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Abstract

Background: Estrogen fluctuations throughout the lifespan may contribute to major depressive
disorder (MDD) risk in women through effects on brain networks important in stress responding,
and mood regulation. Although there is evidence to support ovarian hormone treatment for peri-
menopausal depression, postmenopausal use has not been well examined. The objective of this
study was to investigate whether estrogen modulation of the neural and emotional cognitive
responses to stress differs between postmenopausal women with and without MDD history.

Address for correspondence: Kimberly Albert, PhD, Vanderbilt Center for Cognitive Medicine, Department of Psychiatry and
Behavioral Sciences, Vanderbilt University Medical Center, 1601 23rd Ave. South, Nashville, TN 37212, Phone: 615-936-4559,
kimberly.albert@vumc.org.

Author Statement

We wish to confirm that there are no known conflicts of interest associated with this publication and there has been no significant
financial support for this work that could have influenced its outcome.

We confirm that the manuscript has been read and approved by all named authors and that there are no other persons who satisfied the
criteria for authorship but are not listed. We further confirm that the order of authors listed in the manuscript has been approved by all
of us.

We confirm that we have given due consideration to the protection of intellectual property associated with this work and that there are
no impediments to publication, including the timing of publication, with respect to intellectual property. In so doing we confirm that
we have followed the regulations of our institutions concerning intellectual property.

We further confirm that any aspect of the work covered in this manuscript that has human patients has been conducted with the ethical
approval of all relevant bodies and that such approvals are acknowledged within the manuscript.

We understand that the Corresponding Author is the sole contact for the Editorial process (including Editorial Manager and direct
communications with the office). She is responsible for communicating with the other authors about progress, submissions of
revisions and final approval of proofs.

We confirm that we have provided a current, correct email address which is accessible by the Corresponding Author and which has
been configured to accept email from Kimberly.albert@vumc.org.

Author Contributor

Dr.s Albert and Newhouse designed the study and wrote the protocol.

All authors contributed to the acquisition of data.

All authors contributed to the analysis and interpretation of data.

Dr. Albert drafted the manuscript.

Dr.s Taylor and Newhouse provided critical review of the manuscript.

The authors declare no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Albert et al. Page 2

Methods: 60 postmenopausal women completed an fMRI psychosocial stress task, after
receiving no drug or 3 months of daily estradiol (E2). fMRI activity and subjective mood response
were examined.

Results: In women without a history of MDD, E2 was associated with a more negative mood
response to stress and less activity in emotional regulation regions. In women with a history of
MDD, E2 was associated with a less negative mood response to stress and less activity in emotion
perception regions.

Limitations: This study was limited by open-label estradiol administration and inclusion of
participants using antidepressants.

Conclusions: These results support a differential effect of estrogen on emotional and neural
responses to psychosocial stress in postmenopausal women with MDD history and may reflect a
shift in brain activity patterns related to emotion processing following menopause.

Keywords
stress; depression; menopause; estrogen; fMRI

Introduction

Between puberty and menopause, women have greater rates of major depressive disorder
(MDD) than men (Bromet et al., 2011; Kessler et al., 2010), supporting that changes in
estrogen may play a role in mood dysregulation in some women. However, the majority of
women do not experience MDD. Moreover, most women who experience depression exhibit
normal ovarian hormone levels (Schmidt & Rubinow, 2009; Young et al., 2000), indicating
that depression is not simply associated with abnormal estrogen changes, but rather that
estrogen fluctuations may contribute to mood disorders in women who are at increased risk
for MDD from other vulnerability factors. Exposure to psychosocial stressors is one such
vulnerability factor, but it is unclear whether estrogen fluctuations alter emotional and neural
responses to stress, in turn contributing to depression vulnerability.

In young women, estrogen fluctuations across the menstrual cycle affect activity in brain
areas important for emotional processing and responding to stress, including the insula,
ventral anterior cingulate, and prefrontal regions (for review see Sundstrom-Poromaa, 2018;
Toffoletto et al., 2014). We previously demonstrated that menstrual phase is associated with
differential neural and mood responses to psychosocial stress, with less subjective stress and
greater hippocampal activity observed during a stress task administered in a phase with high
circulating estrogen (Albert et al., 2015). In young cycling women, estrogen supports
emotion regulation and decreases negative mood responses to psychosocial stress.

