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Abstract

Objective—Depression and bipolar disorder (negative mood disorders, NMD) are associated
with dysregulated hypothalamic-pituitary-adrenal (HPA)-axis function and disrupted emotion
processing. The neural networks involved in attenuation of HPA-axis reactivity overlap with the
circuitry involved in perception and modulation of emotion; however, direct links between these
systems are understudied. This study investigated whether cortisol activity prior to undergoing
fMRI was related to neural processing of emotional information in participants with NMD.

Methods—~Forty-one adults (Mage=40.33, SD=15.57) with major depression (n=29) or bipolar
disorder (n=12) and 23 healthy control comparisons (Mge=36.43, SD=17.33) provided salivary
cortisol samples prior to completing a facial emotion perception test during 3-Tesla fMRI.
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Results—Overall, pre-scan cortisol level was positively associated with greater engagement of
the dorsal anterior cingulate (dACC), inferior parietal lobule, insula, putamen, precuneus, middle
and medial frontal and postcentral gyri, posterior cingulate, and inferior temporal gyrus during
emotion processing of all faces. NMD status moderated this effect; in NMD participants’ pre-scan
cortisol was associated with attenuated activation of the insula, postcentral gyrus, precuneus, and
putamen for fearful faces and the medial frontal gyrus for angry faces relative to HCs. Cortisol-
related attenuation of activation among NMD participants was also observed for facial
identification in the dACC, putamen, middle temporal gyrus, precuneus, and caudate.

Conclusions—Across all participants, cortisol was associated with greater activation in several
regions involved in the perception and control of emotion. However, cortisol responsivity was
associated with hypoactivation of several of these regions in the NMD group, suggesting that
HPA-axis activity may selectively interfere with the potentially adaptive recruitment of circuits
supporting emotion perception, processing and/or regulation in mood disorders.
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1. Introduction

The hypothalamic-pituitary-adrenal (HPA) axis is the primary circuit of the neuroendocrine
stress system and an essential route by which the brain influences many psychological
processes, including emotion processing, emotion regulation, and cognitive functioning
(Tsigos and Chrousos, 2002). Major depressive disorder (MDD) and bipolar disorder (BP)
are often characterized by increased activity of the HPA-axis (Kamali et al., 2012; Stokes,
1995; Watson et al., 2006), as well as deficits in emotion regulation (Joormann and Quinn,
2014) and cognitive processes involved in allocating attention and modulating affect
(Murrough et al., 2011). A biobehavioral construct thought to cut across both MDD and BP
is response to acute threat, which is directly relevant to the negative valence systems that are
characteristic of these two disorders. Behaviorally, an acute threat response is frequently
organized through emotion processing, which is supported, in part, at the neurobiological
level by neuroendocrine response and the integrity of functional neural circuits. Thus, in line
with the Research Domain Criteria (RDoC) initiative, it is valuable to move beyond
operationalizing MDD and BP as independent constructs or homogenous disorders, and
instead, leverage individual differences to better understand how neuroendocrine and
neurofunctional systems contribute to the range of negative mood disorders (NMD) that are
characterized by disrupted negative valence systems. By way of guiding hypotheses relevant
to these constructs, the subsequent literature covered addresses 1) targets of the HPA-axis in
the central nervous system (CNS), 2) functional role of brain-based endocrine targets in
emotional salience, and 3) cognitive and emotional control, 4) existing neural correlates of
disrupted HPA-axis functioning, and 5) how the study of neuroendocrine and functional
systems can advance understanding of the pathophysiology of NMDs.
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1.1 Targets of the HPA-AXis in the Central Nervous System

Acute stress (Bifulco et al., 2000; Lupien et al., 2009), such as the presentation of a fearful
stimulus, can trigger temporary activation of the HPA-axis; namely, secretion of
corticotropin releasing hormone from the hypothalamus, release of adrenocorticotropic
hormone (ACTH) from the anterior pituitary, and increased secretion of cortisol from the
adrenal cortex. Accumulation of stress exposures over time can disrupt the feedback
pathways of the HPA-axis and down regulate glucocorticoid receptors (GR), resulting in
hypercortisolemic disruptions that commonly characterize chronic NMDs (Parker et al.,
2003). Further, some central tissues in the stress response system such as the hippocampus,
express abundant mineralocorticoid receptors (MR), but are relatively deficient in enzymes
that protect against cortisol binding, ultimately resulting in an aldosterone-cortisol
imbalance (Funder, 2005). Importantly, elevated levels of cortisol can lead to cortical
atrophy, perhaps through reduced dendritic arborization, with a preferential impact upon
limbic system structures such as the hippocampus, amygdala, and medial and orbital
prefrontal cortex, where densities of GR and MR are high (Bao et al., 2008; Lupien et al.,
2009). Dysregulated HPA-axis function, therefore, may provide one possible mechanism for
how disrupted neural structures and circuitry influence emotion processing and regulation in
mood disorders.

1.2 Functional Role of CNS Endocrine Targets

1.2.1 Emotional Salience—Indeed, the networks (e.g., salience and emotion, default
mode) with high GR/MR receptor densities overlap with cognitive and affective networks
that process emotional experience among healthy individuals. Following fearful eliciting
stimuli, increased activity in the hippocampus is understood to facilitate down-regulation of
the HPA axis via inhibitory connections to the paraventricular nucleus of the hypothalamus
(Jankord and Herman, 2008), resulting in an inverse association between hippocampal
activation and cortisol secretion (Kern et al., 2008; Liu et al., 2012; Pruessner et al., 2008).
Increased activation in both the amygdala and insula has been positively related to cortisol
levels, suggesting that these regions, which underlie saliency, emotion, and attention, also
participate in the recruitment and ongoing stimulation of the HPA axis (Langenecker et al.,
2012). The sensitivity of these specific structures to negative emotional content is relevant to
features of anxiety such as fear, threat detection, and avoidance (Etkin and Wager, 2007;
Seeley et al., 2007).

