stress task. Women with higher distress scores showed significantly less
activity in bilateral hippocampus, midbrain, left parietal, and left frontal regions than women
with higher distress scores (Fig 3 and Supp. Table 4). By contrast, greater subgenual
cingulate activity was seen in women with higher distress scores compared to women with
lower distress scores (Fig. 3). These differences indicate that women who respond to the
MIST with high subjective distress have a greater change in brain activity during
psychosocial stress than women with low subjective distress following the MIST.

Bilateral hippocampal activity during psychosocial stress was inversely associated with
distress scores in an analysis of all participants (p < 0.001) with lower activity in the
hippocampal ROI being associated with greater distress. These correlations were statistically
significant bilaterally (left hippocampus r = 0.51, n = 28, p = 0.006, right hippocampus r =
0.49, n = 28, p = 0.008). We re-analyzed the correlation after step-wise removal of percent
signal change extreme values and association between left hippocampal percent signal
change and distress remained significant (r = 0.39, n =28, p =0.04) but the right
hippocampus did not (r = 0.31, n = 28, p = 0.10). A two way factorial ANOVA for E2 group
and Distress group effects on hippocampal percent signal change did not show a significant
interaction of estradiol phase group and distress group for right (p=0.592) or left (p=0.977)
hippocampus ROls.

There was no significant difference in brain activity between participants run at the two
study locations in any of the contrasts of interest at any level of significance including
uncorrected p < 0.05.

3.3 Behavioral and Mood Measures

3.3.1 Estradiol Effects—There was no effect of menstrual cycle phase or estradiol phase
group on pre-MIST Stress and Arousal Checklist scores, Trait Anxiety Inventory scores, or
State Anxiety scores, and no effect on any of the Profile of Mood scores, Arousal scores, or
any of the scales of the Stress Task Visual Analogue Scale following the MIST (Supp. Table
5). Distress scores (difference in SACL Stress score before and after the MIST) were lower
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in women with high estradiol than in women with low estradiol levels (Table 1). A multiple
regression was run to predict stress change from estradiol level, progesterone level, and age,
F (3, 24) = 4.2, p< 0.05, R2 = .344. Only estradiol added statistically significantly to the
prediction, p < 0.05.

3.3.2 Distress Effects—There was no significant difference between groups on Stress
and Arousal Checklist scores, Trait Anxiety Inventory scores, or State Anxiety scores before
completing the MIST (Supp. Table 5). Women with higher distress scores had higher scores
(worse mood) on all negative scales of the post-task Profile of Mood States (including
tension, depression, anger, fatigue, confusion, and total mood disturbance) compared to
women with lower distress scores, indicating worse mood following the MIST (Table 1).
Additionally, women with higher distress scores had significantly lower estradiol levels
(mean = 43.47 pg/mL, SD = 35.26) than women with lower distress scores (mean = 74.49
pg/mL, SD = 40.93) (t (26) = 2.15, p < 0.05), and there was an inverse correlation between
estradiol and distress with lower estradiol levels associated with greater distress (r = —0.50, n
=29, p =<0.01). There was no difference in progesterone levels between distress groups -
low distress progesterone mean = 41.04 pg/mL, SD = 35.49, high distress progesterone
mean = 58.96 pg/mL, SD = 36.84 - (t (26) = —-1.31, p = 0.20) (Fig 4).

There was no significant difference in any of the screening or study day subjective or
behavioral measures between participants run at the two study locations at p < 0.05.

All subjects showed an increase in cortisol related to the MIST and cortisol AUC was
associated with decreased medial prefrontal activity during psychosocial stress (Supp. Fig.
3); however there was no significant correlation between estradiol level or distress score
group with cortisol response to the MIST. Cortisol AUC showed substantial inter-subject
variability with an average AUC for the entire sample of 0.8 and a standard deviation of 2.8.

4. Discussion

Overall, women showed brain activity patterns during psychosocial stress that were similar
to the patterns previously seen in studies that included both men and women; deactivation of
limbic regions (Pruessner, 2008). However, this study showed that higher estradiol levels at
periovulation were associated with greater hippocampal activity during psychosocial stress
in normally cycling premenopausal women. Menstrual cycle phase and corresponding
estradiol levels were directly correlated with hippocampal activity during the stress
condition of the MIST; activity in the hippocampus during stress was significantly lower in
women in the low estradiol levels compared to women with higher estradiol levels. These
results suggest that low estradiol levels during the early follicular phase of the menstrual
cycle exaggerate the effect of psychosocial stress on brain activity. Women with higher
periovulatory estradiol levels also had lower distress scores following the psychosocial
stress task. Group analysis based on distress following the MIST confirmed the relationship
between estradiol and both brain and mood response to stress: women with higher distress
had lower left hippocampal activity during the MIST, more negative mood following the
MIST, and lower estradiol levels.
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Previous work using the MIST has revealed deactivations during the stress condition of the
task, in brain areas that are part of the limbic circuit (including hippocampus, hypothalamus,
medio-orbitofrontal cortex and anterior cingulate cortex) (Pruessner, 2008). These studies
have proposed that reduced limbic circuit function is associated, perhaps causally, with the
stress response. Additionally, hippocampal deactivation during the stress condition of the
MIST has been directly related to cortisol release and inversely correlated with measures of
self-esteem, indicating that hippocampal activity is a marker of both the peripheral
endocrine response to stress and related to psychological vulnerability to psychosocial stress
(Pruessner, 2008). These findings are consistent with previous studies showing that the
hippocampus is an important inhibitor of the HPA system (Jacobson and Sapolsky, 1991).
Hippocampal function is also important in processing emotionally valenced information
(Canli et al., 2002), especially in women, and in evaluating the context of social interactions
(Berthoz et al., 2002). Our findings suggest that higher circulating estradiol may support
continued hippocampal activity during psychosocial stress.