Estrogen effects may differ after menopause. The menopausal transition and accompanying
estrogen withdrawal present a time of increased depression vulnerability (Freeman et al.,
2014). Estrogen replacement during the perimenopause has shown some success in reducing
depressive symptoms (Rubinow & Schmidt, 2018). The effectiveness of estrogen
replacement for depression in post-menopausal women has been less well-studied with few
randomized controlled studies in women with current or past depression (Rubinow &
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Schmidt, 2018). In contrast to our work in young women, we previously found that estrogen
administration in post-menopausal women with no history of MDD was associated with a
more negative mood response to psychosocial stress (Dumas et al., 2012; Newhouse et al.,
2008). It may be that women who are resilient to depression experience some mood lability
during the menopause transition but adapt to the low estrogen state following menopause. In
healthy women, estrogen administration may disrupt the post-menopause homeostatic state.
However, in post-menopausal women with a history of peri-menopausal depression estrogen
administration is associated with reduced depressive symptoms (Schmidt et al., 2015). This
suggests that women with a vulnerability to depression may remain sensitive to the
beneficial mood effects of estrogen following menopause.

Previously, we found that in women with no MDD history estrogen administration was
associated with greater negative mood following psychosocial stress. We did not see this
effect in women with a history of MDD, and instead estrogen was associated with less
negative mood following experimental psychosocial stress (Albert et al., 2020). The current
study sought to cross-sectionally examine the effects of MDD history and estrogen
administration on brain activity measured with fMRI during experimentally induced stress.
We hypothesized that women without a history of MDD would show greater stress-related
activity in emotional control brain regions compared to women with a history of MDD and
this activity would be reduced in women who received estrogen. Conversely, women with a
history of MDD would show greater stress-related activity in emotional processing brain
areas that would be reduced in women who received estrogen.

Material and Methods

Participants

Sixty euthymic postmenopausal women, including participants with no psychiatric history
and a history of remitted MDD, were enrolled. Enrollment criteria were designed to include
currently euthymic women with a past personal history of MDD and women with no history
of MDD (see Supporting Information for enrollment criteria and screening procedures).

This study was approved by the Vanderbilt University Institutional Review Board and all
participants provided informed consent. Participants were not informed that the study
focused on psychosocial stress. Upon study activity completion participants were debriefed
and re-consented; no participants withdrew consent following debriefing.

Estradiol Administration

Women were recruited to received open-label oral estradiol (E2) for 3 months or did not
receive E2. This resulted in four participant groups: women with a history of depression who
did (1: MDD+/E2+, n = 10) or did not (2: MDD+/E2-, n =12 ) receive E2; women without a
history of depression who did (3: MDD-/E2+, n = 20 ) or did not (4: MDD-/E2-, n =18)
receive E2. Participants in the E2 arm of the study received oral 17p-estradiol (Estrace) at a
dose of 2.0 mg/day (see Supporting Information for estradiol administration).

J Affect Disord. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Albert et al.

Stress Task

Page 4

For psychosocial stress induction, we employed the Montreal Imaging Stress Task (MIST)
(Albert et al., 2015; Dedovic et al., 2005; Pruessner et al., 2008). The MIST produces
moderate psychosocial stress through a combination of motivated performance and social-
evaluative threat (see Albert et al. 2020 and Supporting Information for MIST procedures).
The MIST was presented in a block design during fMRI; each condition was presented twice
per 3 runs (“stress”: 100 seconds, “control”: 50 seconds, ‘rest”: 30 seconds). The block
lengths were designed to allow time during the “stress” condition for the development of
psychosocial stress and during the “control” condition for psychosocial stress to be reduced.

Subjective Measures

Before and after the MIST, participants completed self-rated measures of stress-related
distress and arousal. This included the Stress Arousal Checklist (SACL), a self-rated
measure that provides separate scores for current subjective stress (SACL-Stress) and
current arousal (SACL-Arousal) (Duckro et al., 1989). Mood changes were assessed using
the Profile of Mood States (POMS) (King et al., 1983; McNair et al., 1989). Results for the
subjective measures have been reported previously (Albert et al., 2020). As SACL-Stress
score showed interaction effects of MDD history and E2 administration, change in SACL-
Stress score (post MIST score — pre MIST score) was examined as a covariate of interest for
brain activity during the MIST.