Given the anatomical projections and functional connections of the insula to the amygdala
(Banks et al., 2007), an extended salience and emotion network is presumed to serve broad
functions in emotion perception, including mind-body integration of affective information
and visceral and autonomic processing (Paulus and Stein, 2006; Zald, 2003). In addition,
although neuroimaging stress literature has been historically dominated by focus on the
amygdala and hippocampus as pivotal mediators of the stress response (Dedovic et al., 2009;
McEwen, 2007; Phillips and LeDoux, 1992), fear evoking stimuli are also thought to alter
motivational processes by increasing dopamine secretion in the brain’s “reward system”,
supported primarily by striatal regions (Haber and Knutson, 2010; O’Doherty, 2004).
Preclinical evidence indicates a robust role of the ventral (nucleus accumbens) and dorsal
(caudate, putamen) striatum in reward and stress processing (Cabib and Puglisi-Allegra,
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2012; Sesack and Grace, 2010). These findings are corroborated by human neuroimaging
studies where engagement of striatal regions during reward processing (Knutson et al., 2008)
and decision-making (Forbes et al., 2006) has been linked to affect regulation in response to
stress (Forbes et al., 2009). Indeed, high cortisol response to psychosocial stress in healthy
individuals has been shown to prevent reductions in sensitivity toward reward as evidenced
by hyperactivity in the nucleus accumbens (Oei et al., 2014).

1.2.2 Cognitive and Emotional Control—The neural networks involved in cortisol
modulation also share functions with the circuitry implicated in control and modulation of
emotion. A frontal-subcortical problem-solving circuit operates in the “top down” regulation
of cognitive and behavioral inhibition and guides the selection of actions based on reward
expectations. This circuit, which is often referred to as the cognitive control network (CCN)
(Bonelli and Cummings, 2007; Chudasama and Robbins, 2006; Seo et al., 2012), includes
the anterior cingulate, inferior frontal gyrus, inferior parietal lobule, caudate, thalamus,
globus pallidus, and putamen (Bonelli and Cummings, 2007; Chudasama and Robbins,
2006; Seo et al., 2012). Positive associations have been established between cortisol levels
and activation within this network, such as in parietal, ventrolateral and dorsolateral
prefrontal areas (Kern et al., 2008; Weerda et al., 2010). Left and right lateral PFC activation
has been associated with increased and decreased cortisol reactivity to psychosocial stress,
respectively (Kern et al., 2008; Sullivan and Gratton, 2002; Taylor et al., 2008; Wang et al.,
2005), and activation of the medial PFC has been associated with decreased cortisol
reactivity to stress (Kern et al., 2008). In addition, increased cortisol during emotion
processing has been shown to engage the caudate while successfully directing attention
away from negative content and towards positive affect (Dedovic et al., 2015). Given the
functional connections between the PFC and limbic, parietal, and striatal structures that are
important for the integration of emotion and cognition (Seeley et al., 2007), the CCN is
likely active in the down-regulation of the stress response and might facilitate attenuation of
cortisol levels (Amodio and Frith, 2006; Phelps, 2004; Urry et al., 2006; Veer et al., 2012).

1.3 Neural Correlates of Disrupted HPA-AXis Functioning

Although the fundamental and adaptive purpose of the HPA-axis is to mobilize resources for
defense during acute stress and/or threat response, and subsequently for repair and healing
(Susman, 2006), this biological response system can become dysregulated under chronic
stress(McEwen, 2007). As such, these HPA-axis alterations may increase susceptibility to
mental disorders such as NMDs, or exacerbate adverse effects of these disorders. Indeed,
exaggerated cortisol stress response has been implicated in the pathophysiology of
depression (Lopez-Duran et al., 2009) and is thought to be mediated, in part, by a) dendritic
hypertrophy and enhanced activation of emotional-salience circuitry, and b) reduced
dendritic arborization and activity in the hippocampus and fronto-subcortial regulatory
circuits (Langenecker et al., 2012). Only a few studies have investigated links between
cortisol reactivity and neural signatures supporting emotion processing in NMDs. One study
among late-adolescent/young adult males undergoing fMRI during a problem-solving task
found that higher cortisol output was related to hypoactivation of the inferior parietal and
superior frontal cortex (Keulers et al., 2015). Elevated endocrine-stress response has been
linked with enhanced amygdala reactivity to emotional faces among both adolescents
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(Klimes-Dougan et al., 2014) and adults (Weldon et al., 2015). In contrast, endocrine-stress
response has also been related to hypo-activation of limbic regions such as the
hypothalamus, subgenual ACC, amygdala and OFC (Holsen et al., 2011) in adult females.

1.4 Neuroendocrine and functional systems and the pathophysiology of NMD

fMRI is increasingly leveraged to study the neural circuits implicated in the activation and
modulation of the stress response system. The psychological anticipation preceding fMRI
procedures has been shown to evoke mild to moderate distress, anxiety, claustrophobia, and
arousal of the sympathetic nervous system (Chapman et al., 2010; Eatough et al., 2009;
Lueken et al., 2012; Wolf, 2008), thereby affecting neural functioning, network engagement
and task performance, even among healthy control participants (Tessner et al., 2006; Weldon
et al., 2015). If unmeasured (as is the case with the majority of fMRI experiments), basal and
anticipatory cortisol levels might confound the quality of contrasts (spoiling control
conditions), task performance, and functional activation patterns, introducing experimental
bias and threatening clear interpretation of results. However, by measuring and modeling
how HPA-dysregulation influences key outcomes (e.g., task performance, functional
activation patterns) differently between clinical populations and healthy individuals, we can
gain valuable insights regarding adaptive and maladaptive functioning of the HPA-axis as it
relates to neuronal integrity and the pathophysiology of NMD.

