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Abstract

Background—Women have approximately twice the risk of major depressive disorder (MDD)
than men, yet this difference remains largely unexplained. Previous MDD research suggests high
rates of endocrine dysfunction, which may be related to deficits in brain activity in stress response
circuitry [hypothalamus, amygdala, hippocampus, anterior cingulate cortex (ACC), orbitofrontal
cortex (OFC)]. This functional magnetic resonance imaging (fMRI) study investigated the
relationship between hypothalamic-pituitary-gonadal (HPG)-axis hormones and stress response
circuitry dysfunction in MDD in women.

Methods—During the late follicular/midcycle phase of the menstrual cycle, female participants
(10 with extensive histories of MDD, in remission, 10 healthy controls) were scanned while
viewing negative and neutral arousal pictures. Group differences in blood oxygen-level dependent
(BOLD) signal changes were analyzed using SPM2. Baseline gonadal hormones included
estradiol, progesterone, and testosterone.

Results—fMRI results showed greater BOLD signal intensity changes in controls versus MDD
in hypothalamus, amygdala, hippocampus, OFC, ACC, and subgenual ACC, findings unrelated to
medication status. MDD women had a lower serum estradiol and higher serum progesterone
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compared to controls. Hypoactivations in hypothalamus, subgenual ACC, amygdala and OFC in
MDD were associated with low estradiol and high progesterone.

Limitations—Generalizability of our findings is limited by small sample size and restriction to
females, although this did not affect the internal validity of the results.

Conclusions—Hypoactivation of the stress response circuitry in MDD women is associated
with dysregulation of the HPG-axis. Associations between brain activity deficits and hormonal
disruption in MDD may ultimately contribute to understanding sex differences in MDD.
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INTRODUCTION

Major Depressive Disorder (MDD) is the fourth leading cause of morbidity and mortality
worldwide (Murray and Lopez, 1997), and will become the leading cause of disease burden
by 2030 (World Health Organization, 2009). Significant sex differences exist in MDD, with
women demonstrating twice the prevalence than men (Kendler et al., 2006; Kessler et al.,
2003). Despite the history of identification of sex differences in the prevalence of MDD, the
neurobiological mechanisms to explain these differences remain unclear. One avenue of
investigation to explain sex differences focuses on the disruption of hypothalamic-pituitary-
adrenal and gonadal (HPA-HPG)-axes. HPG deficits in women with MDD include higher
testosterone (Baischer et al., 1995), lower estrogen (Young et al., 2000) and higher
progesterone (Hardoy et al., 2006) levels.

A substantial number of brain regions are shared between the HPG and HPA axes, stress
response circuitry, and brain regions implicated in MDD. Our previous work demonstrated
activation of the stress-response circuitry in healthy females that was modulated by gonadal
hormones at different points in the menstrual cycle (Goldstein et al., 2005), and contributed
to explaining sex differences in stress response circuitry in the brain in healthy individuals
(Goldstein et al., 2010). The current study focuses on females with extensive histories of
MDD, but currently in remission, to identify trait abnormalities in brain regions implicated
in MDD, and whether gonadal hormonal disruptions are associated with brain activity
deficits.

Functional neuroimaging has helped define the network of brain regions implicated in
MDD. Individuals with MDD displayed reduced activation to paradigms using positive or
rewarding stimuli in the hypothalamus (Yang et al., 2008), ventral striatum (Epstein et al.,
2006; Forbes et al., 2009; Osuch et al., 2009; Pizzagalli et al., 2009; Smoski et al., 2009;
Surguladze et al., 2005), parahippocampal gyrus (PHG) (Epstein et al., 2006; Yang et al.,
2008), ACC (Lee et al., 2007; Yang et al., 2008), OFC (Osuch et al., 2009), insula (Lee et
al., 2007), and dorsomedial prefrontal cortex (Epstein et al., 2006). In response to
negatively-valenced stimuli, MDD patients compared to healthy controls showed increased
activation in amygdala, caudate, ACC, OFC, middle and superior frontal gyri (Beauregard et
al., 1998; Fahim et al., 2004; Irwin et al., 2004; Mitterschiffthaler et al., 2003; Sheline et al.,
2001). In brief, the majority of functional imaging studies of MDD showed abnormally
increased activity in response to negative emotional stimuli in the amygdala and ACC, and
decreased activity in hippocampus, mPFC, and DLPFC in response to positive stimuli, in
subjects who were acutely ill. In the few studies that consisted of subjects with MDD in
remission, compared to healthy controls, they demonstrated hypoactivity in DLPFC and
ACC in response to negative emotional and cognitive paradigms (Hooley et al., 2009;
Hooley et al., 2005; Okada et al., 2009). Previous findings suggest that MDD is marked by

J Affect Disord. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holsen et al.