fMRI Analysis:

Participants completed the MIST during an fMRI session (see Supporting Information for
MRI parameters and preprocessing procedures). In first level analysis, T-maps were created
from linear contrasts for task conditions (“stress” — “control™). Analyses compared average
activity during the “control” condition in runs 1 and 2 of the MIST (when stress would be
relatively low) and average activity during the “stress” condition in runs 2 and 3 of the MIST
(when stress would be relatively high). As the experience of stress likely continues into the
“control” condition, this approach was used to better separate the contrast between the
“control” and “stress” condition by examining the “control” condition during lower stress
runs and the “stress” during higher stress runs. T-maps resulting from the first-level analysis
were used in the second level analyses.

Analyses were adjusted for multiple comparisons with p < 0.005 with FDR < 0.05 (k= 102)
from alpha simulation in the REST (REST_V1.8_130615, Song et al., 2011) toolbox for
SPM, using a whole brain gray matter mask. Percent signal change (PSC, condition — “rest™)
was extracted to conduct post-hoc tests to compare activity change in significant clusters for
the four groups and correlations with SACL-Stress score.

fMRI analyses and results are reviewed in Table 1: A) Brain activity difference between the
“stress” and “control” MIST conditions in all participants to assess the task effects
regardless of participant group (paired t-test); B) The effect of MDD history and E2
administration (2 X 2 ANOVA) on activity and post-hoc correlation analysis of the
relationship between clusters that showed significant MDD history, E2, or interaction
effects, and SACL-Stress score; C) The relationship between SACL-Stress score and brain
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activity in all participants (full factorial regression) D) Group differences in the relationship
between SACL-Stress score ( full factorial regression). Models controlled for age, time since
last menstrual period (time since menopause), and current antidepressant use. As the sample
size was relatively small, we conducted both parametric (Pearson) and non-parametric
(Spearman) correlation analyses for post-hoc results.

There were no group differences observed for screening measures, age, or time since
menopause (Table S1). One participant in the MDD+/E2+ and 6 participants in the MDD
+/E2- group were taking antidepressant medication; no MDD- participants were taking
antidepressant medication. As previously reported, MDD- women who received E2
exhibited greater subjective stress (higher SACL-Stress score) in response to the MIST than
MDD- women who did not receive E2 (Albert et al., 2020). This effect was reversed in
women with a history of MDD such that MDD+ women who received E2 reported lower
subjective stress than women who did not receive E2 in response to the MIST procedure.
There were no main or interactive effects of MDD history or E2 on the change score for
SACL-Arousal or the POMS total mood disturbance (Albert et al., 2020).

Change in brain activity during experimentally induced stress with the MIST

Significant differences in brain activity between the “stress” and “control” conditions of the
MIST were observed in the initial analysis including all participants (Figure 1, Table 1A,
Table S2). We observed greater activity during the “stress” condition compared to the
“control” in the right superior and middle temporal region and the middle occipital/ cuneal
regions. We observed reduced activity in the “stress” condition compared to the “control”
condition in left middle frontal, bilateral caudate, and left angular gyrus regions

Effects of MDD History and E2 on change in brain activity with stress exposure during the

MIST

The primary analysis examined the effects of MDD history and E2 administration on brain
activity during the MIST. This analysis demonstrated an interactive effect of MDD history
and E2 in 2 clusters in the left inferior frontal region and angular gyrus (Figure 2, Table 1B,
Table S3).

Post-hoc analyses with extracted PSC demonstrated that in all groups left inferior frontal
activity decreased during the “stress” condition relative to the “control” condition, however
this decrease was largest in the MDD-/E2+ group. Similarly, the MDD+/E2- and MDD-/E2+
groups showed decreased activity in the left angular gyrus during the “stress” condition
compared to the “control” condition, while the MDD+/E2+ group showed less deactivation
in this region and the MDD-/E2- group showed little change in activity across conditions
(Figure 3).

We conducted exploratory analyses to examine whether activity change in these regions was
associated with the SACL-Stress measure. Left angular gyrus activity was significantly
associated with SACL-Stress change score in the two groups without MDD history. For the
MDD-/E2+ group there was a negative correlation (r = - 0.50, p = 0.03; rg = -0.38, p = 0.09,
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non-parametric correlation not significant) such that greater activity in the left angular gyrus
was associated with lower subjective stress while in the MDD-/E2- group there was a
positive correlation (r = 0.53, p = 0.02; ry = 0.51, p = 0.03) with greater activity associated
with higher subjective stress. There were no main effects of MDD history or E2.