1.4 Aims and Hypotheses of the Present Study

The aim of the present study was to evaluate blood-oxygen-level dependent (BOLD)
activation during the anticipation of fMRI as a function of cortisol reactivity among
participants with NMDs and healthy individuals. Critically, the present study extends
previous work: first, by including a sample of adults with both unipolar and bipolar
depression as expressing negative mood disorders, extending the domain of emotion
perception in the RDoC initiative, and second, by including males and females, increasing
the generalizability of findings as compared to those derived from more restricted samples
(Admon et al., 2015; Holsen et al., 2013; Holsen et al., 2011; Keulers et al., 2015; Klimes-
Dougan et al., 2014). We tested the following hypotheses: (1) cortisol levels immediately
prior to the fMRI procedures (pre-scan cortisol) would be higher compared to estimated
baseline day measurements from non-scan days; (2) pre-scan cortisol would be positively
associated with activation in limbic and emotional salience regions of the brain during an
emotional perception task; and (3) NMD diagnosis would moderate the relation between
pre-scan cortisol and brain activation, such that increased pre-scan cortisol would be
positively related to engagement of fronto-parietal and fronto-striatal regulatory regions of
the brain among healthy controls, but inversely related in individuals with NMDs.

2. Method

2.1 Participants

Forty-one participants with major depression (n = 29) or bipolar disorder (n = 12) and 23
healthy control comparison participants were recruited for one of three studies; a study of
emotion processing in Cushing’s disease (only control subjects included in current analysis)
(Langenecker et al., 2012), an investigation of emotion processing in MDD (Briceno et al.,
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2013) and a study of emotion processing in BP (Ryan et al., 2015). MDD and BP
participants were recruited in a depressed state or in partial-remission from a depressive
episode, but currently reporting a minimum of two persistent depressive symptoms.

All studies were conducted at the University of Michigan and participants were recruited
from the surrounding community. Participants were 18 to 65 years of age (M = 38.86, SD =
16.19). For all studies, participants were not taking medication for physical conditions
(including hormonal contraceptives or hormone replacement therapy); current use of
psychiatric medications was permitted. Participants, regardless of diagnostic status, were
excluded if they used tobacco products, had a history of head injury or neurological disorder,
or if their weight exceeded 220 pounds (BMI >35) for scanning purposes. Healthy control
participants were also excluded if they met current or past criteria for a psychiatric disorder
as assessed by the Structured Clinical Interview for DSM-1V (SCID-I; (First et al., 1995)) or
if a first degree family member met current or past criteria for a psychiatric disorder based
on participant report.

2.2 Procedure

After informed consent, all participants completed identical screening, diagnostic (using
SCID-1 and mood ratings by psychologist or clinical psychology graduate-level trainee),
neuroimaging (on the same 3-Tesla Signa scanner), and salivary collection procedures. At
the initial visit, participants were briefed on the scanning procedure; fMRI data were
collected on a separate day following the initial screening interview. Upon arrival at the scan
visit, salivary samples were collected (pre-scan). Participants then completed a practice run
of the study task (e.g. Facial Emotion Perception Task; FEPT (Briceno et al., 2013; Gur et
al., 1992; Langenecker et al., 2012; Weldon et al., 2015)) outside of the scanner in order to
limit learning or novelty bias in the behavioral results. The study tasks were repeated in the
scanner, in addition to another task not reported in the present study, for a total scan time of
approximately 70 minutes, including placement. Participants were provided a brief break
after completion of the scan before collecting a final saliva sample. All participants were
compensated between $10 and $30 per hour for participation in basal cortisol collection,
diagnostic interviewing and functional MRI.

2.3 Clinical Assessment

In addition to a diagnostic interview, all participants completed clinician-rated and self-
report measures of depression and anxiety.

2.3.1 Hamilton Depression Rating Scale (HAM-D; (Hamilton, 1960)—The HAM-
D is a 17-item clinical rating scale administered by an independent evaluator that includes
questions about mood, feelings of guilt, suicide ideation, insomnia, agitation or retardation,
anxiety, weight loss, and somatic symptoms.

2.3.2 Hamilton Anxiety Rating Scale (HAM-A; (Shear et al., 2001)—The HAM-A
is a 14-item clinical rating scale administered by an independent evaluator that includes
questions on worry, fear, and somatic symptoms.
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2.3.3 Beck Depression Inventory (BDI; (Beck and Steer, 1984)—This depression
self-report questionnaire consists of 21 items rated on a likert-scale of 0 to 3.

2.3.4 Beck Anxiety Inventory (BAI; (Beck and Steer, 1990))—This anxiety self-
report questionnaire consists of 21 items rated on a likert-scale of 0 to 3.

2.4 Saliva Sample Collection and Cortisol Assay

Salivette Cortisol Tubes (Sarstedt AG & Co.) were used to collect saliva for later assessment
of cortisol. Pre-scan saliva samples were collected 15-30 minutes prior to entering the
scanner and after completion of the 25-35 minute FEPT to assess participant’s anticipatory
stress related to the fMRI tasks/scanner environment. Scans were scheduled between 0800h
and 1600h; the majority (72%) of scans were completed in the morning. All participants
were awake for a minimum of one hour prior to the saliva collection to reduce the impact of
the cortisol awakening response on anticipatory cortisol levels. Self-reported participant
wake time was not reported, but the time of the scan was recorded and transformed into a
24-hour variable for use as a covariate in imaging regression analyses in order to control for
circadian profile across the day. In addition, to validate the measurement of pre-scan
cortisol, we invited the last n=13 HC participants (5 female) and n = 15 NMD participants (8
female) to provide additional saliva samples throughout a non-scan weekday. The NMD
subsample was restricted to MDD participants; these data were not available for BP
participants. These participants consented to provide consecutive saliva samples at 0800h,
1200h, 1600h, and 2100h on a weekday different from the fMRI scan. These measures
allowed us to approximate a “normative” baseline cortisol level as compared to pre-scan
cortisol assessed on the day of the fMRI scan.