Although we did not see a difference in cortisol response between estradiol phase or distress
groups, our finding that cortisol response to the MIST was associated with prefrontal
deactivation agree with animal models showing worse performance on tasks that rely on
prefrontal cortex following acute stress(Shansky et al., 2004). This study did not show an
effect of estradiol on prefrontal activity, unlike animal models which show that high
estrogen levels during proestrous in rodents enhance the negative effects of stress on
prefrontal function. It may that we were precluded from seeing an interaction of estradiol
and stress on prefrontal activity by the sample size included in this study, and future studies
should examine this hypothesis through prefrontal activity and performance measures in
women.

The brain regions that are commonly indicated in studies of major depression and in recent
neuroimaging studies of psychosocial stress are important targets for investigating
vulnerability to mood disorder and the interaction with stressful life events. That these same
regions are responsive to estradiol manipulation (Andreano and Cahill, 2010; Goldstein,
2005) is interesting in light of the mood effects of estradiol in both healthy women (Gonda
et al., 2008) and mood disorders related to ovarian hormone fluctuations. Estradiol has been
shown to modulate activity on brain circuits important for emotional processing; estradiol
level changes across the menstrual cycle are associated with changes in brain activity related
to arousal for negative valenced images (Goldstein, 2005), and in fear conditioning (Zeidan
etal., 2011). These findings provide evidence that estradiol may affect emotional responding
through increased top-down modulation of emotional circuitry, including brain areas
involved in the stress response, and may be protective against fear and anxiety. Our findings
suggest that greater estradiol levels during the periovulatory phase of the menstrual cycle
decrease the brain activity change in response to psychosocial stress, and reduce the acute
behavioral and mood consequences of the stress experience. This interpretation is further
supported by the location of estradiol receptors in the central nervous system; the
hippocampus is rich in both estradiol and glucocorticoid receptors, making it an important
area of interaction between these hormones. In animal models, estrogen appears to support
neuroplasticity at the hippocampus (Gould et al., 1990; Woolley et al., 1990) and to be
protective against the negative effects of stress (Bredemann and McMahon, 2014). High
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estradiol levels during the periovulatory phase of the menstrual cycle may support
hippocampal function in part through these protective mechanisms.

Estradiol receptors are located in a number of brain areas, including regions important for
the autonomic, hormonal, and cognitive-emotional response to psychosocial stress (Love et
al., 2010). The relation of stress to depression onset (Frank et al., 1994; Kendler et al., 1999;
Kendler et al., 2000) and the altered function of the stress system in major depression (Burke
et al., 2005; Lupien et al., 2009) suggest that modulation of the psychosocial stress response
may be a mechanism through which estradiol fluctuation may contribute to MDD and PTSD
risk. The results of this study suggest that estradiol levels may modulate activity in brain
areas important for processing emotional information during psychosocial stress. Increased
emotional processing and physiological response to psychosocial stress, during low estrogen
menstrual phases, may contribute to depressed mood in women with vulnerability to MDD.
Indeed, women with MDD have greater HPA axis dysregulation than men with MDD
(Young et al., 1994; Young and Ribeiro, 2006), suggesting that the stress system may be
particularly important to depression in women. Estradiol may attenuate sympathetic and
HPA axis activity to stress (Kajantie and Phillips, 2006; Roca et al., 2005). Although our
study did not include women with mood disorders, the effect of estradiol on brain activity
and mood response to psychosocial stress suggest that periods of low estradiol are associated
with heightened negative emotional responding. These phases may thus present windows of
increased vulnerability to the depressogenic effects of psychosocial stress in women. Further
work is needed to determine whether the effects of estradiol on stress responding differ in
women with vulnerability to mood and anxiety disorders, and if there is a relation between
the occurrence of stressful events during different phases of the menstrual cycle and
subsequent MDD or PTSD onset in vulnerable women.