METHODS
Subjects

Procedures

Page 3

dysfunction of prefrontal cortex that impairs the modulation of the amygdala (Drevets,
1999) in response to positive and negative stimuli.

The majority of investigations on MDD have focused on individuals with acute MDD, not
those in full remission, limiting the ability to assess whether inconsistency in findings may
be due to the clinical state versus trait characteristics of the patients. Further, although most
studies include a majority of women, there is no separation of whether brain activity deficits
are present in women only, men, or both. The current study tested the hypothesis that
women with MDD in remission would show hypoactivity deficits in stress response circuitry
in the brain which would be significantly associated with gonadal hormone (HPG-axis)
dysregulation.

A community-based sample of 10 women with an extensive history of MDD, in remission,
and 10 healthy control women participated in this study. Healthy controls (HC) were made
comparable on age, ethnicity, handedness, and verbal 1Q. Exclusion criteria included:
history of irregular menstrual cycle, neurologic disease, CNS damage, endocrine disorders,
heart disease, or alcohol-related diseases; mental retardation; other medical illnesses that
may significantly alter CNS function; current use of oral contraceptives or systemic, topical
or inhaled steroids; and women who may have been pregnant.

Diagnostic information (for MDD and HC women) was systematically obtained by detailed
structured clinical interview [Structured Clinical Interview for Diagnoses (SCID) DSM-IV
version (First et al., 1996)] administered by a skilled Masters-level clinician. All diagnostic
information was reviewed by a senior diagnostic expert (JMG) and final consensus
diagnoses were assigned by JMG and consensus with another senior diagnostician. MDD
subjects had a diagnosis of MDD, defined as either multiple major episodes (in 6 subjects)
or single major episodes lasting several months to 2 years (in 4 subjects). Full remission was
defined as the complete absence of any clinically significant DSM-1VV MDD symptoms for
the past one month; 7 of 10 MDD women met criteria for sustained full remission for the
past 1 to 5 years. Comorbid diagnoses in the MDD group included alcohol dependence, in
full remission for >3 years (1 subject) and generalized anxiety disorder, current (1 subject).
Four MDD women were taking selective serotonin reuptake inhibitors (SSRIs) or serotonin-
norepinephrine reuptake inhibitors (SNRIs): citalopram (1), sertraline (1), venlafaxine (2).
HC women were excluded if they had a history of any DSM-1V axis | disorder or were
taking any psychotropic medications.

Approval for the following procedures was obtained through the Partners Human Research
Committee. Subjects were recruited from the general community through flyers and online
classified search engines. After diagnostic eligibility was determined, subjects tracked their
cycles for three months and came to the imaging site during the late follicular/midcycle
menstrual phase (days 10-15). Groups did not differ on mean cycle day (t=0.15; n.s.). Study
procedures were explained, and written informed consent was obtained. MDD women
completed the 17-item Hamilton Rating Scale for Depression [HAM-D (Hamilton, 1960)]
with a trained study staff member to assess current mood state. All subjects scored <8,
indicating they were not in the clinically symptomatic range. Subjects then underwent a
baseline fasting blood draw followed by administration of a small standardized breakfast.
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Neuroendocrine evaluation—Baseline blood samples were acquired fasting around
7:45 a.m. Two tubes of 7cc each were allowed to clot for 45-60 minutes. Blood was spun to
separate serum from blood cells and stored frozen at —80° C in plastic tubes at the BWH
Center for Clinical Investigation (CCI) Laboratory (Harvard Catalyst). Serum gonadal
steroid hormones (estradiol, progesterone, and testosterone) were analyzed in duplicate with
commercial radioimmunoassay (RIA) kits [estradiol (sensitivity 0.018 nmol/L, intra-assay
variation 3.3%) and progesterone (sensitivity 0.095 nmol/L, intra-assay variation 1.4%):
Ecelsys analyzer, Roche Diagnostics, Indianapolis, IN; testosterone (sensitivity 0.350 nmol/
L, intra-assay variation 5.2%): Access Immunoassay System, Beckman Coulter, Miami,
FL)] at the BWH Harvard Catalyst laboratory.