Cortisol samples were stored at —80°C until they were processed at the Clinical Ligand
Assay Service Satellite Laboratory at the University of Michigan School of Public Health
Department. The immunoassay was conducted using a Siemens Centaur automated analyzer
via chemiluminescent technology. Inter- and intra-assay coefficients of variation were 12.4
and 3.6%, respectively (Kamali et al., 2012). Average pre-scan cortisol was .74 ug/dl (SD =.
40). Post can cortisol did not change significantly from the pre-scan values and for this
reason, was not included in the analysis. Natural log-transformed values were computed to
allow for comparison to other studies and for use in the imaging regression analysis. The
log-transformed and raw cortisol values were highly correlated (r=.92).

2.5 Facial Emotion Perception Test (FEPT)

The FEPT (Briceno et al., 2013; Gur et al., 1992; Langenecker et al., 2012; Weldon et al.,
2015) was designed to assess the accuracy and speed with which participants can identify
positive, negative, and neutral facial expressions. Speed and accuracy are also assessed for
the identification of animals in order to control for visual processing ability and fine motor
dexterity/speed, thereby isolating the face-specific performance. Participants categorize
faces (MACBrain Foundation (Tottenham et al., 2009)) into one of four categories (fearful,
angry, happy, or sad) and animals into one of four categories (dogs, cats, primates, or birds).
Participants complete a trial of this task using the Ekman faces (Ekman et al., 1975;
Langenecker et al., 2005) outside of the scanner in order to minimize the bias introduced
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through learning effects. To detect biases in emotional identification, neutral faces are
presented in certain trials, but “neutral” is not a choice available to participants.

Each trial begins with the brief presentation of an orienting cross (500 ms), followed by
presentation of the stimulus face or animal (300 ms), a visual mask (100 ms), and a response
window (2,600 ms). During the response window, participants select the category of choice
using a 5-button response claw. The in-scanner version of the task consisted of 56 animal
and 147 face trials for a run time of 25 minutes, with 21 face blocks and 8 animal blocks of
7 consecutive stimuli separated by 2 repetition times (TRs; 3,500 ms) across 5 runs.
Emotions portrayed on the faces were counterbalanced to the second order to reduce
possible unanticipated effects on subsequent processing speed or accuracy; every emotion
was equally likely to be followed by every other emotion. Dependent variables were the
percent accuracy of categorized faces (81%) and speed of response time for each emotion
(M =1310.61 ms, SD = 167.35), consistent with performance reported in prior studies
(Langenecker et al., 2005; Weldon et al., 2015).

2.6 fMRI Acquisition and Processing

Whole-brain imaging was conducted on a GE Signa 3-Tesla scanner. fMRI series consisted
of 30 contiguous oblique-axial sections and acquired using a forward-reverse spiral
sequence. The image matrix was 64 x 64 over a 24-cm field of view (FOV) for a 3.75 x 3.75
x 4 mm voxel. The 30-slice volume was acquired serially at 1,750 ms temporal resolution
for a total of 590 time points for the FEPT. One hundred six to one hundred twenty-four high
resolution Fast SPGR IR axial anatomic images [TE = 3.4 ms, TR = 10.5 ms, 27° flip angle,
number of excitations = 1, slice thickness = 1-1.2 mm, FOV = 24 cm, matrix size = 256 x
256] were obtained for each participant for co-registration and normalization purposes.
Processing of images was conducted using SPM8, including slice timing, realignment,
motion correction, co-registration, DARTEL warping (using VBMB8 toolbox), normalization
to the MNI world space, and smoothing with a 5 FWHM filter. Both block and event-related
analyses were completed. Contrast images were derived by subtracting the BOLD signal
during the animal-processing blocks from the BOLD signal during the face processing
blocks (‘faces — animals’). Images from the event-related models were created by
subtracting the BOLD signal for emotional face events from neutral face events (e.g. ‘fear —
neutral”). Fearful and angry faces in particular were chosen for analysis given the ability of
threatening stimuli to influence HPA axis in both human and animal studies (Dedovic et al.,
2009; Phillips et al., 2003; Taylor et al., 2008) and for consistency with the construct of
acute threat. Sad and happy, in comparison to neutral, faces are included in online
supplementary Tables 1 and 2.

2.7 Data Analytic Approach

Clinical, demographic, neuroendocrine, and behavioral measures comparing HC and NMD
participants were analyzed using independent samples t-tests and chi-square tests. Change in
cortisol was assessed using a mixed-effects regression model, including fixed effects for
time (pre-scan, post-scan) and group (HC, NMD) and random effects (patient, patient-by-
time), as well as the group by time interaction term. Pre-scan and average daily cortisol
levels were compared using independent samples t-tests. The effect of group on the
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relationship between pre-scan cortisol and emotion recognition accuracy and response time
in the scanner was tested using a moderated linear regression.

BOLD response was modeled using the SPM8 hemodynamic response function model.
Whole-brain, multivariate linear regression analyses were conducted from the individual
group contrasts in SPM8. All coordinates for activation are reported in MNI space.
Statistical significance for second-level regression contrasts in SPM8 were set at p < .005,
with a minimum cluster size of 55 2-mm cubic voxels. This whole-brain corrected alpha of
0.05 is achieved with this combined height by extent threshold strategy based upon 10,000
Monte Carlo simulations with AlphaSim inside the whole-brain search region (Ward, 2000).
In addition, based upon prior work (Weldon et al., 2015) and related work on key nodes
within the HPA axis, we conducted a supplemental analysis (online Supplemental Table 3)
using the bilateral amygdala, subgenual ACC, hypothalamus, and hippocampus as regions of
interest (ROI), with Bonferroni correction for ROIs (p < .015), as well as an extent threshold
of 15 mm3 (Supplemental Table 3).