Correlation between Change in Activity during the MIST and Subjective Stress

Regression analysis using SACL-Stress change score showed no significant positive
associations, and 11 clusters with negative correlations. Greater subjective stress was
associated with decreased activity in cingulate, temporal, and motor regions during the
“stress” condition of the task (Figure 4, Table 1C, Table S4).

Effects of MDD History and E2 on the correlation between Change in Activity during the
MIST and Subjective Stress

ANOVA analysis showed 2 clusters (right inferior frontal and right temporal/insula) where
the correlation between SACL-Stress change score and MIST brain activity differed between
the groups (Figure 5, Table 1D. Table S5).

Post-hoc analyses with extracted PSC demonstrated that for the right inferior frontal region
the MDD+/E2+ group showed a significant negative correlation between activity during the
“stress” condition of the MIST (compared to “rest”) and SACL-Stress change score (r =
-0.67, p=0.04; ry = -0.69, p = 0.03). Greater deactivation during the “stress” condition in
the right inferior frontal region was associated with greater subjective stress. For the right
temporal/ insula region the MDD+/E2- group showed significant positive correlation
between activity during the “stress” condition of the MIST (compared to “rest) and SACL-
Stress change score (r = 0.67, p = 0.02; rs = 0.45, p = 0.14, non-parametric correlation not
significant) and also between activity change between the “control” and “stress” conditions
and SACL-Stress change score (r = 0.67, p = 0.02; rg = 0.63, p = 0.03). In the MDD+/E2-
group greater activity in the right temporal/ insula region during the “stress” condition of the
MIST and a greater change from the “control” condition were associated with greater
subjective stress. All other correlations for groups and conditions with the SACL-Stress
change score did not reach statistical significance.

Discussion

Our study had several key findings related to the neural response to experimental stress and
how estradiol exposure and depression history interact to modify that neural response.

Observed Response to Stress

During stress, brain activity increased in temporal and occipital areas but also exhibited
widespread decreases in frontal regions, striatum, and the left angular gyrus (Table 1A). The
increased activity in superior and middle temporal and occipital regions during stress may
reflect emotion regulation (Morawetz et al., 2016), and processing (Kumfor et al., 2014)
functions. This is consistent with Kogler and colleagues work demonstrating greater superior
temporal lobe activity during the “stress” condition of the MIST, particularly in female
participants (Kogler et al., 2015).
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The pattern of widespread deactivation is similar to previous results using the MIST, where
the “stress” condition is generally associated with decreased activity in limbic and
paralimbic regions (Albert et al., 2013; Dedovic et al., 2009; Orem et al., 2019; Pruessner et
al., 2010; Wheelock et al., 2016). This deactivation pattern may reflect reduced salience
network activity related to emotional control (Ziaei et al., 2014). Salience network activity
decreases during demanding cognitive tasks (Luo et al., 2014) and the MIST task presents
competing cognitive demands; to engage in the challenging arithmetic task and cognitive
emotion regulation. Reduced salience network activity may reflect decreased top-down
modulation of attention during cognitive tasks with emotional stimuli as attention becomes
primarily driven by bottom-up emotional processing (Luo et al., 2014).

Effects of MDD History and E2 on Inferior Frontal Gyrus Activity

While all groups exhibited decreased activity in the left inferior frontal gyrus during the
“stress” condition of the MIST (Figure 3a), the MDD-/E2+ group showed the largest change
(Table 1B). The inferior frontal gyrus is involved in top-down emotion regulation
(Cromheeke & Mueller, 2014) that may modulate limbic activity and emotional processing
of negatively valenced stimuli. The MIST may engage emotion regulation as participants
attempt to maintain arithmetic performance while experiencing psychosocial stress and a
negative affective state. Hypoactivation of the left inferior frontal gyrus to emotional stimuli
has been seen in adults with early childhood trauma (Quidé et al., 2018) and post-traumatic
stress disorder (Hayes et al., 2012) and is associated with impaired emotional response
inhibition (Kohn et al., 2014). Golde and colleagues recently found that following stress
induced by the MIST, women with a history of childhood trauma showed worse emotional
inhibition and less inferior frontal activity to negative faces than women without trauma
history (Golde et al., 2019). This supports that reduced inferior frontal activity during stress
may reflect diminished emotion regulation capacity.