Prior to and after each scan, participants were administered the Profile of Mood States
(POMS) to rate current mood, and the Spielberger State-Trait Anxiety Inventory (STAI) to
rate current and “usual” or trait anxiety. In addition, the WAIS-111 (Wechsler, 1997)
vocabulary subtest was administered to obtain an approximate verbal 1Q level.

fMRI procedures—In the MRI suite, participants were fitted with earplugs and lay prone
on the scanner gurney. Foam padding was placed at the sides of the head to prevent head
motion and the participant was given a response box with two buttons for the right hand. A
Dell Latitude D820 Computer (Dell, Inc., Round Rock, TX) running Presentation
experimental presentation program (Neurobehavioral Systems, Albany, CA) was used to
produce the visual stimuli. Visual stimuli were presented via either a limited-view goggle
system (Resonance Technology, Northridge, CA) or an LCD projector through a custom
lens onto a screen situated in the magnet bore and viewed through a mirror attached to the
head coil.

fMRI parameters—Scanning was performed with a quadrature full head coil and a 3T
General Electric Signa MR scanner. Three functional scans, using a spin echo, T2*-
weighted sequence (TR = 2000 ms; TE = 30 ms; FOV = 220%220 mm; matrix = 64x64; in-
plane resolution = 3.44 mm; slice thickness =5 mm; 31 contiguous slices aligned at 45°
oblique to the AC-PC plane), were acquired for 185 time points per experimental run.
Finally, a high-resolution 166-slice sagittal scan (T1-weighted MP-RAGE inversion
recovery gradient echo sequence; TR = 6.6 ms; TE = 2.8 ms; FOV = 256x256 mm; matrix =
256x256; in-plane resolution = 1 mm; slice thickness = 1.2 mm) was acquired.

fMRI stress response task paradigm—Stimulus materials were drawn from the
International Affective Picture System (IAPS) (CSEA-NIMH, 1999). Pictures were drawn
from the set according to affective valence (unpleasant, neutral) and arousal (high, low)
based on normative ratings developed by Lang et al., 1993 (Lang et al., 1993) and adapted to
the fMRI environment by our group (Goldstein et al., 2010; Goldstein et al., 2005). Two sets
of pictures, each containing 72 images, were selected — one of unpleasant valence/high
arousal and the other of neutral valence/low arousal. To create the 72 fixation slides, the
neutral valence/low arousal slides were transformed using Fourier transforms to create a set
of slides with the same physical properties of the original but without content that was
readily recognizable. Validity of this task for activating the stress response circuitry was
demonstrated previously (Goldstein et al., 2010; Goldstein et al., 2005). During the
functional scans, participants were presented with three blocks of stimuli in a
counterbalanced method. One block of stimuli consisted of six fixation images presented at
the rate of one every five seconds for 30 seconds. The other blocks consisted of either six
negative affect images or six neutral images, with blocks repeated four times during each
six-minute functional scan. In all conditions, the participant was asked to press a button each
time the picture being presented changed in order to ensure attention to the presented
stimuli.
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fMRI Data Analysis

fMRI data were preprocessed using Statistical Parametric Mapping (SPM2) (Wellcome
Department of Cognitive Neurology, 2002) and using custom routines in MATLAB
(Mathworks, Inc., 2000). Preprocessing commenced with correction for bulk-head motion.
No individual runs exhibited head motion greater than 3.3mm across all runs. Images for
each subject were spatially normalized using nonlinear volume-based spatial normalization
techniques within SPM. The template used by SPM is the standard brain template developed
at the Montreal Neurological Institute (MNI). Images were then spatial smoothed with a
Gaussian filter (6mm at FWHM). Finally, well-established artifact detection tools
(http://web.mit.edu.ezp-prod1.hul.harvard.edu/swg/software.htm) were used to identify and
exclude outliers in the global mean image time series and movement parameters. Following
preprocessing, statistical analysis was performed at the single-subject level using SPM. SPM
treats each voxel’s BOLD time series according to a general linear model. Each epoch of
trials was modeled using a boxcar function convolved with a canonical hemodynamic
response function. Specific comparisons of interest (negative versus neutral) were tested
using linear contrasts, and SPM maps were created based on these contrasts. These contrast
values (estimates of the mean signal change at each voxel) were used in statistical analyses.