Multivariate linear regression in SPM8 was used to assess whether pre-scan cortisol levels
were associated with activation in limbic, striatal, and regulatory areas of the brain across all
participants. An interaction term (pre-scan cortisol x group [NMD vs. HC]) was included in
the model to assess if pre-scan cortisol was differentially related to activation during facial
emotion processing in NMD versus HC. All SPM8 regression analyses also included
covariate terms for sex, age, percent of correctly identified faces (face accuracy), and time of
scan (transformed to a 24-hour time variable). The dependent variables of interest were brain
activation for ‘faces — animals’ (block design), ‘fear — neutral’ (event-related model), and
‘anger — neutral’ (event-related model). Because ‘sad — neutral’ and ‘happy — neutral” have
shown weaker links with stress reactivity (Weldon et al., 2015), these results were not the
primary focus of analysis, but are included in online supplementary Tables 1 and 2 for
completeness. MARSBAR was used to extract spatially averaged contrast-specific data (fear
- neutral, anger -neutral, faces - animals) for each participant and merged into SPSS to
conduct follow-up, exploratory analyses of clinical and demographic effects on cortisol-
related BOLD activation, using pearson’s bivariate correlations. Given minimal variability
on clinical measures in the HC sample, correlations between clinical measures and extracted
cortisol-related BOLD activation were only computed for NMD participants.

3. Results

3.1 Participants

Demographic and clinical characteristics of the sample are reported in Table 1. NMD and
HC participants were well matched on demographic variables. NMD participants reported
higher scores on measures of depression and anxiety (Table 1). Mean scores on the HAM-D
in NMD participants were consistent with mild depression and anxiety.

Approximately half of the NMD sample was taking psychiatric medication. Pre-scan cortisol
levels did not differ (p = .550) between medicated (M= .82, SD = .44) and un-medicated
(M= .74, SD = .38) participants. BP and MDD participants differed in current psychiatric
medication status; 83.3% (n = 10) of BP subjects were on psychiatric medications versus
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37.0% (n = 10) of MDD participants (X2 = 7.13, p =.008). BP participants were also more
likely to be treated with a combination of psychiatric medications (83.3%, n = 10) than
MDD subjects (33.3%, n = 5), X2 = 14.95, p=.001.

3.2 fMRI Cortisol and Baseline Day Cortisol

To evaluate whether the anticipation of fMRI alters cortisol change from baseline, weekday
cortisol values were used to create two interpolated trend lines from a subsample (n = 13) of
healthy controls and a subsample (n = 11) of NMD participants, representing average
cortisol across the day for the subsample. This allowed us to evaluate how elevations in pre-
scan cortisol in NMD participants compared to elevations that have also been shown to
occur in healthy participants (Weldon et al., 2015), as well as within subjects.

Time of day was linearly related to cortisol level. The trend line is depicted in Figure 1 and
includes standard error bars with raw scores and interpolated values to evaluate fit. Pre-scan
cortisol values were plotted for each NMD subject (n = 41) against the interpolated HC and
NMD trend lines. There was an average of 35% increase in cortisol for the pre-scan
measurement in NMD subjects compared to the baseline assessments in healthy individuals
on a non-scanning day (Cohen’s d = .6; 18% and Cohen’s d = .3 in relation to NMD
baseline), corresponding to a medium to large effect size. This is relative to a 16-20%
increase in pre-scan cortisol in HC (Cohen’s d = .3 [small effect]) relative to the same
baseline assessment trend line (Weldon et al., 2015). As we did not have baseline
comparison cortisol measurements for all participants, these results are considered
conceptually illustrative/qualitative; we could not run a specific test of this hypothesis with
the limited pilot funding available. Cortisol levels in the whole sample did not change
significantly between the pre-scan and the post-scan measurement (6= -.10, p = .66, not
shown), nor did cortisol levels change differentially by the post-scan measurement in NMD
versus HC subjects (6= -.10, p= .45, not shown). There were also no differences in pre-
scan cortisol as a function of age (r=-.19, p = .12, 95% CI: -.41 to .06) or gender (¢= .16,
p=.87,95% CI: -.19 to .22). Salivary cortisol values were not correlated with the HAM-D
(r=.004, p=.98, 95% CI: -.24 t0 .25), HAM-A (r=.009, p= .94, 95% CI: —.24 to .25),
BDI (r=.09, p =.47, 95% CI -.16 to .33), or BAI (r=.16, p=.23, 95% CI: —.09 to .39).
Pre-scan cortisol was not related to emotion recognition accuracy in the scanner (b= -.04, p
= .56, 95% CI -.18 to .09) or response time (6=62.68, p= .56, 95% CI =153.24 to 278.41).
There was also no effect of group on the relationship between pre-scan cortisol and emotion
recognition accuracy (b =.03, p= .48, 95% CI —.06 to .13) or reaction time (6= -10.19, p
=.88, 95% CI -152.96 to 132.59).

3.3 Pre-scan Cortisol and BOLD Activation to Emotional Faces

To evaluate whether greater pre-scan cortisol was associated with increased activation in
limbic regions, pre-scan cortisol levels were regressed onto activation for the faces-animals
contrast, fear-neutral contrast, and anger-neutral contrast (Table 2). Activations for contrasts
of sad-neutral and happy-neutral are reported in online Supplementary Table 1.
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3.3.1 Faces — animals—For the faces-animals contrast (Table 2, Figure 2 [Panels A — F]),
pre-scan cortisol was positively associated with activation in the left precuneus (BA 7), left
dorsal posterior cingulate (BA 31), and left inferior temporal gyrus (BA 37).