In the current study, the MDD-/E2+ group reported greater subjective stress to the MIST
than the MDD-/E2- group, which replicated our previous work showing a negative effect of
E2 administration on mood response to stress in healthy postmenopausal women (Dumas et
al., 2012; Newhouse et al., 2008). Similarly, the MDD-/E2+ group had the largest decrease
in inferior frontal activity during stress while the MDD-/E2- group had the smallest decrease
according with the pattern of E2 effects on the subjective measures. This finding is
supported by previous work showing estrogen reduces inferior frontal activity for non-verbal
tasks (Comasco et al., 2014; Resnick et al., 1998; Stevens et al., 2005; Toffoletto et al.,
2014). Reduced inferior frontal activity following estrogen administration in post-
menopausal women with no history of MDD may result in decreased emotion regulation
function and thus more negative mood response to psychosocial stress.

Effects of MDD History and E2 on Angular Gyrus Activity

The groups showing the greatest increase in subjective stress (MDD+/E2- and MDD-/E2+)
also exhibited the greatest deactivation in the left angular gyrus during the “stress” condition
of the MIST (Table 1B). Additionally, in women without a history of MDD we observed an
effect of E2 administration on the behavioral correlate of angular gyrus activity (Table 1B).
During stress the MDD-/E2+ group showed greater left angular deactivation, which was in
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turn associated with greater subjective stress. By comparison, the MDD-/E2- group showed
less change in left angular activity and less subjective stress.

The angular gyrus is part of a default mode network system involved in the regulation of
internal state (Picd-Pérez et al., 2017). Reduced angular gyrus activity and functional
connectivity has been reported in anxiety and mood disorders (Pic6-Pérez et al., 2017) and is
associated with negative stress coping styles (Santarnecchi et al., 2018). Estrogen
replacement in post-menopausal women reduces left angular activity to visual distractors
(Stevens et al., 2005), supporting that estrogen may affect left angular function in allocating
attention. Alterations in attentional control may be particularly important in the type of
stress modeled by the MIST. During the MIST participants attempt to maintain cognitive
function while experiencing psychosocial stress and a negative affective state. Successfully
responding to the psychosocial stress such that cognitive performance is maintained may
include emotion regulation processes that involve allocating attention to external task-related
stimuli rather than allocating attention to internal affective information. In women without a
history of depression, E2 administration may reduce the angular gyrus’ function of
appropriately allocating attention away from affective information which accords with a
greater subjective stress response to the MIST in these women compared to women who did
not receive E2.

Integration of Findings in Context of Menopause and Aging

The differential association of left angular activity with subjective stress response may
reflect disruptive effects of E2 on emotion regulation networks in healthy post-menopausal
women (Rubinow & Schmidt, 2018). This replicates previous work demonstrating that
estrogen administration in post-menopausal women without a history of MDD results in a
more negative subjective response to psychosocial stress (Newhouse et al., 2008) and
contrasts with the protective mood effects seen in pre-menopausal women (Albert et al.,
2015). This pattern suggests that healthy women may adapt to the low estrogen state
following menopause and shift emotion regulation function to brain areas that are less
dependent on estrogen modulation. In young women estrogen reduces activity in limbic and
ventral emotional processing areas (Goldstein, 2005) and is associated with greater
hippocampal activity and lower subjective stress response (Albert et al., 2015). Following
menopause, women with no psychiatric history show shifts in brain activity patterns for
emotional processing, including greater prefrontal, posterior cingulate, and temporal-parietal
activity in response to negatively valenced images (Berent-Spillson et al., 2017) and reduced
amygdala activity during emotion regulation (Frey et al., 2010) compared to pre-menopausal
women. Negative mood responses to stress following E2 administration may reflect
disruptive effects in brain networks that have adapted to maintain emotion regulation in the
absence of estrogen.