Voxel-wise analyses—Results from the individual subject level were submitted to a
second level analysis in which subjects were treated as a random effect. Independent sample
t-tests were used to compare the size of a particular effect between groups. Given our
hypotheses about specific brain regions, we used an approach in SPM2 which limits voxel-
wise analyses to voxels within our a priori ROls. Anatomically-defined regions of interest
included the hypothalamus, amygdala, hippocampus, OFC, ACC, and subgenual ACC
(sgACC). False positives were controlled using a voxel-wise height threshold (p<0.05
uncorrected) and an extent threshold that jointly resulted in a cluster-level false-positive
level of p<0.05, corrected for multiple comparisons within the search volume using family-
wise error (FWE) correction. Anatomic borders of hypothesized regions were defined using
a manually segmented MNI-152 brain. These borders were then implemented as overlays on
the SPM2 canonical brain using the Wake Forest University (WFU) PickAtlas (Maldjian et
al., 2003) toolbox for SPM.

Anatomical-ROI analyses—After identifying clusters within the ROIs, these anatomic
overlays were used on the statistical maps of each individual to acquire signal change values
across specific ROIs. Values indicated the degree of change in MR signal detected between
the negative and neutral conditions and are expressed in terms of percent signal change
(PSC). Average PSC values (beta weights averaged across all voxels within an anatomical
region) were obtained for each ROI using the REX toolbox for SPM2 (Whitfield-Gabrieli,
2009). The PSC values were used to calculate effect sizes (ES) for the difference between
groups. The formula for calculating these ES was: ES = [HC group mean (negative - neutral
PSC) - MDD group mean (negative - neutral PSC)]/standard deviation of PSC value of the
whole sample.

To assess the relationship between gonadal hormones and brain activation, serum estradiol
and progesterone levels were entered as regressors at the second level of analysis, with our
search area restricted to our a priori anatomical ROIs. We examined the degree to which
addition of the hormone enhanced or attenuated the difference in PSC between groups.
Finally, SPSS (SPSS, Chicago, IL) was used to calculate partial correlations between
individual PSC values and a) estradiol (controlling for progesterone), and b) progesterone
(controlling for estradiol) in order to quantify the effect of each of these hormones
controlled for the other. These separate within-group partial correlations were compared
using Z-value calculations to verify significant between-group differences in correlations.
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Age, ethnicity, handedness, and verbal 1Q did not differ between MDD and HC women (see
Table 1). Within groups, HC women reported slightly higher state anxiety post-scan than
pre-scan, but a decrease in their POMS vigor/activity rating (see Table 1). However, given
that scores were in the low normative range, the magnitude of the changes was not clinically
significant. MDD women did not demonstrate any significant changes in state anxiety or
mood in response to the task. MDD and HC women did not differ in their current mood
either pre-scan or post-scan. Similarly, there were no group differences on state anxiety pre-
scan or post-scan (see Table 1). However, not surprisingly, MDD women demonstrated
significantly higher trait anxiety than HC women. Taken together, this suggests that
although MDD women have higher levels of anxiety as a trait of the disorder, on the day of
the study visit, the scanning session and stress response paradigm did not evoke a higher
level of state anxiety or mood changes in the MDD compared to HC groups.