3.3.2 Fear — neutral—For the fear-neutral contrast (Table 2, Figure 2[Panels H — L]), pre-
scan cortisol was positively associated with activation in the left inferior parietal lobule (BA
4), left posterior insula (BA 13), left putamen, and left semilunar lobule, culmen, and
bilateral declive of the cerebellum. Pre-scan cortisol was also positively associated with
activation in the right middle frontal gyrus (BA 6), right anterior cingulate (BA 24), right
postcentral gyrus (BA 3), and right precuneus (BA 7).

3.3.3 Anger — neutral—In the anger-neutral contrast (Table 2, Figure 2 [Panel G]), pre-
scan cortisol was positively associated with activity of the left medial frontal gyrus (BA 9).

3.4 Pre-scan cortisol regression and BOLD activation in NMD versus HC

To evaluate whether elevations in pre-scan cortisol were differentially related to activation
among NMD subjects versus healthy controls, an interaction term (pre-scan cortisol x
group) was regressed onto activation for the faces-animals contrast, fear-neutral contrast, and
anger-neutral contrast within the same models as reported above (Table 3). Activations for
the interaction term regressed on contrasts of sad-neutral and happy-neutral are reported in
online Supplementary Table 2. Results indicated that pre-scan cortisol was positively
associated with activation in several regions among HCs but inversely associated with
activation among NMD participants. Thus, results reported below represent significant areas
of hypo-activation as a function of pre-scan cortisol in NMD relative to HC.

3.4.1 Faces — animals—For the faces — animals contrast (Table 3, Figure 2 [Panels A -
F]). pre-scan cortisol was related to hypo-activity in NMD relative to HC of the bilateral
dorsal anterior cingulate (BA 32; Figure 3, Panel A), right ventral anterior cingulate (BA
24), right putamen, left middle temporal gyrus (BA 21), left precuneus (BA 7), and left
caudate.

3.4.2 Fear — neutral—For the fear — neutral contrast (Table 3, Figure 2 [Panels H — L]),
pre-scan cortisol was related to hypo-activity in NMD relative to HC of the left posterior
insula (BA 13; Figure 3, Panel B), right postcentral gyrus (BA 3), right precuneus (BA 7),
and right putamen (Figure 3, Panel C).

3.4.3 Anger — neutral—For the anger — neutral contrast (Table 2, Figure 2 [Panel G]),
pre-scan cortisol was related to hypo-activity in NMD relative to HC in the left medial
frontal gyrus (BA 9; Figure 3, Panel D).

3.5 Clinical Correlates of Cortisol-Related BOLD Activation

Several areas of activation were significantly positively correlated with self-reported
depression or anxiety in the NMD group when evaluated within the pre-scan cortisol
regression models. Among NMD subjects, anxiety (BAI scores) positively correlated with
both inferior semi-lunar lobule (r= .36, p=.02) and declive (r=.37, p=.02) activity for
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fearful faces. In addition, among NMD subjects, depression (BDI scores) positively
correlated with both middle frontal gyrus (r= .43, p=.01) and precuneus (r= .33, p=.04)
activity for fearful faces.

3.6 Effects of Diagnosis, Medications, Sex on Cortisol-Related BOLD Activation in NMD

Subjects

While MDD and BP participants demonstrated largely similar patterns of activation, there
were a few emerging differences. Several post-hoc comparisons were conducted to assess
variability in the patterns of activation detected in the pre-scan cortisol regressions between
BP versus MDD participants as well as the potential influence of clinical or demographic
factors on these differences. In the pre-scan cortisol regression for fearful faces, the
relationship between pre-scan cortisol and activation in the precuneus (p = .03) was stronger
in BP compared to MDD participants and marginally stronger for the posterior insula (p= .
05). Greater activation of the inferior temporal gyrus in the pre-scan cortisol regression for
faces —animals occurred in participants taking psychiatric medication relative to those who
were not taking medication (p = .04). There were no other effects of psychiatric medications
on activation patterns. Within the NMD participants there were a few observed sex
differences. In the pre-scan cortisol regression for the fearful faces — neutral faces contrast,
males showed greater activity of the inferior semilunar lobule (p=.04) and less activity of
the culmen (p =.04) compared to females. In the pre-scan cortisol regression for the angry
faces — neutral faces contrast, males showed less activity of the medial frontal gyrus (p=".
03) compared to females. Of these observed sex differences, greater activity in the inferior
semi-lunar lobule among males for the fear — neutral contrast was the only effect that
remained when tested across the whole sample (p = .02); the other observed sex differences
were specific to the NMD group.

4. Discussion

The present study evaluated whether anticipatory cortisol levels were associated with
differential brain activation during an emotional face paradigm in individuals with negative
mood disorders (NMD) versus healthy comparisons. Notably, individual differences in pre-
scan cortisol were related to the activation of regions underlying both emotional salience and
cognitive control during emotion processing. Importantly, we also observed an impact of
pre-scan cortisol on neural networks for NMD participants, such that NMD participants
were characterized by attenuated activation in regions of the putative frontal-subcortical
regulatory circuit, as well as in some key emotional salience regions (see supplement) during
emotion processing.

Consistent with our hypothesis that pre-scan cortisol would be positively associated with
activation in limbic and emotional salience regions, we showed that anticipatory cortisol, in
part, accounted for variation in the degree of activation in the insula, dACC, inferior parietal
lobule, putamen, precuneus, middle and medial frontal and postcentral gyri, posterior
cingulate, and inferior temporal gyrus. Indeed, these are areas of the brain that have been
implicated in emotional salience (e.g. insula (Klumpp et al., 2012; Klumpp et al., 2013)),
regulatory functions (e.g. dACC, inferior parietal lobule, putamen (Bonelli and Cummings,
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2007; Chudasama and Robbins, 2006; Konishi et al., 1999)) and also include regions that are
understood to support the perception of emotion and facial recognition (Haxby et al., 2000).
These results were expected, given that previous neuroendocrine work has demonstrated that
the “coming online” of stress response circuitry is governed by the apparent stimulatory
action of HPA-axis hormones in healthy individuals (Weldon et al., 2015). The current
results validate, in both healthy and individuals with mood disorders, that the mobilization of
stress response systems contributes to the functional integrity of neural circuits underlying
not only the detection and perceptual integration of salient emotional stimuli, but also the
engagement of regulatory regions that function to modulate an emotional challenge.