We recognize that menstrual cycle effects are likely not the only, or even the main,
determinant of psychosaocial stress responding in women; future studies are needed to
examine the effects of personality factors, and lifetime trauma or chronic stress. Limitations
also include that the separate roles and mechanisms of estradiol and progesterone in
emotional processing and response remain to be delineated. Although we did not directly
investigate the effect of differing progesterone levels on stress responding, we attempted to
isolate the effects of estradiol by having women experience the psychosocial stress task
during the early follicular phase or the periovulatory phases when progesterone levels are
low. We excluded women whose estradiol levels were not in concordance with their
assigned menstrual phase from our menstrual cycle phase/estradiol fMRI analysis, as these
women were likely in the mid luteal phase, when both estradiol and progesterone levels are
increasing. The periovulatory phase is a very short duration of time (2-4 days) and it is
possible that some women in our study were studied after ovulation. Indeed, brain activity
during the psychosocial stress task did not show a difference between groups based only on
assigned menstrual phase, suggesting that the women who were omitted from the estradiol
level - based analysis may not have been in the correct phase or that estradiol level rather
than phase has a stronger effect on neural activity in response to psychosocial stress.
Although we believe this approach was appropriate to investigate the effects of estradiol
level, it resulted in a reduced sample size for the menstrual cycle phase/estradiol level
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analysis. As progesterone levels did not appear to have an effect on distress in this study, we
included all participants in the analyses by subjective distress. This study was not designed
to investigate the separate effects of estradiol and progesterone by menstrual phase, however
it did reveal a linear inverse relationship between estradiol levels and subjective distress that
did not exist for progesterone. Additionally, this study did not include women who
experience mood disruption directly related to menstrual phase or ovarian hormones (such
as Premenstrual Dysphoric Disorder or Polycystic Ovarian Syndrome), nor did this study
model these disorders. The effect of ovarian hormone level/menstrual phase on brain activity
during emotional processes in women with these disorders likely differs from healthy
women, and the effects on stress responding in these populations should be examined
separately. Another potential limitation of this study is the difference in block length
between stress and control conditions of the MIST. The stress conditions of the task needed
to be of sufficient length to allow the stress response to develop, however the limitations in
task time (and efficient block length) did not allow for the control conditions to be of similar
length. We believe the control condition was of sufficient length and had enough repetitions
to use as a comparison to isolate brain activity related to the stress response.

This study is unique in that that we used a moderate psychosocial stressor in the MRI
environment at different menstrual phases, which allowed us to examine both the subjective
mood response and brain activity response to the stress task. Also our stress task included
social evaluative threat- a type of stress that may be particularly relevant for mood in women
(Kendler et al., 2001). Our data suggest that estradiol buffers the brain activity changes and
negative mood response to psychosocial stress in normally cycling women. This work has
important implication for an understanding of the relationship between estradiol levels and
the response to stressful life events. Whether this has implications for the development of
psychopathology remains to be studied. Future work should extend the investigation of
ovarian hormone effects on psychosocial stress responding to women with vulnerability
mood or anxiety disorders and further examine the relation of these effects to known risk
factors for mood disorders.
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Figure 1.
Psychosocial Stress Effect fMRI Stress Condition — Control Condition: All participants (n =

28). Greater deactivation in limbic regions during the stress condition compared to the
control condition (corrected to p < 0.001).
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Figure 2.
Estradiol Effects fMRI

Stress Condition — Control Condition: High estradiol (n = 10) — Low estradiol (n = 10).
Greater activity in left hippocampus during the stress condition in the High estradiol group
than the Low estradiol group (cluster-level corrected to p < 0.005).
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Figure 3.
Subjective Distress Effects fMRI

Stress Condition — Control Condition: High Distress (n = 14) — Low Distress (n = 14).
Greater activity in bilateral hippocampus and less subgenual cingulate activation during the
stress condition in the Low Distress group than the High Distress group (cluster-level
corrected to p < 0.001).
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Figure 4.
Estradiol and Progesterone Levels for Group Analyses

Low estradiol group (n =10) estradiol mean = 24.91 pg/mL, SD = 9.17, high estradiol group
(n = 10) estradiol mean = 103.52 pg. mL, SD = 34.09 (t (18) = 7.04, p < 0.001). Low
estradiol group progesterone mean = 48.90 pg/mL, SD = 36.10, high estradiol group
progesterone mean = 50.54 pg/mL, SD = 36.91 (t (18) = 0.099, p = 0.92).

Low distress group (n =14) estradiol mean = 74.49 pg/mL, SD = 40.93, high distress group
(n = 14) mean = 43.47 pg/mL, SD = 35.26, (t (26) = 2.15, p < 0.05). Low distress
progesterone mean = 41.04 pg/mL, SD = 35.49, high distress progesterone mean = 58.96
pg/mL, SD = 36.84 — (t (26) = -1.31, p = 0.20).
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