MDD compared with HC women had lower serum estradiol at midcycle [HC: 153.9 pg/mL
(108.2), MDD: 118.7 pg/mL (68.2); effect size (ES) = 0.26] and higher serum progesterone
[HC: 0.59 ng/mL (0.59), MDD: 1.0 ng/mL (1.1); ES = 0.50]. One outlier HC subject had a
serum progesterone level more than 3 SD above the group mean and thus was most likely
beyond midcycle; this subject was not included in the analyses examining the effect of
hormones on brain activity (see below). Although the effect size differences between MDD
and HC women ranged from greater than a 0.33 to 0.50 standard deviation, given our small
sample size, there were no statistically significant differences in average serum levels of
gonadal hormones. Groups exhibited similar levels of serum testosterone [HC: 42.0 ng/dL
(14.3), MDD: 41.9 ng/dL (13.2); ES = 0.01].

Compared to HC women, MDD women exhibited significantly lower activations in the
negative-neutral contrast in the hypothalamus, amygdala, hippocampus, OFC, ACC, and
SgACC (see Table 2; Figure 1), at a significance level of p<0.05, uncorrected for multiple
comparisons. There were no regions of interest in which MDD women exhibited greater
percent signal changes compared with HC women. Individual percent signal change values
were extracted from each anatomical ROI and examined for group differences. These
comparisons revealed significant hypoactivations (lower percent signal change) in MDD
women in left hippocampus and OFC (at p<0.05), and at the trend level (p<0.10) in the
hypothalamus, left amygdala, and ACC (see Table 3). Effect sizes of the differences in
hypoactivations between MDD and HC women were substantial, primarily ranging from a
half to almost full standard deviation difference in percent signal change in all ROls, and
significantly so in hippocampus and OFC (see Table 3).

Results are underscored by further analysis of the effect of medication status in the MDD
women on fMRI results. Percent signal change values in each group (HC vs. unmedicated
MDD) were compared excluding the four MDD women taking antidepressants. Removal of
these subjects resulted in persistent hypoactivation in all ROIs in the MDD compared with
HC women, demonstrating that hypoactivity in the stress response circuitry in MDD was not
due to medications.

To examine the effect of circulating gonadal hormones on group differences in percent
signal change, estradiol and progesterone were entered as covariates at the second-level
analysis in SPM. Findings showed that estradiol and progesterone levels attenuated group
differences in the hypothalamus, left amygdala, sgACC, and left OFC, and enhanced group
differences in the remaining ROIs (right amygdala, bilateral hippocampus, right OFC,
ACC), suggesting that in the former regions, group differences were in part driven by
abnormalities in levels of estradiol and progesterone.
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In order to quantify these hormonal effects on brain activity, we examined the partial
correlations of estradiol and progesterone (i.e., estradiol unopposed by progesterone and
vice versa) on hypoactivations in our regions of interest. As shown in Table 4, there was a
significant difference in the association of serum progesterone, unopposed by estradiol, to
brain activity in HC vs. MDD women in hypothalamus, hippocampus, and OFC. In HC
women, these brain regions were positively correlated with progesterone, while in MDD
women they were negatively correlated (see Table 4). Group differences in estradiol’s effect
on activity in the amygdala and hippocampus were at a trend level, with estradiol
(unopposed by progesterone) having a positive correlation in MDD and a negative
correlation in HC women. However, the strongest effects (i.e., largest effect sizes) were in
progesterone’s effect comparing HC and MDD women. Findings suggest an association
between hormonal dysfunction in MDD and hypoactivation of critical regions in stress
response circuitry in the MDD group, with estradiol and progesterone having, in large part,
opposing effects.

DISCUSSION

In this preliminary study, women with a history of severe major depression (in remission)
demonstrated significant hypoactivations in stress response circuitry that were, in part,
associated with gonadal hormone dysregulation, as evidenced during the late follicular/
midcycle peak of the menstrual cycle. These findings provide initial evidence that hormonal
dysregulation and brain activity deficits in response to stress contribute to trait
characteristics in women with MDD. Results demonstrated hypoactivation in MDD women
across the circuitry (anterior hypothalamus, amygdala, hippocampus, ACC, OFC, and
sgACC), with significant hypoactivations in the OFC, ACC, and hippocampus.