Furthermore, we observed an interesting dissociation between healthy individuals and those
with mood disorders, providing evidence that the exaggerated HPA-axis reactivity often
observed in NMD may in turn, interfere with the engagement of neural networks supporting
cognitive and emotional regulation in response to acute threat. Specifically, we found that in
NMD subjects, anticipatory cortisol predicted attenuated activation in several regions of the
fronto-subcortical circuit, such as the putamen during fear processing, the medial frontal
gyrus during anger processing, and the dACC, putamen, and caudate during facial
recognition. These findings are consistent with our hypothesis that fronto-parietal and
striatal regions would be insufficiently mobilized as a function of exaggerated cortisol
reactivity in NMD subjects. Observed hypoactivation of the insula during fear processing in
NMD subjects is also broadly consistent with this conceptualization, as this key node in the
salience and emotion network plays a central role in relaying emotional information to other
brain structures that are involved in regulation and decision-making (Suzuki, 2012),
especially the ACC and prefrontal cortices. In addition, our supplemental region of interest
analyses indicate that cortisol might contribute to an overall “blunted” regulatory and
emotional profile in NMD, as cortisol-related attenuation was observed in the amygdala,
subgenual cingulate, and hypothalamus as well. Results from our brain-behavior analyses
further indicate that increases in negative mood symptoms (e.g. depression) are associated
with activity of frontal and cerebellar regions, which could represent either inefficient
processing of regulatory networks or increased attention (Bonelli and Cummings, 2007;
Chudasama and Robbins, 2006) to emotional information. Therefore, we suggest that hypo-
activation of the fronto-subcortical circuit and key nodes of the emotional salience network
in negative mood disorders reflects a core dysregulation in the HPA-axis feedback loop that
requires study in further detail and including experimental manipulations of cortisol levels
and depressive range (Sudheimer et al., 2013).

It was interesting that links between pre-scan cortisol and brain activation varied for the
affective processing of specific emotions in NMD subjects. Activation in the medial frontal
gyrus was unique to the anger — neutral contrast, which may reflect a fundamental
inefficiency given the role of this region in deliberate suppression of response to a negative
emotional signal (Hansel and von Kanel, 2008). The more diffuse findings for the fear
contrast across emotional salience regions is consistent with the broader literature linking
fear with HPA axis function (McEwen, 2007; Merz et al., 2010), as well as repeated findings
in depression implicating corticolimbic circuit function as a key modulator of the more
reactive and autonomic process of sensitivity to threat (Collins and Schiller, 2013). Indeed,
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threat sensitivity has been identified as a construct that cuts across negative mood disorders
(Dillon et al., 2014), such as depression and bipolar disorder (Langenecker et al., 2014).

Our pattern of findings was also related to distinct clinical correlates among NMD
participants; during fear processing, self-report anxiety was associated with cortisol-related
cerebellum response, whereas self-report depression was related to activation of the middle
frontal gyrus and precuneus. The cerebellum is a region that may be particularly susceptible
to glucocorticoid exposure relative to other areas of the cerebrum, with reduced volumes and
cognitive and motor deficits reported following glucocorticoid administration (Noguchi,
2014). More recently, the cerebellum has also been suggested to play a role in operant
learning, which may serve to maintain the core anxiety feature of avoidance (Caulfield and
Servatius, 2013). The cerebellum is also dense with cannabinoid receptors, which have been
linked with anxiety (Wyrofsky et al., 2015). Regarding the functional correlates of
depressive symptoms, the precuneus has been repeatedly implicated in depression in terms
of allocating internal attention and maintaining rumination (Langenecker et al., 2014).
Depression has also been characterized by disruptions to the functional connections between
this region and the default mode network, specifically in those with active depression and
not in those with depression in remission (Peters et al., 2016). Furthermore, increased
connections between the PCC and the middle frontal gyrus, which may reflect a comprised
ability of cognitive control regions to regulate the recruitment of areas understood to sub-
serve common cognitive biases in depression. Taken together, these results indicate that the
combination of neuroendocrine markers and functional assessment of fear circuits provides a
neurophysiological criterion to help explain heterogeneity of symptoms that characterize
depression across clinically distinct syndromes.

Pre-scan cortisol levels were non-significantly higher in NMD subjects relative to baseline
averages derived from a subsample of healthy participants on a non-scan day and relative to
elevations in cortisol observed in healthy individuals on a scan day, suggesting that the
pathophysiology of mood disorders may be characterized by exaggerated HPA-axis
sensitivity to anticipatory stress, at least at a conceptual level. It also emphasizes the fact that
cortisol variability and measurement have signal to noise concerns that weaken relationships
with key variables — cortisol release is affected by and interacts with a number of factors
(e.g., sleep, time of day, food intake, to name a few). Nonetheless, these findings are
consistent with previous reports in mood disorders of elevated levels of cortisol in plasma,
cerebrospinal fluid, urine, and saliva samples (Belvederi Murri et al., 2016; Vreeburg et al.,
2009), which may be exacerbated by the challenge of the fMRI environment. Although
cortisol has long been understood as a core dysfunction in the pathophysiology of stress
response systems in depression (Bao et al., 2008; Swaab et al., 2005), these results validate
that anticipation of the fMRI environment may act as a mild acute stressor across healthy
and mood-disordered individuals. Importantly, fMRI-related alterations in cortisol have also
been observed in healthy individuals (Weldon et al., 2015), highlighting the critical
methodological implication to consider how the anticipatory stress response impacts
functional activation and task performance in the neuroimaging environment. Given that
reactivity of the HPA-axis to the fMRI environment appears exaggerated in mood disorders
(~36%) relative to healthy individuals (~20%), accounting for these individual differences in
elevation may help reduce heterogeneity and lead to more robust results in imaging studies.
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We note that this was a subsample comparison of elevations compared to an aggregate group
non-scan day baseline, and that there are no significant differences in pre-scan cortisol
between NMD and HC groups, possibly due to small and unequal sample size. Future
studies can employ a stronger comparative within subject design in this regard.