A number of shifts in brain activity pattern have been demonstrated in aging and have been
posited as compensatory changes to maintain normal function (Cabeza, 2002; Davis et al.,
2008). The positivity effect is a well-established change in emotional processing, attention,
and memory bias from negative information in youth towards positive information in the
elderly (Carstensen & DeLiema, 2018). The positivity effect may be accompanied by shifts
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in functional patterns such that emotional information more strongly engages cognitive
control regions that modulate limbic activity (Nashiro et al., 2012). Similar to other age-
related changes in brain activity patterns, menopause may be accompanied by a change in
emotion regulation and processing network activity that supports a successful transition by
shifting activity patterns to areas that are less affected by ovarian hormones (Frey et al.,
2010).

Women vulnerable to mood disorders may not show this adaptive shift in brain activity after
menopause, resulting in continued risk for depressive episodes following menopause
(Freeman et al., 2014). Our analyses found that greater levels of subjective stress were
associated with reduced activity in anterior and posterior cingulate, motor planning and
temporal-parietal junction regions (Table 1C), according with the proposal that activity in
cognitive control regions may moderate subjective stress response following menopause
(Berent-Spillson et al., 2017; Frey et al., 2010). However, in women with a history of MDD,
greater subjective stress was associated with activity in inferior frontal, inferior temporal,
and insular regions (Table 1D). This supports our hypothesis that individuals with a history
of MDD continue to rely on ventral and salience network regions for emotional processing
and mood regulation. This model suggests that the effects of ovarian-hormone based anti-
depressant interventions may have unique mechanisms of action in women with a history of
MDD and future work may benefit from considering this difference.

Strengths and Limitations

The strengths of this study include the use of an established, in-scanner psychosocial stress
task and the experimental administration of E2. The production of psychosocial stress is a
challenge in the fMRI environment as the experience of stress is likely prolonged and thus
brain activity related to stress may appear in the “control” condition. We used relatively long
and uneven block lengths to allow time for the production of psychosocial stress during the
“stress” condition and the reduction of stress during the “control” condition. We also
attempted to reduce the amount of stress-related brain activity during the “control” condition
and maximize this activity during the “stress” condition by examining the “control”
condition earlier in the task and the “stress” condition later in the task. The goal of this
approach was to enhance the contrast between “control” and “stress”. Although we
controlled for motion and signal drift in our preprocessing, these approaches may have
introduced additional noise.

E2 administration allowed us to examine the effects of increasing estrogen in
postmenopausal women and control the dose and duration of E2. Limiting this approach was
the use of a cross-sectional design and open label E2 administration. As the stress task used
deception to invoke psychosocial stress, the MIST could not be repeated and thus we were
not able to compare activity during the MIST following E2 administration to baseline
(without E2) activity in the same women. As women were not aware that the stress response
was being examined, the use of deception likely limited placebo effects, however there may
be a selection bias in the women who chose to enroll in the drug arm of the study. All
participants were euthymic with low depression or anxiety symptoms and there were no
differences in the groups in these measures at baseline suggesting that the groups were
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similar and the women who enrolled in the drug arm did not have different depression or
anxiety symptoms than the women in the control arm.

This study is further limited in the characterization of menopause and depression history. We
controlled analyses for time since final menstrual period and required women to have non-
surgical menopause with no ovarian hormone use in the last year. We also verified
menopausal status using FSH level but did not include past ovarian hormone replacement
use in our statistical models. Likewise, we required women to be euthymic at the time of the
study, with low depression and anxiety symptoms. Additionally, we required anti-depressant
use to be at a stable regimen and dose for at least 3 months prior to study participation and
included antidepressant use in our statistical models. However, the use of retrospective
participant reported MDD history limits conclusions regarding the effects of MDD history.
Future work should examine the effects of prior ovarian hormone use and the severity and
duration of depression history.

Conclusions

The results of this study demonstrated that in women without a history of MDD estrogen
administration is associated with decreased activity in brain areas involved in emotion
regulation during psychosocial stress. The effect of estradiol administration was reversed in
women with a history of MDD; women who did not receive E2 had a more negative mood
response to psychosocial stress and decreased activity related to emotion regulation. We
propose that in healthy women the menopause transition is accompanied by a shift in neural
activity patterns that support emotional regulation despite estrogen withdrawal.
Administration of estrogen in these women may result in disrupted emotion regulation-
related activity and negative mood responses to psychosocial stress. This shift may not be
seen in women with MDD vulnerability. This suggests that women with a history of MDD,
even while currently euthymic, have both a different mood and neural responses to
psychosocial stress and may show a beneficial mood effect of E2 that is not seen in women
without a history of MDD. These findings help develop a model of mood regulation in
healthy post-menopausal women and may be useful in future work examining the use of
ovarian hormone approaches to maintaining healthy mood in post-menopausal women with
a history of MDD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Estradiol effects on subjective psychosocial stress differ by depression history
. Estradiol effects on brain activity to stress differ by depression history
. In women with no depression history estradiol reduces emotion regulation
activity
. In women with depression history estradiol reduces emotion perception
activity
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Figure 1. Change in brain activity during experimentally induced stress with the MIST.
A) Positive activity (“Stress” > “Control”) in superior temporal and occipital regions. B)