Integration of these results with the broader neuroimaging literature on MDD is limited by
the dearth of studies examining response to emotional stimuli in MDD women in remission.
However, hypoactivation in the dorsal ACC in response to negative stimuli was previously
reported in MDD individuals in the remitted state (Hooley et al., 2009). In contrast to
Hooley and colleagues, who reported an elevated amygdala response to negative stimuli, our
analyses showed hypoactivation in the amygdala in MDD women. However, this
inconsistency is likely related to the impact of state anxiety and mood on brain activity in
the amygdala. That is, Hooley et al. (2009) reported a significant increase in negative mood
compared to baseline. In our study, despite an elevated trait anxiety reported by MDD
women, they did not differ from HC women on current state of mood or anxiety before or
after scanning. This implies that hypoactivation in our ROIs cannot be explained by
variation in transient anxiety levels and may reflect a trait characteristic of the illness.

MDD women in our study showed decreased levels of estradiol and higher progesterone
compared to HC women during the midcycle phase. Abnormal gonadal functioning has been
previously demonstrated in women in an acute episode of MDD (YYoung et al., 2000).
Similar to Young et al. (2000) who reported 30% lower estradiol levels in the follicular
phase in MDD women, serum estradiol in our MDD group was approximately 25% lower
than the HCs. Importantly, our subjects were in remission, and thus this implies that
decreased estradiol is likely a trait characteristic in women with MDD. Further, MDD
women had elevated serum progesterone, even during midcycle when progesterone levels
are relatively low. This is consistent with previous reports demonstrating elevated
progesterone in the luteal phase in MDD women in remission (Hardoy et al., 2006), and
previous findings that effective ECT treatment did not alter progesterone levels in MDD
women (Baghai et al., 2005).
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Extending previous neuroendocrine work, we showed that gonadal hormone dysfunction, in
part, accounted for variation in brain activity differences in anterior hypothalamus, left
amygdala, left hippocampus, and subgenual ACC, in response to stress comparing MDD and
HC women. This is not wholly surprising given that in healthy individuals, stress response
circuitry regions, such as anterior hypothalamus, amygdala, and hippocampus, are governed
by the coordinated action of HPA and HPG-axis hormones. They are regions dense in
estrogen a and/or B receptors and progesterone receptors (Donahue et al., 2000; Guerra-
Avraiza et al., 2002; Kato et al., 1994; Osterlund et al., 2000a; Osterlund et al., 2000b). In
fact, in previous imaging studies, estradiol and progesterone levels have been significantly
associated with brain activity in response to reward (Dreher et al., 2007), emotional
expressions (van Wingen et al., 2008), and fear extinction and learning (Milad et al., 2009;
Milad et al., 2010).

Our results extend these findings to women with MDD and underlying hormonal
dysfunction. For example, when unopposed by progesterone, estradiol was negatively
associated with activation across the stress response circuitry in healthy control and MDD
women, extending our previous findings (Goldstein et al., 2010; Goldstein et al., 2005)
demonstrating in healthy women that higher estradiol at ovulation was associated with lower
activation. Exceptions to this trend were seen in the right amygdala and hippocampus, in
which activations were positively associated (at the trend level) with estradiol unopposed by
progesterone in the MDD women. In contrast, progesterone, unopposed by estradiol, had
stimulatory effects on almost all regions of interest in healthy control women, but inhibitory
effects in MDD, with significant effect sizes when comparing the correlations between
MDD and HC women. Further work (currently underway) that includes the assessment of
the adrenal response to stress in MDD is necessary in order to fully interpret these results,
given that high levels of adrenal response, previously found in MDD, can inhibit gonadal
hormone levels in women. In addition, progesterone can be released by the adrenal cortex
and thus a full understanding of the affected hormonal pathways in MDD must include
pituitary, adrenal and gonadal hormone responses to stress.

In the remitted state, medication status serves as a potential confound in interpretation of
differences in the brain’s response to stress and the impact of hormones. However, although
four of the MDD women were taking antidepressant medication, exclusion of these subjects
did not change the findings, demonstrating that hypoactivations in MDD were not driven by
medication status.

The generalizability of our findings is limited by small sample size and restriction to female
subjects. However, MDD women were carefully made comparable to healthy women on a
number of potential confounds. They were in remission so we were investigating trait
effects, and the majority was unmedicated. Further, although these women had gonadal
hormone abnormalities, they were all cycling. Thus, we in fact sampled against our
hypothesis investigating hormonal dysregulation and the brain in MDD, underscoring our
results. Further, although generalizability may be limited, this would not negate the internal
validity of the results. In addition, even though we had a small sample size, we still
demonstrated FWE-corrected results significant in two regions. Further, using analyses to
obtain signal intensity changes in our regions of interest based on anatomy, we demonstrated
substantial effect size differences in hypoactivations (half to almost one standard deviation)
comparing MDD and HC women (see Table 3).