Several limitations to the current study must be considered in the context of these results. It
would have been preferential to collect ‘baseline’ cortisol data from the entire sample, which
would have allowed a more robust understanding of how individual differences in diurnal
cortisol may have influenced results, and to conduct a more formal, well powered test of
enhanced anticipatory stress in the participants with NMD. Second, there was some variation
in scan times, which could increase variability in the results. We did include scanner start
time as a covariate in the imaging analyses, and many participants were scanned early in the
day, a period when cortisol is typically descending from peak awakening response (Stalder
et al., 2016). It will be important for future studies to collect data on the menstrual cycle
phase of female participants and subject wake time on the day of scanning, to account for
variation in cortisol measurements. Afternoon scanning may allow for a better estimate of
anticipatory stress responses at a time when circulating cortisol levels are typically much
lower. Furthermore, we did not evaluate subjective levels of stress prior to the fMRI.
Although associations between subjective stress and cortisol response are not typically
found (Campbell and Ehlert, 2012), given that cortisol-related functional activation was
associated with depression severity, even negative results would yield important insights
towards the specificity of cortisol’s effects on the clinical features of depression. A more
general measure of recent anxiety, the Beck Anxiety Inventory, was not associated with pre-
scan cortisol levels. Finally, clinical features of our MDD and BP samples, including age,
length of illness, diagnosis, and medication status could influence relationships or
interactions between cortisol measurements and activation. In particular, taking an SSRI has
been associated with higher evening cortisol and decreased cortisol suppression after
dexamethasone ingestion (Manthey et al., 2011), which could have introduced bias into the
results. There is great heterogeneity both within and across these disorders; we have
attempted to address the potential impact of sample clinical characteristics through post-hoc
analyses, but future studies should be stratified by these factors to better understand their
effects.

In summary, results of our study revealed significant associations between HPA-axis
dysfunction in disorders characterized by negative valence and alterations in activity of brain
regions supporting emotional and regulatory functions. Altered neuroendocrine dynamics
reduced the functional integrity of frontal and subcortical areas understood to sub-serve
cognitive and emotional regulatory functions. Moreover, our approach has critical
implications for the design of imaging studies in mood disorders. The present findings
underscore the importance of attending to the effects of neuroendocrine stress systems on
targets in the central nervous system through the parallel measurement of peripheral HPA-
axis hormones with neuroimaging data. As a result, we would argue that the findings
reported here provide important insights toward understanding the pathophysiology of
negative mood disturbances through the cumulative assessment of neuroendocring,
functional, and clinical characteristics.
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Highlights

. Cortisol predicted activation in several regions involved in emotion
perception and control.

. Cortisol predicted hypoactivation of several of these regions in negative
mood disorders.

. Cortisol may interfere with fronto-subcortical regulatory function in
negative mood disorders.
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Figure 1.
Pre-scan cortisol (raw values) in NMD participants plotted individually against estimated

trend lines of diurnal cortisol averages on a non-scan day in 1) HC participants (grey) and 2)
MDD participants (blue). Note that no BP patients had cortisol available for this trendline.
*For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article
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Figure 2.
Differential and overlapping patterns of activation related to cortisol in NMD versus HC

subjects

*Red = Areas of significant activation related to pre-scan cortisol only (main effect of
cortisol only); Blue = Areas of significant activation as a function of the interaction between
cortisol and group (NMD vs. HC) only; Purple = Overlap in areas of significant activation
between main effects of cortisol and cortisol x group interactions
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Panel A. Panel B.

Activity in the Left Anterior Cingulate for Faces-Animals Contrast

2
=1
]
Activity in the Left Insula for Fear-Neutral Contrast

3 25 -2 15 3 05 o 05

3 25 2 15 -1 0.5 0 05 1

Prescan Cortisol (Log Values) Prescan Cortisol (Log Values)

Panel C. Panel D.
8
= . % 10
£ s £
& . s’
- & 3 s -
§ A aey, ¢ Z*, A ¢
z - .
& 5 .
35 = o ¢ B *HC § 2 & hd
£ ¢ U582 g aal a8 :‘ Y
§ A 'Y MDD
g 2 * * * ¢ ABp _'§ ° 4 0. 4A4A
: i- -
= A IS
s £ - A
f s H
g % ® A
8

3 25 2 15 1 05 0 05 1 e o 3 48 A A% o as

Prescan Cortisol (Log Values) Prescan Cortisol (Log Values)

Figure 3.
Associations between cortisol and regions of activation during emotion processing in NMD

versus HC subjects

Panel A: Pre-scan cortisol is associated with attenuated engagement of the left anterior
cingulate in NMD but not HC subjects for Faces-Animals contrast.

Panel B. Pre-scan cortisol is associated with attenuated engagement of the left insula in
NMD but not HC subjects for Fear-Neutral contrast.

Panel C: Pre-scan cortisol is associated with attenuated engagement of the right putamen in
NMD but not HC subjects for Fear-Neutral contrast.

Panel D. Pre-scan cortisol is associated with attenuated engagement of the left medial frontal
gyrus in NMD but not HC subjects for Anger-Neutral contrast.
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