Negative activity (“Stress” < “Control”) in left middle frontal, bilateral caudate, and left
angular regions.
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Figure 2. Effects of MDD History and E2 on change in brain activity with stress exposure during
the MIST.

Interactive effect of major depression disorder history and estradiol administration in A) left
inferior frontal region and B) angular activity change between the “stress” and “control”
conditions of the Montreal Imaging Stress Task.
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Figure 3. Percent Signal Change “Stress” — “Control”: MDD History — E2 Interaction.
Interactive effect of major depression disorder history and estradiol administration in left

inferior frontal region and angular percent signal change (PSC) between the “stress” and
“control” conditions of the Montreal Imaging Stress Task.

J Affect Disord. Author manuscript; available in PMC 2022 October 01.

MDD-/E2-



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Albert et al.

Page 18

Figure 4. Correlation between Change in Activity during the MIST and Subjective Stress.
Brain areas including cingulate, temporal, and motor regions where activity change between

the “stress” and “control” condition of the Montreal Imaging Stress Task (MIST) was
negatively correlated with Stress-Arousal Checklist Stress score change across the stress
task. Greater Activity in these areas during the “stress” condition of the MIST was
associated with less subjective stress.
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Figure 5. Effects of MDD History and E2 on the correlation between Change in Activity during
the MIST and Subjective Stress.

A) Women with a history of MDD who received estradiol showed a negative correlation
between activity in the right inferior frontal region during the “stress” condition (compared
to “rest”) of the Montreal Imaging Stress Task (MIST)and Stress-Arousal Checklist (SACL)
Stress change score with less activity associated with greater subjective stress. B) Women
with a history of MDD who did not receive estradiol showed a positive correlation between
activity in the right temporal/ insula region during the “stress” condition of the MIST
(compared to “rest) and SACL-Stress change score and also between activity change
between the “control” and “stress” conditions and SACL-Stress change score with greater
activity associated with greater subjective stress.
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fMRI Analysis

Results

Regions

A) Effect of MIST Task “Stress” Condition:
“Stress” — “Control”
All Participants

Increased Activity During
“Stress”

Right Superior / Middle Temporal
Right Middle Occipital / Cuneus

Decreased Activity During
“Stress”

Left Middle Frontal / Anterior Cingulum
Left Caudate / Inferior Frontal / Insula

Right Caudate
Left Angular

B) Effects of MDD History and E2:
“Stress” — “Control”
MDD History and E2 as factors

MDD History, E2
Interaction

Left Inferior Frontal
Left Angular Gyrus

Correlations between
activity and SACL-Stress
Score

Left Angular Gyrus:

Negative Correlation in MDD-/E2+
Left Angular Gyrus

Positive Correlation in MDD-/E2-

C) Correlation between Activity and Subjective Stress:
“Stress” — “Control”

All Participants

SACL-Stress Score as Covariate

Positive Correlation
between Activity and
SACL-Stress Score

No Significant Regions

Negative Correlation
between Activity and
SACL-Stress Score

Left Precentral

Posterior Cingulum / Precuneus
Left Angular / Supramarginal
Left Precentral Gyrus

Left Inferior Temporal

Left Superior Temporal

Left Superior Temporal
Anterior Cingulum

Left Inferior / Middle Temporal
Supplementary Motor Area
Right Superior / Middle Temporal

D) Group Differences in Correlations between Activity and
Subjective Stress:

“Stress” — “Control”

Group as factor

SACL-Stress Score as Covariate

Correlations between
Activity and SACL-Stress
Score

Right Inferior Frontal:

Positive correlation in MDD+/E2+
Right Temporal/ Insula:

Positive Correlation in MDD+/E2-
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