In conclusion, results of our study revealed significant associations between hormonal
dysregulation and brain activity deficits in response to stress in women with a history of
severe major depression in remission. We demonstrated hypoactivations in MDD women
across the stress response circuitry, unrelated to medication status. Further, gonadal
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hormone abnormalities were evidenced by lower estradiol and higher progesterone levels in
MDD which were significantly associated with decreased activations in MDD in the anterior
hypothalamus, amygdala, sJACC, and OFC. Findings indicate that hormonal dysregulation
and stress response circuitry dysfunction in MDD may be trait characteristics, given that
only subjects who were in remission of MDD symptoms were included in the sample. We
would argue further that these findings have important implications for understanding the
pathophysiology of sex differences in MDD (given sex differences in gonadal hormones), a
hypothesis currently under investigation. Moreover, our approach has critical implications
for the design of studies of MDD, underscoring the importance of attending to the gender of
subjects, the women’s hormonal status, and clinical status of state versus trait characteristics
of the illness.
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Figure 1. Significant Hypoactivation of Stress Response Circuitry Regions in Women with
Depression

Activations of hypothesized regions of interest were derived using restriction to within
anatomical borders (defined by a manually segmented MNI brain) with the small volume
correction tool in SPM2. Activations in Figure 1 are selected from Table 3, centered on the
peak voxel of activation with a p<0.05 (uncorrected).

Hypo = anterior hypothalamus; Amyg = Amygdala; Hipp = hippocampus; OFC =
orbitofrontal cortex; ACC = anterior cingulate cortex; sJACC = subgenual anterior cingulate
cortex.
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Demographic and Clinical Characteristics and Mood and Anxiety Ratings in Depressed and Healthy Women

Characteristic HC MDD
mean (sd)  mean (sd)
Age (years) 34.4(45) 34.2(4.4)
Ethnicity (% Caucasian) 100 100
Handedness (% right-handed) 100 100
Verbal 1Q1 143(3.1) 14.2(1.3)
Age of symptom onset (years) N/A 20.9 (5.0)
Duration of illness (years) N/A 13.3(8.5)
Number of episodes N/A 2.9 (1.9)
HAM-D score2 N/A 35(25)
Mood Scale3
Vigor4
Pre-scan 63.8(8.3) 56.5(9.0)
Post-scan 56.8 (14.0) 55.8(4.1)
Anxiety Scaled
Trait Anxiety® 313(88) 393(76)
State Anxiety7
Pre-scan 28.7(5.9) 325(7.2)
Post-scan 32.7(7.0) 33.7(7.2)

1
Scaled scores from WAIS Vocabulary subtest

2Hamilton Depression Rating Scale (17-item)

3Profile of Mood States (POMS) rates current mood (self-report); consists of 72 items, rated on a scale from 0 to 4 (0 = does not apply; 4 = the
adjective describes emotional state extremely well). Table reflects a standardized mood state score for the Vigor subscale only; there were no
significant within- or between-group differences on the other 5 subscales (Anxiety, Depression, Anger, Fatigue, Confusion); any score <50 is in
the low, normative range.). The POMS was not collected for one HC woman.

4Significant within-group pre-scan to post-scan difference in the healthy control group, p<0.05, two-tailed

5Spielberger State-Trait Anxiety Inventory (STAI) is a self-report of current and “usual” levels of anxiety. 40 statements are rated on a scale from
1to 4 (1 = statement poorly reflects feelings of anxiety; 4 = statement accurately reflects feelings of anxiety). Statements reflect how the individual
feels in general (reflecting trait-level anxiety) and current feelings of anxiety (reflecting state-level anxiety), out of which a standardized overall
rating is also calculated. Any score < 50 is in the low normative range.

6Significant between-group difference, p<0.05, two-tailed

Significant within-group pre-scan to post-scan difference in the healthy control group, p<0.05, two-tailed
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